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A B S T R A C T   

In clinical applications, there is a lack of wound dressings that combine efficient resistance to drug-resistant 
bacteria with good self-healing properties. In this study, a series of adhesive self-healing conductive antibacte
rial hydrogel dressings based on oxidized sodium alginate-grafted dopamine/carboxymethyl chitosan/Fe3+

(OSD/CMC/Fe hydrogel)/polydopamine-encapsulated poly(thiophene-3-acetic acid) (OSD/CMC/Fe/PA hydro
gel) were prepared for the repair of infected wound. The Schiff base and Fe3+ coordination bonds of the hydrogel 
structure are dynamic bonds that can be repaired automatically after the hydrogel network is disrupted. 
Macroscopically, the hydrogel exhibits self-healing properties, allowing the hydrogel dressing to adapt to 
complex wound surfaces. The OSD/CMC/Fe/PA hydrogel showed good conductivity and photothermal anti
bacterial properties under near-infrared (NIR) light irradiation. In addition, the hydrogels exhibit tunable 
rheological properties, suitable mechanical properties, antioxidant properties, tissue adhesion properties and 
hemostatic properties. Furthermore, all hydrogel dressings improved wound healing in the infected full-thickness 
defect skin wound repair test in mice. The wound size repaired by OSD/CMC/Fe/PA3 hydrogel + NIR was much 
smaller (12%) than the control group treated with Tegaderm™ film after 14 days. In conclusion, the hydrogels 
have high antibacterial efficiency, suitable conductivity, great self-healing properties, good biocompatibility, 
hemostasis and antioxidant properties, making them promising candidates for wound healing dressings for the 
treatment of infected skin wounds.   

1. Introduction 

The skin is an essential part of the human body, which is responsible 
for protecting people from external aggressions, regulating body tem
perature, sensing external stimuli and so on [1,2]. At the same time, 
since the skin is exposed to the outside world, it is vulnerable to external 
aggression. Once the skin is damaged, its healing requires a complex and 
lengthy process that involves hemostasis, inflammation, hyperplasia and 
wound remodeling with the formation of scar tissue [3]. In order to 

promote wound healing, various biomaterials have been developed, 
such as electrospun fiber [4], foams and sponges [5,6], films [6], and 
hydrogels [7]. In particular, hydrogel has a three-dimensional network 
structure, wound exudate absorption performance, moisturizing ability 
and oxygen permeability, and has a wide range of promising application 
in the area of wound dressing. Besides, movement of the wound site can 
cause tearing or even damage to the dressing, which requires good 
self-healing properties of the dressing. However, existing hydrogel 
dressings are difficult to meet the demand, hence, there is a need to 
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design a hydrogel wound dressing with good self-healing properties. 
Hydrogels with self-healing properties are usually constructed through 
dynamic chemical bonds. The Schiff base bond is most widely used to 
build dynamic networks, which are stronger than disulfide bonds and 
acylhydrazone [8], and it also has the advantages of mild reaction 
conditions, fast reaction rate, and suitability for biological materials. On 
the other hand, metal coordination bond is another common used dy
namic chemical bond, among which Fe3+ and catechol are relatively 
common metal coordination systems [9]. The metal coordination bond 
between catechol and Fe3+ can effectively dissipate mechanical energy 
and is considered as a sacrificial bond for load dispersion and impact 
absorption [10], can endow the material with good self-healing per
formance. In conclusion, introducing metal ion coordination bond and 
Schiff base bond into hydrogel network enables the design of hydrogel 
with good self-healing properties. 

Natural biomacromolecule sodium alginate (SA) is often used to 
construct hydrogel materials, because it has good biocompatibility, 
abundant carboxyl groups and good solubility [11]. Oxidized sodium 
alginate (OSA) obtained by oxidizing sodium alginate has an aldehyde 
group [12], which can greatly improve the ability of SA to cross-link 
with other molecules. Dopamine (DA) is a substance secreted by mus
sels that is highly adhesive [13]. Thus, the tissue adhesion of OSA was 
further improved by grafting DA. In addition, DA can also provide 
antioxidant, metal coordination and hemostatic properties to dressing 
[14]. This DA-grafted-OSA (OSD) with multiple functions was chosen to 
construct the hydrogel network in this study. 

Chitosan is the product of partial deacetylation of natural poly
saccharide chitin [15]. It has functions such as biodegradability, 
biocompatibility and antibacterial. Further, it is one of the most widely 
used biological macromolecules [16]. Yet, its application is limited by 
the poor water solubility of chitosan [17]. Carboxymethyl chitosan 
(CMC) enhances chitosan’s solubility in water by introducing a certain 
number of hydrophilic carboxyl groups. In addition, the remaining 
amino groups in CMC can also react with aldehyde groups of the above 
OSD. Based on the above discussion, CMC and OSD were selected to 
construct the first dynamic Schiff base network. In addition, the addition 
of Fe3+ coordinates with the carboxyl groups and catechol in OSD to 
form the second dynamic bond—metal coordination bond [18]. These 
dual dynamic bonds crosslinked network will endow the hydrogel with 
good mechanical and self-healing properties. 

Bacterial infection is another problem in wound repair that can lead 
to the formation of chronic wounds and the effectiveness of commonly 
used antibiotics is greatly reduced by the presence of drug-resistant 
bacteria. So, it is vital to design hydrogel dressings with good antibac
terial properties. To construct an effective antibacterial hydrogel, a 
robust antibacterial strategy must be selected. Common non-antibiotic 
antibacterial agents against bacteria include metal ion antibacterial 
agents, natural biological macromolecular antibacterial agents and 
photothermal antibacterial agents [19]. The application of metal ion 
antibacterial agents has been limited to some extent due to their po
tential cytotoxicity and relatively high price [20]. Although natural 
biomacromolecules such as chitosan have certain antibacterial proper
ties, they are difficult to deal with severe infection of biofilms [21]. As a 
new antibacterial strategy, photothermal antibacterial treatment kills 
bacteria by using the extremely strong penetrating power of 
near-infrared light, thereby solving the problem of serious infections 
[22]. Realization of photothermal antibacterial requires adding photo
thermal agent to the material. As a photothermal agent with good 
biocompatibility, chemical stability and photothermal properties [23, 
24], the application of poly(thiophene-3-acetic acid) (PTAA) to anti
bacterial wound dressings is promising. However, its water solubility is 
insufficient. Fortunately, polymerizing dopamine on the surface of 
PTAA to form polydopamine-coated PTAA (PA) can improve the hy
drophilicity of PTAA, and its photothermal properties was also further 
improved due to the addition of polydopamine (PDA). On the other 
hand, PTAA, as a conducting polymer, can also impart conductivity to 

hydrogel dressing. Conductive dressings may promote wound healing by 
enhancing electrical signal exchange between cells [25]. Overall, the 
introduction of PA into the hydrogel can enable it with both 
high-efficiency antibacterial properties and conductivity. 

Overall, this study developed a multifunctional hydrogel with good 
antibacterial and self-healing properties based on OSD, CMC, Fe3+ and 
PA, and applied it to the repair of infected full-thickness defect skin 
wounds. The hydrogel initially forms a cross-linked network by forming 
Schiff bases between OSD and CMC, and then the hydrogel network was 
further strengthened by adding FeCl3. Meanwhile, the addition of PA to 
the hydrogel enhances its conductivity, photothermal properties and 
tissue adhesion. In this study, the hydrogels were systematically tested 
for their photothermal antimicrobial properties, conductivity, self- 
healing properties, adhesion and hemostatic properties, and a mouse 
infected full-thickness defect skin wound model was finally selected to 
comprehensively evaluate the performance of multifunctional OSD/ 
CMC/Fe3+/PA (OSD/CMC/Fe/PA) hydrogel as a wound dressing. In this 
study, these multifunctional hydrogel dressings were shown to have 
good properties and show good promise in the treatment of bacterially 
infected skin wounds. 

2. Results and Discussion 

In this research, a range of self-healing antibacterial conductive 
hydrogel dressings with dual dynamic bonds and suitable mechanical 
properties, conductivity, photothermal properties, antioxidant proper
ties, self-healing properties, and biocompatibility were prepared, and 
the evaluation of their application in the treating of infected wounds 
were also demonstrated. The general strategy for designing the hydrogel 
for wound healing is shown in Fig. 1. Sodium alginate (SA) was selected 
as the main network molecule because it has good biocompatibility and 
coordination properties with metals. In order to give SA an aldehyde 
group, sodium periodate was used to oxidize sodium alginate to obtain 
OSA (Fig. 1a). The appearance of two peaks with δ = 4.9 and 5.0 in the 
1H NMR spectrum proved the successful synthesis of OSA (Fig. S4). In 
order to impart good adhesion and antioxidant to OSA, dopamine (DA) 
was linked to OSA by classical 1-(3-dimethylaminopropyl)-3-ethyl
carbodiimide hydrochloride (EDC)/N-hydroxysuccinyl Imine (NHS) 
chemistry to synthesize dopamine-grafted oxidized sodium alginate 
(OSD) (Fig. 1a). The appearance of the benzene ring peak (δ = 6.9) 
(Fig. S4) on the 1H NMR spectrum of OSD proves the successful grafting 
of dopamine. PTAA, which has conductive properties, was coated with 
polydopamine (PDA) to improve its water solubility as well as photo
thermal properties (Fig. 1b), and at the same time, PDA can also increase 
tissue adhesion. To introduce Schiff base bonds in the hydrogel network, 
carboxymethyl chitosan was chosen as another main component 
(Fig. 1c). As a chemically modified molecule of chitosan, carboxymethyl 
chitosan has good water solubility and biocompatibility, it also contains 
carboxyl and amino groups, and can form Schiff base bonds with OSD 
and coordinate with metal ions. Next, in order to further strengthen the 
network of the hydrogel, Fe3+ ions were introduced to coordinate with 
carboxyl groups in CMC and catechol groups in dopamine (Fig. 1c). In 
the Fourier Transform Infrared (FTIR) spectra (Fig. S5), the successful 
preparation of OSD is demonstrated by the aldehyde peak at 1733 cm− 1, 
the benzene ring peak at 950-650 cm− 1 and the C–N bond peak at 1400 
cm− 1. The carboxylic acid peak at 1705 cm− 1, the thiophene ring peak at 
1200-1050 cm− 1 and the benzene ring peak at 950-650 cm− 1 of PA also 
proved the successful preparation of PA. The FTIR spectra of the OSD/ 
CMC/Fe/PA hydrogels showed the superposition of the carboxylate, 
Schiff base and amide peaks at 1590 cm− 1 and the hydroxyl peak in the 
sugar ring at 1050 cm− 1. Finally, a series of multifunctional antibacterial 
OSD/CMC/Fe/PA hydrogel dressings were constructed for the repair of 
infected full-thickness skin wound models in mice (Fig. 1c). The 
different hydrogels were named as OSD/CMC, OSD/CMC/Fe, OSD/ 
CMC/Fe/PA1 (1 wt% PA), OSD/CMC/Fe/PA3 (3 wt% PA), and OSD/ 
CMC/Fe/PA5 (5 wt% PA) according to the presence or absence of Fe3+
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and the amount of PA added. 

2.1. Rheological properties, morphology, swelling properties, degradation 
properties and conductivity of hydrogels 

Fig. 2a shows a picture of the preparation of the hydrogel. The OSD/ 
CMC/Fe/PA hydrogel can be formed by mixing the CMC solution with 
the OSD/Fe3+/PA mixture. The storage modulus (G′) and loss modulus 
(G″) of a series of hydrogels were recorded as a function of time to 
examine the effect of different PA contents on the modulus of OSD/ 
CMC/Fe/PA hydrogels (Fig. 2b). The G′ of the OSD/CMC/Fe/PA5 
hydrogel with 5 wt% PA (120.9 Pa) was higher than the values obtained 
for hydrogel with PA 3 wt% (104.9 Pa), 1 wt% (94.8 Pa) and 0 wt% 
(77.4 Pa) and OSD/CMC hydrogel (44.2 Pa). This is because the addition 
of Fe3+ and the increase of PA content led to the increase of the cross
linking density of the hydrogel, which in turn led to the gradual increase 
of the G′ of the hydrogel. 

The morphology of these OSD/CMC/Fe/PA hydrogels were observed 
by scanning electron microscopy (SEM) (Fig. 2c). The pore size of the 
hydrogel is negatively correlated with the amount of PA added, that is, 
with the increase of the amount of PA, the pore size of the hydrogel 
gradually decreases. It is introduced that the network of the hydrogel 
strengthens step by step with PA added, thereby forming a smaller pore 
size. 

The swelling ratio is an important parameter for hydrogels [26]. By 
absorbing wound exudate, the hydrogel effectively reduces infection, 
resulting in faster wound healing [27]. Fig. 2d shows the swelling ratio 
of these hydrogels. Among them, OSD/CMC hydrogel has the highest 
swelling ratio, reaching 320%. The network of OSD/CMC/Fe hydrogel 
was further enhanced by the addition of Fe3+ to form metal coordination 
bonds, and the swelling ratio decreased to 288%. Furthermore, the 
networks of OSD/CMC/Fe/PA1 hydrogel, OSD/CMC/Fe/PA3 hydrogel 

and OSD/CMC/Fe/PA5 hydrogel were gradually enhanced with 
increasing the amount of PA, and the swelling ratio decreased from 
266% to 249% and 240%, respectively. The experimental results 
showed that the swelling ratio of the hydrogel gradually decreased with 
the addition of Fe3+ and PA, which proved the enhancement of the 
hydrogel network to some extent. 

Appropriate degradation rate is important for biomaterials [28]. The 
results in Fig. 2e show that the OSD/CMC hydrogel was completely 
degraded in less than 30 h due to the single Schiff base network. But the 
network of OSD/CMC/Fe hydrogel was strengthened after the addition 
of Fe3+, which lead to itself completely degraded within 35 h. 
Furthermore, with the addition of PA, the degradation time of 
OSD/CMC/Fe/PA1 hydrogel, OSD/CMC/Fe/PA3 hydrogel and 
OSD/CMC/Fe/PA5 hydrogel increased from 41 h to 59 h and 63 h, 
respectively. It was shown that the amount of Fe3+ and PA nanoparticles 
increased the strength of the cross-linked network of the hydrogel. 

PTAA has good conductivity, biocompatibility and chemical stabil
ity, so it was selected as the conductive component to endow these OSD/ 
CMC/Fe/PA hydrogels with conductive properties. Conductive bio
materials have potential to accelerate wound healing [25]. The con
ductivity of these hydrogels is shown in Fig. 2f. OSD/CMC hydrogel has 
the lowest conductivity (3.0 × 10− 4 S m− 1), however OSD/CMC/Fe 
hydrogel has an increased conductivity (3.43 × 10− 4 S m− 1) due to the 
addition of Fe3+. Benefit from the addition of conductive nanoparticles 
PA, the conductivity of OSD/CMC/Fe/PA1 hydrogel, OSD/CMC/
Fe/PA3 hydrogel and OSD/CMC/Fe/PA5 hydrogel increased from 5.0 ×
10− 4 S m− 1 to 5.7 × 10− 4 S m− 1 and 7.2 × 10− 4 S m− 1, respectively. 
Dressings with conductive properties will enhance endogenous elec
trical currents in the skin, thereby causing neutrophils, macrophages, 
and keratinocytes to migrate to the wound site, which in turn accelerates 
wound healing [25], therefore, these conductive wound dressings show 
similar conductivity to skin will be favorable for wound healing. 

Fig. 1. a) Preparation scheme of oxidized sodium alginate-grafted dopamine (OSD) and b) polydopamine-coating poly(thiophene-3-acetic acid) (PA); c) Preparation 
and application of OSD/carboxymethyl chitosan/Fe3+/PA (OSD/CMC/Fe/PA) hydrogels. 
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2.2. Self-healing properties of the hydrogel 

Dressings covering wounds surface can easily be damaged by skin 
movement, thus failing to heal the wound or even causing wound 
infection. The self-healing hydrogel wound dressing repairs the broken 
part of the dressing by self-healing behavior, so that the dressing can 
treat and protect the wound for an extended period of time [29]. 
OSD/CMC/Fe/PA3 hydrogel was chosen as a representation to test the 
self-healing properties of the hydrogel. Fig. 3a shows macro-level self-
healing performance of the OSD/CMC/Fe/PA3 hydrogel. The 
OSD/CMC/Fe/PA3 hydrogel was sliced in half, and then these hydrogels 
were carried out in close contact. After 10 min at 25 ◦C, the two 
hydrogels healed into a complete hydrogel. The dual dynamic network 
hydrogels with ligand and Schiff base bonds of the hydrogel are the 
source of good automatic repair ability [30,31]. 

OSD/CMC/Fe/PA3 hydrogels were tested at the rheological level to 
further examine their self-healing properties [32]. The results in Fig. 3b 
show that G′ of the hydrogel is equal to G″ when the strain reaches 
273.2%, indicating that at this strain, the hydrogel is in between solid 
and liquid state. After the critical strain (strain >273.2%), the hydrogel 
is completely destroyed. The self-recovery ability of the hydrogel was 
subsequently performed with the use of successive step-strain tests 
(Fig. 3c). At the first 300% strain, G′ was markedly reduced from 108 Pa 
to 21 Pa and the hydrogel network was proven to collapse. At the first 
small strain of 1%, G′ recovered to 101 Pa, suggesting most of the 
cross-linked network of the hydrogel had been recovered. After six high 

and low strain cycles tested, the healed hydrogels showed similar G′ and 
G″ values as the first cycle, confirming the great self-healing properties 
of the OSD/CMC/Fe/PA3 hydrogels. 

2.3. Antioxidant, adhesion, hemostatic and coagulation properties of 
hydrogels 

Because of wound infection, a sustained inflammatory response oc
curs at the wound site, generating a large number of free radicals [33]. 
This leads to oxidative stress, which further allows for cellular enzyme 
inactivation, lipid peroxidation, and DNA damage at the wound site 
[34]. It has been shown that the addition of antioxidant ingredients to 
wound dressings can significantly reduce the production of free radicals 
at the wound site to accelerate wound closure [33]. 1, 1-diphenyl-2-tri
nitrophenylhydrazine (DPPH) is a stable free radical. In this study, the 
ability of a series of hydrogels to eliminate DPPH was tested, and 
vitamin C (VC), which has excellent antioxidant properties, was used as 
a positive control to evaluate its antioxidant properties [35]. The results 
in Fig. 4a show that these hydrogels have nice antioxidant properties 
because of the presence of dopamine, while in OSD/CMC/Fe hydrogels 
the antioxidant properties are weakened to some extent due to the 
addition of Fe3+. Meanwhile, with the addition of PA nanoparticles, the 
antioxidant capacity of the hydrogels was further enhanced by the 
polydopamine contained in the nanoparticles [36]. The DPPH clearance 
ratio was above 90% for all three hydrogel groups, and the clearance 
increased with the increase of PA addition. Overall, the excellent 

Fig. 2. a) Photographs pictures of hydrogel formation. Scale bar: 2 cm; b) Modulus of hydrogels, the scanning time for each group is 300 s; c) SEM images of 
hydrogels; d) Swelling ratio and e) degradation of hydrogels in PBS with at 37 ◦C, pH = 7.4; f) Conductivity of hydrogels. 
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antioxidant capacity of OSD/CMC/Fe/PA hydrogels further highlights 
its advantages as wound dressings. 

The activity of these hydrogels to eliminate ⋅O2
− was further explored 

by nitroblue tetrazolium (NBT). As shown in Fig. S8, the hydrogel group 
with PA had the highest activity of eliminating ⋅O2

− . Specifically, the ⋅O2
−

scavenging ratio of OSD/CMC/Fe/PA1, OSD/CMC/Fe/PA3 and OSD/ 
CMC/Fe/PA5 groups was 86.7%, 88.3% and 90.7%, respectively, while 
the ⋅O2

− clearance ratio of OSD/CMC group was 75.9%, and the ⋅O2
−

scavenging ratio of OSD/CMC/Fe group was the lowest, 63.2%. This 
showed the same trend as DPPH scavenging test. 

A good wound dressing also needs good adhesion in order to adhere 
tightly to the wound [37]. Since the hydrogel contains a large amount of 
dopamine, and dopamine is an effective component that provides 
adhesion properties in the mussel adhesion protein, and the abundant 
hydrogen bonding in the hydrogel, the hydrogel theoretically has good 
adhesion ability. In this study, pigskin lap shear tests were carried out to 
test the adhesive properties of the materials (Fig. 4b&c). All hydrogels 
have high adhesive strength and their adhesion properties are positively 
correlated with the amount of PA. Among them, OSD/CMC/Fe/PA3 
hydrogels and OSD/CMC/Fe/PA5 hydrogels exhibited better adhesion 
strength than commercial dressings (~5 kPa), indicating good adhesion 
properties of the hydrogels. Possible sources of hydrogel adhesion are 
the Michael reaction of the aldehyde and quinone groups on the OSD 
and PA with groups such as amino groups of the skin [38], as well as 

electrostatic interactions [39], π-π interactions [40] and hydrogen 
bonding [41] of hydrogels to the skin. 

Bleeding is inevitable after a skin injury, especially with a full- 
thickness defect. Hemostasis is the primary operation in the manage
ment of wounds, and rapid hemostasis plays an important role in 
avoiding massive blood loss [42]. OSD/CMC/Fe/PA hydrogel has 
several pro-coagulant components, OSD with PA’s catechol, CMC’s 
amino and iron ions can promote blood coagulation. In order to explore 
the hemostasis of hydrogels, the coagulation properties of OSD/CMC/
Fe/PA hydrogels was evaluated by dynamic whole blood coagulation 
assay [32]. Calcified whole blood of rats was used as a control group, 
and gelatin sponge, a commercially available hemostatic agent, was 
used as a positive control. Fig. 4d illustrates that a series of hydrogels 
have a better procoagulant capacity than gelatin sponges. The catechol 
structure in OSD/CMC/Fe/PA1 and OSD/CMC/Fe/PA3 hydrogels 
further promotes blood coagulation with a minimum BCI of about 40% 
due to the introduction of PA. Compared with OSD/CMC/Fe/PA3 
hydrogel, the BCI value of OSD/CMC/Fe/PA5 did not change much 
because the blood absorption capacity was reduced. The above results 
demonstrate that the newly developed OSD/CMC/Fe/PA3 hydrogel has 
good coagulation properties. 

Based on the procoagulant properties provided by polydopamine and 
the good tissue adhesion of OSD/CMC/Fe/PA hydrogels, it can be used 
as a hemostatic agent. To further test the in vivo hemostatic properties of 

Fig. 3. Self-healing properties of OSD/CMC/Fe/PA3 hydrogel. a) Self-healing demonstration and possible mechanisms of microscopic healing in hydrogels. Scale 
bar: 1 cm; b) Fracture point testing of the hydrogel; c) Self-healing test of the hydrogel. 
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these dressings, a mouse liver puncture model (Fig. 4e) was constructed 
to test the hemostatic properties of OSD/CMC/Fe/PA hydrogels [43]. 
Regardless of the OSD/CMC hydrogel (Fig. 4f), OSD/CMC/Fe hydrogel 
and OSD/CMC/Fe/PA3 hydrogel, they all had good hemostatic effects, 
and their blood loss was 90.98 mg, 62.6 mg, and 30.05 mg, respectively, 
all lower than the commercial gelatin sponge group (209.33 mg) and the 
control group (532.43 mg). In conclusion, the OSD/CMC/Fe/PA3 
hydrogel possessing a good hemostatic ability was chosen as a repre
sentative of multifunctional dressing. 

2.4. Hemocompatibility and cytocompatibility of hydrogels 

The dressing adheres to the wound surface during wound treatment 
and must have a high level of hemocompatibility from the point of view 
of biocompatibility [44]. A hemolysis test was chosen to evaluate the 

hemocompatibility of the hydrogel. The data in Fig. 4g exhibit a he
molysis ratio of less than 5% (<5% for good hemocompatibility) for the 
whole hydrogel groups, indicating that the hydrogels have good 
hemocompatibility. 

Cytocompatibility is another important aspect of biocompatibility. 
Leachate method of L929 cells was selected for testing the cyto
compatibility of hydrogels [45]. As shown in Fig. 4i, the OSD/CMC/
Fe/PA1 hydrogel and OSD/CMC/Fe/PA3 hydrogel groups have good 
biocompatibility (cell viability ≥80%), and the LIVE/DEAD staining 
diagram in Fig. 4j also confirms the same result. 

2.5. Photothermal and photothermal antibacterial properties 

Dopamine-encapsulated PA has dual photothermal components, 
which would have excellent photothermal properties. The change of 

Fig. 4. a) DPPH clearance ratios of different hydrogels; b) Schematic diagram of pigskin adhesion experiment of hydrogels; c) Adhesion strength of pigskin with 
hydrogel; d) Hemostatic properties of gelatin sponge, OSD/CMC, OSD/CMC/Fe and OSD/CMC/Fe/PA3; e) Schematic diagram of rat liver hemorrhage model; f) 
Coagulation properties of gauze and hydrogels; g) Hemolytic activity test results of hydrogels; h) Hydrogel hemolytic activity test graphs; i) The cytocompatibility of 
these hydrogels was assessed by the viability of L929 cells in the hydrogel leachate; j) LIVE/DEAD staining of L929 cells after 24 h of leachate incubation. *P < 0.05, 
**P < 0.01, ***P < 0.001. 
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hydrogel temperature with irradiation time was tested under 808 nm 
NIR light irradiation to evaluate its photothermal properties [46]. 
Fig. 5a represents the pictures of the photothermal performance test. As 
illustrated in Fig. 5b, the ΔT of OSD/CMC hydrogel is only 3.3 ◦C after 
10 min illumination because there is no photothermal agent added. 
However, the photothermal performance of OSD/CMC/Fe hydrogel was 
improved due to the oxidation of dopamine by Fe3+, and its ΔT was 
found to increase to 17.3 ◦C. Finally, the OSD/CMC/Fe/PA1, 
OSD/CMC/Fe/PA3, and OSD/CMC/Fe/PA5 hydrogels with the addition 
of PA have the best photothermal performance. And with the addition of 
PA, the ΔT gradually increased, and the ΔT of OSD/CMC/Fe/PA1, 
OSD/CMC/Fe/PA3, and OSD/CMC/Fe/PA5 hydrogels was 22.5 ◦C, 
23.9 ◦C, and 25.0 ◦C, respectively. The photothermal test proved that the 
OSD/CMC/Fe/PA hydrogels had good photothermal properties. 

Stable photothermal properties have important implications for 
wound dressings. The OSD/CMC/Fe/PA3 hydrogel was selected as a 
representative hydrogel and the stability of the photothermal properties 
of the hydrogel was examined by three cycles of photothermal tests at 
808 nm at 1.4 W cm− 2 [14]. The results show that (Fig. 5c) 
OSD/CMC/Fe/PA3 hydrogel has stable cyclic photothermal perfor
mance with the ΔT stable above 23 ◦C under three cycles. This lays a 
solid foundation for hydrogels to repair the infected wounds. 

Based on the above test results, the photothermal antibacterial 
ability of these hydrogels were further evaluated by selecting Escherichia 
coli (E. coli) and Methicillin-Resistant Staphylococcus aureus (MRSA) as 

representative bacteria [47]. Fig. 5d is an in vitro photothermal anti
bacterial display photo of OSD/CMC and OSD/CMC/Fe/PA3 hydrogels. 
Compared with OSD/CMC hydrogel + NIR, OSD/CMC/Fe/PA3 hydro
gel + NIR can kill more than 99% of MRSA in about 5 min of light 
irradiation (Fig. 5e), and can kill all E. coli within 10 min (Fig. 5f). 
Glutaraldehyde fixation of bacteria was performed after photothermal 
treatment of different hydrogels and SEM images of them were taken. As 
shown in Fig. S10, the OSD/CMC + NIR treated bacteria exhibited an 
intact bacterial structure with a smooth bacterial surface, indicating that 
the bacteria were not significantly damaged. In contrast, after 
OSD/CMC/Fe/PA3+NIR treatment, both bacteria exhibited irregular 
morphological shrinkage and increased surface roughness, indicating 
that the integrity of the bacteria was severely damaged, leading to 
leakage of contents and protein denaturation. The strong antibacterial 
performance of OSD/CMC/Fe/PA3 is the result of its excellent photo
thermal properties and the synergistic effect of antibacterial substances 
such as carboxymethyl chitosan [48] and Fe3+ [49]. 

An in vivo antibacterial test was carried out in a mouse skin wound 
model infected with MRSA to study the in vivo photothermal antibac
terial properties of the hydrogel in depth [14]. As shown in Fig. 5g, after 
different treatments and bacterial cultures of infected tissues, the test 
results showed high bacterial survival in the control (treated with PBS) 
and in the wounds treated with OSD/CMC hydrogel, while in the 
wounds treated with OSD/CMC/Fe/PA3 hydrogel and applying 10 min 
of NIR irradiation, bacterial survival was extremely low (6.9%). The 

Fig. 5. Heat maps of a1) OSD/CMC, a2) OSD/CMC/Fe, a3) OSD/CMC/Fe/PA1, a4) OSD/CMC/Fe/PA3 and a5) OSD/CMC/Fe/PA5 hydrogels after 10 min of 808 nm 
NIR radiation; b) ΔT-NIR radiation time curve of the hydrogel under 1.4 W cm− 2 808 nm NIR light irradiation; c) Temperature change (ΔT)-irradiation cycle curves 
of OSD/CMC/Fe/PA3 hydrogels at 1.4 W cm− 2 light intensity of 808 nm NIR light; d) In vitro antibacterial photographs of hydrogels irradiated with NIR light for 0, 1, 
3, 5 and 10 min; e) Killing ratio of MRSA and f) E. coli for different irradiation time; g) In vivo antibacterial results of hydrogels. *P < 0.05, **P < 0.01, ***P < 0.001. 
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OSD/CMC/Fe/PA3 hydrogel + NIR group was also significantly 
different from the other three groups (P < 0.01). Furthermore, there was 
no significant difference in bacterial survival between OSD/CMC and 
OSD/CMC/Fe/PA3 hydrogel groups, suggesting that the photothermal 
effect provided by PA and complexes of Fe3+ with catechol is the source 
of the antibacterial properties of OSD/CMC/Fe/PA3. 

2.6. In vivo wound healing of MRSA-infected skin full-thickness defect 

A mouse full-thickness defect infection model was established to 
comprehensively evaluate the healing-promoting properties of OSD/ 
CMC/Fe/PA hydrogels as wound dressings [14]. OSD/CMC/Fe/PA3 
with good biocompatibility, good conductivity and NIR light-assisted 
antibacterial properties were selected as experimental group, and 
Tegaderm™ film commercial product was selected as the control group. 
As illustrated in Fig. 6, the wound size of the entire group gradually 
decreased over time. Wounds treated with OSD/CMC hydrogel, 
OSD/CMC/Fe/PA3 hydrogel and OSD/CMC/Fe/PA3 hydrogel + NIR 
were all smaller than the control group after 3 days of wound healing. In 
addition, the wounds treated in the OSD/CMC/Fe/PA3 hydrogel + NIR 
and OSD/CMC/Fe/PA3 hydrogel groups were significantly different 
from the OSD/CMC hydrogel and control groups (P < 0.001), indicating 
that the hydrogels with the addition of conductive PTAA had better 
promotion of repair. After 7 days of wound treatment, all three hydrogel 
groups had higher wound repair ratio than the control group. After 14 
days, the wounds of all groups were largely healed, and the wounds of 
the hydrogel treatment group were completely closed and even covered 
by hair. Statistical analysis of the wound area throughout the healing 

procedure showed that the wound closure ratio of the OSD/CMC/
Fe/PA3 hydrogel and OSD/CMC/Fe/PA3 hydrogel + NIR treatments 
groups were 95.5% and 97.02%, and 85.01% for the TegadermTM film 
dressing (Fig. 6c). The repair effect of the OSD/CMC/Fe/PA3 hydrogel 
+ NIR group was the best, demonstrating that conductivity and photo
thermal antibacterial properties can speed up the repair of infected 
wounds. Overall, the results of these in vivo experiments show that 
hydrogels with hemostatic, conductive and adhesive properties show 
great potential for wound healing compared to control. 

In the wound repair procedure of inflammation, parenchymal cells 
have difficulty completing in the repair work. Granulation tissue is very 
important in the repair process [14]. It completes wound repair by 
proliferating to dissolve and absorb necrotic tissue and foreign bodies, 
filling the gaps, and finally transforming into scar tissue. Therefore, the 
thickness of granulation tissue during wound healing is an important 
index to assess the effectiveness of wound healing. The results in Fig. 6d 
show that the granulation tissue thickness in the control group was 
thinner than all hydrogel groups after 14 days of treatment. In the 
hydrogel group, the granulation tissue under OSD/CMC/Fe/PA3 
hydrogel + NIR treatment was thicker than the OSD/CMC/Fe/PA3 
hydrogel group and OSD/CMC hydrogel, while for the OSD/CMC/
Fe/PA3 group the thickness of the granulation tissue was thicker than 
the OSD/CMC hydrogel group. The wound healing effect of all three 
hydrogel treatment groups was better than that of the control group, 
with the OSD/CMC/Fe/PA3 hydrogel + NIR group showing the best 
healing effect. 

Fig. 6. a) Wound pictures of control group (Tegaderm™ film dressing), OSD/CMC hydrogel, OSD/CMC/Fe/PA3 hydrogel and OSD/CMC/Fe/PA3 hydrogel + NIR on 
day 3, 7 and 14; b) Schematic diagram of the wound area of b1) control, b2) OSD/CMC hydrogel, b3) OSD/CMC/Fe/PA3 hydrogel, and b4) OSD/CMC/Fe/PA3 
hydrogel + NIR for 14 days; c) Wound area of each group; d) Thickness of granulation tissue (orange arrow) in different groups on day 14. *P < 0.05, **P < 0.01, 
***P < 0.001. 
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2.7. Histomorphological evaluation 

Histological analysis was performed on the four experimental groups 
to assess the repair effect of the regenerated skin at a deeper level 
(Fig. 7a). Skin of four groups wounds were tested using hematoxylin and 
eosin (H&E) staining. By comparing the inflammation in the control and 
hydrogel groups in the initial phase of healing, it was found that the 
OSD/CMC/Fe/PA3 hydrogel group and the OSD/CMC/Fe/PA3 hydro
gel + NIR group had lower levels of inflammation, while the wound site 
of the control group had a high level of inflammation, and there were 
more inflammatory cells than in the hydrogel group. The lower 
inflammation level in the OSD/CMC/Fe/PA3 hydrogel group and the 
OSD/CMC/Fe/PA3 hydrogel + NIR group may be due to its better 
antibacterial properties. At day 7, the number of inflammatory cells 
decreased in all groups. For wound repair, new blood vessels are very 
important for the function of transporting nutrients, oxygen, enzymes 
and bioactive factors to the wound tissue site. Fig. 7b shows the statis
tical results of the number of vessels in each group derived from H&E 
staining on day 7. The results show that the OSD/CMC/Fe/PA3 group 
and the OSD/CMC/Fe/PA3 hydrogel + NIR group have more blood 
vessels than the control group, and the OSD/CMC/Fe/PA3 hydrogel +

NIR group had the most hair follicles. For the day 14 repair results, there 
were almost no skin appendages although there was intact epithelial cell 
regeneration in the control group. While the hydrogel-treated wounds, 
especially the OSD/CMC/Fe/PA3 group and OSD/CMC/Fe/PA3 hydro
gel + NIR group hydrogels, had epithelial tissue close to normal skin, 
and more skin appendages were observed in the whole groups, and have 
significantly different (P < 0.01) compared with the control group. 
These results suggest that hydrogels, especially those with PA, are 
beneficial for promoting extracellular matrix (ECM) remodeling and 
tissue regeneration, and photothermal enhanced antibacterial can 
effectively eliminate bacteria and accelerate wound healing process. PA 
imparts conductivity to the hydrogel, which enhances the endogenous 
current at the wound site, thereby allowing neutrophils, macrophages 
and keratinocytes to migrate to the wound site, which in turn promotes 
the regeneration of damaged skin tissue. 

2.8. Expression of TNF-α and VEGF during wound healing 

Studies have shown that cytokines are involved in the activation and 
termination of many cellular activities related to repair during wound 
healing [28]. The level of tumor necrosis factor-α (TNF-α) at the wound 

Fig. 7. a) Pictures of histological analysis of wound regeneration on day 3, 7 and 14 of control group (Tegaderm™ film dressing), OSD/CMC hydrogel group, OSD/ 
CMC/Fe/PA3 hydrogel group and OSD/CMC/Fe/PA3 hydrogel + NIR group; b) Statistical graph of angiogenesis on day 7; c) Statistical graph of hair follicles in 
different groups on 14th day, *P < 0.05, **P < 0.01, ***P < 0.001. 
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site can reflect the level of tissue inflammation to some extent [50], so 
TNF-α was chosen to assess the inflammation of wounds with different 
groups. In Fig. 8a and c, the OSD/CMC/Fe/PA3 hydrogel + NIR group 
had the least amount of TNF-α compared with all other groups, proving 
the good antibacterial properties of OSD/CMC/Fe/PA3 hydrogel + NIR 
can effectively reduce the inflammation caused by infection. The 
OSD/CMC hydrogel group and the OSD/CMC/Fe/PA3 hydrogel group 
were also significantly different from the control group (p < 0.001), 
confirming that these hydrogels outperformed the control group. In this 
research, the amount of angiogenesis at the wound site was assessed by 
immunohistochemical staining of the wound for vascular endothelial 
growth factor (VEGF) at day 7 of wound healing [51]. Fig. 8b&d shows 
that the wounds treated with OSD/CMC/Fe/PA3 hydrogel + NIR and 
OSD/CMC/Fe/PA3 hydrogel had significantly higher level of VEGF at 
day 7 than the control group (p < 0.001), indicating that the addition of 
conductive antibacterial component PA has advantages in promoting 
angiogenesis and accelerating wound closure. In conclusion, the 
hydrogel groups, especially the OSD/CMC/Fe/PA3 hydrogel + NIR and 
OSD/CMC/Fe/PA3 hydrogel groups, significantly reduced the produc
tion of pro-inflammatory factors (TNF-α) and promoted the production 
of VEGF, which in turn promoted wound healing, showing a higher 
repair effect than the control group. 

3. Conclusion 

In this study, a dual dynamic bond crosslinked hydrogel was con
structed based on OSD and CMC with the catechol hydroxyl group in 
dopamine, carboxyl group in carboxymethyl chitosan and dynamic 

metal coordination bonds of Fe3+. These hydrogels have good self- 
healing, adhesion and antioxidant properties. Besides, the addition of 
PA also endows the hydrogel with efficient antibacterial properties and 
suitable conductivity. In addition, good tissue adhesion makes these 
hydrogels more competitive in wound dressing applications. Radical 
scavenging experiments demonstrated the excellent antioxidant prop
erties of the hydrogels. Obviously decreased blood loss in mouse liver 
injury proved that the hydrogel has good hemostatic properties. The 
experimental results of infected full-thickness skin wound repair in mice 
showed that the application of OSD/CMC/Fe/PA3 hydrogel with 
conductive and photothermal PA showed better wound closure with 
blood vessels, hair follicles and epidermis thickness closer to normal skin 
and less inflammation than commercial Tegaderm™ films and OSD/ 
CMC hydrogel. In particular, immunofluorescence staining for TNF-α 
and VEGF during wound healing showed that these multifunctional 
hydrogels can reduce inflammation and increase vascular regeneration 
during wound repair. Taken together, all these results suggest that the 
multifunctional antibacterial conductive self-healing hydrogels with 
dual dynamic bonds are ideal candidates for infected wound dressings. 

4. Materials and methods 

4.1. Materials 

Sodium alginate (SA) was obtained from Aladdin. Dopamine hy
drochloride (DA) and 3-thienylacetic acid (TAA) was obtained from 
J&K. 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride 
(EDC), N-hydroxysuccinyl imine (NHS) and carboxymethyl chitosan 

Fig. 8. Immunofluorescently labeled wound tissue with a) TNF-α (green) on day 3, Scale bar: 50 μm; and b) VEGF (green) on day 7, Scale bar: 100 μm; c) TNF-α and 
d) VEGF statistical data on the percentage of relative area covered, respectively. For all data, the control group was set at 100%. *P < 0.05, **P < 0.01, ***P < 0.001. 
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(CMC) were obtained from Macklin. Sodium periodate (NaIO4) and 
Ferric chloride were obtained from Sigma-Aldrich. The reagents were 
analytically pure and not further purified. 

4.2. Synthesis of PA 

PTAA was prepared according to literature using Fe3+ catalyzed 
coupling method. The specific processes are shown in Supporting In
formation (SI). 

PA was prepared by stirring PTAA and DA hydrochloride together in 
an alkaline condition (Tris–HCl buffer, pH = 8.5). The specific processes 
are shown in SI. 

4.3. Synthesis of OSD 

OSA was prepared by the method of SA oxidation. OSD was prepared 
by grafting DA with EDC/NHS catalytic system. The specific processes 
are shown in SI. 

4.4. Preparation of OSD/CMC/Fe/PA hydrogels 

To prepare a 1 mL OSD/CMC/Fe/PA hydrogels, OSD was first dis
solved in pH = 7.4 PBS to form a 15 wt% solution, CMC was dissolved in 
pH = 7.4 PBS to form a 9 wt% solution, Ferric chloride was dissolved in 
deionized water to form a 1 wt% solution, and PA was dispersed in PBS 
to form a 6 wt% dispersion. 400 μL of 15 wt% OSD solution was added, 
followed by 300 μL of 9 wt% CMC solution, 200 μL of 1 wt% Ferric 
chloride solution, and various amounts of deionized water and PA 
dispersion under constant stirring to form reddish-brown or black 
hydrogel. According to the presence or absence of Fe3+ and the amount 
of PA added, they were named as OSD/CMC, OSD/CMC/Fe, OSD/CMC/ 
Fe/PA1 (1 wt% PA), OSD/CMC/Fe/PA3 (3 wt% PA), OSD/CMC/Fe/PA5 
(5 wt% PA). 

4.5. Characterizations of OSD/CMC/Fe/PA hydrogels 

The nuclear magnetic resonance hydrogen spectroscopy (1H NMR), 
Fourier transform infrared spectroscopy (FT-IR), UV–visible absorption 
spectroscopy (UV–vis), morphology observation, conductivity test, 
swelling test, in vitro degradation test, antioxidant properties, rheo
logical tests and adhesion strength test were performed to study the 
physical and chemical properties of the hydrogel dressings [45,52]. The 
details are available in the SI. 

4.6. Self-healing test of OSD/CMC/Fe/PA hydrogels 

The self-healing performance test of hydrogel in rheology were 
tested with a TA rheometer (DHR-2) [53]. The exact procedure of the 
measurements is shown in the SI. 

4.7. In vitro whole blood-clotting performance of OSD/CMC/Fe/PA 
hydrogels 

The In vitro whole blood-clotting test was carried as the former 
method [35]. The exact procedure is described in SI. 

4.8. Hemostasis performance of OSD/CMC/Fe/PA hydrogels 

The hemostatic ability of OSD/CMC/Fe/PA hydrogels was tested 
using a mouse liver hemorrhage model (Kunming mice, 30–40 g, fe
males) with reference to previous study [35]. The procedure is described 
in SI. 

4.9. Hemolytic test of OSD/CMC/Fe/PA hydrogels 

Hemocompatibility of the hydrogel was determined by hemolysis 

test [35]. The exact procedure is described in SI. 

4.10. Cytocompatibility test of OSD/CMC/Fe/PA hydrogels 

The cytocompatibility test was carried out with the use of leachate 
method according to a previous study [35]. The exact procedure is 
described in SI. 

4.11. Photothermal and photothermal antibacterial properties of OSD/ 
CMC/Fe/PA hydrogels 

The photothermal properties of OSD/CMC/Fe/PA hydrogels were 
evaluated by near-infrared (NIR) laser irradiation at 808 nm, and the 
photothermal antibacterial properties were measured according to the 
literature [14]. The whole exact procedure is described in SI. 

4.12. In vivo MRSA-infected full-thickness skin wound healing evaluation 
of the OSD/CMC/Fe/PA hydrogels 

Based on our previous study [14], a full-thickness skin defect model 
with MRSA infection was chosen to comprehensively assess the perfor
mance of the hydrogel dressing. The wound area was photographed on 
day 3, 7 and 14 and calculated by using Image J. The animal experi
ments were approved by the institutional review board of Xi’an Jiaotong 
University. The exact procedure is described in SI. 

4.13. Histology and immunohistochemistry 

Histological and immunohistochemical examinations were per
formed to evaluate vascular remodeling and inflammatory cells during 
wound healing. TNF-α and VEGF were chosen for immunohistochemical 
staining [14,51]. The exact procedure is described in SI. 

4.14. Statistical analysis 

For statistical analysis, the experimental data in this study were 
presented as mean ± standard deviation and analyzed employing a 
Student’s t-test. When the P value was less than 0.05, the data were 
considered to have significant difference [54]. 
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