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A B S T R A C T   

Antibacterial hydrogels with injectable and self-healing properties have attracted much attention in the field of 
wound dressings because they not only can prevent bacterial infections, but also meet the basic needs for wound 
healing. However, how to achieve high antibacterial efficacy and low drug resistance for hydrogels is still a 
challenge. Herein, an injectable, self-healing, near-infrared (NIR) photosensitive antibacterial hydrogel 
composed of CuS-grafted-curcumin (CuS@C) and carboxymethyl cellulose modified with aldehyde groups and 
hydroxypropyl trimethyl ammonium chloride chitosan is prepared for wound dressings. The p-n junction formed 
between curcumin and CuS promotes separation of electron-hole pairs, enhances the mobility of photogenerated 
charges, and destroys the conjugated structure of curcumin simultaneously consequently increasing the photo-
catalytic activity. CuS@C is immobilized and distributed uniformly in the hydrogel via the π-π conjugation ring. 
The hybrid hydrogel exhibits excellent antibacterial activity after irradiation with 808 NIR light for 10 min due 
to the enhanced photodynamic and photothermal antibacterial effects. In addition, the hybrid structure improves 
the biocompatibility of CuS and expedites infected-wound healing at a mild temperature of 45 ℃. This organic/ 
inorganic hybrid is shown to be an excellent wound dressing for the treatment of bacterial-infected wounds.   

1. Introduction 

In recent years, drug-resistant bacteria caused by abuse of antibiotics 
have become one of the severe threats for wound treatment [1–3]. Light- 
controlled antibacterial hydrogels constitute a promising alternative to 
wound dressings due to the high antibacterial efficiency without bac-
terial resistance [4,5]. The common method to prepare light-controlled 
antibacterial hydrogels is to add inorganic photosensitive materials to 
hydrogels. For instance, Liu et al. have reported that polydopamine 
(PDA)-coated Au nanorods and N-acryloylglycinamide can form 
hydrogels by adding ammonium persulfate. The hydrogel can kill bac-
teria by generating reactive oxygen species (ROS) and hyperthermia 
upon irradiation with the 808 nm laser [6]. 

CuS nanospheres have been widely used in biomedicine on account 

of the low toxicity and good photostability [7–10]. CuS as a narrow 
bandgap p-type semiconductor exhibits photothermal and photody-
namic effects upon NIR light illumination [11,12]. Furthermore, the 
biodegradability of CuS prevents the nanospheres from remaining in the 
human body as foreign matters [13–15]. However, the narrow bandgap 
of CuS leads to rapid recombination of photogenerated electrons and 
holes, resulting in limited ROS generation during NIR light exposure 
[16–18]. Moreover, excessive Cu2+ released from the nanospheres may 
damage tissues and therefore, to serve as photosensitizers, CuS nano-
spheres are usually modified for light-controlled therapy. 

Curcumin is a natural herbal medicine with anti-inflammatory, 
antioxidant, anti-atherosclerosis, anti-tumor and other pharmacolog-
ical effects [19]. There are abundant delocalized electrons on the surface 
of curcumin due to the conjugation effect and the electrons can be used 
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as carriers in photocatalytic processes, so that curcumin is an n-type 
semiconductor [20]. Hence, if a hybrid p-n junction is formed between 
curcumin and CuS, electrons in the n-type semiconductor can move to 
the p-type semiconductor to form an internal electric field that not only 
promotes rapid separation and migration of photogenerated carriers, 
but also destroys the conjugated structure of curcumin to enhance the 
photocatalytic activity. 

Chitosan, carboxymethyl cellulose (CMC), and the related de-
rivatives are natural, non-toxic, and biodegradable polysaccharides 
existing in nature [21–23]. They are potential candidates for the prep-
aration of multifunctional hydrogels. Recently, injectable hydrogels 

based on dynamic bond cross-linking have attracted much attention for 
treatment of complex wounds [24,25]. In this work, 4-formylbenzoic 
acid is grafted onto the side group of CMC by esterification to intro-
duce the benzene ring and aldehyde group to the CMC molecular chain 
(Scheme 1a). In this way, an injectable and self-healing hydrogel based 
on the modified CMC molecule (CMCBA) and hydroxypropyl trimethyl 
ammonium chloride chitosan (HACC) can be formed by the Schiff base 
reaction and electrostatic interactions [26–28]. The CuS nanospheres 
are synthesized by a one-step solvothermal process. Curcumin is then 
decorated on the surface of the CuS nanospheres by introducing poly-
dopamine (PDA) which is known to be strongly adhesive and can be 

Scheme 1. Schematic diagram showing the preparation of (a) CMCBA molecules, (b) CuS@C nanospheres, and (c) CuS@C hydrogel.  
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combined with curcumin by π-π stacking to construct the organ-
ic–inorganic hybrid of CuS@C p-n junction (Scheme 1b). The CuS@C 
nanospheres are then dispersed in the modified CMC solution and the 
dispersion is co-injected with HACC to obtain the CuS@C hybrid 
hydrogel (Scheme 1c). The benzene ring introduced to the side group of 
CMC improves not only the dispersibility, but also adhesiveness of 
CuS@C in the hydrogel by π-π conjugation between the benzene ring and 
curcumin [29,30]. Herein, the antibacterial activity and biocompati-
bility of the multifunctional hybrid hydrogel are evaluated by in vitro 
and in vivo assays. The hydrogel possesses injectable and self-healing 
properties and shows highly effective antibacterial efficacy due to the 
combined effects of hyperthermia and ROS for accelerated wound 
healing. Moreover, the organic coating composed of curcumin and PDA 
reduces release of Cu2+ and improves the biocompatibility of the CuS 
nanospheres. 

2. Experimental details 

2.1. Materials 

Cu(NO3)2⋅3H2O, polyvinylpyrrolidone (PVP), dimethyl sulfoxide 
(DMSO) and methanol were purchased from Tianjin Damao Chemical 
Reagent Factory, China and dopamine hydrochloride, curcumin, 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), phos-
phate buffer (PBS), fetal bovine serum, acridine orange (AO), and pro-
pidium iodide (PI) were produced by Shanghai Biotechnology 
Development Co. ltd. (China). Carboxymethyl cellulose (CMC), 4-dime-
thylaminopyridine, N, N’-dicyclohexylcarbodiinide, tetrahydrofuran 
(THF) and hydroxypropyl trimethyl ammonium chloride chitosan 
(HACC) were purchased from Shanghai Macklin Biochemical Co., ltd. 
(China). Cellulase, 5,5-dimethyl-1-pyrroline-n-oxide (DMPO), (3-Ami-
nopropyl) trimethoxysilane (APTMS), Na2SO4, glutathione (GSH), O- 
nitropheny-β-D-galactopyranoside (ONPG), and glutaraldehyde were 
obtained from by Shanghai Aladdin Biochemical Technology Co., ltd. 
(China). The enhanced BCA protein assay kit (P0010) and live-dead cell 
staining kit were bought from Beyotime Biotechnology Co., ltd. (China). 
Dulbecco’s modified eagle medium (DMEM) was produced by Thermo 
Fisher Scientific. 

2.2. Synthesis of CuS nanospheres 

The CuS nanospheres were prepared by a solvothermal method. 
0.483 g of Cu(NO3)2⋅3H2O, 0.4 g of PVP and 0.3 g of thioacetamide were 
introduced to 30 mL of DMSO and stirred vigorously until a homogenous 
green solution was formed. The solution was transferred to a Teflon- 
lined stainless-steel autoclave and maintained at 120 ℃ for 12 h. The 
obtained CuS powder was collected by centrifugation after rinsing with 
deionized water and ethanol several times. 

2.3. Synthesis of CuS@C nanospheres 

The CuS nanospheres were dispersed in 100 mL of deionized water to 
which 100 mg of dopamine hydrochloride and 50 mg of curcumin were 
added. The mixture was stirred at 25 ℃ for 24 h to form CuS@C 
nanospheres where then collected by centrifugation and freeze-dried for 
12 h. 

2.4. Synthesis of benzaldehyde-grafted carboxymethyl (CMCBA) 
cellulose 

5 g of CMC and 100 mL of THF were placed in a 500 mL flask. 2.06 g 
of 4-formylbenzoic acid and 1.7 g of DMAP and DCC were put in the 
flask and stirred for 24 h under N2. The products were washed with THF 
and diethyl ether three times. CMCBA cellulose was obtained by 
centrifugation and dried in a vacuum oven. 

2.5. Synthesis of hybrid hydrogels 

4 g of the CMCBA powder and HACC were dissolved in 100 mL of 
deionized water, respectively. 0.01 g of curcumin, CuS nanospheres, and 
CuS@C nanospheres were added, respectively, to 0.5 mL of the CMCBA 
solution and stirred until homogeneous dispersions were formed. Af-
terwards, 0.5 mL of the HACC solution were added to the dispersions to 
prepare the curcumin hydrogel, CuS hydrogel and CuS@C hydrogel, 
respectively. Meanwhile, 0.5 mL of the HACC solution were added to the 
pure CMCBA solution to prepare the CMC/HACC hydrogel as a control 
group. 

2.6. Materials characterization 

Field-emission scanning electron microscopy (FE-SEM, JSM-7001F, 
JEOL) was performed to observe the morphology of the nanospheres 
and hydrogels. Field-emission transmission electron microscopy (FE- 
TEM, JEM-2100F, JEOL) and X-ray diffraction (XRD) were used to 
analyze the structure of the CuS and CuS@C nanospheres. X-ray 
photoelectron spectroscopy (XPS, K-alpha, Thermo) was conducted to 
determine the chemical composition. The JS94 micro electrophoresis 
apparatus (Powereach, China) was used to determine the zeta potentials 
and ultraviolet–visible-NIR (UV–vis-NIR) diffuse reflectance absorption 
spectra were acquired. Ultraviolet photoemission spectroscopy (UPS) 
was carried out to analyze the band structure and Fourier transform 
infrared (FTIR) spectroscopy was employed to analyze the surface 
functional groups. The diameter was recorded by dynamic light scat-
tering (DLS). 

2.7. Water content 

To study the water content, the hydrogels were synthesized and 
soaked in PBS until they reached water saturation. The mass of the 
hydrogels in the saturated state was weighed as W0. Then, the hydrogels 
were placed in a lyophilizer and freeze-dried to an absolutely dry state. 
The mass of the hydrogels in the absolutely dry state was weighed as Wt. 
Results were calculated as water content with the equation: S = (W0- 
Wt)/W0. 

2.8. Viscosity test 

The viscosity of hydrogels was tested by a rotational rheometer 
(ARES-G2). The viscosity was measured with the variation of the fre-
quency increased from 1 to 100 rad⋅s− 1. The temperature was 37 ℃. The 
strain of hydrogel was 10 %. 

2.9. Self-healing ability of hybrid hydrogels 

The self-healing experiment was carried out by macroscopic method 
and rheological property measurements. Pure CMC/HACC, curcumin, 
CuS, and CuS@C hydrogels were cut into pieces and put together with 
another piece of CMC/HACC hydrogel, respectively. The self-healing 
process was monitored by a camera. 

The rheological property of CuS@C hydrogels was investigated by a 
rotational rheometer (ARES-G2) to quantitatively evaluate the self- 
healing ability of the hydrogels. First, dynamic frequency sweep rheo-
logical test was performed on the intact CuS@C hydrogel. After the test, 
the CuS@C hydrogel was divided into two pieces and put back into the 
fixture. After 20 min, 25 min and 30 min in the fixture, dynamic fre-
quency sweep rheological tests were performed again. Finally, the self- 
healing ability of CuS@C hydrogels was quantitatively measured ac-
cording to the changes in the rheological property of the hydrogels. 

2.10. Injectable ability of hybrid hydrogels 

The curcumin, CuS, and CuS@C nanospheres were dispersed in the 
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CMCBA solution and the dispersions were blended with HACC to form 
the premix that was transferred to a 20 mL syringe. The injection process 
and the morphology of the injected hydrogel were recorded by a camera. 

2.11. Degradability of CuS@C hydrogel 

To evaluate the degradability of the CuS@C hydrogel, the freeze- 
dried hydrogel was immersed in 1 mL of PBS containing 0.1 % cellu-
lase at a constant temperature (37 ℃). The remaining weight of the 
hydrogel was recorded every 5 min. The remaining weight % of the 
hydrogels is defined by the following equation:  

Weight remaining ratio of hydrogel (%) = Wt/W0 × 100 %,                         

where Wt and W0 are the dry weights of the remaining hydrogel after 
degradation at different time points and the dry weight of the initial 
hydrogel, respectively. 

2.12. Photodynamic and photothermal properties 

The electron paramagnetic resonance (EPR) spectra were acquired 
on an electron spin resonance spectrometer (EMXPLUS10/12, Bruker, 
Germany) to evaluate the photodynamic properties. DMPO was pre-
pared in an 80 mM solution with deionized water and methanol as 
solvents. The superoxide radicals (•O2

− ) were selectively absorbed by the 
DMPO methanol solution, whereas the DMPO water solution was a se-
lective absorbent for hydroxyl radicals (•OH). 0.01 g of curcumin, CuS, 
and CuS@C were added to 1 mL of the DMPO solution (aqueous solution 
and methanol solution), respectively. After irradiation with 808 nm NIR 
light for 10 min, the DMPO solution was transferred to EMXPLUS10/12 
to detect ROS. 

The photothermal effects of the hydrogels were monitored by FLIR 
infrared thermal imaging. 1 mL of the PBS solution was added to the 
hydrogel and irradiated with 808 nm NIR light for 10 min. The tem-
perature of the hydrogel was recoreded at 1 min intervals. To investigate 
the cyclic heating capacity of the CuS@C hydrogel, four heating–cooling 
cycles were implemented and the temperature was recorded by the FLIR 
infrared thermal imager every 2 min. 

2.13. Electrochemical measurements 

The CuS and CuS@C nanospheres served as the photo-anodes to 
monitor the transient photocurrent response and electrochemical 
impedance spectroscopy (EIS) was performed to investigate the 
improved catalytic activity of CuS@C nanospheres. The experiments 
were performed on an electrochemical workstation (CHI660E, China) 
with the conventional three-electrode system, in which the sample, Ag/ 
AgCl electrode, and platinum foil were the working, reference, and 
counter electrodes, respectively. To prepare the working electrode, in-
dium tin oxides (ITO) was immersed in APTMS for 3 h and washed with 
2.5 % glutaraldehyde. 4 mg of the sample were dispersed in 1 mL of 
deionized water and then 200 μL of the solution was placed on a piece of 
conductive ITO glass to form the working electrode. The electrochemical 
measurements were performed in 0.1 M Na2SO4 at 25 ◦C. The photo-
currents were measured during 808 nm NIR light irradiation and EIS was 
conducted at the open circuit potential in the frequency range between 
100 kHz and 0.01 Hz together with a sinusoidal potential of 10 mV 
under 808 nm NIR light irradiation. 

2.14. Theoretical calculation 

To illustrate the charge transfer process between curcumin and CuS 
nanospheres, DFT calculation was performed. The spin theoretical 
simulation was carried out using the Vienna Ab-initio Simulation 
Package (VASP) version 6.1.2 with the generalized gradient approxi-
mation (GGA) and Perdew-Burke-Ernzerhof (PBE) exchange and 

correlation functionals. The dynamic cut-off energy of the plane-wave 
basis function was set to 400 eV and Monkhorst-Pack meshes with a 
size of 2 × 3 × 1 were used to sample the bulk Brillouin zone. The 
microstructure of the CuS@C nanospheres was built based on a 3 × 2 × 1 
supercell. The four layers of atoms on the bottom of the CuS nanospheres 
were fixed as the bulk part, whereas the other atoms (surface atoms of 
CuS nanospheres, PDA molecules, and curcumin molecules) were 
allowed to relax below 0.02 eV Å− 1. The hybrid Heyd-Scuseria- 
Ernzerhof (HSE06) method was utilized to determine the exact band 
structures of the CuS@C nanospheres. 

2.15. Glutathione experiments 

Glutathione (GSH) plays an important role in maintaining the 
membrane structure and preventing membrane oxidation. Decreases of 
the GSH concentration were assessed using Ellman’s experiments 
[31,32]. The 1 × 10− 3 M GSH bicarbonate buffer solution was added to 
the surface of the hydrogel and irradiated with 808 nm NIR light for 10 
min. The irradiated GSH solution on the hydrogel was extracted and 
mixed with 2.4 mL of 0.05 M Tris-HCl (pH = 8) and 45 μL of 100 × 10− 3 

M 5, 5′-dithiobis (2-nitrobenzoic acid) (Ellman’s reagent). The 1 × 10− 3 

M GSH solution was the negative control. Degradation of GSH was 
evaluated by measuring the absorbance of the solution at 410 nm by 
spectrophotometry. 

2.16. In vitro antibacterial properties 

The antibacterial activities of the hybrid hydrogels against Staphy-
lococcus aureus (S. aureus, ATCC 25923) and Escherichia coli (E. coli, 
ATCC 10536) were evaluated by the spread plate method. The CMC/ 
HACC hydrogel without light irradiation was the control group. The 
hydrogels were placed on a 24-well plate and 1 mL of the bacterial 
suspension (1 × 105 CFU/mL) was placed on the hydrogel surface. The 
hydrogels were exposed to 808 nm NIR light (0.6 W/cm2) for 10 min and 
the temperature of the hydrogels was controlled below 50 ℃ during 
irradiation. The irradiated bacterial suspension was diluted 100 times 
and 100 μL of the diluted suspension were spread on a standard agar 
medium. The agar plates were cultured for 24 h at 37 ℃. The CFU 
number was counted and the antibacterial efficiency was calculated by 
the following equation: 

Antibacterial efficiency (%) =
CFUControl-CFUSample

CFUControl , 
where CFUControl is the number of CFU corresponding to the CMC/ 

HACC hydrogel without 808 nm NIR light irradiation. Furthermore, in 
order to determine the optimum content of CuS@C nanospheres, 
hydrogels with different CuS@C contents (0.005 g, 0.01 g and 0.02 g) 
were prepared and tested for the above-mentioned antibacterial 
property. 

The irradiated E. coli and S. aureus suspensions were fixed with 2.5 % 
glutaraldehyde for 40 min and dehydrated using graded ethanol solu-
tions (20, 40, 60, 80, 90 and 100 %) for 15 min. The morphology of the 
bacteria was observed by SEM. A Live/Dead kit (AO/PI) was used to 
evaluate the anti-biofilm activity of the hydrogels. 1 mL of the S. aureus 
solution (108 CFU/mL) was dropped onto the surface of a cell climbing 
slice and cultured for 48 h. The hydrogels were then placed on the 
surface of cell climbing slice and after exposure to 808 nm NIR light for 
10 min, the slice was stained in darkness for 15 min and then examined 
under a confocal laser scanning microscope (CLSM). 

Considering that a high temperature may damage skin tissues near 
the wound, the antibacterial properties of the hydrogels were deter-
mined at a relatively low temperature (45 ℃). 1 mL of the bacterial 
solution was dropped onto the surface of the hydrogels and exposed to 
808 nm NIR light for 10 min. The surface temperature of the hydrogels 
was controlled to be below 45 ℃ by cooling during irradiation. 
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2.17. Bacterial membrane permeability 

O-nitropheny-β-D-galactopyranoside (ONPG) was used to study the 
membrane permeability of the bacteria. 1 mL of the S. aureus and E. coli 
solution (1 × 108 CFU/mL) was added to the surface of hydrogels and 
808 nm NIR light illumination proceeded for 10 min. Afterwards, the 
bacterial solution was transferred to a 24-well plate and 500 μL of the 
ONPG solution (0.75 M) were added. The OD value of the yellow su-
pernatant was determined on a microplate reader at 420 nm. 

2.18. Protein leakage 

1 mL of the S. aureus and E. coli solution (1 × 108 CFU/mL) was 
placed on the surface of hydrogels and irradiated with 808 nm NIR light 
for 10 min. The supernatant was extracted and centrifuged at 5,000 rpm 
for 12 min. The BCA Protein Assay Kit (P0010) was used to study the 
leached proteins in the bacteria solution. 

2.19. Anti-biofilm assay 

The anti-biofilm activity was evaluated by the crystal violet staining 

method. 1 mL of S. aureus and E. coli solution (1 × 108 CFU/mL) was 
injected into a 24-well plate and cultured at 37◦ C for 36 h. After in-
cubation, CMC/HACCl, curcumin, CuS and CuS@C hydrogel were added 
to 24-well plates, respectively, and irradiated with 808 nm NIR laser for 
10 min. Subsequently, the hydrogels were removed from bacterial so-
lution and washed three times with PBS to remove floating bacteria. 
After irradiation, 100 µL methanol was added to the 24-well plate and 
aspirated after 15 min of incubation. 100 μL of 1 % crystal violet staining 
solution was added to each well and stained for 5 min at room tem-
perature (25 ℃). After that, the staining solution was aspirated and 
washed three time with DI to remove excess staining solution. 100 μL of 
33 % acetic acid solution was added to each well and incubated for 30 
min to dissolve the stained bacteria. At a wavelength of 570 nm, the OD 
value of lysate was measured by microplate reader (Infinite F50, 
TECAN). Three specimens each group were tested. 

2.20. In vitro biocompatibility assessment 

2.20.1. Cell culture 
The fibroblasts (NIH-3 T3) and endothelial cells (EA. Hy 926) were 

cultured in Dulbecco’s modified eagle medium (DMEM) supplemented 

Fig. 1. SEM images of (a) CuS nanospheres and (b) CuS@C nanospheres; TEM images of (c) CuS nanospheres and (d) CuS@C nanospheres; HR-TEM images of (e) CuS 
nanospheres and (f) CuS@C nanospheres; EDS elemental maps of (g) CuS nanospheres and (h) CuS@C nanospheres; (i) XPS survey spectra; High-resolution XPS 
spectra of (j) Cu 2p and (k) S 2p of the CuS nanospheres; High-resolution XPS spectra of (l) Cu 2p and (m) C 1 s of the CuS@C nanospheres; (n) XRD patterns. 
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with 10 % FBS, 1 % penicillin, and streptomycin at 37 ◦C in 5 % CO2 and 
95 % air. 

2.20.2. Cell viability assay 
The Live/Dead viability kit was used to evaluate the cell viability of 

the hydrogels. The hydrogels were immersed in 1 mL of the medium for 
24 h. The leaching solution was transferred to the cell crawls and co- 
cultured with fibroblasts and endothelial cells (2 × 104 cells/cm2) for 
1, 3 and 5 days, respectively. Afterwards, the medium was removed and 
1 mL of the Live/Dead staining reagent was added to the cell crawls for 
40 min in darkness. The staining reagent was washed with PBS and the 
image was collected by CLSM. 

2.20.3. MTT assay 
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay was used to evaluate the cell viability quantitatively. 1 mL 
of the leaching solution was co-cultured with 1 mL of the cell solution (2 
× 104 cells/cm2) on the surface of the cell crawls for 1, 3 and 5 days. The 
solution containing 100 μL of MTT (5 mg/mL) and 900 μL of the medium 
was added to the cell crawls and incubated for 4 h in darkness. After-
wards, the MTT solution was removed and 1 mL of DMSO was applied to 
dissolve the crystals. The OD values of the crystal solution were deter-
mined on a microplate reader at 490 nm. 

2.21. Animal experiments 

The animal programs followed the “Taiyuan University of Technol-
ogy” guidelines for the care and use of laboratory animals and were 
approved by the Animal Ethics Committee of the “International Stan-
dards for Animal Welfare” (Approval No.TYUT-202105001). The rats 
(SD rats, 280–350 g, body weight) were purchased from Shanxi Medical 
University. The mice were divided into five groups and a square wound 
was cut on the back of each mouse after anesthesia. 50 μL of the S. aureus 
solution (1 × 108 CFU/mL) were introduced to the wounds to establish 
the infection model (Fig. 9a). The 3 M wound dressing, CMC/HACC, 
curcumin, CuS, and CuS@C hydrogels were applied to the wounds and 
then irradiated with 808 nm NIR light for 10 min. During irradiation 
process, the temperature of the wound was controlled to be below 45 ℃ 
with the aid of an FLIR infrared thermal imager that recorded the 
temperature of the hydrogels in real time. After feeding for 2 days, half 
of the mice were sacrificed for hematoxylin and eosin (H&E) and Giemsa 
staining. The remaining ones were cultured and the wounds were 
recorded every 2 days. To determine the antibacterial effects on the 
wounds, the same light was applied to the wounded area on day 2 and 
day 4. Meanwhile, the ichor on the surface of the wound was extracted 
and transferred to an agar plate for cultivation for 24 h. After 10 days, all 
the mice were sacrificed and the tissues around the wounds were stained 
with H&E, Giemsa, and Sirius red stain. The major organs were also 
removed and stained with H&E to verify the in vivo biosafety. 

2.22. Statistical analysis 

All the experiments were conducted in triplicate and the experi-
mental data were evaluated as mean ± standard deviation based on the 
SPSS 14.0 software. The one-way ANOVA combined with a Stu-
dent–Newman–Keuls (SNK) post hoc test was applied to determine the 
level of significance. In the statistical evaluation, p < 0.05, p < 0.01, and 
p < 0.001 were regarded as significant, highly significant, and extremely 
significant, respectively. 

3. Results and discussion 

3.1. Characterization of CuS@C nanospheres 

The CuS@C nanospheres are synthesized by a two-step method. The 
CuS nanospheres are prepared by a solvothermal method and dried for 

ensuing modification. Dopamine is used as a cross-linking agent to graft 
curcumin onto the surface of CuS nanospheres in an aqueous solvent. 
Dopamine spontaneously transforms into PDA by polymerization in the 
Michael addition reaction under aerobic conditions and curcumin mol-
ecules are immobilized on the surface of the CuS nanospheres during 
polymerization with π-π conjugation. The zeta potentials of CuS, PDA, 
and curcumin are − 1.41, − 24.2, and 1.32 eV (Fig. S1a), respectively, 
indicating that curcumin can be assembled on the surface of the nano-
spheres by electrostatic adsorption. The SEM image of CuS in Fig. 1a 
shows nanospheres with diameters of 150–200 nm and after modifica-
tion with curcumin, the mean diameter of the CuS@C nanospheres in-
creases slightly (Fig. 1b). DLS test indicates that the particle size of 
CuS@C nanospheres mainly distributed between 250 and 500 nm, 
which is consistent with the results of SEM image (Fig. S2). The TEM 
images (Fig. 1c and 1d) reveal that the nanospheres are assembled from 
nanoflakes. A lattice spacing of 0.28 nm corresponding to the (103) 
plane of CuS is observed from the high-resolution transmission electron 
microscopy (HR-TEM) image of CuS (Fig. 1e). The lattice spacing of 
0.26 nm in the outermost shell of CuS@C nanospheres can be attributed 
to the curcumin crystal (Fig. 1f). The elemental maps in Fig. 1g reveal 
that Cu and S are uniformly distributed in CuS and Fig. 1h indicates even 
distributions of Cu, S, N, C, and O in CuS@C. 

The chemical states of CuS and CuS@C are determined by XPS. As 
shown in the survey spectra (Fig. 1i), the intensity of the C and O peaks 
from CuS@C is significantly higher than that from CuS, confirming that 
CuS is modified with PDA and curcumin. The high-resolution spectra of 
Cu and S of CuS are shown in Fig. 1j and 1 k. The binding energies of S 
2p3/2, S 2p1/2, Cu 2p3/2 and Cu 2p1/2 are 162.8, 161.8, 951.5 and 931.7 
eV, respectively, illustrating the presence of CuS in the CuS nanospheres. 
In the high-resolution C 1 s spectrum of CuS@C, the peak of C–N at 
285.6 eV demonstrates existence of PDA and the peaks of C––C and C––O 
appear at 283.2 and 287.2 eV, respectively, indicate that curcumin is 
immobilized on the surface of CuS (Fig. 1m) [33,34]. The FTIR spectra of 
curcumin, CuS, and CuS@C are displayed in Fig. S1b. The representative 
peaks of curcumin powder at 1506, 1605, 1279, and 1152 cm− 1 are 
assigned to C––O, C––C and C–O stretching vibrations, respectively. 
The characteristic peaks of C observed from CuS@C confirm the com-
bination of curcumin and CuS. The XRD patterns of curcumin, CuS and 
CuS@C are presented in Fig. 1n. The characteristic peaks of CuS can be 
indexed to the standard pattern (JCPDS No. 06–0464), which is also 
observed from CuS@C. No C peaks are observed from the hybrid 
nanospheres because of the small concentration. These results corrob-
orate that grafting of PDA and curcumin do not alter the phase structure 
of CuS. 

3.2. Fabrication and characterization of CuS@C hydrogel 

The preparation process of CuS@C hydrogel is illustrated in scheme 
1. CMCBA is synthesized by a one-step nucleophilic addition reaction. 
Under the catalytic conditions of 4-dimethylaminopyridine/N, N’- 
dicyclohexylcarbodiimide, α-hydroxy (α-OH) on the side chain of the 
CMC molecule reacts with the carboxyl group (COOH) on 4-formylben-
zoic acid to form an ester bond. The water-soluble HACC is utilized as an 
amino donor to alleviate the problem of the limited solubility of chitosan 
in the neutral medium. The quaternary ammonium group on the side 
chain of quaternary ammonium salt chitosan not only increases the 
solubility of the molecule in a neutral solution, but also generates 
electrostatic adsorption with the carboxyl group on the CMCBA mole-
cule. Finally, the three components of CMCBA, HACC, and CuS@C 
nanospheres are mixed mechanically room temperature. The π-π stack-
ing is formed between the benzene ring on both curcumin and PDA 
molecule and on the side chain of CMCBA. The carboxyl group on the 
CMCBA adsorbs the quaternary ammonium group on the HACC elec-
trostatically and meanwhile, the aldehyde groups on CMCBA can be 
cross-linked with the amino groups on HACC by the Schiff base reaction 
to form a polymer network. Under the action of these three dynamic 
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bonds, a degradable and self-healing light-controlled antibacterial 
hydrogel containing CuS@C nanospheres is based on CMCBA and HACC 
is prepared. The microstructure of the CMC/HACC and CuS@C hydro-
gels observed by SEM (Fig. 2a and 2b) shows that the hydrogels have a 
porous structure and the CuS@C nanospheres appear on the surface of 
the CuS@C hydrogel. 

The hydrogels prepared based on dynamic bond cross-linking 
generally possess excellent self-healing and injectable properties [35]. 
When the hydrogels are damaged to a certain range, the molecules on 
the section will re-form dynamic bonds at room temperature. The self- 
healing property and injectability of the hybrid hydrogels are evalu-
ated. As shown in Fig. 2c, the CMC/HACC hydrogel looks white. After 
introducing curcumin, the color of the hydrogel changes from white to 
yellow, whereas both the CuS and CuS@C hydrogels are black. When the 
CMC/HACC hydrogel is put together with CMC/HACC, curcumin, CuS, 
and CuS@C hydrogels, respectively, the two hydrogels fuse into one. 
The results indicate that the CMC/HACC hydrogel has good self-healing 
ability and the incorporation of curcumin, CuS, or CuS@C has no effect 
on the self-healing property. Furthermore, the rheological property is 
monitored in real-time using a rotational rheometer to quantitatively 
evaluate the self-healing ability of CuS@C hydrogel (Fig. S3). After 
reattached and placed in the fixture for 20 min, the hydrogel gradually 
recovered and returned to the pre-cutting level at 30 min. The results 

toughly demonstrate the self-healing ability of CuS@C hydrogel. 
The gelation process of the hybrid hydrogels is shown in Fig. 2d. The 

pure CMCBA solution and curcumin, CuS and CuS@C – containing 
CMCBA dispersions have excellent flowability as well as the HACC so-
lution. However, when the CMCBA solution or dispersion are transferred 
to a syringe, they become solid hydrogels and the extrusion experiments 
prove the injectability of the hydrogels. 

The FTIR spectra of HACC, CMC and CMCBA molecules as well as 
CMC/HACC hydrogel are presented in Fig. 2e. The characteristic ab-
sorption peak of CMC molecules at 1597 cm-1 can be assigned to C––O 
stretching of the carboxymethyl bond. However, the absorption peak of 
CMCBA around 1610 cm− 1 is split into three peaks at 1565, 1610 and 
1645 cm− 1 attributable to C––O stretching of the aromatic ester, car-
boxymethyl bond, and aromatic aldehyde, respectively. Compared to 
CMC and CMCBA molecules, a characteristic absorption peak appears 
around 815.8 cm-1 from both the HACC molecule and CMC/HACC 
hydrogel due to C–H bending of the benzene ring. The results verify 
that 4-formylbenzoic acid is grafted onto the CMC molecule. With regard 
to CMC/HACC hydrogel, the absorption peaks at 1559 and 1590 cm− 1 

correspond to C––O stretching of the aromatic ester and carboxymethyl 
bond, respectively, and the peak at 1645 cm− 1 arises from the Schiff base 
group [36]. The CMCBA and HACC molecules have opposite charges 
(Fig. S4) thus producing electrostatic adsorption between the CMCBA 

Fig. 2. SEM images of (a) CMC/HACC hydrogel and (b) CuS@C hydrogel; (c) Illustration of the self-healing ability of the hydrogels; (d) Photograph of the injecting 
process of the hydrogels; (e) FT-IR spectra of HACC molecules, CMC molecules, CMCBA molecules and CMC/HACC hydrogels; (f) Degradation of the CMC/HACC 
hydrogel in the 0.1 % cellulase solution at 37 ℃. (***p < 0.001). 
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and HACC molecules. 
The β-1, 4 glycosidic bond in the CMC molecule can be destroyed by 

cellulase and hence, the three-dimensional network structure of the 
HACC/CMC hydrogel can be broken in the cellulose solution resulting in 
degradation of the hydrogel. The degradability of CMC/HACC hydrogel 
is shown in Fig. 2f. In the first 5 min, the mass of the hydrogel quickly 
drops to 51 % of the original value because the non-crosslinked part of 
the hydrogel is decomposed by cellulase. Consequently, the hydrogel 
shows a nearly linear degradation profile. After degradation for 20 min, 
the remaining mass of the hydrogel is only 10.4 % of the original one 
confirming the excellent degradability. 

The water content of hydrogels is shown in Fig. S5 (a). The results 
show that the water content of the hydrogels is 80–82 %, and there is no 
obvious difference among various hydrogels. The viscosity of hydrogels 
in Fig. S5 (b) demonstrates that the viscosity of the hydrogels is 
2600–2700 Pa⋅s at low frequency, and there is also no obvious difference 
among various hydrogels. With the increase of shear frequency, the 
hydrogels show obvious shear thinning phenomenon, and the viscosity 
dropped rapidly to 100–170 Pa⋅s. 

3.3. Photocatalytic and photothermal properties 

To investigate the role of curcumin in the photocatalytic effects of 
CuS@C, production of ROS by CuS, curcumin, and CuS@C nanospheres 
is monitored upon 808 nm laser irradiation. As shown in Fig. 3a, after 
irradiation for 10 min, the yield of •OH produced by the CuS@C nano-
spheres is significantly higher than that of that produced by the CuS 
nanospheres, curcumin nanoparticles and CMC/HACC hydrogel. The 
EPR waveform of CuS@C nanospheres is consistent with the standard 
waveform of alkoxy radicals (RO•) [37]. RO• is produced by breaking the 
C–O bond between alkoxy and benzene ring of the curcumin molecule. 
Fig. 3b shows the •O2

− signals from CMC/HACC hydrogel, curcumin, 
CuS, and CuS@C nanospheres. Unlike the results of •OH, the amount of 
•O2

− generated by the CuS@C nanospheres is close to that of produced by 
the CuS nanospheres. 

EIS is performed and the photocurrent density is used to evaluate the 
charge transfer ability, photoelectron generations and hole separation 
efficiency of CuS@C. As shown in Fig. 3c, the impedance of CuS@C is 
smaller than that of CuS and compared to CuS, irradiation with the 808 
nm laser reduces the impedance of the CuS@C nanospheres more 

effectively. The lower the impedance, the higher is the charge carrier 
separation or transformation efficiency. The photocurrent densities of 
the CuS and CuS@C nanospheres are shown in Fig. 3d. The photocur-
rents of CuS@C are significantly larger than those of CuS, indicating 
better transfer and separation of photo-induced electrons at the interface 
of CuS@C. 

CuS nanospheres exhibit strong NIR absorbance due to localized 
surface plasmon resonance (LSPR) [42]. The photothermal conversion 
ability of the CuS and CuS@C hydrogels is shown in Fig. 3e. After 808 
NIR light (0.6 W cm− 2) irradiation for 10 min, the temperature rise of 
CMC/HACC and curcumin hydrogel is only 5–8 ◦C, but that of CuS 
hydrogel reaches 44.9 ◦C (Fig. S6a). After combining with curcumin, the 
heating curve of the CuS@C hydrogel is basically consistent with that of 
the CuS hydrogel, indicating that combination of curcumin and CuS does 
not influence the photothermal conversion ability of CuS. The repro-
ducible heating/cooling curves (Fig. S6b) show that the temperature of 
the CuS@C hydrogel exhibits a stable on–off effect suggesting good 
photothermal stability. 

The photothermal conversion efficiency (η) of the CuS@C hydrogel is 
calculated by the following formula: Photothermal conversion efficiency 
(η) = hS(Tmax-T0)-Q0/W(1–10− A), where Tmax and T0 are the highest 
temperature and ambient temperature, respectively, Q0 is the absorp-
tion energy of the solvent, W is the irradiation power of the light source, 
and A is the light absorption intensity at 808 nm of the CuS@C hydrogel. 
The parameter hS is calculated by the following formula: hS = (mH2O-

CH2O)/τs, where mH2O represents the total mass of the solvent (H2O) and 
τs is the time of the constant quantity of the CuS@C hydrogel. In the 
cooling period, the following formula is used: t = -τslnθ = -τsln(T-T0)/ 
(Tmax-T0), in which T represents the real-time temperature. Hence, τs 
can be estimated from the linear regression curve in the cooling phase. 
As shown in Fig. 3f, the photothermal conversion efficiency of the 
CuS@C hydrogel reaches 45.8 % confirming the effectiveness in con-
version to thermal energy. 

Fig. S7a-c depict the UV–vis-NIR diffuse reflectance absorption 
spectra of curcumin, CuS and CuS@C nanospheres. Curcumin exhibits 
strong absorption in the ultraviolet (10–380 nm) and visible ranges 
(380–780 nm), but no absorption can be observed from the NIR range 
(>780 nm). The CuS nanospheres exhibit a stronger absorption ability in 
the full spectrum, especially at 808 nm with a sharp absorption peak. 
Although absorption by CuS/C is lower than that by the CuS 

Fig. 3. EPR spectra of (a) RO• and (b) •O2
− of curcumin, CuS and CuS@C; (c) Nyquist plots of CuS and CuS@C with or without light irradiation; (d) Transient 

photocurrent densities of CuS and CuS@C under NIR light irradiation; (e) Photothermal curves of different hydrogels under 808 nm laser; (f) Photothermal- 
conversion efficiency (η) of the CuS@C hydrogel under 808 nm laser irradiation. (***p < 0.001). 
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nanospheres, CuS/C shows better absorption in the range of 400–900 
nm. The bandgaps of curcumin, CuS and CuS@C are calculated by the 
following equation: (αhv)1/2 = A (hv − Eg), where Eg is the bandgap of 
the semiconductor, hv is the photon energy, α is the absorption coeffi-
cient, and A is a constant [38]. The Tauc plots are shown in Fig. S5d-f. 
The bandgaps of curcumin and CuS nanospheres are calculated to be 
1.98 eV and 1.41 eV, respectively and after modification with curcumin, 
the bandgap of the CuS@C nanospheres is 1.42 eV. 

UPS is used to analyze the band structure of curcumin, CuS and 
CuS@C nanospheres. As shown in Fig. 4a-c, the secondary electron 
cutoff edges (E-cutoff) of curcumin and CuS are 19.66 eV and 16.94 eV, 
respectively and the corresponding work functions (WF) of curcumin 
and CuS are calculated to be 3.44 eV and 5.31 eV, respectively, by 
subtracting the excitation energy of He I (21.22 eV). After modification 
with curcumin, the E-cutoff of CuS@C nanospheres is 19.52 eV and the 
corresponding WF of CuS@C is 2.1 eV. The bandgaps between the 
valence band (VB) and Fermi level (E-fermi) of curcumin, CuS and 
CuS@C obtained from the Fermi edge shown by the UPS spectra (Fig. 4a- 

c) are 0.84, 0.72 and 0.4 eV, respectively. The schematic diagram of 
energy transfer is presented by combining the UPS spectra with UV–vis- 
NIR diffuse reflectance absorption spectra (Fig. 4d, f). The VB and 
conduction band (CB) of CuS are measured to be − 6.34 eV and − 5.32 eV 
(vs vacuum), respectively, and the highest occupied molecular orbital 
(HOMO) and lowest unoccupied molecular orbital (LUMO) of curcumin 
are − 5.32 eV and − 4.14 eV (vs vacuum), respectively. The LUMO of the 
CuS@C nanospheres is − 1.08 eV and the HOMO of the CuS@C nano-
spheres is − 2.5 eV. Owing to the difference in the WFs between curcu-
min and CuS, the WF equilibrium will be achieved by spontaneous 
electron transfer from curcumin to CuS (Fig. 4e). In this study, the loss of 
electrons of the curcumin molecule and destruction of the conjugate 
structure break the connection between the alkoxy group and benzene 
ring of the curcumin molecule. Therefore, the CuS@C nanospheres 
generate RO• during 808 nm laser irradiation. The partial electrons 
transferred from curcumin can form an electron-rich layer on the surface 
of CuS to reduce O2 into •O2

− . The reduced interface impedance is 
conducive to the transition of light-excited charge and reduction of 

Fig. 4. E-cutoff and VB of (a) Curcumin, (b) CuS nanospheres and (c) CuS@C nanospheres; (d) Energy scheme before and after contact between curcumin and CuS; 
(e) Mechanism for the enhanced yield of ROS via NIR-induced progress based on the p-n heterostructure of CuS@C; (f) Charge transfers mechanism of the CuS@C 
nanospheres upon irradiation with 808 nm light. 
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recombination of photo-generated electrons and holes. Therefore, 
compared to the CuS nanospheres, CuS@C produces ROS more 
effectively. 

The interface charge transfer path and formation mechanism of 
CuS@C are further analyzed by DFT calculation. The WF calculation 
results of CuS, curcumin, and CuS@C nanospheres are shown in Fig. 5a- 
d. The WFs of CuS and curcumin are 4.88 eV and 3.1 eV, respectively. 
The electrostatic potential of curcumin is significantly higher than that 

of CuS, so that electrons of the curcumin molecule move spontaneously 
to the surface of the CuS nanospheres to form an interfacial electric field 
[39,40], which is also confirmed by the differential charge densities of 
CuS@C. The charge density distributions of curcumin, PDA, and CuS are 
shown in Fig. S8. Electrons on curcumin and PDA are uniformly 
distributed on the entire molecular structure due to delocalization, 
resulting in smaller reactivity of curcumin and PDA molecules [41]. 
Fig. 5e illustrates redistribution of electrons on the surface of CuS@C. 

Fig. 5. Electrostatic potentials along the z-axis of (a) CuS, (b) curcumin (c) PDA and (d) CuS@C (Red solid lines denote the vacuum level (Evac) and blue dashed lines 
represent the Fermi level (EF)); (e) Charge density of CuS@C; (f) Electronic band structure of CuS@C; (g) Schematic diagram of the photodynamic and photothermal 
mechanism of CuS@C. 
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The conjugated system of curcumin molecule is destroyed and electrons 
are transferred from the curcumin molecule to the surface of the CuS 
nanospheres. The curcumin molecule becomes an electron-deficient 
region and an electron-rich area is formed on the surface of the CuS 
nanospheres. Oxygen molecules can gain electrons in the electron-rich 
area to generate •O2

− , whereas water molecules lose electrons in the 
electron-deficient area to form •RO (Fig. 5g) [43]. The results indicate 
that the heterojunction composed of curcumin, PDA, and CuS nano-
spheres enhances production of ROS. 

To better explain the influence of the formation of CuS@C on the 
catalytic process, the electron bandgap structure is simulated in Fig. 5f. 
The theoretical bandgap of CuS@C nanospheres is 1.41 eV indicating 
that formation of the heterojunction narrows the bandgap of the cur-
cumin molecule (theoretical bandgaps of CuS and C are shown in 
Fig. S9). A small bandgap facilitates generation of more photogenerated 

electrons under the same irradiation conditions thereby increasing the 
yield of ROS. 

GSH is an important antioxidant in bacterial cell membranes and can 
be converted into glutathione (GSSG) under oxidative conditions. To 
study the photocatalytic activity of the hydrogels incorporated with 
curcumin, CuS, and CuS@C, GSH is used. As shown in Fig. S10, the 
degradation rate of GSH in the curcumin hydrogel is extremely low 
suggesting weak photocatalytic activity. Meanwhile, curcumin cannot 
cause damage to bacterial cell membranes in a short time. In contrast, 
ROS and hyperthermia generated by the CuS nanospheres upon 808 nm 
laser irradiation degrade GSH and the degraded amount reaches 10.7 %. 
Owing to the improvement in the photocatalytic activity, the GSH 
degradation rate of the CuS@C hydrogel increases considerably to 37.2 
% within 10 min. 

Fig. 6. (a) Photographs of S. aureus and E. coli colonies after treatment with the hydrogels with or without 808 nm laser irradiation; Antibacterial efficiency of the 
hydrogels against (b) S. aureus and (c) E. coli. (*p < 0.05, **p < 0.01, and ***p < 0.001). 
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3.4. In vitro antibacterial experiments 

The antibacterial activity of the hydrogels against E. coli (ATCC 
10536) and S. aureus (ATCC 25923) is assessed by the spread plate 
method with the CMC/HACC hydrogel being the control group. Fig. S11 
indicates that the relationship between CuS@C content and the anti-
bacterial ability of hydrogels. The increase of CuS@C content can 
effectively improve the antibacterial efficiency of the hydrogel. When 
the content of CuS@C nanospheres in the hydrogel reaches 0.01 g, the 
CuS@C hydrogel can achieve 99.9 % antibacterial efficiency against 
S. aureus and E. coli under the irradiation of 808 nm NIR laser for 10 min. 
Therefore, 0.01 g of CuS@C is used in subsequent experiments based on 
the balance of bactericidal ability and biocompatibility. As shown in 
Fig. 6, all the hydrogels exhibit negligible antibacterial activities 
without light irradiation after incubation for 10 min, meaning that the 

small amount of released curcumin and Cu2+ cannot reach the minimal 
inhibitory concentration (MIC) and exert the antimicrobial effects 
within a short time [44]. Curcumin is a traditional herbal medicine with 
antibacterial activity by inhibiting FtsZ protein polymerization in bac-
teria [45], but the bactericidal activity is weak. At the same time, cur-
cumin is also a photosensitizer that can generate ROS under light 
conditions [46,47]. However, the curcumin hydrogel still does not have 
effective antibacterial properties upon 808 nm laser irradiation for 10 
min. The antibacterial efficiencies of curcumin hydrogel are only 3.5 % 
and 4.8 % against S. aureus and E. coli, respectively. This is because 
curcumin has almost no light absorption in the NIR wavelength range 
and curcumin hydrogel cannot generate ROS during 808 nm laser irra-
diation to destroy bacteria. Upon 808 nm laser irradiation, the anti-
bacterial efficiencies of the CuS hydrogel against S. aureus and E. coli are 
35.2 % and 71.3 %, respectively, indicating that the generated ROS and 

Fig. 7. (a) SEM images of the bacteria after treatment with the hydrogels upon 808 nm light irradiation for 10 min; (b) Fluorescence images of the biofilms after 
treatment with the hydrogels upon 808 nm laser irradiation for 10 min; (c) Bacterial membrane permeability and (d) Protein leakage of bacteria after treatment with 
the hydrogels upon 808 nm laser irradiation for 10 min. (**p < 0.01, ***p < 0.001). 
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hyperthermia by CuS show some antibacterial activity. As expected, the 
CuS@C hydrogel has the best antibacterial properties with efficacies of 
99.7 % and 99.9 % against S. aureus and E. coli, respectively. This is 
because the p-n junction composed of CuS and curcumin improves the 
photocatalytic activity and the synergistic effects rendered by ROS and 
hyperthermia produce the excellent antibacterial activity. 

After exposure to the 808 nm laser for 10 min, the morphology of 
bacteria is observed by SEM (Fig. 7a). The bacteria of the control group 
retain the complete membrane structure without obvious shrinkage and 
deformation. The bacteria do not exhibit obvious deformation in the 
curcumin group either due to the weak antibacterial activity. However, 
severely distorted bacteria are found from both the CuS and CuS@C 
groups. 

The antibacterial effects of the hydrogels against S. aureus and E. coli 
are evaluated by Live/Dead fluorescence staining and the results after 
exposure to the 808 nm laser for 10 min are displayed in Fig. 7b [48]. 
The surface of the control group shows green fluorescence. In the cur-
cumin group, some red spots are found and more dead bacteria are 
observed from the CuS group. In contrast, nearly no green spots are 
observed from the CuS@C group indicating excellent antibacterial 
activity. 

The permeability of the bacterial membrane is measured by ONPG 
[49,50]. When the cell membrane is ruptured, ONPG can be decom-
posed to o-nitrophenol by the β-galactosidase produced by the bacteria. 
As shown in Fig. 7c, after the light treatment, there is no obvious dif-
ference in the OD420 values of both S. aureus and E. coli between the 
curcumin hydrogel and control group, indicating that the permeability 
of the bacterial membrane of the curcumin group does not change 
significantly. In comparison, hydrolysis of ONPG produced by the CuS 
hydrogel increases as shown by the relatively large OD420 and the 

permeability of the bacterial membrane of the CuS@C group is further 
improved indicating that the combination of ROS and hyperthermia 
plays a major role in the bacterial membrane permeability. The higher 
cell permeability can cause leakage of proteins leading to bacteria death. 
As shown in Fig. 7d, the results of protein leakage reveal a similar trend 
as ONPG hydrolysis demonstrating the synergistic effects of photo-
thermal and photodynamic on bacteria. 

The anti-biofilm activity is measured by the crystal violet staining 
method and results after exposure to the 808 nm laser for 10 min are 
exhibited in Fig. S12. The OD value of CuS@C hydrogel group is 
significantly lower than that of CMC / HACC hydrogel group, curcumin 
hydrogel group and CuS hydrogel group. The results strongly prove that 
CuS@C hydrogel can cause effective damage to bacterial biofilms. 

3.5. Biocompatibility 

The biocompatibility of wound dressings is an essential factor in 
effective treatment. The biocompatibility of the hydrogels is tested using 
two typical cells (fibroblasts (NIH-3 T3) and endothelial cells (EA. Hy 
926)) that are involved in wound healing. As shown in Fig. 8a and 8b, 
the fluorescence images of fibroblasts and endothelial cells reveal that 
the PBS, CMC/HACC and curcumin hydrogel groups have excellent 
biocompatibility. In contrast, the proliferation of fibroblasts and endo-
thelial cells are inhibited due to excessive release of Cu2+ in the CuS 
hydrogel group [51,52]. As for the CuS@C hydrogel group, the number 
of cells shows only a small decline with a survival rate of over 90 %. 
After 3 days, the survival rate of cells in the CuS@C hydrogel group is 
similar to that of the PBS and CMC/HACC hydrogel group, proving that 
modification of PDA and curcumin improves the biocompatibility of the 
CuS@C hydrogel. The quantitative results of cell viability are obtained 

Fig. 8. Fluorescence images after live/dead staining of (a) Fibroblasts and (b) Endothelial cells after culturing for 1, 3 and 5 days; MTT assays of (c) Fibroblasts and 
(d) Endothelial cells. (**p < 0.01 and ***p < 0.001). 
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Fig. 9. (a) Schematic illustration of the S. aureus infection wound model and therapy; (b) Representative photographs of the infected wounds on days 0, 2, 4, 6, 8 and 
10; (c) Wound healing rates; (d) Antibacterial rates of the hydrogels on days 2, 4, and 6 (***p < 0.001). 
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using the MTT assay. As shown in Fig. 8c and 8d, cell proliferation of the 
CuS hydrogel group decreases, whereas only a slight decrease is 
observed from the CuS@C hydrogel group compared to the control 
group. The results are consistent with fluorescence staining confirming 
the good biocompatibility of the CuS@C hydrogels quantitatively. 

3.6. Animal experiments 

A high temperature can damage cells and a temperature of 50 ◦C has 
been shown to inhibit cellular activity [48]. Hence, the antibacterial 
activity of the CuS@C hydrogel is investigated at a relatively low tem-
perature (45 ℃) (Fig. S13). The CuS@C hydrogel still exhibits effective 
bacteria-killing efficacy of 98.8 % against E. coli. Although the anti-
bacterial activity against S. aureus decreases to a certain extent at 45 ℃, 
the antibacterial efficiency still reaches 80.2 %. The antibacterial ac-
tivity is also revealed by live/dead staining (Fig. S14) and the maximum 
temperature is controlled to be about 45 ℃ in the in vivo antibacterial 
assay. 

A 1 cm × 1 cm infected wound is created at the back of the rats (SD 
rats, 300–350 g) to simulate the wound healing process of the CuS@C 
hydrogel [49,50]. The standard 3 M wound dressing serves as the con-
trol. After covering the infected wound with hydrogels, the hydrogels 
are irradiated with the 808 nm laser for 10 min. The temperature change 
is recorded in vivo recorded by a FLIR infrared thermal imager and the 
temperature curve is shown in Fig. S15. The temperature of the CuS 
hydrogel and CuS@C hydrogel rises beyond 45.4 ℃ within 4 min under 
808 nm laser irradiation, while the CMC/HACC hydrogel and curcumin 
hydrogel do not exhibit significant temperature changes. The results 
indicate that CuS has excellent photothermal conversion effects in vivo. 
The representative photographs of the wound healing process show 
significant differences between the CuS@C group and other groups as 
shown in Fig. 9b. On the 2nd day, severe infection with ichor appears 
from the wound area of the mice in the control, curcumin hydrogel, and 
CuS hydrogel groups. The ichor is extracted from the wound area, 
transferred to an agar medium, and cultured for 12 h (Fig. S16). Not 
surprisingly, numerous colonies appear from the agar plates of the 
control, curcumin hydrogel, and CuS hydrogel groups. However, as for 
the CuS@C hydrogel group, no obvious ichor is observed from the 
wound area. The agar plates corresponding to CuS@C hydrogel also 
indicate that the antibacterial rate of CuS@C is 44.7 %, which is 
apparently higher than those of other groups. After three treatments 
with the 808 nm laser in 6 days, only a few viable colony units remain on 
the agar plate, but a large number of viable colony units remain on the 

agar plates of the other groups. These results prove that the CuS@C 
hydrogel has good antibacterial effects in vivo. After 8 days, the wound 
healing process with the CuS@C hydrogel is promoted significantly 
compared to the other groups due to the synergistic antibacterial effects 
of both PDT and PTT. The wound healing rate of the CuS@C hydrogel 
group reaches 93.3 % compared to that of the CMC/HACC hydrogel 
group of only 78.4 %. After 10 days, the wound in the CuS@C hydrogel 
group heals totally without leaving a scar, but the unhealed wound can 
still be observed from the other groups. The results provide strong evi-
dence that the CuS@C hydrogel has the ability to kill bacteria and 
promote wound healing. 

H&E staining and Giemsa staining of the wound tissues is performed 
on days 2 and 10 to confirm the antibacterial properties and wound 
healing activity of the hydrogels (Fig. 10). For the control group, CMC/ 
HACC group, curcumin group, and CuS group, more inflammatory cells 
are observed from the wounds (marked by yellow arrows). This corre-
sponding to the inflammatory response of serious wound infection, but it 
does not occur in the CuS@C hydrogel group. Giemsa staining indicates 
that the bacteria (marked by red arrows) in the CuS@C hydrogel group 
decrease compared to the other groups, proving that the CuS@C 
hydrogel has good antibacterial ability during wound treatment. Sirius 
red staining is used to assess the formation of collagen fibers as shown in 
Fig. 10. On the 10th day, the collagen fibers deposited on the skin tissues 
of the CuS@C hydrogel group are denser and more organized indicating 
that the CuS@C hydrogel has an excellent ability to promote wound 
healing. 

The biosafety of the CuS@C hydrogels is evaluated by H&E staining 
of the major organs (heart, liver, spleen, lung, and kidney) in the mice 
(Fig. S17). Compared to the control group, the CMC/HACC hydrogel 
group, C hydrogel group, CuS hydrogel group, and CuS@C hydrogel 
group do not show severe damage of the major organs, proving that the 
CuS@C hydrogel group has high biosafety in vivo. 

4. Conclusion 

A wound dressing with enhanced NIR photodynamic and photo-
thermal antibacterial activity is prepared by hybridizing synthetic CuS 
nanospheres with herbal medicine and natural organic macromolecules. 
The hybrid hydrogel has good injectability, self-healing ability, and 
degradation behavior. CuS usually possesses weak photocatalytic 
property under the irradiation of NIR light due to the narrow energy gap. 
The internal electric field at the interface between CuS and curcumin 
promotes NIR light utilization, enhances the mobility of electrons, 

Fig. 10. H&E, Giemsa, and Sirius red staining images of the skin tissues around the wounds.  
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accelerates charge separation, and favors generation of ROS to kill 
bacteria. The hybrid hydrogels have excellent antibacterial properties in 
vitro and in vivo upon irradiation with 808 light for 10 min. Furthermore, 
the organic layer immobilized on the surface of the CuS nanospheres 
mitigates release of Cu2+ to endow the CuS@C hydrogel with good 
biocompatibility. The in vivo experiments demonstrate that the organic/ 
inorganic hybrid hydrogel is more effective than when they are used 
individually to accelerate infected wound healing. 
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Figure S1. (a) Zeta potentials of curcumin, PDA, CuS, and CuS@C nanospheres and 

(b) FT-IR spectra of curcumin, CuS, and CuS@C nanospheres. 

 

Figure S2. Size distribution of CuS@C nanospheres. 
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Figure S3. The rheological property of CuS@C hydrogel. 

 

 

 

Figure S4. Zeta potentials of HACC and CMCBA molecules. 
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Figure S5. (a) Water content of the hydrogels; (b) The viscosity of the hydrogels. 

 

 

 

Figure S6. (a) Elevated temperature after irradiation for 10 min; (b) Heating/cooling 

profiles of CuS@C hydrogel for 4 cycles (***p < 0.001). 
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Figure S7. UV-vis-NIR diffuse reflectance spectra of (a) Curcumin, (b) CuS. and (c) 

CuS@C; Bandgaps of (d) Curcumin, (e) CuS and (f) CuS@C calculated from the UV-

vis-NIR diffuse reflectance spectra. 
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Figure S8. Charge densities of (a) Curcumin, (b) PDA, and (c) CuS nanospheres. 
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Figure S9. (a) Electronic band structure and (b) DOS of CuS; (c) Electronic band 

structure and (d) DOS of curcumin. 
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Figure S10. Loss of GSH after treatment with hydrogels under 808 nm light irradiation 

for 10 minutes (***p < 0.001). 

 

Figure S11. Photographs of S. aureus colonies of hydrogels with various CuS@C 

nanosphere contents 
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Figure S12. The anti-biofilm assay of the hydrogels against E. coli and S. aureus. 

 

Figure S13. (a) Photographs of S. aureus and E. coli colonies treated with hydrogels 
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with or without 808 nm NIR irradiation at temperature below 45°C; Antibacterial 

efficiency of hydrogels against (b) S. aureus and (c) E. coli at temperature below 

45 °C (*p < 0.05, **p < 0.01, and ***p < 0.001). 

 

 

Figure S14. Fluorescence images of S. aureus and E. coli biofilms irradiated with 808 

nm NIR at 45 ℃ for 10 minutes. 

 

 

Figure S15. (a) Photothermal images of hydrogels after in vivo experiments and (b) 

Corresponding heating curves of hydrogels. 
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Figure S16. Photographs of S. aureus treated with hydrogels with or without 808 nm 

NIR irradiation in vivo. 
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Figure S17. H&E staining of major organ tissues after 10-day treatment with different 

hydrogels. 
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