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S–Cu–FC/CuS modified GO carboxymethyl
cellulose hydrogel for enhanced photocatalytic
sterilization through homo-heterojunction
interface accelerated charge transfer†
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Yufeng Zheng, d Zhaoyang Li, b Shengli Zhu, b Hui Jiang, b Paul K. Chu e

and Xiangmei Liu*c

Charge transfer and separation play a critical role in the photocatalytic efficiency of photoresponsive

materials and their subsequent applications. Herein, for the first time, we constructed a homo-hetero-

structured S–Cu–FC/CuS modified carboxymethyl cellulose (CMC) hydrogel doped with graphene oxide

(GO) (S–Cu–FC/CuS/GO@CMC) through an in situ ionic complexation reaction, which exhibited

enhanced photocatalytic performance under 808 nm near-infrared (NIR) light irradiation. On the one

hand, photo-excited charges can rapidly transfer across the homo-heterojunction interface with copper

atoms in S–Cu–FC/CuS as both donors and acceptors. On the other hand, the interface between GO and

S–Cu–FC/CuS also favors the fast transfer of photogenerated charges. Hence, with the assistance of a

photothermal effect, the enhanced photocatalytic performance of S–Cu–FC/CuS/GO endowed the

hydrogel with robust sterilization ability for killing 99.5% S. aureus and 100.0% E. coli under 10 min NIR

light irradiation. An in vivo test disclosed that this hydrogel could also accelerate the healing of bacteria-

infected wounds.

1. Introduction

The serious threat posed by infectious diseases has had a con-
stant impact on worldwide public health defences.1–3 For
example, the continuing epidemic of COVID-19 has caused
severe damage to the development of the worldwide economy
and deprived more than 6.5 million people in the world of
their lives,4,5 for which clinical reports indicated that the

leading cause of death was bacterial infections and sub-
sequent complications due to the weakened immune system
attacked by the virus.5,6 Unlike viruses, bacteria can invade
bodies from a defective surface and the surrounding tissues
will be used as a medium for proliferation. A skin wound
means there is no physical barrier and it will be a superb
entrance for bacterial invasion of tissues or blood vessels.7

Although antibiotic treatment is the most common way to
combat bacterial infections in clinical practice, it can take a
long time and may lead to drug resistance, thus inducing
inflammation and other side-effects.8 That can be torturous
for patients, especially those with diabetes or haemophilia.9

Therefore, non-antibiotic therapy is a priority and there is an
urgent need for it in the face of the huge costs and long cycle
for developing new antibiotics.

Lately, phototherapies based on photo-responsive materials
have been extensively investigated as an alternative to anti-
biotic treatment because of their rapid, highly effective and
non-invasive characteristics.10 By photothermal conversion
and/or a photocatalytic effect, photo-responsive materials can
produce heat and/or reactive oxygen species (ROS) in a short
time under light irradiation to kill bacteria without drug resis-
tance.10 For instance, metal–organic frameworks,11–13

MXenes,14,15 Ag2S quantum dots,16 and other materials have
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been reported to be employed for treating in vivo diseases by
photothermal therapy (PTT), photodynamic therapy (PDT) or a
synergy of both PTT and PDT.7,17–24 However, PDT is often
mainly affected by the photocatalytic performance of the
materials. On the one hand, the rapid recombination between
separated e− and h+ will take place continuously during the
movement of e− from the inside to surfaces or interfaces. On
the other hand, the low transfer rate of photogenerated car-
riers will also lead to their consumption before they can par-
ticipate effectively in photocatalytic reactions.24–28 The two
factors impair the photocatalytic performance, thus reducing
the yields of ROS. To improve this situation, many strategies
have been used, such as defect-rich design, series connections
between heterojunctions or substance doping into interfaces,
but these methods usually involve more complex
processes.24–28 Therefore, it is necessary to realize the faster
and more efficient transfer of electrons in a heterojunction or
interface with a simple strategy.

CuFC is a ferrocyanide, and these compounds are all
formed by the complexing of different transition metal ions
and [Fe(CN)6]

4−.29–32 For instance, Prussian blue (PB) is the
most typical one, which has been approved by FDA for
biomedicine.33–36 Due to the formation of coordination bonds
between organic molecules and metal ions, a large number of
structures with periodically ordered arrangements or pore
structures similar to a metal–organic framework will be
formed. Therefore, ferrocyanides possess good selective
adsorption ability for heavy metal ions and are often used to
adsorb and remove heavy metal ions from water or human
organs.29–32 Moreover, because of chemical inertness, most fer-
rocyanides are different from PB and cannot be endowed with
photothermic activity or photocatalysis through ion doping or
loading with a photosensitizer.33–36 Therefore, if this industrial
adsorption material could be endowed with photocatalytic per-
formance, there would be a series of novel photocatalytic
agents and the potential range of application of ferrocyanides
would be greatly expanded, such as photo-controlled water dis-
infection, and in vivo photo-controlled lesion elimination.

Herein, inspired by the metal elements of copper ferrocya-
nide (CuFC), we for the first time synthesized a homologous het-
erojunction of S–Cu–FC/CuS by an in situ ionic complexation
reaction with the feasible addition of thioacetamide (TAA). This
homo-heterostructured S–Cu–FC/CuS exhibited excellent photo-
catalytic activity under 808 nm NIR light irradiation due to the
accelerated production of photogenerated carriers and faster
transfer with copper atoms as both donors and acceptors simul-
taneously. The following encapsulation of S–Cu–FC/CuS by GO-
doped carboxymethyl cellulose (CMC) hydrogel induced the for-
mation of the hybrid hydrogel S–Cu–FC/CuS/GO@CMC
(labelled HH hydrogel), which exhibited a better photocatalytic
property than S–Cu–FC/CuS because GO could act as an accep-
tor of photogenerated carriers and consequently improve the
separation rate of electron–hole pairs. The improved photo-
catalytic property and photothermal effect endowed the HH
hydrogel with rapid and highly effective sterilization ability
under 808 nm NIR light irradiation.

2. Experimental section
2.1. Reagents

Potassium ferrocyanide trihydrate (K4Fe(CN)6·3H2O), copper
sulfate pentahydrate (CuSO4·5H2O), sodium dodecylbenzene
sulfonate (SDS) and thioacetamide (TAA) were purchased from
Sigma-Aldrich Inc. (USA). Carboxymethyl cellulose (CMC),
acrylic acid, ammonium persulfate and N,N-dimethyl-
diacrylamide (PDMA) were purchased from Shanghai Aladdin
Biochemical Technology Co. (China). Graphene oxide (GO) was
purchased from Shenzhen TuLing Evolution Technology Co.
(China). Ethanol was purchased from LongXi Chemical
Reagent Co. (China).

2.2. Preparation of CuFC

K4Fe(CN)6·3H2O (84.4 mg) and CuSO4·5H2O (100 mg) were
fully dissolved in 20 mL of deionized water, respectively. After
blending the two solutions, SDS (50 mg) was added and the
mixed solution was reacted at 80 °C for 6 h. The reacted turbid
liquid was washed three times with deionized water; then lyo-
philized to obtain pure CuFC powder.

2.3. Preparation of S–Cu–FC/CuS

CuFC (20 mg) and TAA (10 mg) were added into a mixed liquid
(20 mL, water : ethanol = 3 : 1). The pH of the mixture was
adjusted to 5 and it was stirred at 60 °C for 30 min. After the
reaction, the solution was washed with ethanol and deionized
water three times and lyophilized to obtain S–Cu–FC/CuS
powder.

2.4. Preparation of CMC hydrogel and GO@CMC hydrogel

CMC (2 g) was fully dissolved in aqueous GO (40 mL, 0.5 mg
mL−1) with magnetic stirring at 60 °C. Then, acrylic acid
(2 mL), ammonium persulfate (80 mg) and PDMA (60 mg)
were added successively and magnetic stirring was withdrawn.
Then, the mixture was held at 80 °C for 4 h to achieve gelation.
Finally, the GO@CMC hydrogel was dehydrated at 100 °C for a
whole night. The CMC hydrogel could be obtained through
the same method.

2.5. Preparation of S–Cu–FC/CuS/GO@CMC hybrid hydrogel
(HH hydrogel)

The GO@CMC hydrogel was cut into uniform blocks (3 × 3 ×
3 mm3) and soaked in an S–Cu–FC/CuS dispersion solution
(2 mL, 1 mg mL−1) for 30 min. This HH hydrogel was rinsed
twice with deionized water.

2.6. Preparation of S–Cu–FC/CuS/GO

CuFC (1.433 mg) and CuS (0.674 mg) were mixed and ground.
The mixture was treated with ultrasound for 2 h and dispersed
in ethanol and lyophilized to obtain CuFC/CuS. More details
can be found in the ESI.†

2.7. Characterization

The microtopography of the NPs or hydrogels was observed
with a high-resolution electron microscope (TEM, JEOL-2100F,
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Japan) or field emission scanning electron microscope
(FESEM, ZEISS Sigma 500, Germany). The particle sizes of the
samples were detected by dynamic light scattering analysis
(DLS, 90 Plus/BIMAS, Brookhaven, USA). X-ray diffractometry
(XRD, D8 Advance, Germany) was used to determine the XRD
patterns of CuFC and S–Cu–FC/CuS. Confocal Raman micro-
spectroscopy (Renishaw, UK) was used to obtain the Raman
spectra of CuFC and S–Cu–FC/CuS. The elements on the sur-
faces of the hydrogels were determined by X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Scientific 250Xi, USA). An
ultraviolet–visible (UV–vis) spectrophotometer (UV-2700,
Shimadzu, Japan) was used to record the UV spectra. The
temperature changes of different samples under 808 nm near-
infrared (NIR) light irradiation were recorded with a thermal
imager (FILR E50, USA).

2.8. Tensile and compression analyses of the hydrogels

The tensile and compression analyses of the different hydro-
gels were determined with a universal tensile machine
(CMT4104, USA). First, the hydrogels were shaped into blocks
(width = 25 mm, length = 25 mm, thickness = 5 mm) for the
tensile test (loading rate = 50 mm min−1, gauge length
between clamps = 20 mm). Secondly, the hydrogels were
shaped into columns (height = 15 mm, basal diameter =
6 mm) for the pressure test (maximum compression distance =
5 mm). The fixture did not return to its original position at the
end of the test.

2.9. Swelling ratio test of the hydrogels

After being dried, the hydrogels were cut into blocks (weight =
500 ± 50 mg) and labelled (g0) and then soaked in deionized
water. After soaking, the hydrogels were removed from the sol-
vents and weighed at specific times (10, 20, 30, 40 and 50 h),
and they were labelled gt. All the swelling ratios were calculated
according to the following equation: Swelling ratio (%) = (gt −
g0)/g0 × 100%.

2.10. Release detection of Cu2+ and Fe2+ in vitro

To obtain the release trend of Cu2+ and Fe2+ from the S–Cu–
FC/CuS/GO@CMC hybrid hydrogel, the HH hydrogel was
immersed in PBS (20 mL). After soaking for a specific time (0,
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, and 14 days), a fixed
volume of liquid was removed from PBS to test the c(Cu2+) and
c(Fe2+) and fresh PBS was added to ensure a 2 mL volume of
liquid. The amount of released Cu2+ and Fe2+ was determined
with an inductively coupled plasma optical emission spectro-
meter (ICP-OES, PQ9000, Analytik Jena, Germany).

2.11. Photothermal effect test

The photothermal effects of the hydrogels and NPs were evalu-
ated by recording the temperature changes of the samples
under 808 nm NIR light irradiation (0.6 W cm−2) for 10 min.
The stability of the photothermal effect was studied by record-
ing the temperature changes of the HH hydrogel under NIR
light irradiation for four off–on cycles (10 min heating and
10 min cooling).

2.12. Photodynamic effect test

DCFH-DA probe test. ROS-sensitive dichlorofluorescein di-
acetate (DCFH-DA) was used to detect ROS generation by
samples under 808 nm NIR light irradiation (0.6 W cm−2). The
GO@CMC hydrogel (3 × 3 × 3 mm3) was immersed in an S–
Cu–FC/CuS (2 mL, 1 mg mL−1) dispersion for 30 min and the
obtained HH hydrogel was rinsed twice with deionized water.
After the immersion process, the liquid was then collected for
lyophilization and the residual powder weighed. The above
steps were repeated three times and the loading rate of the het-
erojunction nanoparticles in the hydrogel was calculated as
50%. Then, the HH hydrogel (3 × 3 × 3 mm3), GO@CMC
hydrogel (3 × 3 × 3 mm3), S–Cu–FC/CuS NPs (1 mg, 1 mg
mL−1), and CuFC NPs (1 mg, 1 mg mL−1) were exposed to
808 nm NIR light irradiation for 10 min. The fluorescence
intensity of the solutions was recorded by a multifunctional
microporous plate detector (SprectraMax®i3, Molecular
Devices, USA) with excitation at 488 nm and emission at
670 nm.

Electron spin resonance spectroscopy (ESR). The hydrogel
samples were cut into blocks (3 × 3 × 3 mm3) and prepared for
testing after the same immersion process as in the fluorescent
probe test above. Then, samples of HH hydrogel (3 × 3 ×
3 mm3), CuS (1 mL, 1 mg mL−1), and S–Cu–FC/CuS (1 mL,
1 mg mL−1) were mixed with spin-trapping agent solutions
(2,2,6,6-tetramethylpiperidine (TEMP)), respectively. 200-μL of
TEMP (50 mM, 180 μL H2O) was used to detect 1O2 generation
by the samples under irradiation by 808 nm NIR light (0.6 W
cm−2) for 10 min by a spectrometer (JES-FA200, JEOL, Japan)
to record the ESR spectra. The curve of pure TEMP irradiated
by 10 min NIR light was set up as the control group.

2.13. Density-functional-theory (DFT) calculations

The Vienna Ab initio Package (VASP) was employed to process
DFT calculations within the generalized gradient approxi-
mation (GGA) using the PBE formulation. The projected aug-
mented wave (PAW) potentials were chosen to describe the
ionic cores and take valence electrons into account using a
plane wave basis set with a kinetic energy cutoff of 400 eV. The
partial occupancies of Kohn–Sham orbitals were allowed to
employ the Gaussian smearing method (width = 0.05 eV). The
electronic energy was considered self-consistent when the
energy change was smaller than 10–5 eV. A geometric optimiz-
ation was considered convergent when the force change was
smaller than 0.02 eV Å−1. Grimme’s DFT-D3 methodology was
used to describe the dispersion interactions. Then, by using a
Monkhorst–Pack k-point (9 × 9 × 5) grid for Brillouin zone
sampling, the equilibrium lattice constants of the hexagonal
CuS unit cell were optimized to be a = b = 2.895 Å and c =
6.180 Å. Similarly, by using a Monkhorst–Pack k-point (2 × 2 ×
2) grid for Brillouin zone sampling, the equilibrium lattice
constant of the cubic CuFC unit cell was optimized to be a = b
= 9.991 Å. Next, these unit cells were used to construct a
surface model of the heterojunction and an interface between
CuFC (110) and CuS (001). There was a periodicity (p(7 × 7)) in
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the part of CuFC (110) in the x and y directions, and another 2
stoichiometric layers in the z direction. There were 16 Fe, 32
Cu, 96 C and 96 N atoms. There was a periodicity (p(3 × 5√3))
in the part of CuS (001) in the x and y directions, and another
1 stoichiometric layer in the z direction. There were 60 Cu and
60 S atoms. The CuFC (110)/CuS (001) heterojunction was sep-
arated by a vacuum layer in the z direction with a depth of 15 Å
to separate the surface slab from its periodic duplicates. The
gamma point in the Brillouin zone was used for k-point
sampling during structural optimization, and all atoms were
allowed to relax. These DFT calculations were provided by the
Hangzhou Yanqu Information Technology Co., Ltd (China).

2.14. Electrochemistry measurement

The electrochemical tests were all completed by an electro-
chemical analysis instrument (CHI660E, Shanghai, China) in
the electrolyte (c(NaSO4) = 0.5 M). The samples of CuS, CuFC/
CuS, CuFC, S–Cu–FC/CuS, and S–Cu–FC/CuS/GO were set up
as working electrodes; the reference electrode was a saturated
calomel electrode and a platinum plate was the auxiliary elec-
trode. The photocurrent measurement of samples was com-
pleted under 808 nm NIR light irradiation (0.6 W cm−2) for 4
off–on cycles (10 s illumination and 10 s dark).

2.15. Antibacterial experiments in vitro

Spread plate. All hydrogel samples were cut into uniform
blocks (3 × 3 × 3 mm3) before use. S. aureus (ATCC 29213) and
E. coli (ATCC 25922) were used to evaluate the antibacterial
performances of the HH hydrogel through a spread-plate
method. Generally speaking, the original bacterial liquid (1.0 ×
109 CFU mL−1) was diluted to 1.0 × 107 CFU mL−1 and 200 μL
of diluted liquids were taken out to submerge the samples.
The samples were divided into 6 groups: Dark-control (Ctrl),
Dark-GO@CMC hydrogel, Dark-HH hydrogel, Light-Ctrl, Light-
GO@CMC hydrogel, and Light-HH hydrogel. After treatment
with 10 min darkness or 808 nm NIR light, 20 μL was taken
out from each group and diluted to 1.0 × 105 CFU mL−1 (NIR
808 nm: 0.6 W cm−2, 10 min). Finally, 10 μL of each group was
spread on an agar plate and cultured in an incubator for 24 h.
Then, the antibacterial efficiency could be obtained by count-
ing the number of colonies (N) according to the following
equation: Antibacterial efficiency (%) = (NCtrl − NExperiment)/
NCtrl × 100%.

Bacterial micromorphologies. FESEM was used to observe
the changes in bacterial micromorphologies in different
groups consistent with the above treatment (NIR 808 nm: 0.6
W cm−2, 10 min). Bacteria in each group were fixed by glutaral-
dehyde (2.5%, 2 h) after antibacterial treatment. Then these
bacteria were dehydrated by gradient-concentration ethanol
solution (30, 50, 70, 90, and 100%) for 15 min each time.
Finally, these samples were photographed by FESEM after
lyophilization.

Membrane permeability test. The original S. aureus or E. coli
were cultured with o-nitrophenyl-β-D-galactopyranoside (ONPG,
10 μg mL−1) in LB medium at 37 °C for 12 h. These cultured
bacteria were subjected to refrigerated centrifugation to collect

the precipitation and washed twice with PBS. Then, the bac-
teria were dispersed with PBS and the liquid was adjusted to
OD600 nm = 0.05–0.1. This dispersion was used for the same
antibacterial treatment as described above (NIR 808 nm: 0.6 W
cm−2, 10 min). Next, 15 μL of liquid of the treated bacteria was
taken out from each group and mixed with 15 μL of ONPG
(12.5 mM), 110 μL PBS, and 10 μL dimethyl sulfoxide (7%) to
record the OD420 nm. Refrigerated centrifugation was carried at
a speed of 6000 rpm for 5 min at 4 °C.

Protein outflow assessment. The original S. aureus or E. coli
liquid was subjected to refrigerated centrifugation and washed
with PBS three times. Then, the bacteria were dispersed with
PBS and the liquid was adjusted to OD600 nm = 0.05–0.1. This
dispersion was used for the same antibacterial treatment as
described above (NIR 808 nm: 0.6 W cm−2, 10 min). Next, the
treated bacteria in each group were subjected to refrigerated
centrifugation to collect the supernatants. Then, 25 μL of super-
natant was mixed with 200 μL of bicinchoninic acid (BCA)
working buffer from an assay kit (cat#PC0020, Beyotime,
China). These mixtures were oscillated for 30 s and incubated at
37 °C for 30 min to record the OD562 nm. Refrigerated centrifu-
gation was carried at a speed of 6000 rpm for 5 min at 4 °C.

2.16. Cell experiments in vitro

In vitro biocompatibility test. The in vitro biocompatibility
test was carried out by the 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT, Beyotime, China) method.
GO@CMC hydrogel and HH hydrogel were co-cultured with
NIH-3T3 cells for 1 day and 3 days. The medium was replaced
by 200 μL of MTT solution (0.5 mg mL−1) on day 1 and day 3
for 4 h incubation at 37 °C to record OD490 nm or OD570 nm.
The cell viability could be calculated according to the following
equation: Cell viability (%) = ODsamples/ODctrl × 100%. After
being irradiated on the first day for 10 min, a study of the bio-
compatibilities of these samples treated with NIR light (0.6 W
cm−2, 10 min) was performed by the same MTT method on
day 1 and day 3.

Fluorescence staining in vitro. The hydrogels were co-cul-
tured with NIH-3T3 cells in the same way as above for 1 day
before staining. Next, the hydrogels and medium were
removed before the addition of CH2O (200 µL, 4%, PBS as
solvent) for fixation (37 °C, 10 min). After that, the fixed cells
were twice washed with PBS and another 100 µL of fluorescein
isothiocyanate (FITC, Yeasen, China) was added to each group
for 30 min incubation (37 °C) in the dark. Thereafter, the cells
were washed with PBS (three times, 5 min each time) and
another 10 µL of 4,6-diamidino-2-phenylindole (DAPI, Yeasen,
China) were added to each group for 30 s incubation (37 °C) in
the dark, which needed to be washed twice with PBS. The
stained NIH-3T3 cells were photographed by an inverted fluo-
rescence microscope (IX73, Olympus, Japan) to observe the
morphologies of the cells.

2.17. Animal experiments

All-male Wister rats (180–200 g) were provided by the Tianjin
Yishengyuan Biotechnology Co., Ltd (Tianjin, China). All
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in vivo experiments were authorized by the Tianjin
Yishengyuan Biotechnology Co., Ltd (Tianjin, China) and
these animals were disposed of strictly in accordance with
the relevant regulations proposed by the Ministry of Health
of the People’s Republic of China. The rats were fed singly
in cages for 3 days to acclimate and randomly divided into
three groups (n = 3): control group (Ctrl, infected mice with
no treatment), 3M dressing group (infected mice treated with
commercial 3M dressing), and HH hydrogel group (infected
mice treated with HH hydrogel and NIR light) (NIR 808 nm:
0.6 W cm−2, 10 min). After anesthesia, the rats were shaved
and skin was removed by a hole punch to make wounds (dia-
meter = 15 mm). Bacteria were then added to the wounds.
Next, 10 μL of diluted bacterial solution (1 × 107 CFU mL−1)
was added to the wound. Then the mice were treated differ-
ently according to the groups. During the whole experiment,
the operations were carried out as follows: (1) wounds were
photographed on days 0, 2, 5, and 10 to record the areas; (2)
the wound tissues of the mice were treated with Giemsa
stain on day 2; (3) the wound tissues of the mice were
treated with Masson and hematoxylin/eosin (H&E) stains on
day 10; (4) the primary organs (heart, liver, spleen, lung, and
kidney) of the rats were harvested on day 10 and stained
with H&E; (5) whole-blood routine tests were performed on
all mice on day 10. Finally, all the animals were sacrificed as
required by the rules.

2.18. Statistical analysis

All the experiments were evaluated as mean values ± standard
deviation of at least three tests. A one-way analysis of variance
(ANOVA) program combined with a Student’s t-test was used to
evaluate the statistical significance of the variance (*P < 0.05,
**P < 0.01, ***P < 0.001 and ns (not significant)).

3. Results and discussion
3.1. Preparation of S–Cu–FC/CuS/GO heterojunction

Firstly, the precursor CuFC was obtained through a simple
hydrothermal reaction at 80 °C for 6 h with K4Fe(CN)6·3H2O
and CuSO4·5H2O as raw materials. The morphologies of
CuFC powder were observed by field emission scanning elec-
tron microscopy (FESEM) and high-resolution transmission
electron microscopy (HRTEM). It could be observed that the
CuFC particles with a size of ∼40 nm were irregularly piled
up and the corresponding TEM images revealed that those
CuFC particles were similar to PB, and it could be difficult
to directly observe distinct lattice striations (Fig. S1†).
Interestingly, it was known that both Fe2+ and Cu2+ coexist
in CuFC. Considering the gradually weakened oxidation
ability of Fe3+, Cu2+ and Fe2+, it could be speculated that if
heating could promote the metal ions in CuFC to participate
in a reaction with sulfur anions, Cu2+ would take precedence
over Fe2+ to form metal sulfides (CuS or Cu2S). Even if Fe2+

might be converted into Fe3+ (Fe2+ − e− = Fe3+), Fe3+ would

still be reduced into divalent ions and be inferior to Cu2+ by
the following reactions (Fig. S2†):

2Fe3þ þH2S ¼ 2Fe2þ þ Sþ 2Hþ

8Fe3þ þ 2Cu2S ¼ 8Fe2þ þ 4Cu2þ þ 2S

Therefore, in these processes it could finally be considered
that the sulfur anion would first complex with Cu2+. Cleverly,
TAA could be hydrolyzed in a heated acidic aqueous solution
by the following reactions (Fig. S3†):

CH3CSNH2 þ 2H2O ¼ NH4
þ þ CH3COO� þH2S "

H2S ¼ HS� þHþ

This could produce reduced sulfuric hydrogen compounds,
which could precipitate metal ions.37–39 This implied that a
similar reaction between CuFC and TAA could potentially be
achieved under acidic heating conditions through the follow-
ing route:

CuFCþ TAA þ 2Hþ ! CuSþ Fe2þ þH2S "

Therefore, CuFC was used as a copper source to react with
the S element donor, TAA, in acidic solvent (pH = 5) at 60 °C
for 30 min (Fig. 1). It was expected that some of the Cu2+ on
the surfaces of CuFC, which were complexed with [Fe(CN)6]

4−,
would react with the reducing HS− or H2S generated by the
hydrolysis of TAA under acidic and heated conditions to form
CuS and thus construct a homologous heterojunction in situ
shared with the same copper atoms at the interface (Fig. 1a) by
the following reaction:

Cu2½FeðCNÞ6� þ TAA ! Cuð2�xÞ½FeðCNÞ6� � xCuS

Then, the morphologies of the powder produced were also
observed and it was found that the products were cylindrical
(length: ∼180 nm, base diameter: ∼50 nm) (Fig. S4a†).
Meanwhile, the results of dynamic light scattering (DLS)
showed that the particle size of the products was mainly
164–190 nm, much larger than that of CuFC (43.8 nm)
(Fig. S4b†). It could be speculated that new chemical sub-
stances were formed on the surface of CuFC. The corres-
ponding TEM images of the newly formed products showed
distinct differences from the irregularly amorphous CuFC par-
ticles (Fig. 1b). There was also a clear boundary between two
contrasting regions, representing two different substances,
and lattice fringes with d-spacing of 2.78 Å could be found in
the HRTEM image (Fig. 1b), which was consistent with the
plane of CuS (103).40,41 These results indicated that CuS was
formed on the surface of amorphous CuFC with TAA, resulting
in the in situ formation of a homo-heterojunction.

To clarify the real state of CuS in the product, typical CuS
was further directly mixed with CuFC at room temperature to
obtain a mixture labelled CuFC/CuS. The corresponding TEM
and X-ray diffraction (XRD) tests were carried out (Fig. 1c and
S5†). Unsurprisingly, the morphology of CuFC/CuS was similar
to that of CuFC, which were disordered stacks of irregular par-
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ticles and no lattice fringes of CuS could be found (Fig. S5†).
This suggested that CuS was dispersed in CuFC during the
direct mixing and did not change the morphology of the latter
or generate a specific heterojunction. Compared with the
pattern of typical CuFC, there were three new diffraction peaks
belonging to the crystal planes of CuS (102), CuS (103), and
CuS (100), respectively, at 28.3°, 29.7°, and 47.5° in the pattern
of the in situ formed heterojunction (Fig. 1c). Compared with
the patterns of CuS or CuFC/CuS, it was found that there were
no diffraction peaks of CuS (110) and CuS (006) in the in situ
heterojunction, indicating that the growth of CuS on the sur-
faces of CuFC was in a certain crystallographic orientation.40

In addition, it was found from Fig. 1d that there was a strong
characteristic peak of CuS at 350 cm−1 in the signals of the
synthesized product compared with the Raman spectrum of
the original CuFC.41 These results confirmed that a homo-het-
erojunction was formed (Fig. 1e). This could be ascribed to the
subsequent ionic complexation reactions. Although the Fe2+ in
CuFC might be oxidized to Fe3+ by air or heating (60 °C), the
H2S produced by the hydrolysis of TAA would reduce these
formed Fe3+ into Fe2+.

Hence, it could be speculated that the Fe2+ did not partici-
pate in the reaction. In contrast, copper ions in CuFC exhibited
stronger oxidizing ability than others, participating in a reac-
tion with the sulfur-containing anions. Also, it could be dis-
closed that the reaction equilibrium would shift in favour of
the generation of S–Cu–FC/CuS when H2S was produced by the
hydrolysis of TAA. This was the reason why we always could
smell an odour when TAA was used in metal precipitation
reactions.38–41 Hence, it could be concluded that the in situ
heterojunction with homologous copper atomic interfaces was

successfully constructed and labelled as S–Cu–FC/CuS through
a feasible addition of TAA, indicating that other ferrocyanides
could potentially be used to prepare heterojunctions through
similar methods, such as nickel ferrocyanide.42,43

3.2. Preparation of S–Cu–FC/CuS/GO@CMC hybrid hydrogel

Subsequently, the homo-heterojunction S–Cu–FC/CuS NPs
were loaded onto the GO@CMC hydrogel to construct the S–
Cu–FC/CuS/GO@CMC hybrid hydrogel (HH hydrogel), and
tests of NIR photocatalysis were performed (Fig. 2). As shown
in Fig. S6a,† a schematic diagram and SEM images demon-
strated the morphologies of GO@CMC hydrogel and HH
hydrogel. After the GO@CMC hydrogel was loaded with S–Cu–
FC/CuS NPs, the typical folded surface of the hydrogel was
covered by a large number of powder particles.44 Meanwhile,
X-ray photoelectron spectroscopy (XPS) was used to detect the
elements on the surfaces of the hydrogels, and it could be
seen that the new signals of S 2p, N 1s, Fe 2p, and Cu 2p,
which all belonged to S–Cu–FC/CuS, appeared at 164.0 eV,
398.4 eV, 719.9 eV, and 952.2 eV, respectively (Fig. S6b†).40,41

Similarly, the same characteristic peaks could be found both
in the results of the XRD pattern of the HH hydrogel and
GO@CMC hydrogel (Fig. S6c†). As shown in Fig. 2a–c, the
elastic modulus of the HH hydrogel, calculated based on the
slope of the stress–strain curves, was the lowest. This was
because those loaded S–Cu–FC/CuS NPs enhanced the
inherent strength and the relatively favorable elasticity of the
GO@CMC hydrogel was retained. For the same reason, the HH
hydrogel was more difficult to compress and had a relatively
higher modulus of compression (Fig. 2b). The swelling
capacity is another important parameter for the stability of a

Fig. 1 Synthesis and characterization of the S–Cu–FC/CuS NPs. (a) Schematic diagram of synthesizing the heterojunction between CuFC and CuS.
(b). HRTEM images of S–Cu–FC/CuS. Left scale bar is 25 nm. Right scale bar is 10 nm. (c) XRD of S–Cu–FC/CuS, CuS, CuFC/CuS, and CuFC NPs. (d)
Raman spectra of S–Cu–FC/CuS and CuFC excited with 532 nm light. (e) Schematic diagram of the possible homo-heterojunction interface.
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hydrogel. A slight reduction in overall swelling capacity
occurred with the HH hydrogel, which might be induced by
adsorption of a small amount of S–Cu–FC/CuS NPs into the
inside of the hydrogel (Fig. 2c). But the HH hydrogel could still
reach a maximum swelling rate of 1521% after 25 h in water
because of its excellent and similar water absorption capacity
to CMC hydrogel. These results suggested that an HH hydrogel
could be constructed easily.

According to the UV test, because of being covered by S–
Cu–FC/CuS NPs, the UV-vis absorption of the HH hydrogel was
slightly weaker than that of the GO@CMC hydrogel; but com-
pared with the CMC hydrogel, the HH hydrogel still showed a
wide range of absorption from 200 nm to 850 nm due to the
addition of GO, implying that the HH hydrogel would respond

to 808 nm NIR light (Fig. 2d).45 As shown in Fig. 2e, under
808 nm NIR illumination, the temperature of the HH hydrogel
could rise to 49.5 °C, which was slightly higher than that of
the GO@CMC hydrogel (48.0 °C). It might be that the S–Cu–
FC/CuS NPs in the HH hydrogel also contribute an additional
part of the photothermal effect.46 In addition, the cyclic
heating curve also showed that the HH hydrogel could stably
heat up to about 49 °C in Fig. 2f, indicating that the HH hydro-
gel shows photothermal stability. Meanwhile, the photo-
dynamic effect was investigated by a dichlorofluorescein diace-
tate (DCFH-DA) probe and electron spin resonance spec-
troscopy (ESR) with (2,2,6,6-tetramethylpiperidine (TEMP)).
Firstly, after the GO@CMC hydrogel (27 mm3, cube) was
soaked with S–Cu–FC/CuS dispersion (1 mg mL−1, 2 mL), the

Fig. 2 Characterization and performance tests of HH hydrogel. (a) Tensile curves and tensile modulus of CMC hydrogel, GO@CMC hydrogel, and
HH hydrogel. (b) Compression curves and compression modulus of CMC hydrogel, GO@CMC hydrogel, and HH hydrogel. (c) Swelling ratios of
different hydrogels. (d) UV–vis spectra of different hydrogels. (e) Heating–cooling curves of different hydrogels. (f ) Temperature rising and cooling
profiles of HH hydrogel when the 808 nm irradiation is on/off. (g) ROS yield of CuFC, GO@CMC hydrogel, S–Cu–FC/CuS, and HH hydrogel deter-
mined by DCFH–DA. (h) ESR spectra (1 : 1 : 1, 1O2) of the typical CuS, S–Cu–FC/CuS and HH hydrogel treated by TEMP. (i) Schematic diagram of the
photodynamic performance differences between S–Cu–FC/CuS powder and HH hydrogel.
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masses of residual powders in the liquid were weighed repeata-
bly. The loading rate of S–Cu–FC/CuS NPs in the HH hydrogel
could be calculated to be about 50%. Subsequently, the HH
hydrogel (27 mm3, cube), GO@CMC hydrogel (27 mm3, cube),
S–Cu–FC/CuS NPs (1 mg, 1 mg mL−1), and CuFC NPs (1 mg,
1 mg mL−1) were exposed to 808 nm NIR light irradiation (0.6
W cm−2) for 10 min to record the fluorescence intensities of
their solutions. Interestingly, compared with the initial values,
the curves of the GO@CMC hydrogel (1.36 times) and CuFC
NPs (1.32 times) overlapped, indicating that they produced
almost no ROS. In contrast, the S–Cu–FC/CuS NPs produced
29.6 times as much ROS while the HH hydrogel could reach
40.5 times within 10 min (Fig. 2g). Additionally, it could be
seen that there were some signals of the typical 1O2 (1 : 1 : 1)
curves in the ESR spectra (Fig. 2h).47 The signal intensity of
the S–Cu–FC/CuS group increased by nearly two orders of mag-
nitude compared to the control group and was even stronger
than that of CuS at the same concentration (1 mg mL−1),
suggesting that the in situ formed S–Cu–FC/CuS heterojunc-
tion showed a superior photodynamic effect.41 In addition,
compared with the S–Cu–FC/CuS heterojunction, the HH
hydrogel showed a stronger signal intensity consistent with
the DCFH–DA test, meaning that the GO@CMC hydrogel itself
did not produce ROS but could enhance the photodynamic
effect of S–Cu–FC/CuS (Fig. 2i). This might be induced for the
following reasons: on the one hand, the photocatalytic per-
formance of the heterojunction was enhanced by the photo-
thermal effect of the GO@CMC hydrogel due to its good light
absorption.27,28 On the other hand, the close contact between
the GO@CMC hydrogel and S–Cu–FC/CuS could make GO act
as a conductor to promote the separation of e−/h+ to enhance
the photocatalytic reaction.

3.3. Mechanism and enhancement of photocatalysis of the
homo-heterojunction

To explore the mechanisms of the photodynamic effect of the
S–Cu–FC/CuS homo-heterojunction and the enhancement of
the photodynamic effect, a series of further studies, including
theoretical calculations, were carried out (Fig. 3). From all cal-
culations performed in the Vienna Ab initio Simulation
Package (VASP), the lowest-energy heterojunction interface
could be constructed between the plane of CuFC (110) with 16
iron atoms, 32 copper atoms, 96 carbon atoms and 96 nitrogen
atoms and the plane of CuS (001) with 60 copper atoms and 60
sulfur atoms based on density functional theory (DFT).

Moreover, the diagram of the differential charge densities
revealed the gain and loss of orbital electrons at the interface
between CuFC (110) and CuS (001) from different perspectives
(Fig. 3a). It could be clearly observed that electron losses (irre-
gular cyan shapes) were concentrated on the copper atoms and
were mainly on the (110) side of CuFC, while the electron
accumulations (irregular yellow shapes) were biased towards
the CuS (001) direction. This indicated that electrons at the
interface were transferred from donor CuFC to recipient CuS
under NIR light. Simultaneously, in the results of the density
of states (DOS), it could be seen that the order of the number

of electrons provided by the hybrid orbitals was Cu-3d, Fe-3d,
N-2p, S-2p, and C-2s, when the horizontal coordinate of 0 eV
was taken as the reference point (Fig. 3a).33,41,45,48 This
implied that more electron donors were concentrated on the
orbitals of copper atoms and iron atoms, which was consistent
with the differential charge densities. Therefore, due to the
growth of the in situ S–Cu–FC/CuS heterojunction, the inter-
facial copper atoms played the roles of electron donor and elec-
tron acceptor as the homologous substance of the CuFC and
CuS, inducing more electrons to enter CuS to participate in
the photocatalytic process. Meanwhile, a photocurrent test of
S–Cu–FC/CuS and CuFC/CuS was conducted. As shown in
Fig. 3b, the photocurrent intensity in S–Cu–FC/CuS was the
highest among the measured values from CuFC, CuS, and
CuFC/CuS. There were some photocurrents under NIR illumi-
nation in CuS while the photocurrent disappeared after CuS
was mixed with CuFC. These results implied that the spatial
charge separation ability of this formed homogeneous hetero-
junction was faster than that of CuS alone because of the
important homogeneous-interfacial copper atoms, which was
consistent with the DFT calculation. It also demonstrated that
the photodynamic effect of S–Cu–FC/CuS was superior to that
of CuS due to the method of constructing the homologous het-
erojunction by ion complexation. Then, the enhancement of
the photodynamic effect was further explored. Based on the
known loading rate of S–Cu–FC/CuS NPs being 50% and the
measured volume of the GO@CMC hydrogel after drying being
1/20 of the volume of the original mixture, it could be calcu-
lated that there was approximately 0.265 mg of GO which was
in contact with S–Cu–FC/CuS NPs after immersion in
GO@CMC hydrogel. To explore the changes in the photo-
dynamic effect induced by the close contact between S–Cu–FC/
CuS and GO, ternary S–Cu–FC/CuS/GO NPs were constructed
at room temperature. The UV–vis curve of S–Cu–FC/CuS NPs
not only retained the original absorption region of CuFC
(400–600 nm), but the heterojunction also showed a new
absorption region around 800 nm, indicating the d–d tran-
sition of Cu2+ induced by the in situ CuS (Fig. 3c).40

Also, after the heterojunction was combined with GO, S–
Cu–FC/CuS/GO still showed good absorption around 800 nm.
The energy gaps (Eg) of CuFC, S–Cu–FC/CuS, and S–Cu–FC/
CuS/GO could be calculated to be 2.28 eV, 1.48 eV, and 1.44 eV,
respectively (Fig. S7†). The different Eg of these samples proved
that, after being combined with GO, the gap of S–Cu–FC/CuS
became narrower, allowing electrons to cross the band gap
more easily to participate in photocatalytic reactions. In sub-
sequent electrochemical tests, ternary S–Cu–FC/CuS/GO not
only showed the strongest photocurrent density but also the
smallest electrochemical impedance compared with S–Cu–FC/
CuS and CuFC. This result revealed that GO could enhance the
spatial charge separation ability and reduce the charge transfer
resistance of S–Cu–FC/CuS and consequently allow electrons to
move faster (Fig. 3d and e). Photothermal tests proved that the
addition of GO enhanced the photothermal effect of S–Cu–FC/
CuS (Fig. S8†). It had been reported that electron motion in
CuS could also be enhanced by the photothermic effect of
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GO.49 This suggested that the close contact between GO and
S–Cu–FC/CuS in the HH hydrogel might not be as sufficient as
ternary S–Cu–FC/CuS/GO and it was still reasonable to believe
that the photodynamic effect of S–Cu–FC/CuS loaded with
GO@CMC hydrogel was enhanced by GO in some aspects.
Therefore, the potential mechanism of the enhanced photo-
dynamic effect is schematically illustrated in Fig. 3f. Benefiting
from the in situ formed S–Cu–FC/CuS, interfacial copper atoms
acted as both donors and acceptors to continuously supply
electrons from the non-photocatalytic CuFC to the photo-
catalytic CuS to produce ROS under NIR irradiation. And
because of the close contact of S–Cu–FC/CuS and GO in the
HH hydrogel, the electron–hole separation ability and faster
carrier transfer of S–Cu–FC/CuS were enhanced by the photo-
thermal effect of GO.49 Eventually, the photodynamic perform-
ance of the HH hydrogel was significantly promoted relative to
S–Cu–FC/CuS NPs.

3.4. In vitro sterilization by HH hydrogel

Two typical Gram-positive and Gram-negative bacteria,
S. aureus and E. coli, were chosen to evaluate the antibacterial

performance of the HH hydrogel (Fig. 4). After 10 min of NIR
irradiation (0.6 W cm−2), it could be observed that the HH
hydrogel exhibited the highest sterilization rate (99.5%) to
S. aureus in Fig. 4a, while single PTT achieved only 33.2% anti-
bacterial rate in the Light-GO@CMC hydrogel group.

As shown in the corresponding FESEM images (Fig. 4b), the
number of dead S. aureus with ruptured and atrophied mem-
branes (yellow arrows) was much greater in the Light-HH
hydrogel group than that in the other groups. Similarly, the
HH hydrogel could achieve 100.0% sterilization rate against
E. coli under NIR irradiation (Fig. 4c), and approximately 60%
of the bacteria were killed by single PTT in the Light-
GO@CMC hydrogel group. The number of wrinkled or twisted
E. coli (yellow arrows) in the Light-HH hydrogel group was far
greater than the numbers in the other groups (Fig. 4d). These
results proved that the HH hydrogel showed an excellent rapid
NIR sterilization ability. Meanwhile, there were 37.6%
S. aureus and 48.3% E. coli sterilized, respectively, in the Dark-
HH hydrogel groups, while the other groups in the dark
showed no obvious antibacterial ability. This sterilization
might be contributed by positive S–Cu–FC/CuS NPs on the

Fig. 3 Photocatalysis mechanisms of S–Cu–FC/CuS NPs and HH hydrogel. (a) DFT calculation of the S–Cu–FC/CuS structure and corresponding
differential charge density and DOS. (b) Photocurrent response of CuFC, CuS, CuFC/CuS, and S–Cu–FC/CuS under 808 nm NIR irradiation. (c) UV–
vis spectrum of GO, CuFC, S–Cu–FC/CuS, and S–Cu–FC/CuS/GO. (d) Photocurrent response of CuFC, S–Cu–FC/CuS, and S–Cu–FC/CuS/GO
under 808 nm NIR irradiation. (e) EIS tests of CuFC, S–Cu–FC/CuS, and S–Cu–FC/CuS/GO. (f ) Mechanism of the photothermic enhanced photo-
dynamic effect of S–Cu–FC/CuS and HH hydrogel.
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surface of the hybrid hydrogel and a small amount of Cu2+

released from CuS.50

To investigate the antibacterial mechanism of the HH
hydrogel under NIR irradiation, ONPG and BCA tests were
carried out to detect the membrane permeability (OD420 nm)
and the protein outflow (OD562 nm) of the bacteria, respectively.
As shown in Fig. 4e, the membrane permeabilities of S. aureus
and E. coli were significantly increased compared to the photo-
thermal GO@CMC hydrogel groups or control groups after
10 min of irradiation. This revealed that the bacterial mem-
branes could not be effectively destroyed by PTT alone, but
they were promptly damaged by the ROS and heat generated
by the synergetic PTT/PDT of the HH hydrogel. The results of
the BCA tests were similar to the trend of ONPG and spread-
plate tests (Fig. 4f); there was a slight outflow of bacterial pro-
teins caused by the hybrid hydrogels in the dark, and their
protein outflow increased sharply after treatment with NIR
irradiation.

These results revealed that the bacterial membrane could
not be effectively destroyed by PTT alone, but the bacterial
integrity was seriously damaged by the ROS and heat gener-
ated from the synergistic PTT/PDT, causing massive outflow of
internal substances to sterilize pathogens rapidly (Fig. 4g).51

3.5. Biocompatibility and in vivo sterilization by the HH
hydrogel

The in vitro biocompatibility of the hydrogels was tested
through an ICP test and the MTT method (Fig. 5 and S9†).
Ions released from the HH hydrogel were examined in vitro
within 14 days, and the final concentrations of Cu2+ and Fe2+

were 0.165 mg L−1 and 0.137 mg L−1 on day 14, respectively
(Fig. S9†). This indicated that the released Cu2+ and Fe2+

might promote wound healing through accelerating the for-
mation of blood vessels and the synthesis of hemoglobin.52 At
the same time, an MTT assay was conducted on the GO@CMC
hydrogel and HH hydrogel with NIH-3T3 cells before the

Fig. 4 In vitro antibacterial tests of HH hydrogel. (a) Photographs and antibacterial efficiency of spread-plate experiment for S. aureus in different
groups. (b) Corresponding SEM images of S. aureus in (a). All scale bars are 1 μm. Yellow arrows represent bacteria with broken membranes. (c)
Photographs and antibacterial efficiency of spread-plate experiment for E. coli in different groups. (d) Corresponding SEM images of E. coli in (c). All
scale bars are 1 μm. Yellow arrows represent bacteria with broken membranes. (e) ONPG analysis of S. aureus and E. coli in different groups of
samples with 808 nm NIR irradiation for 10 min. (f ) BCA test of S. aureus and E. coli in different groups of samples without and with 808 nm NIR
irradiation for 10 min. (g) Schematic diagram of the antibacterial mechanism. Statistical differences were analyzed by one-way ANOVA and post hoc
Tukey’s test: *P < 0.05, **P < 0.01, ***P < 0.001, and ns (not significant).

Paper Biomaterials Science

3598 | Biomater. Sci., 2023, 11, 3589–3602 This journal is © The Royal Society of Chemistry 2023

View Article Online

https://doi.org/10.1039/d3bm00260h


in vivo experiment. As shown in Fig. 5a, both the GO@CMC
hydrogel and the HH hydrogel showed good biocompatibility
after 24 h or 72 h of co-culture in the dark, implying that con-
tinuously released metal ions were not biotoxic. On day 1 after
irradiation, the cell activity of the HH hydrogel group was
slightly lower than that of other groups on day 3, possibly
because the heat and ROS generated by PTT/PDT slowed cell
proliferation while still maintaining good biocompatibility.53

Additionally, FITC and DAPI staining were used to observe the
morphologies of co-cultured cells for 1 day, and it could be
observed that the cells in all groups were in a pseudopod-
extended spreading state, proving the good biocompatibility of
the HH hydrogel (Fig. 5b).54

Then, to evaluate the antibacterial performance of the HH
hydrogel in vivo, bacteria-infected wounds (diameter = 15 mm)
were created on the back of Wister rats. All the rats were ran-
domly divided into three groups according to the different

treatments: control group (without treatment), 3M dressing
group (treated with commercial 3M dressing), and HH hydro-
gel group (treated with HH hydrogel and 10 min of NIR
irradiation) (Fig. 5c). As shown in Fig. 5d and e, wound heal-
ings of all rats were recorded and quantified during these 10
days. It was found that the reduction of wound areas in the
HH hydrogel group was fastest during the therapy process and
the corresponding final healing rate of the HH hydrogel group
(90%) was significantly higher than that of both 3M dressing
(74%) and the Ctrl groups (55%), and there also remained
heavily crusted and unhealed wounds on the backs of rats in
the control group (Ctrl) and 3M dressing group on day 10.
These results indicated that the synergistic PTT/PDT induced
by HH hydrogel could effectively promote the healing of bac-
teria-infected wounds. Moreover, the wound tissues of rats at
different time stages were stained to further evaluate the infec-
tion, inflammation and recovery of the wounds. As shown in

Fig. 5 In vitro biocompatibility assay and in vivo wound healing test of HH hydrogel. (a) MTT assay of NIH-3T3 cells treated by different samples and
conditions. (b) Fluorescence images of NIH-3T3 cells co-cultured with or without HH hydrogel for 1 day in vitro. Scale bars are all 50 μm. (c)
Schematic diagram of the antibacterial test of PTT/PDT induced by HH hydrogel in vivo. (d) Photographs of wounds in different groups at days 0 2,
5, and 10. (e) Quantitative results of wound areas and final healing rates of different groups. (f ) Giemsa stain images of residual bacteria in a wound
at day 2 (green arrows) and Masson stained images of different groups at day 10. Scales bars are all 200 μm. (g) Routine blood analysis of rats in
different groups at day 10. (h) H&E staining of main organs in different groups at day 10. Scale bars are all 100 μm. Statistical differences were ana-
lyzed by one-way ANOVA and post hoc Tukey’s test: *P < 0.05, **P < 0.01, ***P < 0.001, and ns (not significant).
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the day-2 Giemsa-stained images, a large amount of small ball-
like S. aureus (green arrows) was alive in the wound tissues of
the control and 3M dressing groups, while in contrast only a
few residual pathogens could be found in the HH hydrogel
group after treatment on the first day (Fig. 5f). This was con-
sistent with the in vitro spread-plate test, suggesting that this
rapid phototherapy could remove bacteria in vivo. The day-10
inflammation of wound tissues was investigated through H&E
staining, and the number of semilunar neutrophils in the HH
hydrogel group was the lowest, indicating that the inflam-
mation was significantly relieved because of the rapid disinfec-
tion by the HH hydrogel (Fig. S10†).7 Then, Masson stain was
used in the evaluation of day-10 wound repair (Fig. 5f). In the
Ctrl and 3M dressing groups, the muscle fibres were stained
red, while collagen fibres that occupied a small area were
stained blue. In contrast, blue collagen fibres occupied the
greatest area in the HH hydrogel group, indicating an abun-
dance of collagen fibres deposited in the tissue and that the
wounds healed satisfactorily.7

Additionally, the blood and major organs of rats were tested
on day 10 to evaluate the in vivo biocompatibility. As far as we
know, if bacterial infection occurred, the immune system
would defend against causative agents by producing numerous
white blood cells (WBCs), including neutrophils and lympho-
cytes. As shown in Fig. 5g, the numbers of WBCs, neutrophils
and lymphocytes in Ctrl and 3M dressing groups were signifi-
cantly higher than that of the HH hydrogel group, meaning
that those rats in the first two groups still retained severe bac-
terial infections, which was consistent with the previous
results of Giemsa and H&E staining. And the values of hemo-
globin (HGB) concentration, red blood cells (RBC), and hem-
atocrit (HCT) in the HH hydrogel group recovered to a similar
level to normal rats but were slightly higher than those of the
Ctrl and 3M groups, indicating that the metal ions released
from the HH hydrogel could effectively promote wound
healing.55 Meanwhile, the day-10 H&E staining of the rats’
main organs showed that there was no noticeable damage
caused in the HH hydrogel group after treatment. All the
results suggested that the HH hydrogel was biosafe in vivo and
could be used for the long-term treatment of bacterially
infected wounds (Fig. 5h).

4. Conclusion

In summary, we for the first time prepared an in situ homo-
heterojunction based on the priority of metal ions involved in
complexation reactions by using CuFC as a copper source to
endow this ferrocyanide with NIR photocatalytic activity. This
homo-heterojunction was successfully combined with
GO@CMC hydrogel to construct an HH hydrogel, which
enhanced the photocatalytic activity of the homologous S–Cu–
FC/CuS interface through GO-induced faster transfer and its
photothermal effect. The hydrogel-guided synergistic PTT/PDT
was successfully used in vitro and in vivo for rapid sterilization
therapy and promotion of the healing of bacteria-infected

wounds. Although this design of heterojunctions for NIR
photocatalytic response has only been successfully achieved on
CuFC at present, it will provide a novel direction for imparting
photocatalytic performance to a range of other ferrocyanides.
This study also provides more options for designing a better
photothermal-photodynamic hydrogel for biomedical
applications.
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