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The abuse of antibiotics is leading to the emergence of resistant bacteria. In this work, a drug-free com-
posite of ZnO/CDots/g-C3N4 with Z-scheme heterojunction was developed, which was employed to kill
bacteria effectively within a very short time under the irradiation of visible light due to the enhanced
photocatalytic and photothermal effects. In this system, the CDots acted as a bridge between g-C3N4 and
ZnO, effectively inhibiting the recombination of photo-generated electrons with holes and consequently
enhancing the photocatalytic properties. In addition, CDots endowed the system with excellent pho-
tothermal effects. As a result, the antibacterial efficacy of ZnO/CDots/g-C3N4 composite against S. aureus
and E. coli reached up to 99.97 % and 99.99 % respectively, after 15 min of visible light irradiation, due to
the synergistic action of photo-inspired radical oxygen species and hyperthermia. The Zn ions released
from the composite promoted the growth of fibroblasts, which accelerated the wound healing process.
© 2020 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

Bacterial infection is a great challenge for human health. Com-
mon bacterial infections usually exist in wounds on human body
surfaces [1]. Currently, antibiotics are primarily used to fight bac-
terial infections. However, excessive use of antibiotics eventually
results in the occurrence of drug resistance for bacteria, rendering
the antibiotics ineffective [2,3]. Some traditional inorganic antibac-
terial agents, such as zinc oxide, copper oxide and silver, have good
antibacterial properties, but the antibacterial process is uncontrol-
lable, which may bring into an adverse effect for normal tissues
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[4,5]. In this light, an ideal antibacterial strategy must be one that
should be antibiotics-free and has a controllable process.

In recent years, many two-dimensional semiconductor materi-
als have been proven to have excellent photocatalytic properties to
produce reactive oxygen species (ROS) under light irradiation, and
the ROS can kill bacteria effectively. This method is called photo-
dynamic therapy (PDT) [6-8]. However, traditional photocatalysts
(such as ZnO and TiO, ) can only be excited by ultraviolet light, and
the ultraviolet light is harmful to the human body [9,10]. On the
other hand, there are many other photocatalytic materials that can
be excited by near-infrared light (such as gold nanoparticles and
chlorin e6) [11,12], but visible light is more readily available than
near-infrared light, which is used to kill bacteria on the skin. In
this regard, it is necessary to develop those composites that can
be excited by visible light. Nowadays, graphitic carbon nitride (g-
C3Ny) is attracting great attention because of its adjustable band
gap, band position, nontoxicity, photochemical stability, and ease
of preparation [13,14]. Nevertheless, because of the quick recom-
bination of photo-generated electrons (e~) and holes (h*), the
photocatalytic performance of pure g-C3N4 is not good enough
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[15-17].Thus, the current strategy is to inhibit the recombination of
e~ and h* and further improve the overall performance of g-C3Ny.
Among these strategies, constructing g-C3N4 heterojunction has
been found to be an effective strategy [18-20], in which the g-C3Ny4
is coupled with semiconductors with suitable band edge positions.
Forexample, several g-C3N4 based composite heterojunctions, such
as g-C3N,4/CDs[21],g-C3Ny4/Ag[22],and g-C3N4/CdS[23], have been
proved to have excellent photocatalytic effect. However, the semi-
conductors in g-C3N4-based heterojunctions must be non-toxic and
can perform biological functions safely.

With consideration for these factors, in this work, we con-
structed a Z-scheme heterojunction composed of ZnO, g-C3N4 and
carbon Dots (CDots) (named as ZCCN), in which, ZnO and g-C3Ny,
two common photocatalytic materials, were selected as electron
carriers and acceptors, and CDots were chosen as the bridge for
electrons transport to further improve photocatalytic efficiency of
Zn0/g-C3N,4 and thus enhance the yields of ROS. The CDots has
no photocatalytic property of its own, but it possessed signifi-
cant adsorption capabilities for h* and exhibited excellent electron
transfer ability, facilitating ROS generation [21,24-26]. Thus, this
ZCCN system effectively inhabited the recombination of e~ and
h* and retained the strong REDOX capacity (Scheme 1), conse-
quently producing ROS rapidly (including -OH and '0,) under the
excitation of visible light [27-29]. In addition, this system showed
photothermal effects under visible light irradiation because of the
photothermal property of CDots [24]. The produced ROS killed
bacteria within a very short time by damaging the proteins, phos-
pholipids, and DNA/RNA, thereby achieving a controllable rapid
antibacterial efficacy [30-33]. At the same time, hyperthermia also
contributed to improving antibacterial activity [34]. Furthermore,
the CDots and g-C3N4 used were reported to have excellent bio-
compatibility [6], and the zinc ions (Zn?*) released from ZnO is a
necessary trace element for human body [35], the zincions also reg-
ulated the differentiation of wound fibroblasts (upregulating the
expressions of matrix metalloproteinase-2 [MMP-2], type III col-
lagen [COL-III], and type I collagen [COL-I]) and promoted wound
healing [6,31] (Scheme 1). For comparison, g-C3N4 and CDots mod-
ified g-C3N4 were named as CN and CCN, respectively.

2. Experimental
2.1. Synthesis of CCN and ZCCN

CCN was synthesized by the thermal-polymerization of carbon
dots and melamine. In a typical procedure, 2 g of melamine powder
was dissolved to 10 mL of carbon dots solution (10 mg/mL). Then,
the suspension was placed in a porcelain boat with a cover and
subsequently heated to 500 °C for 2 h, then to 520 °C for another 2
h at the fixed heating rate of 2 °C min~!. The obtained product was
ground into powders using an agate mortar for further use.

Twenty milligrams of CCN powders were evenly dispersed in
twenty milliliters of Dimethyl Formamide (DMF) by ultrasonication
in 20 min. Zinc acetate dihydrate [Zn (CH3COO),-2H,0] (0.092 g)
was dissolved in 100 mL of DMF, and then the CCN solution was
added while continually stirring in order to form a stable precursor.
Subsequently, the precursor solution was maintained at 95 °C for 5
h. The color of the ZCCN powders then changed to light gray. This
final product was subjected to repeated washing with ethanol and
water by centrifugation. The final ZCCN powders were collected by
drying the product at 55 °C.

2.2. Characterization of ZCCN

Scanning electron microscopy (JSM-6510LV, JEOL, Japan) and
transmission electron microscopy (Tecnai G20, FEI, USA) were used

to investigate the morphology and the microstructure of the nano-
materials. The X-ray diffraction (D8A25, Bruker, Germany) was
used to analyze the phase structure of the nanomaterials. Zeta
potential (Zeta; Malvern, UK) was utilized to measure the surface
potential of the nanomaterials (at room temperature and pH = 7.4,
the medium was phosphate-buffered saline). The X-ray photoelec-
tron spectroscopy (Thermo Fisher Scientific 250Xi) was utilized
for the elemental analysis. The photoluminescence spectra of the
nanomaterials were collected by a fluorescence spectrometer. The
Fourier transform infrared (JASCO FP-6500) was employed to deter-
mine the samples’ functional groups. The UV-vis-NIR absorption
spectra was obtained using the UV-3600 (Shimadu, Japan) between
300 nm and 800 nm. The concentrations of released zinc ions
were obtained by using the inductively coupled plasma atomic
emission spectrometry (ICP-AES) performed on an Optimal 8000
(PerkinElmer, USA).

2.3. Zinc ion release

In order to obtain the sustained release behavior of zinc ions, 6
mg of ZCCN was packed in dialysis bags, immersed in 30 mL PBS,
and placed in an oven at 37 °C. Two mL supernatants were taken at
different time points (every day for a fourteen-day period) and two
mL of new PBS was added. The content of zinc ions was detected
with inductively coupled plasma atomic emission spectrometry
(ICP-AES).

2.4. Photothermal effect

In order to detect the sample’s photothermal property, three
samples (ZnO, CCN, and ZCCN) of different concentrations (100
wg/mL, 200 pg/mL) were exposed to visible light (0.6 W/cm?). Take
1 mL of the sample solution respectively into the centrifugal tube,
and use the visible light irradiate from the top. A thermal imager
was applied to record temperature changes and take the ther-
mal images. The lifting temperature curve of ZCCN was recorded
at a concentration of 200 pg/mL with the Xenon lamp irradia-
tion.

2.5. Electron spin resonance spectroscopy

The measurements of ROS were performed on electron spin res-
onance (ESR, JES-FA200, Japan) at room temperature. In addition,
2,2,6,6-Tetramethylpiperidine was used as a capture agent of sin-
glet oxygen, and 5,5-dimethyl-1-pyrroline-N-oxide was used as a
capture agent of hydroxyl radicals (-OH) during the exposure of the
nanomaterials to the visible light. The production of ROS was finally
analyzed by the ESR spectroscopy.

2.6. In vitro antibacterial activity test

The spread plate method was chosen to assess the antibacte-
rial activity of the samples. Two kinds of bacteria strains, i.e., E. coli
(Gram-negative) and S. aureus (Gram-positive) at a concentration
of 1.0 x 107 CFU/mL were tested. Three samples (control, CCN, and
ZCCN) at a concentration of 200 wg/mL were separately added into
a 96-well plate with 200 p.L bacteria and exposed to a Xenon lamp
for 15 min. Afterwards, 10 L of the mixed solution was diluted 100
times with Luria-Bertain (LB) media, and 20 L of the diluted lig-
uid was taken out and cultured on the spread agar plate for 24 h at
37 °C to get the colony number of each group. Finally, the 96-well
plate was cultured at 37 °C for 24 h to investigate the long-term
disinfection effect of ZCCN by Zn2* release. Then, the bacterial flu-
ids of each group were diluted 1.0 x 107 CFU/mL, and 20 pL of
the diluted fluid was taken out to the spread agar plate and evenly
distributed. These plates were then cultured at 37 °C for 24 h. The
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Scheme 1. Schematic illustration of the Z-scheme ZnO/CDots/g-C3N4 composite for photoresponsivity bacteria-killing and acceleration of wound healing.
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Fig. 1. (A) TEM image of the ZCCN. (B) Magnified TEM image of the ZCCN. (C) HRTEM image of CDots and ZnO embedded in g-C3N4 and corresponding FFT pattern of the
CDots. (D) XRD patterns of the CCN, ZCCN and ZnO. (E) FT-IR spectra of the CCN, ZCCN and ZnO. (F) Surface {-potential of the CCN, ZCCN and ZnO.

long-term disinfection effect of ZCCN was also indicated by the opti-
cal density of 100 p.L bacteria fluid at 600 nm. The disinfection ratio
of samples was calculated by the following equation: disinfection
ratio (%) = (number of CFUs in control group - number of CFUs in
experimental group) / (number of CFUs in control group) x 100
%.

2.7. Invitro cytotoxicity assay and quantitative real-time
polymerase chain reaction

NIH3T3 cells were cultured in a medium supplemented with
10 % fetal bovine serum and 1% penicillin-streptomycin solution
(HyClone) in a humidified atmosphere of 5% CO, at 37 °C, and the

medium was changed every 2 days. The cytotoxicity test was per-
formed by an indirect contact method. The cells were seeded into
96-well plates. After culturing for 1 day, the samples were added
in the 96-well plates and then continued to culture for 1, 3, and
7 days in the incubator. The medium as the positive control and
a medium including 10 % dimethyl sulfoxide as the negative con-
trol. Then, 10 mL of cell counting kit (CCK-8) solution was added
to each well. The cells were incubated with CCK-8 for 3 h. Then,
the absorbance of each well was tested by SpectraMax i3 Platform
(Molecular Devices, California, USA) at the wavelength of 450 nm.
Viability of cells (X) was calculated using the following formula
according to ISO 19003-5: X = (OD;/0D;) x 100 %. Here, OD; was
the mean absorbance of the experimental sample groups and neg-
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Fig. 2. (A) XPS survey scan of the CCN and ZCCN. XPS high-resolution spectra of (B) C 1s peaks and (C) N 1s peaks obtained from CCN and ZCCN. XPS high-resolution spectra

of (D) O 1s peaks and (E) Zn 2p peaks obtained from ZCCN.

ative control group; OD, was the mean absorbance of the positive
control group.

The expression of genes (MMP-2, COL-III, and COL-I) related to
tissue repair was analyzed by a quantitative real-time polymerase
chain reaction (qQRT-PCR). NIH3T3 cells were seeded with samples
or PBS (control group) in 6-well plates and cultured with 2 mL of
culture medium (refreshed every 2 days). The details of the qRT-
PCR were as follows: the culture medium was removed from each
well, and the cells were washed with cold PBS twice at 2 days and 5
days. Afterward, following the manufacturer’s guidelines, the RNA
was extracted by a total RNA kit I (50) (OMEGA R6834-01). The
quantification and reverse transcription of all RNA were conducted
with a Nanodrop 2000 spectrophotometer (Thermo Scientific) and
PrimeScript RT Master Mix (Perfect Real Time) (Takara). A qRT-PCR
was performed on a BIO-RAD system using SYBR Green Master Mix.
The quantitative qRT-PCR results were analyzed by ACt calcula-
tion; the primer sequences were listed in Table S1 (in Supporting
Information).

2.8. In vivo animal experiments

The in vivo animal experiments were approved by Hubei Provin-
cial Centers for Disease Prevention & Control, and the male Wistar
rats (180—-220 g body weight) were bought from Wuhan Centers for
Disease Prevention & Control. Before the test, the rats were individ-
ually raised in cages for two days and eventually divided into two
groups (treatment and control groups). The simulated skin wounds
were created on the back of the rats and injected with 20 wL 1 x 108
CFU mL-! S. aureus. The wounds of two groups were treated with
10 L 100 pg/mL ZCCN or the PBS solution (control group). Then,
the wounds of two groups were exposed to the visible light for 10
min and patched with medical gauze. After 2, 6, and 12 days, the
wounds were observed and photographed. The wound tissues were
extracted and fixed with 10 % formalin and then stained and pho-
tographed. Blood was collected from the rats for routine analysis on
a veterinary automatic blood cell analyzer (Mindray BC-2800 Vet).
The major organs (heart, liver, spleen, lungs, and kidney) were evis-

cerated and stained with H&E and examined by digital microscopy
after 12 days.

2.9. Statistical analysis

All experiment data were evaluated as means + standard devi-
ations based on, at a minimum, three tests and contrasted via
Kruskal-Wallis one-way analysis of variance (ANOVA).

3. Results and discussion
3.1. Characterization of ZCCN

Transmission electron microscopy (TEM)image showed that the
prepared composites of ZCCN comprised numerous nanoparticles
(Fig. 1(A)), and the high-resolution TEM image revealed that these
nanoparticles were composed of CDots (~5 nm in diameter) and
ZnO nano particles (5—-10 nm) embedded in a g-C3Ny4 (Fig. 1(B)).
The enlarged view of the high resolution TEM (HRTEM) image
showed an interplanar spacing of 0.22 nm in the crystalline CDots
(Fig. 1(C)), which corresponds to the (101) spacing of graphitic car-
bon [21]. The HRTEM image of ZnO showed the interplanar spacing
of 0.26 nm corresponding to the (002) spacing of ZnO (Fig. 1(C))
[20]. The 2D fast Fourier transform pattern was showed in Fig. 1(C),
and the hexagonal crystalline structure proved the existence of
CDots evidently [21]. Fig. S1 (in Supporting Information) displayed
the surface morphologies and the corresponding energy dispersive
spectroscopy (EDS) mapping of C, N, O, and Zn for the prepared
CCN and ZCCN. Obviously, C, N, and O were homogeneously dis-
tributed in the CCN and ZCCN. There were no signal of Zn in CCN
while after the addition of ZnO, however, the composite of ZCCN
exhibited strong Zn signal with homogeneous distribution.

X-ray diffraction (XRD) patterns were performed to investigate
the phase structure of the ZCCN system. As shown in Fig. S2 (in Sup-
porting Information), the g-C3N4 atomic structure did not change
significantly with the addition of CDots [24]. In the XRD pattern
obtained from CCN (Fig. 1(D)), the sharp diffraction peak (002) at
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Fig. 3. Photoresponsivity properties of different groups. (A) Photothermal curves under 15 min visible light irradiation. (B) Real-time infrared thermal images of different
samples under visible light irradiation for 15 min. (C) Temperature rising and cooling of the ZCCN when the irradiation is on/off. (D) UV-vis results of the CCN, ZCCN and
ZnO. Bandgap calculated from UV-vis spectra of (E) ZnO, (F) CCN and (G) ZCCN. (H) PL spectra investigated with 325 nm excitation wavelength of ZnO, CN and ZCCN from
400 to 700 nm. (I) ESR spectra of ZCCN after visible light irradiation for 15 min. (J) Illustration of photoresponsivity performance process in ZCCN under visible light.

27.4° indicated an interlayer aromatic structure, while the weaker
(001) diffraction peak at 13.8° was ascribed to the planar structure
[36-38]. The XRD pattern of ZnO showed the most stable form of a
wurtzite hexagonal ZnO phase. The existence of ZnO on the CCN was
confirmed by the ZnO characteristic diffraction peaks (100), (002),
(101),(102),(110) and (103) appearing in the ZCCN pattern, and all
the positions of these peaks were in keeping with the standard ZnO
bulk (JCPDS no. 36-1451) [20,31,39].

Fourier transform infrared (FT-IR) spectra were examined to fur-
ther explore the compositions of the samples. As shown in Fig. 1(E),
in the CCN curve, the peak at 809 cm~! was ascribed to the tri-
azine units and the peaks at 1254, 1323, and 1423 cm~! were
assigned to the aromatic C—N [36]. The C—N stretching vibration
modes were proved by the peaks located at 1567 and 1632 cm™!
[40]. These characteristic peaks also appeared in the ZCCN curve. In
addition, the representative peak (Zn-0 bending vibrations) of ZnO
at 490 cm™! was also observed in the ZCCN curve [29,31]. These
FT-IR results and the XRD results confirmed the successful syn-
thesis of ZnO/CDots/g-C3N4 together. In Fig. 1(F), the {-potential
measurements also proved that the ZnO successfully was loaded
on the surface of the CCN. The surface potential of positively ZnO
decreased from 17.4 to -3.1 mV after CCN (-22.3 mV) combination.

The XPS survey spectra of CCN and ZCCN were shown in Fig. 2(A).
The comparison of the two curves illustrated that after the addition
of ZnO, a significant Zn 2p peak appeared in ZCCN, while the peak
of O 1s was strengthened and the peak of N 1s was weakened. The
C 1s spectrum of CCN presented in Fig. 2(B) showed three peaks at
284.5eV,285.3 eV,and 288.0 eV. The C peak at 288.0 eV was identi-
fied as sp2-bonded carbon (N—C=N) of g-C3Ny; the peak at 285.3 eV
was attributed to adventitious carbon due to the possible contam-
ination in air during fabrication; and the weaker one at 284.5 eV
corresponded to graphitic carbon (C—C) [20,41,42]. Similar peaks
of C 1s, which shifted to a higher direction, were also observed in
ZCCN.

As shown in Fig. 2(C), the N 1s spectrum of CCN at 398.8
eV corresponded to sp2-bonded nitrogen (C = N—C). The peak at
399.6 eV was assigned to the N-(C)3 groups, and the peak cen-
tered at 401.1 eV corresponded to the N—H groups. Moreover,
the weak shoulder peak at 403.2 eV accounted for m-excitations
[21]. These three peaks of N 1s also existed in ZCCN. The O 1s
peak at 531.6 eV belonged to the Zn-O and the other one at
532.3 eV belonged to the O—H adsorbed on the surface (Fig. 2(D))
[20]. For the Zn 2p spectrum (Fig. 2(E)), the peaks at 1022.2 and
1045.0 eV in ZCCN were attributed to Zn 2p3p, and Zn 2pq, [43].
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These results indicated that ZnO and CCN were combined success-
fully.

3.2. Photothermal and photodynamic effects

The photothermal effect of CCN and ZCCN under visible light
irradiation was measured by several different tests. The temper-
ature change was measured by the photothermal imager (Fig. 3),
with phosphate buffer solution (PBS) as the control group. After vis-
ible light irradiation for 15 min, the temperature of both CCN and
ZCCN increased by more than 50 °C due to the CDots that were trig-
gered to produce heat. In Fig. 3(A), the final temperature of the CCN
reached up to 53.2 °C, while the ZCCN only got to 51.3 °C. The little
decrease was ascribed to the covering of ZnO on CDots in the latter,

weakening the light absorption and the ZnO had no photothermal
effect of its own. Fig. 3(B) showed IR thermal images obtained from
the groups of PBS, CCN and ZCCN under 15 min visible light irradi-
ation. As illustrated, the PBS group showed minimal changes while
both CCN and ZCCN exhibited obvious increase of temperature as
the irradiation time increased, which was consistent with the pho-
tothermal curves shown in Fig. 3(A). Furthermore, the temperature
of the ZCCN exhibited a stable effect even after light irradiation
for four cycles (Fig. 3(C)). These results proved that visible light
was absorbed by the prepared composite and converted into heat.
As a result, the excellent photothermal properties of ZCCN were
demonstrated.

Fig. 3(D) showed the UV-vis results of all the samples. ZnO dis-
played its intrinsic absorption only at 390 nm [44]. Compared with
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S. aureus and (D) E. coli via agar plating method. TEM images and corresponding EDS analysis of intracellular sections of (E) S. aureus and (F) E. coli cultured with different
samples. Scale bars are 200 nm. Error bars indicate means + standard deviations: *p < 0.05, **p < 0.01 and ***p < 0.001.

ZnO, the CCN and ZCCN sample exhibited stronger light absorp-
tion in the whole light regions. The increased absorption of light
was attributed to the CDots in the sample. Moreover, the light
absorption of ZCCN was slightly less than that of CCN due to the
presence of ZnO, but that didn’t affect light absorption of ZCCN in
both ultraviolet and visible light regions [38]. As shown in Fig. 3(E)-
(G), the bandgap of different groups was calculated by the following
equation:(ahv)" = C(hv — Eg). The bandgap of pure ZnO was 3.2 eV
and the bandgap of the CCN was 2.25 eV. After the combination of
ZnO and CCN, the bandgap of ZCCN (1.9 eV) was obviously reduced
compared to CCN, these results reveal that the ZCCN was a more
efficient visible light photocatalyst.

In Fig. 3(H), the photoluminescence (PL) emission intensities
of ZnO, CCN and ZCCN were compared to understand the inter-
facial charge transfer and separation efficiency of photogenerated
electron-hole pairs. After the ZnO was added, the peaks of ZCCN
were decreased compared to those of CCN, indicating the enhanced
transport of photo-generated electrons and thus reducing the
recombination of electron-hole pairs.

Fig. 3(I) showed the ESR spectra obtained from different sam-
ples. To detect singlet oxygen (10,), 2,2,6,6-Tetramethylpiperidine
(TEMP) was used. The typical ESR spectra were only observed in
ZCCN groups under 15 min visible light irradiation. The three peaks

were the characteristic peaks of the reaction products between
TEMP and 10, [45], indicating that the singlet oxygen was only pro-
duced from ZCCN. Except the singlet oxygen, hydroxyl radical (-OH)
is the other part of ROS. To investigate the effects of the ZCCN on
generation of -OH, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was
selected. Four peaks were observed in the ESR spectrum of ZCCN,
while the CCN had almost negligible peaks. The four peaks were
the characteristic peaks of the reaction products between DMPO
and -OH. Obviously, the ESR signals of ZCCN were more obviously
than those of (Fig. 3(I)) and the control group (Fig. S3 in Support-
ing Information). Consequently, the yield of ROS in the latter was
higher than that in the former. This result was consistent with the
results obtained by PL spectra (Fig. 3(H)).

Fig. 3(J) showed the photocatalytic mechanism (Z-scheme elec-
tron transfer) of ZCCN. Under visible light irradiation, both g-C3N4
and ZnO could generated electron-hole pairs. The excited e~ from
ZnO were transferred (by CDots) to combine with the photogener-
ated h* in g-C3Ny, so that the electrons with stronger reducibility in
conduction band (CB) of g-C3N4 and holes with stronger oxidization
ability in valence band (VB) of ZnO could be remained. Finally, the
electrons from CB of g-C3N4 reacted with surrounding O, to pro-
duce 10,, and meantime, the photogenerated holes in ZnO reacted
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with H,0 to produce ‘OH. At the same time, the CDots produced
heat under visible light.

3.3. Invitro antibacterial ability

Visible light was selected for antibacterial experiments. The
antibacterial activities of all samples (with PBS control group)
against Gram-positive bacteria (S. aureus) and Gram-negative
bacteria (E. coli) were conducted by spread plate method. The
antibacterial ratio was calculated by counting the number of bac-
terial colony-forming units (CFUs) (Fig. 4). As shown in Fig. 4(A)
and (B), it was obviously that only visible light irradiation did not
affect the growth of bacteria as the bacteria number in the con-
trol group almost showed no change. On the other hand, there
was no obviously reduction of S. aureus and E. coli in the CCN and
ZCCN compared to the control group without visible light irra-
diation, indicating that both CCN and ZCCN had no antibacterial
activity without light in a short time. In contrast, the ZCCN group
exhibited a minimum of bacteria than any other groups under 15
min visible light, and the calculated antibacterial ratio of ZCCN
against S. aureus and E. coli were 99.97 % (Fig. 4(C)) and 99.99
% (Fig. 4(D)), respectively, which was ascribed to the synergistic
effects of highly efficient photodynamic and photothermal prop-
erties of the prepared ZCCN under visible light irradiation (shown
in Fig. 3). There was an interesting phenomenon, the number of
bacteria also decreased in the CCN group under visible light, and
the antibacterial ratio against two kinds of bacteria were approxi-
mately 72.8 % and 69.2 % (Fig. 4(C) and (D)), ascribing to the local
hyperthermia and a very small amount of ROS produced by CCN
under visible light. The morphologies of bacteria in different sam-
ples were examined by SEM (Fig. 4(E) and (F)). Those bacteria
from the control group showed integrated membranes and regular
shapes regardless of irradiation or not. The same normal structures
were observed in the bacteria from the CCN and ZCCN groups with-
out irradiation, indicating little antibacterial activity of all groups
in the darkness within a short culturing time, which was in good
agreement with spread plate results. When irradiated by visible
light, the normal structures of bacteria were disrupted, i.e., the bac-

terial membrane was shrunken and even broken (marked by red
arrows).

As shown in Fig. 5(A) and (B), after culturing without light
irradiation for 24 h, both CCN and ZCCN groups exhibited lower
antibacterial efficacy than the corresponding groups with 15 min
light irradiation in Fig. 4(A) and (B). The antibacterial ratio of CCN
towards S. aureus and E. coli were approximately 15.2 % and 14.8
%, respectively, while the antibacterial ratio of ZCCN against S.
aureus and E. coli were approximately 82.9 % and 68.7 %, respec-
tively (Fig. 5(C)and (D)). Obviously, since little hyperthermia or ROS
was produced without light, the observed antibacterial activity was
ascribed to the released Zn2* from ZCCN, which has been reported
to inhibit bacterial activity [46,47]. The ZCCN groups exhibited
gradual leaching of Zn2* during immersion in PBS for 14 days (Fig.
S4 in Supporting Information).

The TEM and EDS analysis were used to investigate whether
the Zn?* intruded into the bacteria. In the control groups and CCN
groups, the TEM images showed intact cell walls and the EDS
analysis showed that there was no Zn in the bacteria (Fig. 5(E)
and (F)). By contrast, in the ZCCN groups, obvious distortion was
observed, and EDS analysis showed the existence of Zn in the bro-
ken bacteria (red rectangles). It has been reported that Zn?* can
enhance oxidative stress and combine with the bacteria to change
the fluidity of the bacterial membrane, thus killing the bacteria
[5,46].

3.4. Invitro cytotoxicity studies and cell response

NIH3T3 (mouse embryonic fibroblast cell line) were used to
evaluate the cytotoxicity of the prepared CCN and ZCCN. Fig. 6(A)
illustrated cell viabilities of NIH3T3 cultured in the negative con-
trol (a medium including 10 % dimethyl sulfoxide) and other groups
after culturing for 1, 3, and 7 days. The cell viability of all groups
did not show significant changes at the 1-day and 3-day stages; at
1-day stage, the cell viability of the CCN was 86.2 %, and the cell
viability of the ZCCN was 79.1 %. The cell viability of the CCN grad-
ually increased from 86.2 % at 1 day to 98.3 % at 7 days. The cell
viability also increased for the ZCCN group from 79.1%-97.1% at
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the 7-day stage. This evidence proved that the cell viability of all
the experimental groups was much higher than that of the negative
groups, indicating that CCN and ZCCN had excellent cytocompati-
bility. To explore the effects of light on cells, the cell viability with
and without 15 min visible light irradiation at 1-day stage was
shown in Fig. 6(B). It was obvious that the cell viability of the light
groups did not decrease much compared to the dark groups. The
cell viabilities of all the experimental groups were greater than 80
%, revealing that light irradiation had no adverse effect on the cells
in this work.

The expression levels of genes (MMP-2, COL-I, and COL-III)
involved in tissue repair were analyzed by a quantitative real-time
polymerase chain reaction (qQRT-PCR). Generally, the MMP-2 gene
provides instructions for making a polypeptide that depends on
Zn%*, and this polypeptide could eventually become part of the
extracellular matrix [48]. After 2 and 5 days, the MMP-2 level of
ZCCN group was significantly higher than the control and CCN

groups (Fig. 6(C)) due to the large amount of Zn%* released from
the ZCCN (Fig. S4 in Supporting Information). At the same time,
the expression levels of COL-I (Fig. 6(D)) and COL-III (Fig. 6(E))
also increased with culturing time. In general, the COL-I and COL-
Il are beneficial for extracellular matrix regeneration and wound
repair. These results suggested that ZCCN had excellent effect on
accelerating wound repair, ascribing to the function of release Zn2*
[49].

3.5. In vivo wound healing test

The animal experiment was prepared by rats, and the wounds
(5 mm diameters) were infected with 20 L of S. aureus (1 x 108
CFU/mL) to evaluate the wound healing ability of ZCCN (with a
PBS control group). As shown in Fig. 7(A), photos of the wounds
were recorded on day 0, 2, 6, and 12. All the wounds showed
severe infection by S. aureus with ichor on day 2. On day 6, the



10 Y. Xiang et al. / Journal of Materials Science & Technology 57 (2020) 1-11

sizes of all wounds became smaller both in the control group and
the experimental group, the latter reaching a smaller size. On day
12, the experimental group almost achieved complete recovery,
while the control group showed clear trauma. The changes of the
wound closure are shown in Fig. 7(B), revealing that the experi-
mental group achieved an accelerated speed to recover better than
the control group. The Giemsa stained wounds on day 2 are shown
in Fig. 7(C). There were obvious viable bacteria (red arrows in the
high magnification images) in the wound tissues. In contrast, the
group treated with ZCCN had far less bacteria than the other groups,
due to the impressive antibacterial effect of ZCCN irradiated under
15 min visible light. The hematoxylin and eosin (H&E) were per-
formed to stain wound tissues and the inflammatory cell ratio
was calculated from H&E staining images. As shown in Fig. 7(D)
and (E). Many inflammatory cells (GRAN, neutrophil granulocyte,
red arrows) were observed in the control groups after 2 days. At
the 12-day stage, necrosis of epidermal cells and epidermal clefts
(black arrows) were also observed in the control group. In contrast,
a small number of inflammatory cells were found in the wounds
irradiated under visible light in the ZCCN groups. After 12 days, the
ZCCN group with light treatment showed the regeneration heal-
ing effect, and intact subcutaneous tissue structure (green arrows)
were observed.

Moreover, as illustrated in Fig. S5 (in Supporting Information),
the toxicity of the samples in vivo was tested by routine blood
analysis, including white blood cells (WBC), GRAN, red blood cells
(RBC), platelets (PLT), hemoglobin (HGB), and hematocrits (HCT).
All parameters tested in the experimental group were in the nor-
mal level. Furthermore, Fig. S6 (in Supporting Information) showed
the historical analysis of the major organs (heart, liver, spleen,
lungs, kidney) of the rats after 12 days of treatment, and no
abnormal symptoms or damage were observed, proving that the
samples were safe for normal tissues in vivo during wound heal-
ing.

4. Conclusion

In summary, a Z-scheme heterojunction of ZnO-CDots-C3Ny4 for
photoresponsive bacteria-killing and acceleration of wound heal-
ing system was successfully constructed by a simple method. The
CDots allowed the photoinduced electrons to transfer from the
CB of ZnO to the VB of g-C3N4. Characterization results showed
that this system produced a large number of ROS and heat which
endowed ZCCN with excellent photoresponsive antibacterial activ-
ity by rapidly generating ROS and hyperthermia under visible light
irradiation. In addition, the Zn2* released from the ZCCN could
intrude into bacterial membrane and promote the proliferation of
fibroblasts, thus providing a long-lasting antibacterial property and
wound healing property. Our results showed that ZCCN had a great
potential for the repairing the damaged skin tissues with bacterial
infection.
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