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ARTICLE INFO ABSTRACT
Keywords: Open wounds are prone to infection and difficult to heal, which even threatens the life of patients because
Antibacterial bacterial infections can induce other lethal complications without prompt treatment. The commonly used an-

Wound healing
Bacterial infection
MOF
Photocatalytic

tibiotics treatment for bacterial infections has been reported to cause globally bacterial resistance and even the
occurrence of superbacteria. The highly effective and antibiotic-independent therapeutic strategies are urgently
needed for treating various kinds of bacteria-infected diseases. In this work, we synthesized an eco-friendly
nanohybrid material (ZnDMZ) consisting of a kind of biodegradable metal organic framework (MOF, ZIF-8)
combined with Zn-doped MoS; (Zn-MoS;) nanosheets, which exhibited great ability to kill bacteria and pro-
mote the healing of bacteria-infected wounds under 660 nm light irradiation. The underlying mechanism is that
besides the local hyperthermia, the nanohybrid material exhibits enhanced photocatalytic performance than
single component in it, i.e., it can also be excited by 660 nm light to produce more oxygen radical species (ROS)
due to the following factors. On one hand, the Zn doping can reduce the work function and the band gap of MoS,,
which promotes the movement of photoexcited electrons to the surface of the material. On the other hand, the
combination between Zn-MoS,; and MOF induces the formation of a built-in electric field due to their work
function difference, thus accelerating the separation of photoexcited electron-hole pairs. Because of the synergy
of photocatalytic effect, photothermal effect and the released Zn ions, the synthesized ZnDMZ possessed a highly
effective antibacterial efficacy of 99.9% against Staphylococcus aureus under 660 nm light irradiation for 20 min
without cytotoxicity. In vivo tests showed that this nanohybrid material promoted the wound healing due to the
released Zn ions. This nanohybrid will be promising for rapid and portable treatment of bacteria-infected open
wounds in pathogenic bacteria contaminated environments.

1. Introduction are inevitable by various kinds of unpredictable injuries [2,3]. Although
in most of cases open wounds do little harm to people, if it is not ster-

Skin is the most important line of defense for human beings against ilized timely, pathogenic bacteria will invade the damaged tissues,
external invasion from pathogenic microbia [1]. However, skin wounds which would not only impair wound healing, but also cause severe
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complications and even threaten people’s life [4]. Staphylococcus aureus
(S. aureus) is a common pathogen of skin wound infection, which often
develops complications like bacterial pneumonia, osteomyelitis and so
on [5,6]. Current clinical methods against bacteria associated infection
are mainly antibiotic therapy [7]. Nevertheless, the abuse of antibiotics
is responsible for the development of bacterial drug resistance [8].
Therefore, it’s urgent to exploit a safe and reliable method for rapid
antibacterial therapy. Sunlight is a green resource everywhere in nature.
Taking use of sun light and its thermal effect to eliminate bacteria has
shown great potential in recent years [9], in which reactive oxygen
species (ROS) and hyperthermia were produced by various kinds of
photoresponsive materials under light stimulation [10]. Photodynamic
and photothermal therapy, without the usage of antibiotics, is able to
combat drug resistant bacteria even superbugs [11]. Taking the above
advantages together, strategies of designing a biocompatible, green and
effective photoresponsive material occupies a core position in the field
of antibacterial therapy research.

Recently, some inorganic semiconductor materials with superior
light responsiveness within human body have been widely explored,
examples like copper disulfide [12], bismuth disulfide [13], titanium
dioxid [14] and so on. The common feature of these materials is that
they can effectively separate electrons and holes under light stimulation,
and therefore accelerate the downstream catalytic reaction. After
capturing oxygen and water molecules from surrounding environment,
the photoactivated electrons and holes can react with them to produce
ROS, which is capable of killing bacteria through elevating oxidative
stress and destroying the membrane structure of bacteria [15]. Besides,
thanks to the photothermal nature of a few specific inorganic materials,
they are able to be excited to generate heat under light irradiation, and
therefore effectively elevating the local temperature [16]. The high
temperature would subsequently rupture the thin bacterial membrane,
destroy the integrity of the bacteria, and drive the inside structural
content of the bacteria to flow out, which promotes the bacteria-killing
efficiency and is named as photothermal antibacterial therapy [17,18].

With the typical graphene-like structure, two dimensional (2D) MoSy
is characterized by large specific surface area, good photoelectric per-
formance, narrow band gap, and good biocompatibility [19-21]. It has
been frequently used in photodynamic and photothermal antibacterial
therapy. However, due to the narrow band gap, the active electrons and
holes generated by MoS, under light stimulation are easy to recombine
[22]. Together with the poor oxygen absorbing ability, the antibacterial
properties of pure MoS; are largely hampered. Therefore, it’s an emer-
gency to overcome these two shortcomings in order to improve the
antibacterial effect of MoS, [23]. Previous studies had found that metal
ions such as zinc ion and copper ions not only possessed intrinsic anti-
bacterial property but also was beneficial for wound healing [24,25].
Especially, zinc ions dopant can effectively improve the photocatalytic
performance of photo responsive materials [26,27]. ZIF-8 is a typical
metal-organic framework (MOF) with intrinsic electron transport ca-
pacity, which has a large specific surface area and porosity, and can
effectively absorb oxygen molecules. Additionally, this kind of MOF can
gradually release Zn ions from its metallic nodes during degradation
process. Zinc ions promote wound healing by upregulating the expres-
sion of genes that control tissue repair, such as Matrix
metalloproteinase-2 (MMP-2) and Type III collagen (col-III) [28,29].

Based on the above analysis, we propose a hypothesis if an eco-
friendly hybrid material with enhanced photocatalytic performance
together photothermal effects can be designed through the combination
between Zn doped MoS; nanosheets with ZIF-8 MOF, which could be
utilized for rapid and effective bacteria-killing and accelerating wound
healing simultaneously. In order to verify the hypothesis, Zn-doped
MoS; nanosheets (Zn-MoS,) were synthesized by a simple hydrother-
mal process and the followed ultrasonic solvent stripping method in the
solution of Zn(NO3),-6H50. The combination between Zn-MoS,; and
ZIF-8 (ZnDMZ) was carried out by a simple physical mixing process of
Zn-MoS; solution with the solution of 2-methylimidazole in methanol.
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The preparation process was schematically illustrated in Scheme S1
(Supporting Information). On one hand, the Zn-doping reduces the band
gap of MoS,, making it easier to be excited by 660 nm light. On the other
hand, besides providing more oxygen absorbed by its myriads of voids,
ZIF-8 can transport photo-generated electrons rapidly and thus inhibit
the recombination of holes and electrons, which endow this nanohybrid
material with enhanced photocatalytic performance under 660 nm light
irradiation. Consequently, the synthesized ZnDMZ exhibited highly
effective bacteria-killing efficacy and wound healing effects due to the
synergy of photocatalytic and photothermal effects as well as the
released Zn ions, which was schematically illustrated in Scheme 1.

2. Experiment method
2.1. Synthesis of MoS;

The sodium molybdate dihydrate (1.693 g) and thiourea (2.664 g)
were mixed with 40 mL distilled water under vigorous stirring. When the
solution became homogenous and transparent, 2 M HCI was used to
adjust the pH of the solution to below 1.0. After stirring at room tem-
perature for 2 h, the solution was transferred into 100 mL Teflon-lined
stainless steel, which was then placed into a muffle furnace. The tem-
perature was heated to 200 °C with a rate of 5 'C/min and maintained at
200 °C for 24 h. After cooling down the room temperature naturally, the
sample was collected by centrifugation with 9000 r/min, washed by
distilled water and absolute ethyl alcohol successively for several times,
and finally dried in an oven at 60 °C for 12 h for further use.

2.2. Synthesis of ZIF-8

Firstly, the 2.389 g Zn(NO3)2-6H;0 was dissolved into 100 mL
methanol, and the solution was named A. Meanwhile, 2.77 g of 2-meth-
ylimidazole was dissolved into 100 mL methanol solution, which was
named B. And then the solution B was added into A drop by drop with
continuously stirring for 4 h. After that, the sample of ZIF-8 was sepa-
rated by centrifugation and washed with methanol and distilled suc-
cessively for several times and finally dried in an oven at 60 °C for 6 h for
further use.

2.3. Synthesis of Zn-doped MoSz (Zn-MoS2) and Zn-MoSy-ZIF-8
(ZnDMZ)

In order to obtain the materials of Zn-MoSy and ZnDMZ, 2 g of
prepared MoS; was dissolved in 100 mL of methanol, then 0.223 g Zn
(NO3),-6H20 was added with the continuously stirring for 12 h under
ultrasonic, which was named the solution C. During ultrasonic stripping
process, zinc ions in the solution were partially doped into the nano-
sheets, and some of zinc ions were free in the solvent. After centrifugally
drying, the product of Zn-MoS; was collected. Next, 0.693 g of 2-meth-
ylimidazole was dissolved into 100 mL methanol solution, which was
named the solution D. In the next step, the solution D was added into C
drop by drop with continuously stirring for 4 h, and then washed and
centrifuged several times with methanol and distilled, finally dried in
oven at 60 °C for 6 h. The product of ZnDMZ was collected.

2.4. Characterization

In order to examine the microstructures and morphologies of the
synthesized samples, the filed-emission scanning electron (FE-
SEM,7JSM1007) and transmission electron microscopy (TEM, JEOL-
2100F, Japan) were utilized. X-ray diffraction was determined by a
Bruker diffractometer (D8A25, Germany) with Cu Ko radiation for 20
from 10° to 80°. The x-ray photoelectron spectroscopy (Thermo Fisher
Scientific 250Xi) was used to detect the elemental compositions of the
materials. Ultraviolet-visible (UV-vis) diffuse reflection spectra were
obtained using a UV-3600 spectrophotometer (Shimadu, Japan).



C. Wang et al.

@ zZnDMZ @ Zn?

- =c

CB

{ vB-

Potential (eV)

N-type ZIF-8

P-type Zn-MoS,

@ S. aureus

Bioactive Materials 13 (2022) 200-211
. Dead S. aureus

Promoting
S~ wound heallng e

\ \ -7
=" / RapldS aureus *\~ ==~ /

. elimination ﬂ

Scheme 1. The schematic illustration of ZnDMZ P-N heterojunction catalyst and antibacterial mechanism diagram of heterojunction under 660 nm light irradiation.
Driven by the interface electric field and band offset at the heterointerface enable the photoexcited electrons to be separated effectively, thus increasing the pro-
duction of reactive oxygen species (ROS). Under the synergistic action of ROS and heat, bacteria can be effectively eliminated to promote wound healing.

Inductively-coupled plasma atomic emission spectrometry (ICP-AES)
was conducted with an Optimal 8000 instrument (PerkinElmer, US).
Room temperature photoluminescence (PL) measurements were per-
formed by a fluorescence spectrometer (LS-55, PE, USA).

2.5. Photoelectrochemical measurements

The photoelectrochemical measurements of all the samples were
analyzed with a three-electrode CHI 660E electrochemical workstation,
wherein platinum was used as the counter electrode and Ag/AgCl
electrode served as the reference electrode. 660 nm laser with 0.45 W/
cm? was utilized as the light source and NaSO4 (0.5 M) solution was used
as the electrolyte. To fabricate the working electron, 1 mL distilled
water, 5 mg synthesized materials and 50 pL Nafion were fully mixed.
Then, 100 pL mixed solution was dropped on the titanium plate and
dried for further use. The photocurrent density was measured under
alternate changes of 660 nm (0.45 W/cm?)light irradiation and no-light
irradiation. The electrochemical impedance spectroscopy (EIS) spectra
were detected in the range from 100 kHz to 0.01 Hz, with an amplitude
of 10 Mv under 660 nm (0.45 W/cm?) light irradiation.

2.6. ROS detection

In order to detect the ROS production of the materials under 660 nm
(0.45 W/cm?) light irradiation, the ROS Assay Kit of 2',7'-dichloro-
fluorescein (DCFH) was used, which can react with ROS to produce
fluorescence that can be detected by a microplate reader. Firstly, 100 pL
prepared DCFH solution was added to the 96-well plate, and then 0.4
mg/mL aqueous solution of the material was transferred into the well.
The yields of ROS were checked every 2 min. The production of 10y
under visible light irradiation was usually measured by the 1,3-dipheny-
lisobenzofuran (DPBF). When 102 was produced, the intensity of the
peak at 420 nm would decrease, which was recorded by a microplate
reader.

2.7. Photothermal tests

0.2 mg/mL PBS solution of samples (MoS,, ZIF-8, Zn-MoS,, and
ZnDMZ) was prepared separately. Then 1 mL solution was added into
the 1.5 mL centrifuge tube and then treated with or without 660 nm
(0.45 W/crnz) light. The temperature was recorded every 2 min with a
total of 10 time points. And then the heating—cooling cycle curves of
samples were obtained.
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2.8. DFT calculation

The molecular dynamics calculation of samples was calculated in the
Vienna ab initio simulation package (VASP). All-electron plane-wave
basis sets with an energy cutoff of 520 eV, and a projector augmented
wave (PAW) method were adopted. A (3 x 3 x 1) Monkhorst-Pack mesh
was used for the Brillouin-zone integrations to be sampled. The conju-
gate gradient algorithm was used in the optimization. The convergence
threshold was set 1 x 10™* eV in total energy and 0.05 eV/A in force on
each atom.

The adsorption energy change (AEabs) was determined as follows:

AEups = Erota- Estab- Eo

Where Ea is the total energy for the adsorption state, Eg,p was the
energy of pure surface, Eg was the energy of Oa.

2.9. Antibacterial tests

In order to evaluate the antibacterial activity of the synthesized
materials, we conducted a biological antibacterial experiment. S. aureus
(ATCC 25923) was selected as the experiment bacterial. The changes of
bacterial colonies were visually observed through spread plate method.
Firstly, liquid nutrient medium was used to dilute the bacteria to 10° FU
mL~! for further use. And then one group of the samples (the Control,
MoS,, ZIF-8, Zn-MoS,, ZnDMZ) was treated without light irradiation,
while another group was irradiation under 660 nm (0.45 W/cm?) light.
All the samples were diluted with PBS to 0.8 mg/mL 50 pL bacterial
solution was added into the 96 well plates, and then 150 pL PBS solution
of samples was added into the plate. After irradiation for 20 min, 20 pL
mixed solution was evenly coated on the agar plate, and then incubated
in an oven at 37 °C for 24 h.

2.10. Bacterial morphology

The bacteria interacted with the material completely for 2 h, then the
upper layer solution was removed and washed with PBS for 3 times. The
glutaraldehyde was then added and placed in a dark environment for 2
h. After that, the glutaraldehyde solution was removed and washed 3
times with PBS. Then the bacteria were dehydrated with gradient
alcohol (10%, 30%, 50%, 70%, 90%, 100%) successively for 15 min. The
fixed bacteria were observed by FE-SEM.

2.11. Cytocompatibility evaluation

The NIH-3T3 cells were used as the target cells to evaluate the
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cytotoxicity of the synthesized materials. The 3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyl etrazoliumbromide (MTT) was used in this experiment.
Before experiments, all materials were sterilized. After the NIH-3T3 cells
were cultured in a 96-well plate for a given time, the medium was dis-
carded. 200 pL sterilized materials (the concentration of MoS,, ZIF-8,
Zn-MoSjy, ZnDMZ were 0.2 mg/mL) were added to different well
plates in sequence. After 1 day of co-cultivation, the medium was dis-
carded, and 200 pL prepared MTT solution was added to the well plate.
After incubation in a carbon dioxide incubator at 37 °C for 4 h, the liquid
was discarded, and then 200 pL of DMSO solution were added into the
well plate with continuously shaking for 15 min 100 pL of the super-
natant was measured to obtain the absorbance (OD) at 490 nm in a
microplate reader. The material and cells were irradiated with 660 nm
(0.45 W/cmz) light for 20 min and then placed in a carbon dioxide
incubator at 37 °C for culturing. The other step was the same as the
above.

After co-culturing for 1 day, the supernatant was removed and
washed three times with the PBS. Then the 4% formaldehyde was used
to immobilize the cells for 10 min. After that, the cells were stained for
30 min with FITC (YiSen, Shanghai). After washing for 3 times with PBS,
DAPI (YiSen, Shanghai) was then added for 30 s to dye the cells. The
images were recorded by an inverted fluorescence microscope (IFM,
Olympus, IX73).

2.12. In vivo animal wound healing tests

Male Wistar rats (200-220 g body weight) were obtained from Hubei
Provincial Centers for Disease Prevention and Control, and the animal
experimental protocols were approved by the animal research commit-
tee of the Tongji Medical College, Huazhong University of Science and
Technology, Wuhan, all of the experimental operation was conformed to
the rule of the Animal Management Rules of the Ministry of Health of the
People’s Republic of China and the Guidelines for the Care and Use of
Laboratory Animals of China. Before experiments, all rats were in good
living conditions, which were divided into three groups (Control, 3 M,
ZnDMZ). Then three temporal groups (2, 5, and 10 days) were set with 5
mice in each group. After anesthesia with 16% chloral hydrate (30 mg/
kg), wounds model was created on the back of the rat using a tool, and
then 20 pL of 10® CFU/mL bacterial solution was injected into the
wounds along with 20 pL of either PBS (the control group and 3 M
group) or 200 pug/mL of ZnDMZ (test group). After 660 nm light (0.45
W/cm?) irradiation for 20 min, the wounds of the Control group and test
group were bound with opaque sterile medical tape. The 3 M group was
covered with standard 3 M wound dressing. These rats were then put
into suitable surroundings to feed.

At the given time of 2, 5, 10 days, photographs were taken of the rats’
wounds. After treatment of 2 days, the skin tissues on the wounds were
removed and stained with Giemsa. After treatment of 10 days, the he-
matoxylin and eosin (H&E) staining was carried out. Heart, liver, spleen,
lung and kidney tissue were collected from the sacrificed mice on thel0
day post operation and stained with H&E to evaluate the toxicity of the
synthesized materials.

2.13. Statistical analysis

All experiments were carried out at least three parallel groups. Data
were analyzed using one-way or two-way ANOVA. *p < 0.05 is
considered statistically significant.
3. Results and discussion
3.1. Morphology, structure and composition of synthesized materials

The morphologies of synthesized MoS,, ZIF-8, Zn-MoSy, ZnDMoS;

were shown in Figs. Sla, S1b, S1c and S1d, respectively. It can be seen
that MoS; is composed of a lot of petaloid plates to be aggregated
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together. After one-step ultrasound exfoliation with Zn-doping, many
nanosheets can be observed due to the ultrasound exploitation. The
synthesized ZIF-8 exhibits polyhedral structure. After combination,
these polyhedrons were wrapped by nanosheets. And the transmission
electron microscopy (TEM) images shown in Figs. S2a-b and Fig. S3a
further confirmed the observed structure of synthesized materials by
scanning electron microscope (SEM). The elemental mapping images of
Zn-MoS; detected by energy-dispersive spectroscopy (EDS) were shown
in Fig. S3b, which disclosed the uniform distribution of Mo, S, Zn ele-
ments in the synthesized nanosheets, suggesting the homogeneous
doping of Zn into MoS,. TEM image (Fig. 1A) shows the core-shell
structure of the synthesized ZnDMoSs,, i.e., polyhedral nanoparticle of
200 nm was encapsulated by layer-like nanosheets. The EDS element
mapping (Fig. 1B) shows that Mo and S are uniformly distributed on the
MoS; nanosheets while the elements of C, N, Zn are homogeneously
distributed on the plane of ZIF-8. It could be found that Zn element was
not only distributed on ZIF-8, but also uniformly distributed in MoS,
nanosheets, further suggesting the successful doping of Zn into the
MoS;. As shown in Table S1 in the Supporting Information, the atomic
proportion of zinc ion in ZnDMZ is about 7.96%. Furthermore, the
interface microstructure of the synthesized ZnDMZ was examined by
high resolution TEM (HRTEM) (Fig. 1C). There’s a clear dividing line on
the interface between ZIF-8 and Zn-MoS,. The observed (002) crystal
plane belonged to MoS, with a lattice spacing of 6.02 A marked by the
yellow dotted line and the lattice spacing of 2.70 A was assigned to the
(100) crystal plane of MoSy [30,31]. The area marked in the red box was
indexed to the (100) crystal face of MoS,. It can be clearly seen that the
crystal lattice of MoS3 has been deformed, which is caused by the doping
of zinc ion [13,32]. Due to the special structure of ZIF-8, it shows a
non-lattice state under high magnification TEM [33]. Fig. 1D schemat-
ically illustrated the synthesis process of ZnDMZ heterojunction in
atomic structure by combination of Zn-MoS; and ZIF-8. The doped Zn
atom was located in the crystal clearance of MoSy, in the form of bond of
S-Zn, which the structure model is given by density functional theory
(DFT) calculation. The density functional theory (DFT) calculation
confirmed the ZIF-8 possessed a structure formed by the Zn-chelated
imidazole ring at the central node, which has a strong electrostatic
force with Zn-doped MoS; and can form a tight connection. XRD pat-
terns (Fig. S4) exhibited the peaks located at 14.3°, 33.8°, and 58.78°,
corresponding to the typical crystal planes of (002), (100) and (110) of
MoS; [20,32], which also existed in Zn-MoS,, and ZnDMZ, suggesting
that Zn-doping and combination with ZIF-8 did not change the phase
structure of MoS,. In addition, the phase of ZIF-8 occurred in the ZnDMZ
(marked by red diamond assigned to ZIF-8) [33], further suggesting the
successful combination of ZIF-8 and MoS;. The surface Zeta potential
measurement (Fig. S5) suggested that the Zn-MoS; were more positive
than the MoS,, indicating that the zinc was doped the MoS,. The syn-
thesized ZnDMZ exhibited lower potential due to the chelation of partial
Zn%" on the surface of Zn-MoS, with 2-methylimidazole to form ZIF-8.

X-ray photoelectron spectroscopy (XPS) spectra were detected to
verify the effects of Zn-doping and the followed combination on the
valence state of elements in the synthesized materials. As shown in
Fig. 2A, the survey scan of the ZnDMZ (blue curve) indicated the exis-
tence of the diffraction peaks of S, Mo, Zn, C and N. The diffraction peaks
of S and Mo existed in pure MoS; (black curve). After MoS; doped with
Zn (pink curve), there were diffraction peaks of not only S and Mo, but
also Zn, indicating that the Zn was successfully introduced into MoSa.
The diffraction peaks contained Zn, C, N in pure ZIF-8 (the red curve).
The Mo 3d XPS spectrum was shown in Fig. 2B, two peaks of MoS; were
observed at 232.2 eV and 228.9 eV, which were Mo 2d3,, and Mo 2ds,2,
respectively, indicating that oxidation state of Mo is Mo** [34,35]. The
small peaks of existence of 225.9 eV belongs to S 2s orbital. In contrast,
Mo 3d and S 2s binding energies of Zn— MoS; are red-shifted to lower
binding energies compared with MoS,, indicating Zn doped could be
arouse electron transfer form Zn to Mo, which is due to the difference in
electronegativity between Mo (2.16) and Zn (1.65) atoms. Furthermore,
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the Mo 3d spectrum of ZnDMZ further red-shift compared to Zn-MoS,,
indicating interaction between Zn-MoS; and MOF in ZnDMZ hybrid.
Similarly, as shown in S 2p (Fig. 2C), S 2p1,2 (162.9 eV) and S 2p3,2
(161.69 eV) peaks of MoS; in Zn-MoS; are tested at lower binding en-
ergies than MoS,, which was the difference in electronegativity between
S and Zn, the electron cloud density around S decreases. In the ZnDMZ,
the formation of heterojunction leads to the interaction between
Zn-MoS; and ZIF-8, which further leads to the red shift of S2p orbitals.
Zn 2p at 1044.8 eV and 1021.6 eV (Fig. 2D) appears in ZIF-8 and
Zn-MoS; confirmed the Zn doped in MoS; successful. For ZnDMZ, the
diffraction peaks of Zn 2p comes from ZIF-8 and the doped of Zn. In the C
1s XPS spectrum, the diffraction peak at 284.6 eV of ZIF-8 (Fig. S6a) and
ZnDMZ (Fig. S7a) was the spz—hybridized carbon (C-C). And in N 1s of
ZIF-8 (Fig. S6b) and ZnDMZ (Fig. S7b), diffraction peaks in 398.48 eV
are pyridinic N [36].

3.2. Photocatalytic and photothermal performance

Fig. 3A showed the UV-Vis absorption spectra of the synthesized
materials. Obviously, ZIF-8 (red curve) had almost no absorption at 660
nm light and the MoS; (black curve) showed a significant enhancement
at wavelength of 660 nm. Zn-doping promoted the light absorption of
MoS; (pink curve). Compared to other groups, the synthesized ZnDMZ
exhibited the strongest absorption (blue curve). The separation and
recombination rate of photogenerated electrons of the synthesized ma-
terials was evaluated by photoluminescence (PL) spectra. As shown in
Fig. 3B, under 325 nm light excitation, the intensity of absorption peak
detected form ZnDMZ was the lowest, followed by Zn-MoS; and MoS.

Bioactive Materials 13 (2022) 200-211
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Fig. 1. (A) Morphology and structural characterization tested by TEM of ZnDMZ. (B) EDS elemental mapping of ZnDMZ (scale bar, 200 nm) (The green dotted-line
marked micro-area represented the shape of ZIF-8). (C) High-resolution transmission electron microscopy (HRTEM) image of ZnDMZ. (D) Atomic schematic of the
synthesis of the ZnDMZ heterojunction. (E) View of the 3D structure of ZnDMZ.

ZIF-8 showed the highest intensity. These results suggested that the
synthesized ZnDMZ had the lowest recombination rate of photo-
generated electron-hole pairs. Fig. 3C showed the photocurrent densities
of the prepared materials under 660 nm light irradiation. Among four
kinds of materials, ZnDMZ had the strongest photocurrent density fol-
lowed by Zn-MoS;, MoS; and ZIF-8, indicating the best transfer ability
of charge carriers of ZnDMZ under the excitation of 660 nm light. This
result also suggested that Zn-doping improved the photocatalytic per-
formance of MoS, and the combination with ZIF-8 further enhanced the
photocatalytic property of the synthesized material. The electro-
chemical impedance spectroscopy (EIS) was utilized to determine the
impedance of materials. As shown in Fig. 3D, the synthesized ZnDMZ
exhibited the smallest semicircle among five kinds of groups, indicating
the smallest impedance of ZnDMZ. The above photocurrent density and
EIS measurement results disclosed that the formation of interface be-
tween Zn-MoS; and ZIF-8 reduced the impedance and promoted the fast
transfer of photogenerated electrons. Total ROS yield was measured by
the 2',7'-dichlorofluorescein (DCFH). As shown in Fig. 3E, both the
control (PBS) and ZIF-8 group only produced a very small amount of
ROS under 660 nm light irradiation. MoS; showed a little higher ROS
yield under the same condition. In contrast, Zn-doping significantly
enhanced the ROS production of MoS,. The combination between
Zn-MoS; and ZIF-8 induced the most yields of ROS from the synthesized
ZnDMZ under 660 nm light irradiation for 20 min, suggesting the best
photocatalytic performance.

To study the types of ROS produced by ZnDMZ, the 1,3-diphenyliso-
benzofuran (DPBF) that can specifically react with singlet oxygen (105)
was used to detect the yields of 10,. As shown in Fig. S8a, after 9 min
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light treatment, there was almost no change in the fluorescence intensity
of DPBF in the control group, suggesting that pure 660 nm light irra-
diation does not generate 'O,. Fig. S8b showed almost the same the
fluorescence intensity of DPBF in ZIF-8 as the control group, indicating
that ZIF-8 cannot produce ‘0, under 660 nm light. In contrast, under the
same condition, the fluorescence intensity of DPBF at 420 nm in MoS,
group was greatly reduced (Fig. S8¢), suggested that MoS,, generated 105
under visible light The Zn-MoS, (Fig. S8d) degrades more DPBF
compared with MoS,, indicating the Zn-doping improved the production
of 10,. In contrast, ZnDMZ had a greater decrease in DPBF intensity
compared to MoS; and Zn-MoS; (Fig. 3F), indicating the largest output
of 10, from ZnDMZ under the same condition. The contrast curve of 'O,
tested by DPBF degradation (Fig. 3G) clearly indicated the strongest
ability of ZnDMZ to produce 0.

The photothermal property of the synthesized samples was shown in
Fig. 3H. After 660 nm light irradiating for 20 min, the temperature of
both the control group and ZIF-8 changed little, indicating that ZIF-8
had no photothermal effect under 660 nm light excitation. In contrast,
after 6 min light irradiation, the temperature of MoS; group increased
from room temperature (19 °C) to 50 °C, and finally maintains at
55.3 °C, indicating the excellent photothermal effect of MoS,, which was
ascribed to the parts of electrons photogenerated recombine with holes
through inelastic collisions, resulting in lattice heat and thus tempera-
ture rise.?? Zn-doping slightly weakened the photothermal effect of
MoS; because the more photogenerated electrons transported to the
surface of Zn with oxygen to from 10,. The ZnDMZ group showed almost
the same photothermal curve as MoS,, suggesting that the combination
with ZIF-8 offset the loss caused by Zn-doping. The temperature rising
and cooling profiles of ZnDMZ (Fig. 3I) disclosed that after three cycles
ZnDMZ still maintained almost the same temperature rising and cooling
profile, suggesting the excellent photothermal stability of the
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synthesized hybrid material.

3.3. Photocatalytic mechanism

The band gap of the synthesized materials can be calculated from
UV-vis absorption curves. As shown in Fig. 4A, the band structure of
MoS; (black curve) is calculated to be 1.58 eV and Zn-doping reduced
the band gap of MoS; (pink curve) to be 1.38eV. More photogenerated
electrons are generated under 660 nm light irradiation owning to the
reduced band structure, thus promoting the ROS yield. The band gap of
ZIF-8 is calculated to be 3.03 eV (red curve) cannot irradiation by 660
nm light. The band theory indicated that the work function (®) of
samples affects the electron transfer behavior. The ultraviolet photo-
electron spectroscopy (UPS) spectra of the different samples were uti-
lized to calculate the @ (Fig. 4B). The calculated ® of MoS,, Zn-MoS,,
ZIE-8, ZnDMZ is 5.20 eV, 4.95 eV, 4.22 eV, 4.39 eV, respectively.
Obviously, MoS; have the largest ®, while Zn-MoS; has a visible decline
of @ indicating that Zn-doping reduced the ® of MoS,. The ROS yields
are closely related to the separation efficiency of photogenerated
electron-hole pairs. Photogenerated electrons generally come from the
inside and the surface of the material, and only the electrons on the
surface can be captured by oxygen species to produce '0,. In other
words, promoting the transportation of electrons from the inside of the
material to the surface can surely enhances the effect of photocatalysis.
Furthermore, reducing the surface work function of the materials can
accelerate transportation of the electrons to the surface [37-39].
Compared to Zn-MoS;, ZnDMZ has the lowest work function, this
outcome suggests that the electrons from the ZnDMZ can easily arrive at
the surface and floats freely between two materials. Since ZIF-8 is a
semiconductor with good conductivity, when the electrons transport to
the surface of MoS,, the electrons would be conducted away by ZIF-8,
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further suppressing the recombination of electrons and holes so that the
photocatalytic ability of MoS; can be effectively improved.

To illustrate the role of MOF in the charge transfer and capture O,.
Here, the DFT calculation simulation was used to in this work.
(Fig. 4C-E). Since oxygen is an important factor in photocatalytic pro-
duction of 102, we calculated the ability of the materials to absorb and
the position of O5 (Fig. 4D). The O, absorption site is S atom for MoS,,
and the Zn is the site for oxygen absorption site for Zn-MoS,. For ZIF-8
O, tends to adsorb on the nitrogen site of the imidazole ring, and O3 on
the heterojunction ZnDMZ also adsorbs on the N atom. The energy ab-
sorption of the samples was the ZnDMZ < ZIF-8<Zn-MoS;<MoS,,
indicating that the heterojunction had a great ability to absorption ox-
ygen. The charge density difference of Zn-MoS; and ZIF-8 was shown in
Fig. 4E, electron accumulation (bule region) and depletion (yellow re-
gion) revealed the state of charge distribution at the interface. According
to the planar-averaged electron, there are about 1.13 x 10~2 electron
transfers at the interface. The electrons at the interface are exhausted at
the ZIF-8 side (yellow region), making the part near the ZIF-8 positively
charged, while accumulating at the Zn—-MoS, side (bule region), making
the part negatively charged. Therefore, a built-in electric field is formed
at the interface, which can promote the separation of electrons and holes
[40-42].

The mechanism of the photocatalytic production ROS is show in
Fig. 4F. Before contact, according to the work function and the band
structure, the conduction band (CB) and the valence band (VB) of MoS,
was calculated as 0.44 eV, 2.02 eV versus the NHE respectively. After Zn
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doped MoS;, the CB and VB of Zn-MoS; become —0.34 eV, 1.06 eV
versus the NHE, respectively. Under 660 nm light, the electrons and
holes of Zn-MoS; were separated, part of the electron jumped into CB
and reacted with Oy, however, most of electrons fell back recombine
with holes, resulting in poor photocatalytic effect. For ZIF-8, the CB and
VB was calculated as —0.34 eV, 2.69 eV versus the NHE, respectively.
The large band gap, resulting in ZIF-8 cannot be excited at 660 nm light.
After contact, Zn-MoS; and ZIF-8 shared a Fermi energy level, which
significantly contributed to the shift in the relative positions of the VB
and CB. The position of CB of Zn-MoS; rose to —0.88 eV, while that of
ZIF-8 fell to —0.40 eV. The CB of Zn-MoS; was higher than that of ZIF-8,
so electrons on the CB of Zn-MoS; can be transferred to the CB of ZIF-8.
The built-in electric field (yellow area) also speeds up electron migra-
tion. Therefore, the synergy of band offset and built-in electric field,
photogenerated electron-hole pairs were effectively separated, which
was the typical character of a P-N heterojunction. The 0, generation
production is closely related to electrons and holes (O5 + e — 05°~ +h™
— 102) [43]. The CB of ZIF-8 (—0.40 eV) is higher than O2/05*~ (-0.33
eV), indicated the oxygen can be converted to O3~ by electrons [44].
Then O5° — will change to 10, in the VB position of Zn-MoS; under the
action of holes. This process occurs continuously. In the summary, the
reaction process can be described as follows: Oxygen is first adsorbed by
MOF, and electrons and holes in Zn-MoS, are separated under 660 nm
light excitation. Under the influence of the built-in electric field, the
recombination of electrons and holes is inhibited, the adsorbed oxygen
can be reduced under the action of electrons, and then reactive oxygen
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species are generated.

3.4. In vitro antibacterial activity

Spread plate method was used to detect the material’s antibacterial
ability. As shown in Fig. 5A, in comparison with the control group in the
dark for 20 min, there was almost no change in the colony of all
experimental groups under the same condition, suggesting little anti-
bacterial activity of all materials in a short time in the dark In contrast,
after irradiation under 660 nm light for 20 min, the bacterial colonies on
the plate of the MoS, group, Zn-MoS; group and ZnDMZ immediately
decreased compared to the control group, suggesting that both ZIF-8 and
MoS; had some antibacterial activity under 660 nm light irradiation.
Notably, only few scattered bacterial colonies appeared in ZnDMZ
group, suggesting the highest antibacterial efficacy of ZnDMZ against
S. aureus. The corresponding antibacterial efficacy was shown in Fig. 5B.
The antibacterial efficacy of ZIF-8, MoSy, Zn-MoS;, ZnDMZ was
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12.13%, 5.03%, 10.361%, 9.703%, respectively. ZIF-8 and ZnDMZ
could release part of zinc ions, and zinc ions had bactericidal effect.
Therefore, ZIF-8 and ZnDMZ groups showed certain bactericidal effi-
ciency under dark conditions. After 660 nm light irradiation for 20 min,
the antibacterial efficacy of the control group was close to zero, indi-
cating no toxic effect of 20 min 660 nm light irradiation on bacteria. The
antibacterial rate of the ZIF-8 group was 17.9754% under light irradi-
ation, slightly higher than the one in the dark, indicating that light
irradiation had a relatively small effect on ZIF-8 due to the slow release
of Zn ions. The obvious enhancement of antibacterial efficacy of
Zn-MoS; (69.87%) and MoSy (59.96%) was ascribed to the photo-
thermal and photocatalytic effects excited by 660 nm light irradiation
[22] ZnDMZ exhibited the highest antibacterial efficacy of 99.70%,
which was to the synergistic effects of enhanced photocatalytic perfor-
mance, hyperthermia and released Zn ions of the synthesized materials
under 660 nm light irradiation.

Bacterial morphologies were further observed by FE-SEM to verify
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the above antibacterial efficacy (Fig. 5C). In dark conditions, the bac-
teria in all groups were smooth and intact, indicating no damage of
bacterial membrane. In contrast, after light irradiation, the membrane of
bacteria in Zn-MoS; and ZnDMZ was seriously wrinkle and even broken
(marked with red arrows), which was due to the damage of ROS and
hyperthermia produced from the synthesized materials under light
irradiation.

3.5. Invitro cytocompatibility

As an important cell line for wound healing, NIH-3T3 was used to
evaluate the biocompatibility of materials. As shown in Fig. S9a, the
three groups of MoS;, Zn-MoS;, and ZnDMZ showed good cyto-
compatibility, which was ascribed to the lamellar structure of MoS;
because the nanosheet-like structure could provide enough active sites
for the cell to spread and grow. The ZIF-8 exhibited obvious toxic effect
on cells, which might be ascribed to the excess of released zinc ion [45].
Phototoxicity of the samples was measured with the light irradiation for
20 min. As shown in Fig. S9b, pure light was nontoxic to cells. In
contrast, light irradiated MoS;, Zn-MoS, and ZnDMZ showed a cell
survival rate of 54.71%, 50.83% and 49.56%, respectively. The reduc-
tion was ascribed to the hyperthermia and ROS produced by the mate-
rials under light excitation, which killed the cells or weakened the
activity of the cells. After 3 days of culturing, the cell viability rose up to
over 80%, suggesting that the cytotoxicity caused by photothermal and
ROS was reversible as culturing time increased. The fluorescence
staining images of cells (Fig. S10) that the cells in the control group
exhibited normal state with intact cytoplasm and nucleus. Compared
with the control group, MoS,, Zn-MoS, and ZnDMZ cells had more
filopodia extending around, indicated that these three materials pro-
moted cell growth, due to the nanosheet-like structure of MoS,. In the
case of Zn-MoS; and ZnDMZ, besides MoS,, trace amount of zinc ion
may be also affected the cell behaviors [46]. However, the large amount
of release Zn ions induced the death of cells, which contributed to the
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shrink shape of cells in the group of ZIF-8. Fig. S11 was the release of
Zinc ions of ZIF-8 and ZnDMZ. When MoS, is introduced, the release of
zinc ions decreases obviously, which makes the toxicity of the material
decrease significantly.

3.6. Wound healing and biosafety

The wound healing was evaluated by a model of mouse wounds with
skin and the wound healing process at different time points were illus-
trated in Fig. 6A. After 10 days treatment, the wounds of the ZnDMZ-
treated mouse were basically healed, while significant wounds of the
Control group and 3 M group remained unhealed. As shown in Fig. 6B,
the wound area was calculated and line chart was drawn. Group ZnDMZ
had the best therapeutic effect in terms of wound healing trends,
compared to group Control and group 3 M. After two days of treatment,
all groups showed varying degrees of infection, as shown by GIMESE’s
stain (Fig. 6C). The number of bacteria in the wound treated with
ZnDMZ was significantly lower than compared to other groups. And
neutrophils, which are found in soft tissue, are an effective indicator of
the degree of bacterial infection, the more neutrophils the greater the
degree of bacterial infection. A 10-day H&E stain (Fig. 6D), could reveal
the number of neutrophils at the wound site. The number of neutrophils
in the control and 3 M groups were significantly higher than that in the
ZnDMZ group. The above data could show that the treatment effect of
ZnDMZ was the best. The staining analysis of heart, liver, spleen, lung
and kidney (Fig. 6E) showed that after 10 days of treatment, no ab-
normalities were found in these major organs of mice, indicating that the
synthesized materials were safe in the body.

4. Conclusion
In this work, we successfully prepared MOF-based heterojunction,

which has good bacteria-clearing effect under 660 nm light excitation.
In addition, this synthesized material also has good biocompatibility and
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Fig. 6. (A) The actual image of wound sizes of Control group, 3 M group, and ZnDMZ group with 660 nm light of 0, 2, 5, and 10 days. (B) Wound area changes
statistics of different samples with different days. (C) Giemsa staining for residual bacterial detection in reconstructed skin tissues in two days, scale bar = 100 pm.
(D) H&E staining for histological analysis of the reconstructed skin tissues in 10 days, scale bar = 100 pm. (E) H&E staining images of heart, liver, spleen, lung, and

kidney of rats are obtained by H&E staining after 10 days.

wound healing effect. The work function of the prepared nanosheet-like
MoS; is reduced by zinc ion doping, and the separation of electrons and
holes is better promoted. Basically, the introduction of MOF can not only
form a built-in electric field at the interface to further promote the
separation efficiency of photogenerated electron-hole pairs, but also
increase the adsorption of oxygen species, which provides more favor-
able places for the generation of singlet states. Consequently, it will
strengthen the photodynamic therapeutic effects to kill bacteria and
eliminate infection. This work utilizes the technique of Zn-doping to
reduce the work function of semiconductor and then constructs a het-
erostructured hybrid by utilizing the work function difference between
the electroconductive MOF and Zn-doped MoS;, which endows the
synthesized materials with powerful antibacterial ability and wounds
healing ability. The current study will provide new insight for devel-
oping not only MOF-based photo-excited bacteria-killing materials, but
also photo-electrical devices such as solar cell modules and photoelectric
Sensors.
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