
Materials Today Bio 18 (2023) 100552
Contents lists available at ScienceDirect

Materials Today Bio

journal homepage: www.journals.elsevier.com/materials-today-bio
The CuO and AgO co-modified ZnO nanocomposites for promoting wound
healing in Staphylococcus aureus infection☆

Lisong Ye a,1, Xiaojun He b,1, Enoch Obeng b, Danyan Wang c, Dongyang Zheng a, Tianxi Shen a,
Jianliang Shen b,c,***, Rongdang Hu a,**, Hui Deng a,*

a School of Stomatology, Wenzhou Medical University, Wenzhou, Zhejiang, 325035, China
b School of Ophthalmology & Optometry, School of Biomedical Engineering, Wenzhou Medical University, Wenzhou, Zhejiang, 325035, China
c Wenzhou Institute, University of Chinese Academy of Sciences, Wenzhou, 325000, China
A R T I C L E I N F O

Keywords:
CuO@AgO/ZnO NPs
Photothermal therapy
Antibacterial
Anti-biofilm
Wound healing
☆ All authors have approved the final version of
* Corresponding author.
** Corresponding author.
*** Corresponding author. School of Ophthalmolo
China.

E-mail addresses: shenjl@wiucas.ac.cn (J. Shen)
1 These authors contributed equally to this work

https://doi.org/10.1016/j.mtbio.2023.100552
Received 25 October 2022; Received in revised for
Available online 14 January 2023
2590-0064/© 2023 The Authors. Published by Else
nc-nd/4.0/).
A B S T R A C T

Bacterial has become a common pathogen of humans owing to their drug-resistant effects and evasion of the host
immune system, with their ability to form biofilm and induce severe infections, a condition which has become a
primary public health concern globally. Herein, we report on CuO@AgO/ZnO NPs antibacterial activity enhanced
by near-infrared (NIR) light which was effective in the elimination of Staphylococcus aureus and the Pseudomonas
aeruginosa. The CuO@AgO/ZnO NPs under NIR significantly eradicated S. aureus and its biofilm and P. aeruginosa
in vitro, and subsequently exhibited such phenomenon in vivo, eliminating bacteria and healing wound. This
demonstrated the combined intrinsic antibacterial potency of the Cu and Ag components of the CuO@AgO/ZnO
NPs was enhanced tremendously to achieve such outcomes in vitro and in vivo. Considering the above advantages
and facile preparation methods, the CuO@AgO/ZnO NPs synthesized in this work may prove as an important
antibacterial agent in bacterial-related infection therapeutics and for biomedical-related purposes.
1. Introduction

As one of the leading causes of global mortality, bacterial infections
have become a great public concern. The bacterial resistance to tradi-
tional antibiotics and the difficulties accompanying the treatment of the
infections-associated disease had contributed immensely to the cost of
treatment, with billions of monies being spent every year around the
world [1–3]. The bacteria resistance tends to even intensify when it as-
sumes proliferation and complex communication processes to develop
into a biofilm. This has largely contributed to surgical and implant failure
[4,5]. Reports have attributed the resistance to uncontrolled and misuse
of antibiotics in an attempt to strictly treat infection-related conditions,
in the long round compounding the problem and greatly increasing the
financial burden for treatment [6,7]. Hence, it's paramount to develop an
alternative means to replace traditional antibiotics.

In recent years one of the few anti-infective therapies which have
this manuscript.
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gained recognition for their economical and effective means of eradi-
cating bacteria is photothermal therapy (PTT). The therapy employs
photothermal agents (PTAs) to effectively undertake therapeutic tasks
[8–10]. These PTAs directly absorb and convert light energy from a laser
to heat (localized hyperthermia) to effectively kill pathogenic organisms.
Also, the PTT allows for deep penetration of its target, hence suitable and
yet could be harmful when singly employed. Reports indicate that too
much ultraviolet light will be harmful to the human body, such as cancer,
whereas near-infrared light is completely harmless [11–13]. Considering
its advantages and controllability, PTT has a great prospect of being used
as part of the alternative process for tackling antibiotic resistance and
bacterial-related infections. In addition, Nanotechnology has presented
nanoparticles (NPs) as PTAs, this includes metal nanoparticles, conjugate
polymers, metal sulfides, etc. That can be grouped into either organic or
inorganic NPs [14–16]. A critical examination of both groupings brings
out their peculiar properties, which account for the outstanding and
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tremendous function of each grouping. These inorganic or organic NPs
could be singly employed or combined as nanocomposites to achieve a
synergistic antimicrobial function. Compared with organic antimicrobial
agents, inorganic antimicrobial agents such as Au NPs, Ti NPs, etc. Have
received more attention for their low toxicity, environmental friendli-
ness, and good stability against various bacteria [17–19]. On the one
hand, Zinc Oxide (ZnO) NPs are multifunctional inorganic material that
has widely been used for their favorable properties in biomedicine [20],
sensor [21], energy conversion [22], catalysis [23], and optical fields
[24], etc. In the field of biomedicine, it has been demonstrated that ZnO
NPs are useful at accelerating wound healing [25,26].

However, the photothermal efficiency and the antibacterial proper-
ties of ZnO NPs are reported to be relatively low [27,28]. Particularly, a
study shows ZnO NPs' antimicrobial activity was greatly enhanced after
their modification with other metal compounds [29]. Silver (Ag) NPs on
the other hand have greatly been used to modify ZnO NPs, due to their
intrinsic antibacterial property and catalytic activity [30–32]. Studies
indicate the release of Ag ions are able to bind with enzymes thiol groups
of bacteria to sequentially trigger cell death [33–35]. Furthermore,
among the inorganic NPs is the Cu-based NPs, an essential trace element
that has gained much attention owing to its essential properties. Like
other noble metals, Cu NPs demonstrates electric and thermal conduc-
tivity and have varying synthesis process. Cu NPs have been employed in
tumor, rheumatoid arthritis, antibacterial and other related treatments
[36,37]. Next, the Cu-based NPs requires mild synthesis process, they
have low toxicity and good biocompatibility. Copper oxide (CuO) NPs
was employed for their PTT properties, stable performance, angiogenesis
and bone cartilage formation effect [38,39]. For synergistical purposes
nanocomposites have been widely studied and gain attention as
mentioned earlier [40]. Hence developing of a nanocomposite with PTT
functionality will hold the possibility of significantly dealing with the
aforementioned menace.

Herein, we report on CuO and AgO co doped ZnO nanocomposites
prepared via the classic sol gel method, calcined at 600 �C to give an
impurity free CuO@AgO/ZnO NPs. CuO@AgO/ZnO NPs demonstrated
good photothermal stability, intrinsic antibacterial activity and syner-
gistically enhanced antibacterial efficiency under NIR. CuO@AgO/ZnO
Scheme 1. Schematic illustration of CuO@AgO/ZnO NPs fabrication
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NPs under NIR effectively killed both the Staphylococcus aureus and
Pseudomonas aeruginosa in vitro. Also, under the CuO@AgO/ZnO NPs
therapeutic nanocomposite, the rapid healing of S. aureus infected
wounds and the tremendous recovery of tissues with negligible inflam-
matory effect were demonstrated in vivo (Scheme 1). Finally, CuO@AgO/
ZnO NPs displayed good hemocompatibility and biocompatibility
demonstrating their prospect for treatment of bacterial infections, wound
healing and biomedically related application.

2. Experimental section

2.1. Materials

Zinc acetate (Zn (Ac)2), sodium hydroxide (NaOH), copper sulfate
(CuSO4), silver nitrate (AgNO3), and hydrochloric acid (HCl, 37%) with
>99.0 purity were obtained from Sigma-Aldrich. Polyethylene glycol
(PEG, Wt ¼ 400), hydrazine hydrate (N2H4 H2O, 50%), L-ascorbic acid
(AA), and Ethanol were obtained from Nanjing Reagent. Working solu-
tions were used as obtained, and deionized water was used in dilutions
and other preparations.
2.2. Synthesis of ZnO and CuO@AgO/ZnO NPs

As reported by Cao and Nie et al. [41,42], Zn(Ac)2 and NaOH were
firstly dissolved in equal parts to give 60 mL of 0.1 mol L�1 Zn (Ac)2
solution and 60 mL of 0.5 mol L�1 NaOH solution. The solutions were
thoroughly mixed using a magnetic stirrer for 6 h. The pH was carefully
adjusted between 10 and 11 during the mixing and stirring process. The
solution was then transferred to a 180 mL autoclave and kept in an oven
at 185 �C for 12 h, to obtain the ZnO nanocrystals. The obtained white
precipitate was washed alternately with deionized water and 100%
ethanol. The step was repeated five times and the product was repeatedly
redispersed and filtered. The product was desiccated at 70 �C for 8 h. This
was followed by calcination at 600 �C for 5 h to give the ZnO NPs. Using
the same procedure, CuO and AgO were successfully fabricated. Next,
with a mole ratio of 0.05 for ZnO, CuO, and AgO respectively, their
resulting nanopowders were redispersed in deionized water and stirred
and the antibacterial effect in a wound-infection model in vivo.
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on a magnetic stirrer continually for 4 h. The product (CuO@AgO/ZnO)
obtained was once again dried and calcinated as done earlier (600 �C, 5
h) and the resulting product (CuO@AgO/ZnO NPs) was characterized.
2.3. Characterization of ZnO and CuO@AgO/ZnO NPs

Using Technai G2 F20 microscope for the Transmission electron mi-
croscopy images and High-resolution transmission electron microscopy
(HRTEM), D/MAX 2005 Rigaku X-ray diffractometer for the X-ray
diffraction patterns (XRD), Thermo Fisher X-ray photoelectron spectro-
photometer K-alpha for X-ray Photoelectron Spectroscopy (XPS) and
CARY 5000 spectrophotometer for the UV–vis Spectroscopy the structure
and morphology of ZnO and CuO@AgO/ZnO NPs were characterized.
CuO@AgO/ZnO NPs were labeled as CAZ.
2.4. In vitro cytotoxicity study

Before conducting the antibacterial and animal experiments, the
biosafety of CAZwas first tested using L929 fibroblasts. 100 μL aliquots of
different concentrations of CAZ solutions were added to 96-well plates in
which L929 cells in the logarithmic growth phase existed. The control
group was treated with PBS and after exposed to NIR (808 nm, 2W cm�2,
7 min). After 48 h, an equal amount of MTT solvent was applied to each
well and mixed well. The absorbance of each well was measured with a
microplate reader after 4 h. The cell viability of the control group was
designated as 100% for the final data analysis.
2.5. In vitro antibacterial tests

The antibacterial performance of CAZ was evaluated using S. aureus
and P. aeruginosa as model strains. For the in vitro antibacterial experi-
ments, 100 μL of S. aureus and P. aeruginosa-diluted liquid broths were
separately added to each well of a 96-well plate, followed by treatment
with, 100 μL of PBS, ZnO, and CAZ solution (200 μg mL�1). After thor-
ough mixing, the sample was placed in a bacterial incubator at 37 �C for
2 h, and then irradiated with NIR light (808 nm, 2 W cm�2, 7 min). After
a 4 h additional incubation at 37 �C, the mixture was diluted (1:400) with
sterile PBS and 25 μL of each diluted sample was spread on the surface of
a tryptic soy agar plate. After 16 h of incubation at 37 �C, multiple counts
of S. aureus and P. aeruginosa colonies formed on the surface of the plates
were quantified, and the results were used to evaluate the antibacterial
performance. In addition, a live/dead staining assay was performed, and
PBS, ZnO, and CAZ-treated bacteria were stained by adding the appro-
priate amount of LIVE/DEAD BacLight reagent, and later observed with
the confocal fluorescence microscopy imaging system.
2.6. Biofilm assay of S. aureus

Under the in vitro biofilm assay, 200 μL of PBS, ZnO, CAZ treated
bacteria and treatments exposed to NIR irradiation were first transferred
to a six-well plate, and then an equal amount of 3 mL of fresh trypsin soy
broth was added to each well. Quantitative measurements were per-
formed with crystal violet staining after 48 h incubation under 37 �C of
bacterial culture. Specifically, the six-well plate was washed three times
with PBS to wash off planktonic bacteria that did not form a biofilm.
0.2% crystal violet was added for 20 min staining and the excess crystal
violet was washed off with PBS. Finally, 33.3% acetic acid was added to
dissolve the crystal violet in the biofilm, and the biofilm content was
evaluated by measuring the absorbance with a microplate reader at a
wavelength of 595 nm [43]. Biofilms were later stained with mixed
calcein-AM/PI dyes living/dead cell double staining kit (HRO444) in the
dark for 15 min and afterward, visualized with a fluorescence confocal
microscope (Nikon Eclipse Ti A1, Japan). Three parallel groups were set
for each condition group.
3

2.7. Hemolysis assay of S. aureus

The hemolytic activity of S. aureuswas performed by centrifuging the
suspensions of bacteria treated differently with PBS, ZnO, and CAZ at
5000 rpm for 10 min, and the supernatants were collected. Meanwhile,
fresh rabbit erythrocytes were washed 3 times with PBS to remove
damaged erythrocytes. 0.5 mL of bacterial supernatant and 0.5 mL of
rabbit erythrocyte solution were mixed and left to stand for 1 h at 37 �C.
Final centrifugation at 5000 rpm for 10 min was performed to collect the
supernatant of each group of mixtures. The supernatant's hemoglobin
content was analyzed by measuring the absorbance at a wavelength of
595 nmwith a microplate reader, to reflect the hemolytic activity of each
group. Three parallel groups were set for each condition group.

2.8. Bacterial morphology study

The morphology of bacteria treated with PBS, ZnO, and CAZ under
808 nm NIR irradiation was evaluated by using scanning electron mi-
croscopy. 100 μL of separately treated S. aureus and P. aeruginosa solu-
tions were added to 900 μL of 2.5% glutaraldehyde solution, fixed at 4 �C
for 12 h and after being treated with different gradients of ethanol so-
lutions (50%, 70%, 80%, 90%, 95%, & 100%) for dehydration, each step
was carried out for 10min 5 μL of the bacterial solution was then dropped
onto the silicon wafer. The silicon wafers were dried in an oven at 60 �C
for 12 h and then coated with ultrathin gold by sputtering and further
imaged using a Hitachi Su 8010 instrument at 3.0 kV.

2.9. Bactericidal effect in vivo

All animal experiments were performed in accordance with the stated
guidelines of the Animal Ethics Committee of Wenzhou Medical Uni-
versity (SYXK-2021-0020).

The In vivo antibacterial assay was investigated by establishing a local
wound healing model using BALB/c mice. Firstly, the hair on the back of
the mice was removed with a razor and a depilatory cream, and the area
was disinfected. A hole puncher was then used to create a small equal-
sized prototype wound on the back of the mice. Next, a suspension of
S. aureus (10 μL, OD600 ¼ 0.5) was evenly spread on the mouse wound to
cause wound infection. And then 20 μL of PBS, ZnO, and CAZ suspension
were injected into the wound site and further exposed to 808 nm NIR
irradiation. An infrared thermal imager was used to observe and record
the skin temperature changes near the wounds of the mice. A digital
photograph of the wound site was taken every two days. Image J software
was used to analyze the digital photos to calculate the change in wound
area in BALB/c mice. The bacterial content in the wounds of mice in
different groups was quantified by the standard plate count method to
evaluate the bacteria effect in vivo. Histological analysis of skin sections
was performed using hematoxylin-eosin staining, Gram staining, and
Masson staining to determine the in vivo antimicrobial treatment effect of
CAZ under NIR. Also, the main organs (heart, liver, spleen, lung, and
kidney) of the mice in all the groups were acquired for HE staining and
their blood samples were collected for biochemical analysis. Three par-
allel groups were set for each condition group.

2.10. Photothermal effect of CAZ

The evaluation of the photothermal efficiency was performed by
irradiating, 100 μL of CAZ solution with 808 nm NIR light at room
temperature. At the same time, the temperature change of the solution
was detected with an infrared imager to obtain the heating-cooling curve
of CAZ. The photothermal conversion efficiency (η) was calculated by the
following formula:

η¼ hS ðTmax;CAZ � TsÞ � Q0

I
�
1� 10�A808

� (1)
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τs ¼mdCd

hS
(2)

Q0 ¼ hS ðTmax;water � TsÞ (3)

The value of τs, the characteristic thermal time constant, can be deter-
mined by using the linear regression curve in the cooling curve. The mass
and heat capacity of the solutions were represented by md and Cd,
respectively. Consequently, the value of hS could be derived from the
calculation. In Equation (3), Tmax, water, and Ts represented the stable
maximum temperature of water and room temperature, respectively. The
Q0, which can be calculated from Equation (3), represents the back-
ground energy input without CAZ. Tmax, CAZ represents the steady-state
maximum temperature of the CAZ solution under the experimental
conditions, I represent the near-infrared laser power, and A808 represents
the absorbance of CAZ at 808 nm NIR. Finally, the above data were
substituted into Equation (1) to calculate the photothermal conversion
efficiency of CAZ.
Fig. 1. Characterization of ZnO and CAZ NPs. (a–b) TEM images, (c–d) HRTEM imag
spectra of Zn 2p region, (h) O1s region, (i) Ag 3 d region. (j) And Cu 2p region. (ki
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2.11. Statistical analysis

All experimental data including cytotoxicity, in vitro antibacterial,
anti-biofilm, hemolysin inhibition, and in vivo antibacterial were
expressed in the mean � standard deviation (SD). The statistical data
were analyzed by a student's t-test. The difference was statistically sig-
nificant when p < 0.01, and p < 0.001, which were highly significant.
Data analysis and graph plotting were done using GraphPad Prism
Software 9.3 (USA).

3. Results and discussion

3.1. Synthesis and characterization of ZnO and CAZ

Nanoparticles were successfully synthesized and the structural
morphology was characterized. As displayed in the TEM images ZnO
could clearly be distinguished from the CuO/AgO/ZnO (Fig. 1a and b).
Accordingly, the size range of the ZnO was 81.63 nm–128.92 nm with an
average size of 105.85 nm, and that of CuO/AgO/ZnO was 59.77
nm–110.44 nm having an average size of 85.03 nm (Fig. 1c). These re-
sults showed the well dispersion of Cu, Ag, and Zn in the CuO/AgO/ZnO
es, (e) XRD patterns, (f) the XPS survey spectrum of ZnO and CAZ NPs, (g) XPS
-kv) Elemental mapping of the CAZ NPs (scale bar: 200 nm).
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nanocomposite. The HRTEM revealed an interplanar spacing of lattice
size estimated at 0.090 nm, 0.088 nm, and 0.070 nm for the ZnO, CuO,
and AgO respectively (Fig. 1d). Further evaluation of the crystallinity and
purity of ZnO and CuO/AgO/ZnO was accomplished via XRD analysis. As
shown in (Fig. 1e) the XRD pattern of ZnO marched the hexagonal
wurtzite structure (JCPDS card no. 36–1451) with peaks position of
(100), (002), (101), (102), (110), (103) (112), (201) and (202) appearing
at 31.76⁰, 34.42⁰, 36.22⁰, 47.50⁰, 56.57⁰, 62.90⁰, 67.94⁰, 69.14⁰ and
77.31⁰. The presence of Cu and Ag unveiled different peaks (111) (200)
(220) marked with (red *) at 44.4⁰2, 50.53⁰ and 74.06⁰ in the Cu and
38.10⁰,44.28⁰,64.44⁰ in the Ag. Although some peaks of Cu were not
Fig. 2. Photothermal performance and conversion efficiency of CAZ NPs. (a) UV–vis–
Temperature curves of 200 μL CAZ NPs dispersions with different concentrations after
CAZ NPs dispersion (200 μg mL�1, 200 μL) under different powers densities of 808 nm
cycles (200 μg mL�1, 2.0 W cm�2). (e) The rise and cooling down of the tempera
cooling period.
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much visible which could be attributed to the intensity and strength of
the other elements. However, the presence of known peaks shows the
absence of impurity. As shown in (Fig. 1f), the chemical composition was
further analyzed with XPS. The XPS spectrum revealed signals and peaks
of 1021.26 eV and 1044.42 eV for Zn2p in the ZnO, 1021.72eV and
1044.89 eV for Zn2p in the CuO/AgO/ZnO (Fig. 1g). The binding energy
peaks of O1s in the ZnO were 530.32 eV and 532.06 eV, and that of CuO/
AgO/ZnO was estimated at 530.17 eV and 531.86 eV (Fig. 1h). In
addition, 3d5/2 and 3d3/2 of the Ag were 367.47 eV and 373.47 eV
respectively, and that of Cu 2p was 933.24 eV (Fig. 1i and j) which were
all in tandem with previous reports, the display of element C by the XPS
NIR absorption spectra of CAZ NPs dispersions with different concentrations. (b)
10 min of irradiation (808 nm, 2.0 W cm�2). (c) Temperature variation curves of
NIR. (d) The heating and cooling curves of CAZ NPs under five on/off NIR laser

ture level of CAZ NPs. (f) Linear fitting plots of time versus �ln θ during the
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spectrum could be attributed to the XPS device [44–47]. Furthermore,
images of the elemental mapping confirmed the presence of Zn and O in
the ZnO NPs and Zn, Cu, Ag, and O in the CuO@AgO/ZnO nano-
composites (Fig. 1 ki-kv). All these results demonstrate the successful
synthesis of the ZnO and CuO@AgO/ZnO with the absence of impurity.
3.2. Photothermal performance of CAZ

A crucial phenomenon expected of a good photothermal agent is the
state of absorption and conversing efficiency [48]. Remarkably, CAZ
displayed a strong and wide range of absorbance in the near-infrared
Fig. 3. In vitro antibacterial activity of CAZ NPs. (a) Infrared thermal images of PBS,
changes of S. aureus solution during treatment with PBS, ZnO, and CAZ NPs under 80
and (d) P. aeruginosa under different treatments. Bacterial viability of (e) S. aureus a
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region, that positively correlated with its concentration (Fig. 2a). The
photothermal performance was evaluated based on the exposure of a
series of CAZ concentrations (50, 100, 200, 400 μg mL�1) to NIR irra-
diation (808 nm, 2 W cm�2) for 10 min (Fig. 2b). The temperature of
concentration 200 μg mL�1 rose rapidly to 55 �C within a time point of
about 7 min. Next exposure of the 200 μg mL�1 to varying NIR irradiation
of different power densities showed that CAZ temperature rise was
dependent on the power density and irradiation time (Fig. 2c). This
demonstrated that CAZ exhibited a photothermal effect which is greatly
influenced by its concentration, power density of laser, and laser irradi-
ation time. Also, to evaluate the photothermal stability, CAZ suspension
ZnO, and CAZ NPs under 808 nm NIR irradiation (2.0 W cm�2). (b)Temperature
8 nm NIR irradiation. Photographic images of bacterial colonies of (c) S. aureus
nd (f) P. aeruginosa under different treatment conditions. ***p < 0.001.
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was exposed to NIR (808 nm, 2W cm�2, 10 min) and under 5 on/off laser
cycles CAZ showed significantly stable performance without any
remarkable changes (Fig. 2d). Surprisingly the photothermal conversion
efficiency (PCE) displayed by the on/off laser curve was 23.0% (Fig. 2e
and f), which was higher than other traditional nanoparticles such as Au,
Pt, etc. [49–51], a demonstration of CAZ's ability to withstand heat over a
prolonged period and possession of high photothermal stability. These
results suggested that CAZ could be employed as an effective PTA to
generate heat from NIR.
3.3. In vitro antibacterial activity of CAZ

Motivated by CAZ photothermal performance, we evaluated the
antibacterial activity in vitro using the standard plate count method. The
bacteria strains employed were S. aureus (Gram-positive) and
P. aeruginosa (Gram-negative). The minimum inhibition concentration
(MIC) was first assessed from series CAZ concentration (0, 50, 100, 200,
400, 800, 1600, 3200, and 6400 μg mL�1). Compared to the MIC (1600
μg mL�1) for both S. aureus and P. aeruginosa, 200 μg mL�1 was adequate
to be used in further evaluations considering its usage with NIR (Fig. S1,
Supporting Information). Treatments were divided into six groups (I) PBS
(II) PBS þ NIR (III) ZnO (IV) ZnO þ NIR (V) CAZ, and (VI) CAZ þ NIR.
Next, 100 μL of PBS, ZnO, and CAZ suspension were employed in the
groups containing PBS, ZnO, and CAZ respectively and all groups with
NIR were exposed to laser irradiation (808 nm, 2 W cm�2, 7 min). The
temperature of PBS, ZnO, and CAZ-treated S. aureus monitored with the
thermal imager indicated the rapid rise in the temperature of the CAZ þ
NIR group (Fig. 3a and b), compared to the other groups, a demonstration
Fig. 4. Morphological changes of bacteria after incubation with CAZ NPs. SEM imag
NPs under 7 min of 808 nm NIR irradiation (2.0 W cm�2). Control groups treated w
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of the photothermal performance of CAZ. The PBS, PBS þ NIR, ZnO, and
ZnO groups exhibited negligible antibacterial effects in both S. aureus and
P. aeruginosa (Fig. 3c and d). On the contrary CAZ, CAZ þ NIR groups
demonstrated some bactericidal activity, which was obviously remark-
able in the CAZ þ NIR group with 97.22% and 97.13% bactericidal rates
in the S. aureus and P aeruginosa respectively (Fig. 3e and f). This
demonstrated that CAZ has an intrinsic bactericidal property which had
an insignificant impact on the bacterial activity when solely used, but
could combine with the NIR to enhance this intrinsic ability and syner-
gistically eradicate bacteria. The intrinsic ability of the CAZ could be
attributed to the Cu and Ag in the nanocomposite. Ag has a great influ-
ence on the ATP production and respiration of bacteria which could
easily trigger cell death [52–54]. Also, the Cu potent antibacterial effi-
cacy could be ascribed to the release of ions that trigger intracellular
oxidative stress, genotoxicity, and subsequently cell death [55,56].
Furthermore, an investigation of the bacterial morphology with scanning
electron microscopy (SEM) showed the globular and rod shapes of the
S. aureus and P. aeruginosa were intact in the PBS, ZnO, ZnO þ NIR, and
CAZ groups (Fig. 4a and b). However, the CAZ þ NIR group displayed
significant wrinkling and collapse of the membrane in both S. aureus and
P. aeruginosa. These confirm the results from the antibacterial assay and
demonstrate that CAZ under NIR could completely eradicate bacteria via
its synergistic activity.
3.4. In vitro antibiofilm activity of CAZ

Further deciphering of the in vitro antibacterial performance was
investigated in a biofilm assay via the crystal violet calorimetric method.
es of (a) S. aureus and (b) P. aeruginosa after treatment with PBS, ZnO, and CAZ
ith and without NIR irradiation (scale bar: 1 μm).
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Biofilms are microbial particles that aggregate via complex communi-
cation mechanisms [57,58]. As shown in (Fig. 5a), S. aureus biofilms in
the CAZ and CAZ þ NIR groups were significantly disrupted but were
more obvious in the CAZ þ NIR group. This suggested that the intrinsic
antibacterial activity of CAZ could yield an effect after a prolonged
period. On the contrary, the biofilm yield in the PBS, ZnO, and ZnOþNIR
increased, which indicated negligible antibacterial or antibiofilm activity
(Fig. 5b). The complete disruption of biofilm in the CAZ þ NIR group
showed that the antibacterial therapeutic activity of CAZ was enhanced
under NIR. The live/dead staining assay was finally used to investigate
the antibiofilm performance of CAZ under calcein-AM and Propidium
iodide (PI) (Fig. 5c). S. aureus with intact membranes was stained with
green fluorescence and red fluorescence represented dead bacteria
stained by PI. Red fluorescence in the CAZþNIR group was an indication
of the significant bacteria disruption. Similarly, the evaluation of
S. aureus under the live/dead staining assay confirmed the plate count
assay and SEM results (Fig. S2, Supporting Information). One contrib-
uting factor to the generation of local purulent infection is the secretion
of extracellular toxins by S. aureus [59,60]. Therefore, we investigated
the inhibition rate of hemolysin. Bacteria treated under different condi-
tions as stated in the experimental section were centrifuged at high
speed, and then the supernatant was mixed with rabbit red blood cells.
Following exposure to NIR, CAZ-treated S. aureus secreted less than
14.5% hemolysin compared to the control group (Fig. S3, Supporting
Information). This result confirmed that CAZ has a good inhibitory effect
Fig. 5. Inhibition of biofilm of S. aureus. (a) Digital images of biofilm formation of S.
for 48 h. (b) Quantitative representation of the biofilm formation under different cond
calcein-AM/PI under different treatments (scale bar, 100 μm).
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on the secretion of S. aureus hemolysin, and can easily be employed to
target S. aureus in vivo.
3.5. In vivo antibacterial performance of CAZ

Inspired by the excellent antibacterial activity in vitro, we evaluated
the in vivo antibacterial activity via a bacteria-infected wound healing
therapy model in Balb/c mice (8 weeks) (Fig. 6a). First, the back of the
mice was shaved, disinfected with 75% ethanol, and randomly divided
into 4 groups: (I) PBS, (II) PBS þ NIR, (III) CAZ, and (IV) CAZ þ NIR.
Next, using a hole puncher small sized wounds were created on the back
of mice and injected with 10 μL (107 CFU mL�1), 20 μL of PBS, and CAZ
suspensions were later injected into the wounds of the various groups,
and the group with NIR exposed to (808 nm, 2 W cm�2, 7 min). The
temperature of the wound in the CAZ þ NIR group increased remarkably
reaching 55 �Cwithin a short period (Fig. 6b). As shown in (Fig. 6c), scars
began to appear in all the groups from day 2 and changed color as the day
progressed. The wound size in the CAZþ NIR reduced remarkably with a
recovery rate of 10.57%, compared to the PBS, PBS þ NIR, and CAZ
groups which showed a wound recovery rate of 41.62%, 41.38%, and
35.79% respectively (Fig. 6d). The scar in the CAZ þ NIR group reduced
significantly with complete disappearance after day 10. This phenome-
non was observed in plated bacteria collected from the healing skin. This
showed that the extent of the killing of bacteria in the wound could be
attributed to the presence of intrinsic antibacterial ability from the Cu
aureus with the addition of PBS, ZnO, and CAZ under NIR (808 nm, 2.0 W cm�2)
itions (n ¼ 3). ***P < 0.001. (c) Confocal images of S. aureus biofilms stained by



Fig. 6. Antimicrobial activity of CAZ NPs in vivo with a wound-infection model. (a) Schematic diagram of CAZ NPs for antibacterial therapeutic process in vivo. (b)
Infrared thermal images of mice after different treatments under NIR irradiation (808 nm, 2.0 W cm�2, 0–7 min). (c) Wound photographs of mice after different
treatments at varying treatment times and photographs of bacterial colonies after 10 days of treatment. (d) Quantitative statistics of corresponding wound areas of
infected mice after different treatments. (e) Quantitative statistics of bacterial colonies through standard plate counting assay (n ¼ 3). ***P < 0.001.
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and Ag, and the wound-healing effect from the Zn. Also, this indicated
that CAZ singly could not have allowed for wound healing but was
enhanced under the NIR. Further evaluation of the bacterial viability rate
demonstrated a chunk of bacteria in the PBS, PBSþ NIR, and CAZ groups
with a rate of 100.12%, 100.33%, and 95.42% respectively compared to
CAZþ NIR group which had 9.74% (Fig. 6e). All these demonstrated that
the extent and period of bacterial infection affected wound healing and
that CAZ wound healing therapeutics were enhanced under NIR.

3.6. Histopathology and biosafety evaluation

Further investigation of the treatment of the S. aureus infected wound
was carried out by employing HE, Gram, and Masson staining (Fig. 7a).
The presence of enormous neutrophils in the PBS group exhibited the
remarkable gathering of inflammatory cells (yellow arrows) owing to
infection. Moreover, the CAZ þ NIR group displayed a significantly
decreased presence of S. aureus based on the Gram staining (red arrows).
Also, epidermal layers and collagen fibers remained intact (green arrows)
in the CAZ þ NIR group, an indication of perfect re-epithelization and
good therapeutic efficacy of CAZ under NIR. These results demonstrated
Fig. 7. (a) Histological staining results of mice-infected wounds under different treatm
H&E staining images of major organs after different treatments. (Scale bar: 200 μm)
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that CAZ's intrinsic therapeutic effect was enhanced under NIR.
Furthermore, confirmation of the toxicity of CAZ in vivo was evaluated
via HE staining. The main organs (heart, liver, spleen, lung, and kidney)
showed no abnormality, an indication of CAZ þ NIR biocompatibility,
and negligible side effects (Fig. 7b). To confirm the biosafety of CAZ, an
MTT assay was carried out for 48 h to assess the toxicity using L929 cells
under a series of CAZ concentrations (0, 50,100, 200, 400, and 800 μg
mL�1) under (808 nm, 2 W cm�2, 7 min). As shown in (Fig. S4, Sup-
porting Information), almost 90% of the cells remained viable, an indi-
cation of negligible toxicity and biocompatibility of CAZ. In addition,
blood chemical indexes: aminotransferase (ALT), aspartate aminotrans-
ferase (AST), alkaline phosphatase (ALP), and blood urea nitrogen (BUN)
showed no remarkable blood toxicity (Fig. 8a–d), Similarly, the blood
routine indexes: white blood cell (WBC), red blood cell (RBC), hemo-
globin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean
corpuscular hemoglobin (MCH), platelet count (PLT) and mean platelet
volume (MPV) (Fig. 8e–L), showed no obvious abnormality. All these
prove the biocompatibility, hemocompatibility, and negligible toxicity of
CAZ under NIR.
ents, including H&E, Gram stain, and Masson on day-10 (scale bar: 100 μm). (b)
.



Fig. 8. Biosafety evaluations of CAZ NPs in vivo. Blood biochemistry examination, including (a) ALT, (b) AST, (c) ALP, and (d) BUN. Blood routine examination,
including (e) WBC, (f) RBC, (g) HGB, (h) HCT, (i) MCV, (j) MCH, (k) PLT, and (l) MPV of healthy mice after subcutaneous injection under different treatment
conditions at day-0, day-1, and day-10.
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4. Conclusion

In summary, we successfully fabricated CuO and AgO co-modified
ZnO nanocomposites, which have a good antibacterial activity that
could be enhanced under NIR for a synergistic effect. Intrinsic antibac-
terial activity is demonstrated by a number of nanoparticles; however,
their prolonged potency and effect are only demonstrated by a few
nanoparticles. The study demonstrates the combination of the intrinsic
antibacterial activity of both Cu and Ag with the support of the Zn
component of CuO@AgO/ZnO under NIR. The In vitro antibacterial test
suggested, that CuO@AgO/ZnO NPs could combine with NIR to syner-
gistically induce the killing of S. aureus and P. aeruginosa. Also,
CuO@AgO/ZnO NPs under NIR could disrupt S. aureus biofilm. More
importantly, the CuO@AgO/ZnO NPs remarkably eradicated S. aureus in
11
the infected wound and subsequently accelerated the healing of the
wound. CuO@AgO/ZnO NPs exhibited negligible inflammatory, cellular
or pathological abnormality demonstrating good biocompatibility. In all,
this work provides potential prospects for the treatment of bacterial in-
fections, promoting wound healing, and holds a promising strategy for
anti-infection therapy in the biomedical field.
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