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Background: Antibiotic resistance of many bacteria, including Methicillin-resistant Staphylococcus aureus (MRSA), has become
a major threat to global health. Zinc Oxide Quantum dots (ZnO-QDs) show good antibacterial activity, but most of them are insoluble
in water, limiting their application range, and there is a lack of research on drug resistance inducement.

Methods: The water-soluble zinc oxide quantum dots modified by APTES (ZnO@APTES QDs) were prepared by a microwave assisted
synthesis. Then ZnO@APTES QDs were characterized through various methods. After confirmation of synthesized ZnO@APTES QDs,
its bactericidal effect on MRSA was detected through in vitro and in vivo experiments, and its mechanism of action was analyzed.
Results: Characterization analysis revealed that the ZnO@APTES QDs have a particle size of 5 nm. The minimum inhibitory
concentrations (MIC) were determined to be 64 ug mL™" for Escherichia coli (E. coli) and 32 ng mL™' for MRSA. The ZnO@APTES
QDs showed significant inhibition of MRSA biofilm formation and effectively disrupted mature biofilms. Notably, the ZnO@APTES QDs
did not induce tolerance or resistance even after 30 days of repeated exposure, whereas antibiotics led to a rise in bacterial MIC within 3
days and a 60-fold increase after 30 days. Mechanistic analysis indicated that the positively charged quantum dots interact with bacterial
surfaces, altering membrane fluidity. Once inside the bacteria, the ZnO@APTES QDs generate reactive oxygen species (ROS), causing
DNA damage and bacterial cell death. Moreover, the ZnO@APTES QDs possessed good biocompatibility and demonstrated significant
therapeutic efficacy against drug-resistant bacterial infections in both macrophage and mouse wound infection models.

Conclusion: In summary, we have synthesized a highly effective water-soluble ZnO@APTES QDs that shows strong antibacterial
and therapeutic efficacy against MRSA and other bacteria. The ZnO@APTES QDs holds significant potential for development as
a new treatment agent for combating antibiotic-resistant infections.
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Introduction
Antibiotics have significantly contributed to saving human lives from bacterial infection in recent decades. However, the

extensive use of antibiotics has resulted in the emergence of numerous multidrug-resistant (MDR) bacterial strains,
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including the well-known “ESKAPE” superbugs such as MDR Acinetobacter baumannii (A. baumannii), MDR
Pseudomonas aeruginosa (P. aeruginosa), MDR Klebsiella pneumoniae (K. pneumoniae), MDR Enterobacteriaceae,
MDR Staphylococcus aureus (S. aureus), and vancomycin-resistant Enterococcus faecium (VRE). This has become
a major public health crisis globally."* Antibiotic resistance was directly caused 1.27 million deaths in 2019, and an
additional 4.95 million deaths were related to it. It is estimated that the death toll could be as high as 10 million by 2050.*
In some regions, as many as 90% of S. aureus infections are reported to be Methicillin-resistant Staphylococcus aureus
(MRSA).* Studies have shown that S. aureus can evade the killing of drugs through a complex variety of drugs resistance
mechanisms.” It can not only initiate Intrinsic resistance to antibiotics by changing outer membrane permeability, using
chromosomal encoded efflux pumps and producing antibiotic modifying enzymes and hydrolases. In addition, the
acquired resistance mechanism can also be activated through gene mutation and the acquisition of exogenous drug
resistance genes, thereby affecting the sensitivity of bacteria to antibiotics.® Therefore, there is an urgent need to explore
new antibacterial strategies, especially non-antibiotic treatments, such as nano biotics, bacteriophages, immunotherapy
and antimicrobial peptides, to address infections caused by MRSA.’

In the past few years, there has been a growing focus on exploring alternatives to antibiotics, where quantum dots
(QDs) offer a promising therapeutic strategy for addressing antibiotic resistance due to their antimicrobial properties.®
The nanoscale structure of zinc oxide QDs (ZnO-QDs) gives them unique advantages. Their particle sizes are usually
2—10 nm, which are far smaller than the cell diameters of most pathogenic microorganisms (usually 200—-1000 nm),
enabling it to easily penetrate the cell walls and cell membranes of bacteria, fungi and other microorganisms, directly into
the cell interior for destruction.” Meanwhile, ZnO QDs has strong oxidation and can generate a large number of reactive
oxygen species, which is one of the bactericidal mechanisms.'® Furthermore, ZnO QDs have the abilities to disrupt cell
membranes, interfere with specific metabolic pathways, and cause damage to DNA, all contributing to their bactericidal
effect."!
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ZnO QDs can be synthesized through chemical precipitation, hydrothermal, sol-gel methods using acetate precursors, and
ultrasonic chemical synthesis.'? The integration of microwaves with specific methods has garnered significant attention in
materials science due to its rapid volumetric heating, shortened reaction time, minimized side reactions, enhanced reaction
selectivity, energy efficiency, and improved production efficiency. Studies indicate that the antibacterial efficacy of nanoma-
terials is closely linked to their dispersion in water, with better dispersion resulting in enhanced antibacterial activity. The
limited availability of synthesis methods for water-soluble QDs and the scarce antibacterial applications of existing water-
soluble QDs have prompted the exploration of a novel water-soluble ZnO QDs for antibiotic resistance.'

In this study, we employed a microwave-assisted hydrothermal method to synthesize and modify ZnO QDs with
(3-aminopropyl) triethoxysilane (APTES), generating water-soluble ZnO@APTES QDs. The resulting ZnO@APTES
QDs showed potent antibacterial properties against MRSA without induction of resistance. These antibacterial effects
were primarily due to the disruption of DNA and bacterial cell membranes by the Reactive oxygen species (ROS)
generated by the ZnO@APTES QDs. Furthermore, the ZnO@APTES QDs exhibited limited cytotoxicity and hemolytic
activity towards mammalian cells, and significant therapeutic efficacy against drug-resistant bacterial infections in both
macrophage and mouse infection models.

Materials and Methods

Materials

Zinc acetate dihydrate (Zn (CH3COO),-2H,0 99.9%), potassium hydroxide (KOH 95%), APTES (99%), 8-Anilino-
I-naphthalenesulfonate (ANS), 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di- phenytetrazoliumromide (MTT), and glutaral-
dehyde (25% in H,0) were obtained from Macklin, China. Ethanol anhydrous (99.7%) and sodium chloride (99.5%)
were provided by Xilong Scientific, China. Yeast extract and tryptone were purchased from Oxoid (UK), phosphate-
buffered saline (PBS) from Coolaber, China. LIVE/DEAD BacLight Bacterial Viability Kits were purchased from
Invitrogen, USA. Dihydroethidium was obtained from Beyotime, China.2’,7’-Dichlorodihydrofluorescein diacetate
(DCFH-DA) was purchased from MedChemExpress, China. Bacterial DNA Genome Kit was purchased from Sangon,
China. All other chemicals were of analytical grade. RAW 264.7 cell was obtained from Servicebio, China.

Microorganisms, Media, and Growth Conditions

Escherichia coli (E. coli) ATCC25922, S. aureus ATCC25923, MRSA ATCC43300 were purchased from Shanghai
Luwei Technology Co., Ltd. Clinical strains such as MDR S. aureus, MDR K. pneumoniae, MDR A. baumannii and
MDR P. aeruginosa were provided by the Wangjing Hospital, Chinese Academy of Chinese Medical Science. Their
clinical code are shown in Table 1. MRSA ATCC43300 was cultured on soybean-casein digest agar medium (Trypticase
soy agar [TSA]) and in Trypticase soy broth (TSB) at 37°C; the other bacteria were cultured in Mueller-Hinton broth
(MHB) and on nutrient agar plates at 37°C.

Ethics Approval

Specific pathogen-free mice (ICR, female 6—8 weeks) were obtained from the Liaoning Experimental Animal Resource
Center (Shenyang, China). All experiments were approved by the Laboratory Animal Management Committee of
Shenyang Agriculture University (protocol: 20230511003) and were performed in compliance with the ethical guidelines
for laboratory animals in China (GB/T 35892-2018 and GB/T 35823-2018).

Microwave-Assisted Synthesis and Characterization of ZnO@APTES Quantum Dots
ZnO@APTES QDs were synthesized using a microwave-assisted hydrothermal method, referring to previous synthesis
methods with a novel modifications.'® Briefly, Zn(CH3COO),2H,0O was prepared as an aqueous solution at
a concentration of 0.2 mol L™' KOH was used as the alkali source and configured as an aqueous solution with
a concentration of 0.5 mol L™'. The alkaline solution was added to the precursor solution in a zinc-to-alkali molar
ratio of 1:1 and microwaved to 80 °C for 5 min. Subsequently, 2 mL of a 20% APTES aqueous solution was added,
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Table | MIC of ZnO@APTES and LEV Against Gram-Negative Bacteria and Gram-
Positive Bacteria

Strain Identification | ZnO@APTES | Levofloxacin | Levofloxacin
Number (ng mL™") (ng mL™") Susceptibility
E. coli ATCC25922 64 0.5 Sensitive
S. aureus ATCC25923 32 0.25 Sensitive
MRSA ATCC43300 32 0.25 Sensitive
MDR S. aureus 22110608 32 4 Resistant
22062928 32 4 Resistant
MDR K. pneumoniae | 22062812 256 0.125 Sensitive
22042909 128 128 Resistant
MDR A. baumannii 22063020 256 0.25 Sensitive
23021703 128 16 Resistant
MDR P. aeruginosa 22050420 256 4 Resistant

Abbreviations: E. coli, Escherichia coli. S. aureus, Staphylococcus aureus. MRSA, Methicillin-Resistant
Staphylococcus aureus. MDR, Multidrug-resistant. K. pneumoniae, Klebsiella pneumoniae. A. baumannii,
Acinetobacter baumannii. P. aeruginosa, Pseudomonas aeruginosa.

resulting in the formation of a white precipitate. The white precipitate was washed with anhydrous ethanol and dried in
an oven at 60 °C to obtain ZnO@APTES QDs.

The ZnO@APTES QDs were dissolved in water at a concentration of 1 mg mL ™', and the resulting solution was
observed under laser pointer and ultraviolet lamp irradiation. The water solubility of ZnO@APTES QDs was analyzed
using a UV-visible spectrophotometer (Thermo Fisher Scientific, US), with a water dispersion of ZnO nanoparticles
prepared in the laboratory as a control. The ZnO@APTES QDs were characterized using transmission electron microscopy
(TEM, JEOL F200, Japan), X-ray diffraction (XRD, Bruker D8 Advance, Germany), X-ray photoelectron spectroscopy
(XPS, Thermo Fisher Scientific, US), and Fourier transform infrared spectroscopy (FTIR, Shimadzu, Japan).

Antimicrobial Activity Test

MIC and MBC Test

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) tests were performed
according to the research method of Wiegand.'> MIC test was performed for all strains. The standard strains E. coli
ATCC25922, S. aureus ATCC25923, MRSA ATCC43300 were tested for MBC. MIC and MBC were determined using
the 96-well microtiter plate method. The experiment involved eight concentrations with separate groups for antibiotic
control and negative control, each with three parallel batches. A bacterial suspension with a total concentration of
2.0x10° CFU mL™' was added to the wells of a sterile 96-well plate, followed by different concentrations of
ZnO@APTES QDs (final concentrations: 1024, 512, 256, 128, 64, 32, 16, 8, and 4 ng mLfl) and antibiotics as controls.
After incubation for 16-18 h at 37 °C, the MIC values were determined based on visible clarification of the mixed
solution. Based on the MIC, 100 pL of the mixture was taken from the clarified well and plated on a non-resistant TSA
plate or nutrient Agar plate at 37 °C overnight for culture. The MBC value was defined as the final concentration of
ZnO@APTES QDs at which the number of bacterial colonies per 100uL volume was less than or equal to 5.

Bactericidal Kinetic Assay

To assess the changes in ZnO@APTES QDs activity over time, a bactericidal kinetic assay test was conducted.
Optimizations were made based on Kumar’s research method.'® Bacterial suspensions with approximately 1.0x10°
CFU mL™" were exposed to varying concentrations of ZnO@APTES QDs in a shaking incubator (180 rpm) at 37 °C for
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24 h. Viable colony counts were measured at different time points throughout the incubation period. Each assay condition
was tested three times, and the average value was documented as the outcome.

Drug Resistance Induction

The induction of drug resistance was carried out following the research method of Hong.!” MRSA ATCC 43300 was
used as the model strains for resistance induction. Drug resistance was induced through repeated exposure of bacteria to
sublethal doses (1/2 of MIC) of antimicrobial agents. The study involved testing ZnO@APTES QDs and levofloxacin
(control) over a 30-day period against MRSA. The MIC was determined using the method described above. The bacteria
were incubated in a culture medium with a sub-MIC concentration (1/2 of the MIC in that specific generation) for
24 h before being used for the subsequent MIC measurements. The development of drug resistance in MRSA was

assessed by monitoring changes in MIC values normalized to the initial bacterial passage.

Biofilm Formation Inhibition Test

Biofilm formation inhibition and elimination tests were assessed by microtiter plates. '* A 24-well plate was used to
dilute a mixture of ZnO@ APTES QDs with varying concentrations by adding 2 mL of TSB. Simultaneously, each well
was inoculated with a 1% volume fraction of MRSA at a concentration of 1.0x10® CFU mL™" and then incubated at 37
°C for 48 h. After incubation, the suspension was discarded, and the wells were gently rinsed three times with sterile
PBS. The wells were then fixed with methanol for 1 h, followed by another gentle rinse with sterile PBS. Subsequently,
the wells were air-dried, and each well was stained with 2.1 mL of 1% crystal violet (w/v) for 10 min. After three rinses
with ultrapure water, 2.1 mL of ethanol was used to dissolve the dye adhered to the biofilm cells. The absorbance of the
dye-ethanol solution at 595 nm was measured using a microplate reader (BioTek, US).

In the laser confocal dish, ZnO@ APTES QDs and bacterial suspension were added according to the method
described above, and incubated at 37 °C for 48 h. After incubation, the supernatant was discarded, and the dish was
washed gently three times with PBS. The dead and live bacterial dye (LIVE/DEAD BacLight Bacterial Viability Kit, for
microscopy and quantitative assays) was prepared by mixing 3 pL of each dye with 1 mL of physiological saline in
a darkened centrifuge tube. The dye mixture was added to the central well of the laser confocal dish, protected from light,
and incubated for 15-30 min. The stained coverslips were then rinsed twice with sterile PBS and observed using confocal
laser scanning microscopy (CLSM, Leica, Germany).

Mature Biofilm Elimination Assay

In a 24-well plate, 2 mL of TSB was added to each well following a 1% volume fraction of 1.0x10® CFU mL™" MRSA
and incubated at 37 °C for 48h. Subsequently, the culture medium was removed, the wells were rinsed gently three
times with PBS, and then 2 mL of TSB containing a mixture of ZnO@ APTES QDs with varying concentrations was
added. After 4, 6, 8, and 24 h at 37 °C of incubation, the suspension was discarded, the plate was rinsed with sterile
phosphoric acid and then gently washed three times with PBS. The samples were fixed with methanol for 1 h,
followed by rinsing three times with sterile PBS, air drying, and staining of each well with 2.1 mL of 1% (w/v) crystal
violet for 10 min. Then, they were rinsed three times with ultrapure water, and the dye attached to the biofilm cells
was dissolved with 2.1 mL of ethanol. The absorbance of the dye-ethanol solution was measured at 595 nm using

a microplate reader.

Mechanism of Antimicrobial Action of ZnO@ APTES QDs

Bacterial Morphological Characterization

The impact of ZnO@APTES QDs on MRSA was examined using a scanning electron microscope (SEM, Carl Zeiss AG,
Germany). At 37 °© C, MRSA was incubated with ZnO@APTES QDs for 4h and centrifuged at 5000 rpm for 5 min to
obtain bacteria. Then the bacteria fixed with 2.5% glutaraldehyde for 12 h, dehydrated with a series of ethanol
concentrations (30%, 50%, 70%, 90%, and 100%), and imaged using SEM.
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Zeta Potential Assay
The zeta potential of ZnO@ APTES QDs and bacteria were detected using a Zetasizer Nano Particle Analyzer (Malvern
Instruments Ltd., UK).

Membrane Integrity Testing

ANS was used as a fluorescent probe to assess alterations in cell membrane fluidity.'” A bacterial suspension in the
logarithmic growth phase was washed thrice with PBS, resuspended, and adjusted to a concentration of 10° CFU mL™".
The medicinal solution was added to achieve final concentrations of 4, 2.1, and 1/2 MIC in the bacterial suspension, with
PBS used as a control. The suspension was incubated in a shaker at 37 °C for 12 h. Subsequently, the ANS fluorescent
probe was introduced to the cell suspension at a final concentration of 4 pmol L™ and incubated for 15 min at 37 °C in
the absence of light. Fluorescence intensity was measured using a microplate reader with an excitation wavelength of 385
nm and an emission wavelength of 473 nm.

DNA Damage

A bacterial suspension in the logarithmic growth phase was resuspended and adjusted to a concentration of 10°
CFU mL™'. The medicinal solution was added to achieve final concentrations of 16 (1/2 MIC), 32 (MIC), and 64
(2MIC) pg mL ™" in the bacterial suspension. A drug-free medium served as a blank and was cultured in a shaker at 37 °C
for 12 h. Total nucleic acids were extracted using the Bacterial DNA Genome Kit following the provided instructions.

Reactive Oxygen Species Detection

Bacterial cells at a concentration of approximately 1.0x10* CFU mL ™' were exposed to ZnO@ APTES QDs at 37 °C for
12 h. The ROS assay kit was utilized following the manufacturer’s instructions. The bacterial samples were combined
with 10 pM of DCFH-DA and incubated in the dark at room temperature for 1 h. The fluorescence intensity of the
solution was then measured using a microplate reader with excitation/emission wavelengths set at 488/525 nm.

Determination of Superoxide in Bacteria

The possibility of superoxide anion (O, ) production was evaluated to determine oxidative stress using a superoxide
assay kit. Briefly, 200 pL of the bacterial suspension was centrifuged and washed twice with sterile water, followed by
the addition of 200 puL of detection solution and incubation at 37 °C for 5-10 min. Next, the bacterial samples were
incubated with different concentrations of ZnO@ APTES QDs under the same conditions as described above. Finally, the
samples were examined using a microplate absorbance reader at 450 nm.

Biocompatibility Test

MTT Assay

The MTT tetrazolium assay is a popular tool in estimating the metabolic activity of living cells.”° RAW 264.7 cells were
cultured in a sterile 96-well microtiter plate for 12 h, followed by treatment with varying concentrations of ZnO@APTES
QDs in the culture medium at 37 °C (5% CO,) for an additional 12 h. Subsequently, 10 pL of MTT solution (5 mg mL™")
was added to each well and incubated for 4 h. After removing the cell supernatant, 150 uL of DMSO was added, and the
plate was gently shaken for 10 min. The absorbance of the resulting solution at 490 nm (A490) was measured using
a microplate reader. The cell viability percentage was calculated following formula:

A(experimental group) — A(blank group)

Cell viability(%) =
ell viability(%) A(negative control group) — A(blank group)

Hemolysis Test

Red blood cells were isolated from mouse blood using a previously described method.?' They were centrifuged at
2000 rpm for 15 min, washed three times with normal saline, and resuspended in normal saline to create a red blood cell
suspension with a hematocrit of 2%. Varying concentrations of ZnO@APTES QDs were incubated with the 2%
isovolumetric red blood cell suspension at 37 °C for 2 h. Triton X-100 (1%) and normal saline were employed as
controls. Following incubation, the supernatant was collected, centrifuged at 3000 rpm for 5 min, and transferred to a 96-
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well plate for analysis. The absorbance of the supernatant was measured at 450 nm (A450). The hemolysis rate was
calculated following formula:

Hemolysis ratio(%) A(experimental group) — A(negative control group)
emolysis ratio(%) =
4 ’ A(positive control group) — A(negative control group)

Treatment for Macrophage Infection Model

Macrophage infection model was prepared by improving on the basis of previous studies.”” An infection model of RAW
264.7 macrophages infected with MRSA was established to evaluate the antibacterial ability of ZnO@ APTES QDs in
macrophages. Macrophages were infected with MRSA at a multiplicity of infection (MOI) of 10:1 and incubated in an
antibiotic-free medium at 37 °C for 2 h. After culture, the cells were centrifuged at 5000 rpm for 5 min and washed three
times with sterile saline. RAW 264.7 cells were then incubated with medium containing 30 ug mL ™' of ZnO@ APTES
QDs for 2 h. Levofloxacin treatment was used as the control group. To quantify the drug efficacy, 100 pL of diluted
mixtures with and without ZnO@APTES QDs treatment were plated on TSA plates. The number of colonies was
counted after incubation.

Treatment for Mice Skin Infection Model

The macrophage infection model was prepared by improving based on previous studies.”> A mouse model of MRSA
infection was prepared. Scalds were performed on the back skin of anesthetized mice with heated 1 cm?® metal blocks,
followed by subcutaneous injection of MRSA (1.0 x 10° CFU mL™") in 100 pL normal saline. After 2 days of infection,
the wounds infected with MRSA (10° CFUs per wound) were treated with a single dose of ZnO@APTES QDs (3.6 mg
kg™', 5 mg mL™"). Positive control was administered with levofloxacin (0.1 mL, 5 mg mL™"), and negative control with
normal saline (NaCl, 0.9%). The wound size was monitored every 2 days, and the mice were killed on day 10. The
infected tissues were homogenized, and colonies were cultured to evaluate the treatment efficacy.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 10 software (USA). All experiments were replicated three
times, and a one-way ANOVA or Mann—Whitney test was employed to identify significant differences between samples.
The results were presented as mean + standard deviation. P < (.05 was considered statistically significant.

Results
Synthesis and Characterisation of ZnO@ APTES QDs

ZnO@ APTES QDs were synthesized using a microwave-assisted hydrothermal method in ethanol. The synthesized
ZnO@ APTES QDs were then characterized with different techniques. The results, depicted in Figure 1A, demonstrate
that ZnO@APTES QDs can be easily dissolved in water. Laser pointer penetration observation revealed the Tyndall
effect in water, indicating its dispersion into a colloidal solution. When exposed to ultraviolet light, the solution exhibited
a yellow color and fluorescence. Additionally, Figure 1B illustrates that the transmittance of the ZnO@APTES QDs
solution under ultraviolet and visible light exceeded 98%, whereas the unmodified ZnO control exhibited a maximum
transmittance of only 20%. These findings suggest that ZnO has enhanced the water solubility post-modification.

The TEM image in Figure 1C shows that the ZnO@APTES QDs particles are almost uniform. Image J (National
Institutes of Health, USA) was used to measure 100 random particle diameters and create a particle size distribution map,
and the particle size was approximately Snm (Figure 1D). The XRD spectrum of ZnO@APTES QDs (Figure 1E)
displayed peaks consistent with the hexagonal wurtzite structure, indicating phase purity without additional impurity
peaks. The broad peaks observed align with the synthesis of small-sized ZnO QDs.** ZnO@APTES QDs exhibit XRD
patterns similar to uncoated ZnO nanoparticles, suggesting that the crystal structure remains unaffected by the surface
coating.

To verify the successful coating of silane on the ZnO@APTES QDs, XPS analyses were conducted. The results in
Figure 1F show the presence of Zn (1021.1 eV), O (530.1 eV), N (399.9 eV), C (284.8 ¢V), and Si (101.85 eV) on the
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surface of the QDs. The high-resolution Zn 2p spectrum revealed peaks at 1021.1 and 1044.1 eV (Figure 1G), whereas
peaks at 288.4, 286.55, and 284.8 eV were attributed to C=C, C-O, and C-C, respectively (Figure 1H). In the QDs,
a single peak at 399.9 eV was assigned to C-N (Figure 1I). Deconvolution of the O 1s spectrum yielded peaks at 531.4,
530.1, and 529.9 eV (Figure 1J). The Si 2p spectrum displayed peaks at 102.64, 101.85, 100.9, and 99.35 eV,
corresponding to different Si-O bonds (Figure 1K).

As shown in Figure 1L, the peaks of FTIR observed at 3390, 2957, 1574, 1402, and 1016 cm ! correspond to the
vibrations of O-H, C-H, N-H, C-H, and Si-O. These findings are in line with previous research.'*

ZnO@ APTES QDs is Effective for Both Sensitive and Resistant Superbugs

The broth dilution method was used to determine the MIC to study the antibacterial activity of ZnO@APTES QDs. First,
antibiotic-sensitive strains of E. coli ATCC25922, S. aureus ATCC25923 and MRSA ATCC43300 were selected as
bacterial models to test the ZnO@APTES QDs antibacterial ability. ZnO@APTES QDs have antibacterial activity
against these representative strains, with an MIC range of 32—64 ug mL™' and an MBC range of 256-64 pg mL™' as
shown in Figure 2A, suggesting that ZnO@APTES QDs may have broad-spectrum antibacterial properties. The results of
this study showed that gram-positive bacteria were more sensitive to ZnO@APTES QDs than gram-positive bacteria,
which was consistent with previous results.”> Additionally, the effects of ZnO@APTES QDs on clinical isolates of
ESKAPE strains (ie, MDR A. baumannii, MDR P. aeruginosa, MDR S. aureus and MDR K. pneumoniae) were

evaluated. Levofloxacin was used as an antibiotic control group, but its antibacterial effect was not significant. In
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Figure 2 Antibacterial Activity of ZnO@APTES: (A) MBC against E. coli, (S) aureus, MRSA. (B) Bactericidal curve against MRSA. (C) Long-term bacterial resistance
induction against MRSA.

Abbreviations: E. coli, Escherichia coli; S. aureus, Staphylococcus aureus; MRSA, Methicillin-Resistant Staphylococcus aureus; ZnO@APTES QDs, water-soluble APTES modified
zinc oxide quantum dots; CFU, Colony-Forming Units; MIC, minimum inhibitory concentration.
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contrast, ZnO@APTES inhibited the proliferation of MDR S. aureus, MDR A. baumannii, MDR P. aeruginosa, and
MDR K. pneumoniae, with MICs of 32, 256-128, 256-128 and 256 ug mL " respectively (Table 1).

Killing kinetic analysis was performed to determine the changes in the activity of the ZnO@APTES over time. As
shown in Figure 2B, the antibacterial behavior of ZnO@APTES against the test bacteria showed concentration and time
dependence, with different dynamics against MRSA ATCC43300. ZnO@APTES caused a significant reduction in the
number of MRSA ATCC43300 colonies within 8 h, and at 12 h at 4 x MIC concentration, all bacterial cells were
eradicated. These data showed that ZnO@APTES QDs not only have high antibacterial activity against superbugs but

also have rapid killing kinetics.

Long-Term Repeated Treatment with ZnO@APTES QDs Does Not Induce Tolerance

and Resistance

Long-term bacterial resistance induction is a great challenge in current infection treatment.® The use of any new
antibiotics invariably leads to the emergence of drug-resistant strains. To evaluate the potential bacterial resistance to
ZnO@APTES QDs, a standard strain of MRSA was repeatedly exposed to ZnO@APTES QDs at sublethal concentra-
tions (1/2 MIC). As expected, MRSA rapidly developed significant sublethal dose resistance to the conventional
antibiotic levofloxacin within days (Figure 2C). The ratio of MIC.,: to MIC,, in the levofloxacin induced group increased
over 10 folds in 3 days, increased to 30 at 10" and peaked at 60 at 22" during the 30 days period. However, no resistance
to ZnO@APTES QDs developed even after 30 days of continuous treatment. The results showed that ZnO@APTES QDs
is a new and effective antimicrobial agent that does not induce tolerance and resistance even after long-term treatment.

ZnO@APTES QDs is Highly Effective Against MRSA Biofilms

Bacterial biofilms are a significant contributor to persistent infections and can enhance drug resistance.”’ In this study,
MRSA was utilized as a model to assess the impact of ZnO@APTES QDs on both biofilm formation and mature
biofilms. Firstly, we evaluate its impact on biofilm formation. The results showed that ZnO@APTES QDs exhibited
strong anti-biofilm activity, with even minimal concentrations effectively inhibiting MRSA biofilm formation
(Figure 3A). As shown in Figure 3B, the introduction of ZnO@APTES QDs led to a reduction in the thickness and
density of bacterial biofilms, suggesting that ZnO@APTES QDs have inhibitory effects on biofilm formation. Then, we
analyzed the impact of ZnO@APTES QDs on mature biofilms. The elimination experiment results of mature biofilms are
shown in Figure 3C, where the better the biofilm removal effect is with the increase of drug concentration and the longer
the drug action time, which is consistent with the results of the bactericidal kinetic curve. Figure 3D showed the action of
ZnO@APTES QDs on mature biofilms.

Antibacterial Mechanism of ZnO@APTES QDs Against MRSA

The antibacterial mechanism of ZnO@APTES QDs was investigated using MRSA as model. Scanning electron
microscopy (SEM) was utilized to further validate this mechanism. Untreated MRSA exhibited intact and smooth
morphology (Figure 4A). However, exposure to 32 ug mL~' ZnO@APTES QDs for 2 h at 37°C resulted in shrunken
and damaged MRSA cells (Figure 4A). These findings support the notion that ZnO@APTES QDs effectively interacts
with MRSA membranes, leading to cell damage and ultimately killing the superbugs.?®

In this study, as shown in Figure 4B, the zeta potentials of ZnO@APTES QDs and bacteria are completely opposite,
with the absolute potential values of Gram-positive bacteria higher than those of Gram-negative bacteria.

To investigate the impact of ZnO@APTES QDs on bacterial cell membranes, the ANS method was employed to
assess membrane integrity. The ANS contains a non-polar benzene ring that binds to membrane lipids at the lipid-water
interface. Changes in its fluorescence intensity indicate alterations in the environment of the membrane lipid binding site.
The fluorescence quantum yield of ANS correlates with the fluidity of the membrane lipid polar region: a smaller
fluorescence intensity value indicates higher fluidity, while a larger value suggests lower fluidity.>” The results in
Figure 4C reveal that MRSA cell membranes co-incubated with ZnO@APTES QDs exhibited binding to ANS, with
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Abbreviations: ZnO@APTES QDs, water-soluble APTES modified zinc oxide quantum dots; MIC, minimum inhibitory concentration; Abs, absorbency; E. coli, Escherichia
coli; MRSA, Methicillin-Resistant Staphylococcus Aureus; OD, Optical Density.

the binding intensity increasing as the concentration of ZnO@APTES QDs rises. This suggests that the antibacterial
efficacy of ZnO@APTES QDs is contingent upon concentration.

Following extensive cell membrane destruction, ZnO@APTES QDs can readily penetrate bacteria and interact with
bacterial genomic DNA, leading to DNA damage either directly or indirectly. To validate this phenomenon, the genomic
DNA of bacteria exposed to ZnO@APTES QDs was isolated and subjected to electrophoretic analysis. As shown in
Figure 4D, both untreated and 1/2MIC-treated MRSA samples exhibited dense DNA bands, suggesting an absence of
DNA damage. In contrast, the DNA bands of the 1 and 2 MIC treated group displayed noticeable after-swells, indicating
the occurrence of DNA fragment shortening and genomic DNA damage.

We investigated the antibacterial efficiency of ZnO@APTES QDs driven by ROS generation. As shown in Figure 4E,
compared to the control group, the ZnO@APTES QDs treatment significantly induces intracellular ROS production in
bacteria, and it increases with the increase of ZnO@APTES QDs concentration. Furthermore, to identify whether the
cellular oxidative stress was induced by ZnO@APTES QDs, the ROS-dependent oxidative stress was investigated. The
production of O, at different ZnO@APTES QDs concentrations was monitored using the Superoxide Assay Kit. As
shown in Figure 4F, the absorption values increased notably with an increasing ZnO@APTES QDs concentration,
revealing that ZnO@APTES QDs mediated the superoxide anion production, which played an important role in the
antibacterial activity.

ZnO@APTES QDs is Biocompatible and Safe

To preliminarily assess the biocompatibility of ZnO@APTES QDs with mammalian cells, MTT experiments were
conducted using mouse macrophages RAW267.4 as a model. As shown in Figure 5A, the results indicated that even
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at a high dose of 64 ug mL™", the survival rate of mouse macrophage RAW267.4 was 51.54%, surpassing the MIC of
MRSA. The hemolytic behavior of mouse red blood cells treated with ZnO@APTES QDs showed no significant
hemolysis at higher doses (Figure 5B). The results show that ZnO@APTES QDs have good biocompatibility with
mammalian cells.

To further explore the potential of biocompatible ZnO@APTES QDs for applications, in vitro antibacterial efficacy
was assessed using a co-culture model of MRSA bacteria and RAW 264.7 macrophages. The presence of ZnO@APTES
QDs led to a significant reduction in intracellular MRSA compared to that of control group (Figure 5C and D). The
number of MRSA colonies further confirmed the strong antibacterial activity of ZnO@APTES QDs against MRSA
within macrophages. These findings clearly indicate that ZnO@APTES QDs can effectively eliminate superbugs within
macrophages while maintaining good biocompatibility with the macrophages themselves.

Efficient Treatment of Challenging MRSA Wound with ZnO@APTES QDs

To assess the effectiveness of ZnO@APTES QDs against superbugs in vivo, a mouse skin infection model was utilized.
Results indicated that after 10 days, wounds in the ZnO@APTES QDs group healed significantly, while the negative
control group still exhibited a high wound size (Figure 6A and 6B). ZnO@APTES QDs and levofloxacin treatments
accelerated wound healing and reduced infection risk. Bacterial load analysis revealed a substantial reduction of MRSA
levels in mice treated with ZnO@APTES QDs compared to those with saline treatment, showing a bactericidal effect of
99% (Figure 6C).
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Discussion

Infections caused by MRSA pose a serious threat to public health, making the development of new antimicrobial agents
to combat multidrug-resistant infections critically important.***' Some novel QDs antimicrobial agents, such as ZnO
QDs, have garnered widespread attention due to its excellent properties, including good antibacterial activity, low cost,
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and simple preparation.**** Previous studies have shown that nano-zinc oxide exhibits good antibacterial activity against
MRSA, but it currently faces issues such as poor water solubility and low biocompatibility.** Therefore, in this study, to
overcome the limitations of ZnO and enhance its antibacterial properties, we synthesized ZnO@APTES QDs using
a microwave-assisted method. ZnO@APTES QDs possess excellent antibacterial activity without inducing resistance,
and they also exhibit good water solubility and biocompatibility.

Microwave-assisted synthesis is one of the latest techniques for preparing QDs.*” It can accelerate chemical reactions
through microwave heating, thereby improving the synthesis efficiency and yield of QDs. In this study, ZnO@APTES
QDs were synthesized in ethanol using a microwave-assisted hydrothermal method. The results showed that the solution
prepared by this method exhibited yellow fluorescence under UV light, which is a unique property of the QDs.>® APTES
is one of the most important silicon compounds in chemistry for the synthesis of materials. It has been widely used as
a silanization agent for the chemical modification of metal oxide nanoparticle surfaces.>’ Therefore, after modification
with APTES, its water solubility is significantly enhanced. Subsequent characterization results showed that the
ZnO@APTES QDs prepared by this method are consistent with those synthesized by the conventional hydrothermal
method, both exhibiting the typical characteristics of ZnO QDs.*®

In vitro antibacterial tests showed that ZnO@APTES QDs exhibit good killing activity against both standard strains
and clinical isolates of MRSA. The results of this study are consistent with previous reports on the antimicrobial
properties of ZnO nanoparticles.*® Simultaneously, long-term use does not induce the development of resistance. Since
this material primarily exerts its antibacterial effect by directly physically disrupting the bacterial structure, without
relying on chemical reactions or antibiotics, it effectively avoids the resistance issues that may arise with traditional
antimicrobial agents.

Infections caused by MRSA after biofilm formation are characterized by strong environmental adaptability, a high
tendency to develop resistance, and difficulty in being cleared by the host immune system.*® As a result, it is challenging
to find suitable treatment options, which poses a serious threat to human health and leads to significant economic losses.
Therefore, the removal of MRSA biofilms is also key to preventing the formation of resistance.*' This study shows that
ZnO@APTES QDs significantly inhibit the formation of MRSA biofilms and can also remove mature biofilms. These
findings align with previous research on organometallic materials inhibiting MRSA biofilms, underscoring the promising
anti-biofilm properties of ZnO@APTES QDs.***

Further research on the antibacterial mechanism show that the antibacterial effect of ZnO@APTES QDs primarily
relies on quantum tunneling effects, electrostatic interactions, DNA damage, and oxidative stress. ZnO@APTES QDs
can physically penetrate the cell wall through quantum tunneling effects, leading to mechanical damage to MRSA. The
opposite zeta potentials of nanomaterials and bacteria facilitate their electrostatic interactions at the bacterial membrane
surface, thereby enhancing the antibacterial activity of nanomaterials.***> Our result indicates a strong electrostatic
interactions between ZnO@APTES QDs and bacteria, with Gram-positive bacteria showing higher interaction with
ZnO@APTES QDs compared to that of Gram-negative bacteria. This also explains why ZnO@APTES QDs exhibit
better bactericidal efficacy against Gram-positive bacteria than Gram—negative bacteria. The high positive charge on the
surface of ZnO@APTES QDs facilitates this electrostatic adsorption, leading to efficient internalization by the bacteria.
Due to electrostatic interactions, positively charged ZnO nanoparticles can easily attach to the bacterial cell membrane.
This interaction can disrupt the membrane structure and compromise cell integrity, leading to bacterial death.*
Simultaneously, ZnO@APTES QDs also cause cell membrane of MRSA damage. The cell membrane is
a semipermeable membrane with selective permeability, composed of a phospholipid bilayer forming the basic frame-
work. Its main components are proteins and lipids, with small amounts of carbohydrates.*’ The fluidity of the cell
membrane is defined as the relative lateral movement of proteins and lipids within the membrane structure. Numerous
vital cellular functions are closely linked to membrane fluidity. Loss of cell membrane fluidity disrupts normal bacterial
activity. When ZnO@APTES QDs enter the MRSA, it can disrupt the bacterial metabolic activity, generate a large
amount of ROS, and induce oxidative damage to the cell membrane. At the same time, it causes damage to bacterial
protein synthesis and DNA replication, ultimately leading to the death of MRSA. It is a common mechanism of inhibition
of bacteria by QDs.***
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Low biocompatibility is one of the key factors limiting the clinical application of various new materials and
technologies.’® Therefore, this study evaluated the biocompatibility of ZnO@APTES QDs through MTT assay, hemo-
lysis test, and macrophage infection model test. The results showed that ZnO@APTES QDs have no significant effect on
macrophages, no obvious damage to red blood cells and exhibit good biocompatibility.

In the past decades, the increase in the prevalence of MRSA has been noticed and the interventions for MRSA
infected wounds are becoming more challenging.”' The results of this study show that ZnO@APTES QDs promote
wound healing while killing bacteria. Shu et al synthesized chitosan ZnO QDs (CS-ZnO QDs) for the treatment of
MRSA-infected wounds. CS-ZnO QDs facilitated MRSA-infected wound healing by inhibition of bacterial growth. It is
consistent with the results of this study.>>

This study has some limitations, such as insufficient in-depth investigation of the mechanisms and limited evaluation
using animal models. Therefore, further research is needed in the future to explore the underlying mechanisms more
thoroughly, such as the regulation of MRSA metabolism by ZnO@APTES QDs, its effect on MRSA resistance genes,
and its impact on biofilm gene expression. Additionally, more animal models are required to further evaluate its
therapeutic efficacy.

Conclusion

In this study, we synthesized a water-soluble ZnO@APTES QDs using a microwave-assisted method. Characterization
results showed that the ZnO@APTES QDs had a particle size of 5 nm, and surface modification improved its water
solubility. The ZnO@APTES QDs exhibited excellent antibacterial effects against both sensitive and multidrug resistant
bacteria and had a strong impact on biofilm formation and mature biofilm removal. Notably, the ZnO@APTES QDs did
not induce bacterial tolerance and resistance even after 30 days of repeated treatment, whereas antibiotics caused an
increase in bacterial MIC after just 3 days and a 60-fold increase after 30 days. Therefore, the ZnO@APTES QDs have
great potential for the treatment of MRSA related infections. The study on antibacterial mechanisms revealed that the
positively charged quantum dots interacted with the bacterial surface, affecting membrane fluidity. The ZnO@APTES
QDs entered the cells, produced ROS, damaged bacterial DNA, and led to bacterial death. Evaluation in a mouse wound
treatment model showed that the ZnO@APTES QDs had efficient antibacterial effects and promoted wound healing,
providing a more effective treatment compared to antibiotics. In summary, this study synthesized a highly effective
water-soluble ZnO@APTES QDs against MRSA, which exhibits strong antibacterial and therapeutic effects against
MRSA and other bacteria, showing great potential and value for development.
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