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Purpose: Bacterial infections seriously affect the health of patients and their incidence is very high. Photothermal therapy has shown
promising prospects in the treatment of bacterial infections as it can effectively kill bacteria and reduce inflammation. Black
phosphorus (BP) is an emerging nanoparticle that can generate heat under the action of near-infrared light, it can safely and effectively
kill bacteria through photothermal therapy. In this experiment, black phosphorus was used as a photothermal agent to kill bacteria and
strontium ions were loaded onto BP to enhance its stability and antibacterial performance.

Methods: BP was obtained by liquid phase exfoliation and Sr** was loaded onto the surface of BP by electrostatic interaction.
Results: BP-Sr was synthesized via electrostatic interactions and characterized using various techniques. The cytocompatibility of BP-
Sr was evaluated by CCKS8 assay and live/dead staining which showed no significant cytotoxicity with a concentration not exceed
50 pg/mL. Meanwhile, the antibacterial effects showed 99% of bacteria died after 10 min under the action of a 2 W/cm? laser and the
structure of bacteria was destroyed. Finally, the transcriptomic results suggest that bacteria death may be related to membrane
destruction, metabolic disorders, and transport damage. HE staining and Gram staining also showed that inflammation was signifi-
cantly alleviated after laser treatment.

Conclusion: These findings propose a great solution for bacterial infection and also enrich the theoretical framework supporting the
application of BP-Sr in the field of antibiosis.

Keywords: antibacterial, photothermal therapy, BP-Sr nanosheets, infectious wound

Introduction

Bacterial infection refers to the invasion and colonization of bacteria leading to local inflammation. Bacterial diseases
pose a serious threat to public health. The effective killing of bacteria is crucial for anti-infection treatment and
traditional treatment methods mainly include debridement and antibiotic therapy." However, surgical debridement can
expand the wound and damage patients, and antibiotic treatment can easily lead to bacterial resistance. Meanwhile, the
rate of development of new antibiotics is very slow while bacterial resistance is rapidly increasing. The World Health
Organization predicts that the 21st century may be the beginning of the post-antibiotic era, and it is expected that the
number of deaths caused by drug-resistant bacteria will increase to millions by 2050.?

Photothermal therapy (PTT) is widely studied as an emerging antibacterial therapy. Nanomaterials used for PTT can
convert light energy into thermal energy under near-infrared light (NIR) irradiation. On the one hand, it can accelerate
tissue healing by promoting vascular regeneration, on the other hand, it can induce bacterial death through protein
inactivation, DNA damage and membrane destruction.”* Nanoparticles such as black phosphorus nanosheets,’
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phthalocyanine,® gold nanorods,” and cuttlefish ink nanoparticles® have excellent photothermal conversion ability and
they could kill bacteria through PTT. Among these, black phosphorus nanosheets exhibit considerable bioactivity and
excellent biocompatibility. When exposed to oxygen and water, it can quickly degrade into phosphate, avoiding toxicity
or side effects.” In addition, it has a large surface area that can be used for drug delivery.'®

In 2014, black phosphorus nanosheets (BP) were first peeled off and were widely used in the fields of material science
and biomedicine."' BP is a two-dimensional nanosheet with negative charges on its surface and many excellent proper-
ties. BP can produce thermal energy and reactive oxygen species (ROS) within bacteria via photodynamic effects in
aerobic environments to exert antibacterial effects without causing bacterial resistance.'”

However, BP is prone to oxidation reactions in aerobic environments, which affects its photothermal conversion
efficiency and limits its role in PTT."*'* From a structural perspective, BP has a puckered honeycomb structure, in which
phosphorus atoms are bonded to three neighboring phosphorus atoms while exposing a lone pair of electrons.'” It has
been shown that the lone-pair electrons on the surface can be occupied by metal complexes with strong electron-
withdrawing capability to retard the natural degradation of BP and introduce extra features.'®!” Whereas, the combina-
tion of BP and metal ions reduces the negative charge of BP, which is conducive to their adhesion to bacteria with
a negative surface charge to enhance the sensitivity of bacteria to PTT.'®

Strontium exists in the human body as Sr** and 99% Sr*" present in hard tissues such as bones, making it an essential
element of the human body.'**° Research shows that Sr** might promote the anabolic effect of osteoblasts and could be

2122 meanwhile it also has active effects in angiogenesis, anti-inflammatory, anti-

used for bone tissue regeneration,
bacterial and other aspects.”>** Therefore, Sr** was loaded onto the BP through electrostatic interaction in this
experiment, it can weaken the negative charge on the surface of BP which could promote its contact with bacteria and
enhance its antibacterial performance. Sr** on the surface of BP can also reduce the loss of phosphorus atoms to enhance
its stability and introduce additional biological functions.

This study aimed to obtain BP by liquid-phase exfoliation and load Sr*" onto the surface of BP to enhance its
bioactivity, stability and antibacterial performance in the treatment of bacterial infections. Transcriptome analysis showed
that elevated temperatures can disrupt bacterial defense genes, affecting their normal cellular function and material

metabolism.>> To further explore the mechanism underlying bacterial death under the action of BP-Sr and NIR,
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transcriptomic testing was used to investigate the genes in the bacteria at the overall level. Finally, the bacteria-infected
full-thickness skin defect model was used to verify the antibacterial performance in Rats.

Materials and Methods

Materials Preparation

N-Methylpyrrolidone (NMP) and strontium chloride (SrCl,) were purchased from MECKLE, BP was purchased from
Zhongke Experimental Materials (China), Calcein-AM/PI (Beijing Solarbio Science & Technology Co., Ltd)., Cell-
CheckTM Viability/Cytoxicity Kit for Bacteria Cells (ABP Biosciences, China), Cell Counting Kit-8 (Solarbio, China),
HE staining kit (Beijing Solarbio Science & Technology Co., Ltd)., and Gram staining kit (Beijing Solarbio Science &
Technology Co., Ltd).

Synthesis of BP-Sr

First, 50 mg BP was thoroughly ground into powders in a mortar and then transferred to a volumetric flask containing
50 mL of NMP solution. Finally, the volumetric flask was sealed. All processes were carried out in an anaerobic
environment to protect BP from oxidation. The volumetric flask was placed in an ultrasonic cleaner (300 W, 40 kHz). As
the ultrasonic process continued, the BP powder steadily exfoliated into nanosheets. After 10 h, the dispersion was
subjected to gradient centrifugation from 4000 to 10,000 rpm (at intervals of 20 min) to remove the residual unexfoliated
BP and thicker BP nanosheets. The acquired dispersion was washed with absolute alcohol by centrifugation at
12,000 rpm to remove residual NMP. Finally, the BP nanosheets and sufficient SrCl, were putted into a brown bottle
with deionized water, after 5 hours of anaerobic stirring, the solution was subjected to centrifugation (12000 rpm) for
20 min, then, the precipitate was washed and stored in the anaerobic environment.

Characterization of BP-Sr

The morphology of BP-Sr was observed using scanning electron microscope (SEM, FEI-Quanta 250 FEG, USA).
Elemental mapping images were recorded by Energy Dispersive Spectrometer (EDS) equipped in the SEM. The zeta
potential of the nanomaterials was measured using a Zeta-sizer Nano ZS90 analyzer (Malvern Instruments Ltd., UK).
Ultraviolet-visible (UV-vis) spectra were measured on a PerkinElmer Lambda-35 UV-vis spectrometer.

In vitro Photothermal Properties

The in vitro photothermal properties of the nanomaterials were investigated in phosphate buffer saline (PBS) using
a continuous fiber-coupled semiconductor diode laser (VCL-808 nm; BLUEPRINT, China). Temperature was monitored
using a Testo 872 infrared thermal imager.

The Degradation of BP-Sr

BP-Sr and BP were separately dispersed in deionized water to observe their degradation in vitro. The different solutions
were photographed and analyzed using UV-vis spectrophotometry after a month. The concentration of PO,*~ was
determined using a Malachite Green Phosphate Detection Kit (Beyotime) at a set time.

Cytotoxicity Testing

Human skin fibroblasts (HSF) were purchased from the iCell Bioscience Inc (Shanghai, China). HSF were seeded into 96-
well plates and 24-well plates and incubated at 37 °C, 5% CO, for one day. A cell culture medium containing BP or BP-Sr
was used in the experimental group. Then the cells were incubated in a cell incubator. After that, all the medium was
aspirated, and each well of the 96-well plates was washed three times with PBS. CCKS8 solution was added and the plate was
incubated in the cell incubator for 2 h. Finally, the plates were placed in a microplate reader (Thermo Fisher Scientific, USA)
to measure the absorbance at 450 nm. Calcein-AM/PI was used for fluorescence staining. After staining for 15 min, the
samples were rinsed with PBS and the cells were observed under a fluorescence microscope (Olympus, Japan).
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Antibacterial Performance Testing

The antibacterial effects of BP-Sr on Staphylococcus aureus (S. aureus, Gram-positive bacteria) and Escherichia coli
(E. coli, Gram-negative bacteria) were evaluated by plate coating method. A single colony of S. aureus was dipped with
a sterile cotton swab and putted into 1 mL PBS. After being mixed evenly, the concentration of the bacterial solution was
adjusted until OD = 0.257 at 600 nm (10® CFU/mL), and then was diluted into 10* CFU/mL. The bacterial suspension
was incubated with PBS, BP (50 ug/mL) or BP-Sr (50 pg/mL) in 96-well plates. NIR irradiation was then performed for
10 min. The bacterial suspension was then plated on LB agar plates and counted. Some bacteria were collected by
centrifugation, resuspended in Glutaraldehyde 4% (Beijing Solarbio Science & Technology Co., Ltd)., then the bacteria
were fixed on a circular glass sheet for 12 h. Afterwards, the gradient elution was performed for the bacteria with 25%,
50%, 75%, 80%, 90%, and 100% ethanol. Finally, the morphology of the bacteria was observed using SEM. For the live/
dead assay, the bacterial precipitate was suspended in 100 uL staining solution, and an inverted fluorescence microscope
(IX53, Olympus) was used to observe the state of the bacteria.

Investigation of Antibacterial Mechanism

The ONPG Assay Kit (Beyotime, China), BCA Protein Assay Kit (Beijing Solarbio Science & Technology Co., Ltd). and
AKP Assay Kit (Nanjing Jiancheng, China) were used to detect the membrane destruction. The bacteria of different
groups were collected and mixed with ONPG, BCA or AKP working reagent, and the optical density (OD) of the mixture
was measured by a spectrophotometer at the corresponding wavelength after setting interval.

PCR

Total RNA was extracted from the bacteria using Trizol reagent and reverse transcription was performed to obtain cDNA.
Real-time PCR analysis was conducted using specific primers for the target genes with 2 x SYBR Green qPCR Mix
(containing ROX) on a LightCycler 480 instrument. 16S rRNA was used as an internal reference and relative mRNA
expression levels were quantified. All quantitative results are reported as mean + standard deviation (SD) obtained from
at least three independent studies. The statistical differences were calculated using a two-tailed Student’s #-test. Statistical
differences were defined as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

Antibacterial Performance in vivo

Male Wistar rats (250-300 g, 68 weeks age) were used for this study. Rats were randomly divided into six groups: PBS,
PBS + NIR, BP, BP + NIR, BP-Sr, and BP-Sr + NIR. Full-thickness skin round wounds with a 10 mm diameter were
created by needle biopsy, and 50 pL bacterial solution (S. aureus, 10 CFU/mL) was added to the wound. For the control
group, 50 uL PBS was added to the wounds. In the experimental groups, 50 uL of BP (50 pg/mL) or BP-Sr (50 pg/mL)
was applied to wounds. Thermal images were obtained by a Testo 872 infrared thermal imager under NIR irradiation.
Images of wounds were taken at 1, 3, and 5 days, and Samples were collected on the sixth day to evaluate wound
inflammation. After collection, samples were embedded in paraffin and sectioned into slices. Some slices were stained
with hematoxylin and eosin (HE) and photographed using a microscope (IX53, Olympus). Others were stained with
Gram stain to evaluate bacteria.

Results and Discussion

Characterization of BP-Sr

The morphology of BP-Sr was observed by SEM. As shown in Figure 1A-D, both BP and BP-Sr have a thin-layer
transparent structure with a size of 1 pm and many protrusions occur on the surface of BP-Sr, which may be
composed of Sr. In addition, the elemental distribution of BP-Sr was examined (Figure 1E and F). According to the
elemental maps, the distribution of Sr was homogeneous. The zeta potential of BP was characterized before and
after Sr*" loading. As shown in Figure 1G, the zeta potential of BP was —33.2 mV and that of BP-Sr was —15 mV.
This is attributed to Sr*" loaded onto BP through electrostatic interactions, which subsequently shielded part of the
negative charge of BP. These results indicated the successful preparation of BP-Sr. Then, the solutions were
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Figure | Characterization of BP-Sr. (A and B) SEM images of BP. (C and D) SEM images of BP-Sr. (E and F) Elemental mapping of BP-Sr. (G) Zeta potential of BP and BP-Sr.
(H) Photograph and UV-vis spectrum of BP-Sr. (I) Photograph and UV-vis spectrum of BP.

collected after 1 month to observe degradation. As shown in Figure 1H and I, most of the BP was degraded while
BP-Sr remained high, possibly because BP was fully in contact with oxygen in the water, which caused its self-
oxidation.”® Both the images and UV-vis spectra confirmed that the loading of Sr*" had a protective effect on BP.
The degradation behavior was also studied by monitoring ion release. In addition to degradation, the release of
phosphate (PO4>") into the solution was studied (Figure S1). The release rate of PO,*" from BP was higher than that
from BP-Sr which means BP-Sr has better stability.

In vitro Photothermal Properties

As shown in Figure 2A, the temperatures of BP (50 pg/mL) and BP-Sr (50 pg/mL) suspensions increased with NIR
irradiation. As shown in Figure 2B, the temperature of BP-Sr reached 52.5 °C upon NIR irradiation for 10 min,
which was higher than that of the control group. This shows that BP-Sr has an excellent photothermal conversion
ability. In addition, the photothermal stability of BP-Sr was investigated by circulating intermittent irradiation
(lighting for 5 min, cooling for 20 min). As shown in Figure 2C and D, BP-Sr still had a good photothermal
conversion ability after four cycles and BP-Sr also had a good performance after one week (Figure 2E). These
results indicate that BP-Sr has good photothermal stability.
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Figure 2 In Vitro Photothermal Properties. (A and B) Thermal imagery and photothermal heating curves of the BP and BP-Sr upon NIR irradiation (808 nm, 2.0 W cmz).
(€ and D) Cyclic heating profile of BP-Sr for four on/off cycles. (E) Photothermal heating curves of BP-Sr after degradation.

Cytotoxicity Testing

According to previous reports, when the concentration of BP exceeds 50ug/mL, it exhibits a certain degree of
cytotoxicity.”” Moreover, the toxicity of BP is also related to the particle size, the larger the particle size, the higher
the toxicity.”® Therefore, the cytotoxicity of BP and BP-Sr was observed in this experiment. CCK8 assay indicated that
BP and BP-Sr showed no significant cytotoxicity in HSF with a concentration not exceed 50 pg/mL which is consist with
other articles,' and the loading of Sr** could also promote cell proliferation. (Figure 3A and S2). Similarly, AM/PI
staining showed that BP and BP-Sr did not significantly affect cell viability (Figure 3B).

A B !
054 "BP [ BP-Sr NC BP BP-Sr
04- I — Fekk I
’ 1 o

. >
= 0.3 3
< -
>
O 0.2
(@)
0.1 -
o
0.0 1 1T 1T T T 1 (@)
O QD QA QA
< QQ\&QQ'\&QQ'\& QQ\Q‘\ Qg\@ QQ\&
A PN R SR PN AP
Ve Ve

Figure 3 Cytotoxicity characterization. (A) Viability of HSF measured by CCK8 assay. (B) AM/PI staining of HSF. Data are presented as mean = SD (**P < 0.01, ***P < 0.001).
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Figure 4 Antibacterial activity of BP-Sr. (A) Images of agar culture plate bacterial colonies in different groups. (B and C) Antibacterial rate of different groups. (D and E) The
SEM images of bacteria. (F and G) Live/dead staining images of bacteria. Data are presented as mean * SD (***P < 0.001).

BP-Sr can release PO,* and Sr*" which have the ability to promote bone regeneration.’*° Subsequently, the
osteogenic potential of BP-Sr was investigated. The formation of mineralized substances on the surface of BP-Sr was
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Figure 5 Antibacterial mechanism of BP-Sr. (A and B) The results of BCA. (C and D) The results of ONPG. (E and F) The results of AKP. (G and H) SEM images of
S. aureus and E. coli after treatment. Data are presented as mean * SD (ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001).

observed in vitro, and the results of the ALP assay confirmed its osteogenic ability, proving its potential for application in
the infection of bone tissues (Figure S3).

Antibacterial Performance Testing

The results of agar plating of each group after antibacterial treatment are shown in Figure 4A and S4. The control group
showed a large number of viable S. aureus or E. coli colonies. In contrast, the number of colonies in the experimental
groups treated with BP + NIR or BP-Sr + NIR decreased to a very low level and the BP-Sr showed a better antibacterial
performance. As shown in Figure 4B and C, the bactericidal effects of BP-Sr on S. aureus and E. coli were as high as
99.5% and 99.8% after a 10 min irradiation indicating its excellent bactericidal ability. The improved antibacterial
performance was due to the weakened negative charge on the BP surface which promoted contact with bacteria and the
antibacterial potential of Sr*".'® Bacteria were collected after treatment and observed with SEM. The structure of the
control group was complete, but that of the experimental group was destroyed (Figure 4D and E). Live and dead staining
was also performed, and it was found that a large number of bacteria in the experimental group died, whereas those in the
control group were still alive (Figure 4F and G).

Antibacterial Mechanism of BP-Sr Based on PTT

Previous studies have shown that increasing temperature enhances the permeability of bacterial membranes, leading to
protein leakage.>' In this experiment, protein leakage was detected to characterize membrane destruction. As shown in
Figure 5A and B, the protein concentration in the BP-Sr + NIR group was higher than that in the control group, indicating
membrane destruction. The ONPG assay was performed to determine the extent of destruction. As shown in Figure 5C
and D, OD405 increased after treatment with BP-Sr + NIR compared to that in the control group. The results of the AKP
assay showed a similar pattern (Figure 5E and F), and the morphologies of the different bacteria showed increased

destruction (Figure 5G and H). In summary, these results suggest that the antibacterial mechanism of BP-Sr based on
PTT is related to destruction of the bacterial membrane.
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Transcriptomic Analysis of S. aureus

As shown in Figure S5, the morphology of the colony has undergone significant changes after 6 min NIR which was
a more suitable time to prepare bacteria for transcriptomic analysis. Afterwards, differentially expressed genes (DEGs) of
S. aureus were analyzed by mRNA sequencing (RNA-seq) to study the underlying mechanism of BP-Sr for PTT. As
shown in Figure 6A and B, 355 DEGs were identified, including 212 upregulated and 143 downregulated genes (| Log2
(fold change) | > 0.57, P < 0.05).

The 25 downregulated genes with the greatest changes were mainly involved in energy metabolism, riboflavin
synthesis and material transport. In Figure 6C, Gene Ontology (GO) enrichment analysis showed that biological
processes, such as biological regulation and regulation of cellular processes, were the most enriched GO terms, indicating
their significant influence on S. aureus. According to the Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
(Figure 6D), the enrichment of DEGs in membrane transport and signal transduction further confirmed their considerable
effect on bacterial membranes. Meanwhile, signaling pathways related to amino acid metabolism, metabolism of
cofactors and vitamins and carbohydrate metabolism were significantly altered indicating that the metabolic system of
S. aureus was affected by BP-Sr based on PTT.

DEGs were then used to create functional protein association networks. The results showed that some proteins have
connections in function, and other proteins in the local networks obtained from them are also in line with the relevant
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function, further indicating the destruction of riboflavin synthesis, energy metabolism, DNA synthesis, membrane

structure, material transport and other functions. The expression levels of the selected DEGs were detected using qRT-

PCR. Riboflavin plays a crucial role in bacterial respiration and metabolism, it can help bacteria resist external stimuli.

The lack of riboflavin influences the growth of bacteria. As shown in Figure 7A, the expression of the related genes
(SAOUHSC 01887, SAOUHSC 01888 and SAOUHSC 01889) was significantly downregulated under PTT, indicating
a decrease in bacterial resistance.>* The downregulation of hisG and hisZ, which are related to energy metabolism, plays

an important role in the regulation of microbial growth,** indicating a disturbance in energy homeostasis (Figure 7B). As
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shown in Figure 7C, some genes related to DNA replication and repair were downregulated, including
SAOUHSC 02330, SAOUHSC 00454 and SAOUHSC 02942. This indicates that bacterial genes related to DNA
replication and repair are destroyed, which induces the death under the action of PTT. Leukotoxin is a main pathogenic
virulence factor of S. aureus,** and was significantly downregulated, indicating that the pathogenicity of S. aureus had
decreased (Figure S6).

It has been reported that mraY participates in the synthesis of peptidoglycan, which is an indispensable component of the
cell wall,>> SAOUHSC_00115, SAOUHSC 00116, SAOUHSC 00117 and SAOUHSC_00118 participate in the synthesis
of capsular polysaccharides, and SAOUHSC 02430 and SAOUHSC 2573 are related to material transport on the surface
of the cell membrane. Their expression was downregulated implying destruction of the membrane, which was reported to
be a significant mechanism of bacterial death under PTT and it is consistent with previous results (Figure 7D-F). These
results further proved that the heat generated by BP-Sr disrupts the homeostasis of S. aureus.
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Figure 9 Histopathological staining. HE staining images showing the degree of infection and Gram staining images revealing the bacteria distribution.

Antibacterial Performance in Vivo

The antibacterial performance of BP-Sr was evaluated using a bacteria-infected full-thickness skin defect model. As
shown in Figure 8A and B, the temperature of the BP-Sr + NIR group rose to 44.3 °C within 2 min, but the control group
did not show significant changes under the same conditions. Bacteria on the wound were collected using cotton swabs
and cultured for 12 h. As shown in Figure 8C, bacterial colonies in the BP-Sr + NIR group were smaller, indicating the
presence of fewer bacteria. The wound area is also displayed on the Ist, 3rd, and 5th day. On the 5th day, all groups
demonstrated wound area contraction to some extent, and the BP-Sr + NIR group demonstrated a smaller wound area
than the control group.

1130  hetesi/doiorg/102147/JN.S495119 International Journal of Nanomedicine 2025:20



Ma et al

To evaluate the degree of infection after treatment, tissues around the wounds were harvested from the different
groups and evaluated by histological analysis. As shown in Figure 9, inflammatory cells and bacteria were observed in
the tissues of the PBS group owing to serious bacterial infections. In contrast, the inflammatory state was negligible and
nearly no bacterial contamination was observed in the tissues of the BP-Sr + NIR group on account of the satisfactory
antibacterial performance. Hence, the BP-Sr + NIR group exhibited an excellent antibacterial performance in vivo.

Conclusion

BP is a photothermal agent used in PTT and is well known for its excellent degradability and photothermal conversion
performance. In this experiment, Sr** was loaded onto the surface of BP through electrostatic interactions to improve its
stability, antibacterial performance and biological performance. Furthermore, the research on the microstructure and
internal antibacterial mechanism has shown that bacterial death is related to structural damage under the intense PTT
which could reveal the essence of bacterial death and provides further evidences for the application of BP-Sr in
antibiosis. Based on the good antibacterial performance and high biocompatibility, the BP-Sr could be used as an
ideal ingredient in tissue engineering to prevent bacterial infection and promote wound healing.
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