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Background: Treatment of chronic osteomyelitis (bone infection) remains a clinical challenge; in particular, it 
requires enhanced delivery of antibiotic drugs for the treatment of intracellular Staphylococcus aureus (S. aureus), 
which prevents infection recurrence and resistance. Previous studies have found that noninvasive shock waves 
used to treat musculoskeletal diseases can alter cell permeability, however, it is unclear whether shock waves 
alter cell membrane permeability in chronic osteomyelitis. Furthermore, it remains unknown whether such 
changes in permeability promote the entry of antibiotics into osteoblasts to exert antibacterial effects. 
Methods: In our study, trypan blue staining was used to determine the shock wave parameters that had no 
obvious damage to the osteoblast model; the effect of shocks waves on the cell membrane permeability of 
osteoblast model was detected by BODIPY®FL vancomycin; high performance liquid chromatography-mass 
spectrometry (HLPC-MS) was used to detect the effect of shock wave on the entry of antibiotics into the oste
oblast model; plate colony counting method was used to detect the clearance effect of shock wave assisted an
tibiotics on S. aureus in the osteoblast model. To explore the mechanism, the effect of different pulses of shock 
waves on S. aureus was examined by plate colony counting method, besides, P2X7 receptor in osteoblast was 
detected by immunofluorescence and the extracellular ATP levels was detected. Furthermore, the effect of P2X7 
receptor antagonists KN-62 or A740003 on the intracellular antibacterial activity of shock-assisted antibiotics 
was observed. Then, we used S. aureus to establish a rat model of chronic tibial osteomyelitis and investigated the 
efficacy and safety of shock-wave assisted antibiotics in the treatment of chronic osteomyelitis in rats. 
Results: The viability of the osteoblast models of intracellular S. aureus infection was not significantly affected by 
the application of up to 400 shock wave pulses at 0.21 mJ/mm2. Surprisingly, the delivery of BODIPY®FL 
vancomycin to osteoblast model cells was markedly enhanced by this shock wave treatment. Furthermore, the 
shock wave therapy increased the delivery of hydrophilic antibiotics (vancomycin and cefuroxime sodium), but 
not lipophilic antibiotics (rifampicin and levofloxacin), which improved the intracellular antibacterial effect. 
Afterwards, we discovered that shock wave treatment increased the extracellular concentration of ATP (the P2X7 
receptor activator)， while KN-62 or A740003, a P2X7 receptor inhibitor, decreased intracellular antibacterial 
activity. We then found that 0.1 mL of 1 × 1011 CFU/mL ATCC25923 S. aureus was suitable for modeling chronic 
osteomyelitis in rats. Besides, the shock wave-assisted vancomycin treatment with the strongest antibacterial and 
osteogenic effects among the tested treatments was confirmed in vivo by imaging examination, microbiological 
cultures, and histopathology, with favorable safety. 

☆ The translational potential of this article:This study attempts to explore a novel intracellular anti-infection method, which is rarely reported in previous studies. In 
addition, through in vivo and in vitro experiments, the effectiveness of shock wave assisted antibiotics in the treatment of S. aureus infection in osteoblasts was 
proved, which provides a new treatment strategy for the treatment of chronic osteomyelitis. 
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Conclusions: Our results suggest that shock waves can promote the entry of antibiotics into osteoblasts for 
antibacteria by changing the cell membrane permeability in a P2X7 receptor-dependent manner. Besides, 
considering antibacterial and osteogenic efficiency and a high degree of safety in rat osteomyelitis model, shock 
wave-assisted vancomycin treatment may thus represent a possible adjuvant therapy for chronic osteomyelitis.   

1. Introduction 

Osteomyelitis is a bacterial infectious disease of bone tissue accom
panied by bone destruction and sepsis, which are caused by infectious 
microorganisms after trauma, bone surgery, diabetic foot, or joint 
replacement [1,2]. It remains a substantial healthcare burden with a 
prevalence of ~22 cases per 100,000 individuals per year in the United 
States, and its incidence has been increasing over time, particularly in 
the elderly and individuals with diabetes [3]. Although many organisms 
can cause skeletal infections, Staphylococcus aureus remains the most 
prevalent and dangerous causal pathogen [4]. Local and systemic 
infection control is critical for the treatment of adult osteomyelitis. 
Surgical debridement and a high parenteral dose of systemic antibiotics 
are required in most adult patients with osteomyelitis [2]. However, 

such standard therapies not only fail at a rate of up to 30 % but also 
result in tissue defects, drug resistance, and organ toxicity [5]. 

S. aureus infects bone tissue and internalizes into osteoblasts, evading 
the body’s immune response and antibiotics through vesicle escape and 
the formation of small colony variants (SCVs). As a result, S. aureus can 
survive for a long time after its internalization into osteoblasts [6,7]. In 
fact, most antibiotics are ineffective against intracellular pathogens due 
to their low retention inside the cells (i.e., macrolides or fluo
roquinolones) [8] or poor entry into the cells (i.e., β-lactams or amino
glycosides) [9,10]. Vancomycin, in particular, is a last-resort antibiotic 
against methicillin-resistant S. aureus (MRSA), however it cannot erad
icate intracellular MRSA due to its limited uptake by infected host cells 
[11]. The intracellular location of these bacteria offers protection from 
the host’s immune response, and can result in cell alterations and 

Fig. 1. Experimental design and protocol (A) Effectiveness and mechanism of shock wave-assisted antibiotics in the treatment of intraosteoblastic S. aureus (B) 
Establishment of chronic osteomyelitis experiment in rats (C) Shock wave-assisted vancomycin treatment for chronic osteomyelitis in rats. 
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bacterial resistance if exposed to subtherapeutic concentrations of an
tibiotics [12]. In addition, the proliferation and differentiation abilities 
of osteoblasts with internalized S. aureus are weakened, leading to a 
reduction in bone tissue formation. In addition, intracellular S. aureus 
can cause apoptosis and necrosis of osteoblasts. After the release of 
“hidden” S. aureus, it can infect other osteoblasts and cause repeated 
infection of bone tissue, leading to chronic osteomyelitis [13,14]. 
Although antibiotic-loaded nanoparticles [15], antimicrobial peptides 
[16], or phagotherapy [17] have been experimentally shown to have 
suitable efficacy in the treatment of intracellular bacteria, their clinical 
application in treating osteomyelitis patients is still a long way off. 
Therefore, it is extremely desirable to develop novel antibiotics and 
effective strategies to treat osteomyelitis. 

Extracorporeal shock wave therapy (ESWT) is a noninvasive treat
ment developed on the basis of shock wave lithotripsy, which has 
become an important method for the treatment of urinary calculi [18, 
19]. Furthermore, the biological effects of ESWT have been reported, 
including tissue regeneration, wound healing, angiogenesis, bone 
remodeling, anti-inflammation, anti-apoptosis, and nerve regeneration 
[20,21]. ESWT has also been used to treat musculoskeletal diseases [21], 
repair acute and chronic motor system injury diseases [22], acute and 
chronic wound healing, diabetic foot ulcers, ischemic cardiomyopathy, 
and erectile dysfunction [23]. Shock waves (SWs) can also increase the 
permeability of the cell membrane, allowing substances that do not 
easily pass through cell membranes, such as calcein and fluorescent 
yellow, to enter the cells [24,25]. Hydrophilic antibiotics have difficulty 
entering the cell through the hydrophobic membrane, so that intracel
lular bacteria can escape the killing effect of antibiotics. Therefore, we 
speculate that shock waves can effectively treat intracellular infection 
by increasing the permeability of the cell membrane and promoting the 
entry of antibiotics into osteoblasts. 

In this study, we report a novel intracellular anti-infection method 
for the treatment of S. aureus-infected osteomyelitis (Fig. 1). We first 
conducted in vitro experiments to determine the effectiveness and 
mechanisms of shock wave-assisted antibiotic delivery against intra
osteoblastic S. aureus. We found that shock waves could increase the 
membrane permeability of osteoblasts and enhance the intracellular 
antibacterial effect by promoting the delivery of vancomycin and 
cefuroxime sodium by the cells, and the mechanism was related to the 
ATP/P2X7 receptor pathway. Next, we investigated the effectiveness of 
shock wave-assisted antibiotics in the treatment of chronic osteomyelitis 
in rats, and we found that shock wave-assisted vancomycin treatment 
has significant anti-infective and osteogenic effects and could quickly 
improve liver and kidney function in chronic osteomyelitis model rats, 
with no toxic side effects on the organism and suitable safety. Hence, this 
work provides a feasible strategy for the effective treatment of chronic 
osteomyelitis. 

2. Materials and methods 

2.1. Materials 

MG-63 and MC3T3-E1 cells were purchased from Shanghai Cell Bank 
of Chinese Academy of Sciences (Shanghai, China); S. aureus (ATCC 
25923) was obtained from School of Basic Medical Science, Jilin Uni
versity; Tryptone soybean broth (TSB) and brain heart infusion agar 
(BHIA) were purchased from Haibo Biotechnology Co., Ltd (Qingdao, 
China); Lysostaphin were purchased from Biorab Technology Co., Ltd 
(Beijing, China); Triton X-100 were purchased from Biofrox (Germany); 
BODIPY®FL vancomycin was purchased from Thermo Fisher Scientific 
(Waltham, MA, USA); vancomycin, cefuroxime sodium, rifampin or 
levofloxacin was purchased from Yuanye Bio-Technology Co., Ltd 
(Shanghai, China); Trypan blue staining solution was purchased from 
Dingguo Changsheng Biotechnology Co., Ltd; Rhodamine-labeled phal
loidin was purchased from Solarbio Science & Technology Co.,Ltd 
(Beijing, China); The CCK-8 reagent, PBS, Trypsin–EDTA digest solution, 

and triphosadenine (ATP) was purchased from New Cell &Molecular 
Biotech Co., Ltd (Suzhou, China); CellTiter-Lumi™ Plus Luminescent 
Cell Viability Assay Kit, DAPI staining solution and Alexa Fluor 555- 
labeled Donkey Anti-Rabbit IgG (H + L) was purchased from Beyotime 
Biotech. Inc (Shanghai, China); P2X7 receptor antibody was purchased 
from Alomone labs (Jerusalem, Israel); KN-62 and A740003 were pur
chased from MedChemExpress (New Jersey, USA); Male Wistar rats (12- 
weeks-old) were purchased from the Animal Experiment Center of Jilin 
University (China), and a rat ALP ELISA kit was purchased from Sen
BeiJia Biological Technology Co., Ltd (Nanjing, China). 

2.2. Validation of the effectiveness of shock wave-assisted antibiotics in 
the treatment of intraosteoblastic S. aureus 

2.2.1. Cell and bacterial culture 
At 37 ◦C in a 5 % CO2 humidified atmosphere, MG-63 cells were 

cultured in high-glucose DMEM (Hyclone) medium supplemented with 
10 % fetal bovine serum (FBS), and MC3T3-E1 cells were cultured in 
α-MEM (Hyclone) medium supplemented with 10 % FBS. S. aureus 
(ATCC 25923) was cultured in TSB. At the time of osteoblast infection, 
the absorbance at 600 nm (A600) of the bacterial suspension was 
adjusted to 0.5 (corresponding to 109 bacteria). 

2.2.2. Establishment of intracellular infection of S. aureus in (human and 
mouse) osteoblast models 

An intracellular infection assay was performed using a modified 
method similar to that developed by Hamza et al. [26]. 

The intracellular infection assay is described in Supplementary 
Methods 1.1. 

2.2.3. Extracorporeal shock wave exposure 
The determination of the optimal experimental conditions for shock 

waves is described in Supplementary Methods 1.2. 

2.2.4. Effect of shock waves on osteoblasts in antibiotic solution 
The effect of shock waves on osteoblasts in antibiotic solution is 

described in Supplementary Methods 1.3. 

2.2.5. Effect of shock waves on cell membrane permeability in intracellular 
S. aureus infection models 

Infected osteoblast models were developed as described above, and 
the MOI was 100:1. Extracellular bacteria were killed by adding lyso
zyme (10 μg/mL). MG-63 or MC3T3-E1 cells in dishes were trypsinized, 
centrifuged, and suspended in 100 μg/mL BODIPY®FL vancomycin 
(Thermo Fisher Scientific, USA). The concentration of the cell suspen
sion was adjusted to 106 cells/mL. Cells (1 × 106 cells/mL in 0.2 mL) 
were transferred to 1.5 mL polypropylene tubes and exposed to 400 
shock wave impulses at 0.21 mJ/mm2, with impulse rates of 3 Hz. 
Thereafter, half of the cell solution was transferred to a 12-well plate and 
incubated for 1 h, followed by 3 washings with PBS. After incubation, 
images were obtained under a fluorescence microscope (Olympus, 
Japan). For quantitative determination, another half of the cells were 
washed three times with PBS to remove extracellular BODIPY®FL van
comycin. Samples were then resuspended in PBS and sonicated for 2 
min. Then the sonicated samples were centrifuged, and the absorbance 
of the supernatants in a 96-well black bottom plate was measured using 
a multifunctional microplate reader (BMG LABTECH, Germany). 

2.2.6. Effect of shock waves on antibiotics entry into osteoblast models 
Infected osteoblast models were developed as described above, and 

the MOI was 100:1. Extracellular bacteria were killed by adding lyso
zyme (10 μg/mL). MG-63 or MC3T3-E1 cells in dishes were trypsinized, 
centrifuged, and suspended in vancomycin, cefuroxime sodium, 
rifampin, or levofloxacin (1 mg/mL). The concentration of the cell 
suspension was adjusted to 106 cells/mL. Cells (1 × 106 cells/mL in 0.5 
mL) were transferred to 1.5 mL polypropylene tubes and exposed to 400 
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shock wave impulses at 0.21 mJ/mm2, with impulse rates of 3 Hz. Cells 
were washed three times with PBS to remove extracellular antibiotics. 
Samples were then resuspended in PBS and sonicated for 2 min. 
Thereafter, the sonicated samples were centrifuged, and the antibiotic 
accumulation in the supernatants was determined by high performance 
liquid chromatography-mass spectrometry (HLPC-MS) as previously 
described [27]. 

2.2.7. Effect of shock wave-assisted antibiotics on the clearance of S. aureus 
in osteoblast models 

Infected osteoblast models were developed as described above, and 
the MOI was 100:1.Extracellular bacteria were killed by adding lyso
zyme (10 μg/mL). MG-63 or MC3T3-E1 cells in dishes were trypsinized, 
centrifuged, and suspended in vancomycin and cefuroxime sodium (1 
mg/mL), respectively. The concentration of the cell suspension was 
adjusted to 106 cells/mL. The cells (1 × 106 cells/mL in 0.5 mL) were 
transferred to 1.5 mL polypropylene tubes and exposed to 400 shock 
wave impulses at 0.21 mJ/mm2, with impulse rates of 3 Hz. Thereafter, 
cells were transferred to a 6-well plate and incubated for 24 h. After 
incubation, the intracellular viability of S. aureus was determined by 
lysing infected cells in 0.1 % Triton-X in PBS and plating the lysates on 
BHIA, followed by a visual count of bacterial colonies. 

2.3. Mechanisms of shock wave-assisted antibiotic treatment of 
intraosteoblastic S. aureus 

2.3.1. Antibacterial effect of extracorporeal shock waves 
The bacterial suspension with an A600 of 0.5 was prepared and 

diluted to 5 × 106 cells/mL with PBS. Bacterial suspension (5 × 106 

cells/mL in 0.5 mL) was transferred to 1.5 mL polypropylene tubes and 
exposed to 0, 50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, and 
600 shock wave impulses at 0.21 mJ/mm2, with impulse rates of 3 Hz. 
The intracellular viability of S. aureus was determined by plating the 
lysates on BHIA followed by a visual count of bacterial colonies. 

2.3.2. Measurement of extracellular ATP levels 
Cells at 70–80 % confluency were resuspended at 1 × 106 cells/mL. 

0.5 mL of cell suspension was then transferred to 1.5 mL polypropylene 
tubes and exposed to 0, 100, 200, 300, 400, and 500 shock wave im
pulses at 0.21 mJ/mm2, with impulse rates of 3 Hz. Afterward, cells 
were centrifuged at 1000×g for 5 min at 4 ◦C, and 100 μL of supernatant 
was transferred to a 96-well plate. 100 μL CellTiter-Lumi™ Plus Lumi
nescent Cell Viability Assay Kit (Beyotime, China) were then added to 
each well and incubated for 10 min in the dark. The luminescent signal 
was measured with a multifunctional microplate reader (BMG LAB
TECH, Germany). 

2.3.3. Evaluation of the toxic effects of ATP on osteoblasts 
Infected osteoblast models were developed as described above, and 

the MOI was 100:1. Extracellular bacteria were killed by adding lysos
taphin (10 μg/mL). MG-63 or MC3T3-E1 cells in dishes were trypsinized, 
centrifuged, and suspended in cell culture medium containing strepto
mycin/penicillin. The cell suspension was transferred to 48-well plates. 
100 μL of different concentrations of ATP were then added to each well 
and incubated for 24 h. After incubation, the viability of cells was 
quantified with a CCK-8 assay kit (Beyotime, China). 

2.3.4. Detection of P2X7 in osteoblasts by immunofluorescence 
Immunofluorescence staining was performed to visualize the 

expression of P2X7 in osteoblasts. MG-63 and MC3T3-E1 cells were 
seeded in 6 cm-diameter dishes (1 × 105 cells/dish) and incubated for 
12 h. After washing with PBS, the cells were fixed with 3.7 % para
formaldehyde for 15 min. The resulting cells were incubated overnight 
with P2X7 receptor antibody (Alomone labs, Israel) at 4 ◦C, followed by 
PBS washing three times and Alexa Fluor 555-labeled Donkey Anti- 
Rabbit IgG (H + L) (Beyotime, China) incubation for 1 h at 37 ◦C in 

the dark. The cells were washed gently and stained with DAPI (Beyo
time, China). Finally, images were obtained under a fluorescence mi
croscope (Olympus, Japan). 

2.3.5. Effect of P2X7 receptor antagonists on the intracellular antibacterial 
effect of shock wave-assisted antibiotics 

Infected osteoblast models were developed as described above, and 
the MOI was 100:1. Extracellular bacteria were killed by adding lysos
taphin (10 μg/mL). MG-63 or MC3T3-E1 cells in dishes were trypsinized, 
centrifuged, and suspended in vancomycin and cefuroxime sodium (1 
mg/mL), respectively. The concentration of the cell suspension was 
adjusted to 106 cells/mL. 0.5 mL of cell suspension was added to a 1.5 
mL Eppendorf tube and exposed to 400 shock wave pulses at impulse 
rates of 3 Hz in the presence or absence of the P2X7 receptor inhibitor 
KN-62 or A740003. Thereafter, cells were transferred to a 6-well plate 
and incubated for 24 h. After incubation, the intracellular viability of 
S. aureus was determined by lysing infected cells in 0.1 % Triton-X in 
PBS and plating the lysates on BHIA, followed by a visual count of 
bacterial colonies. 

2.4. Rat osteomyelitis model 

The induction of tibial osteomyelitis in rats is described in Supple
mentary Methods 1.4. 

2.5. Rat osteomyelitis treatment 

2.5.1. Induction and treatment of tibial osteomyelitis 
Male Wistar rats (12 weeks old) were randomly divided into six 

groups (n = 8): normal group (healthy rats without any treatment), bone 
defect group (bone defect inoculation with saline, no treatment after 1 
month), control group (bone defect site inoculated with S. aureus, no 
treatment after 1 month), SW group (bone defect site inoculated with 
S. aureus, shock wave treatment after 1 month), Van group (bone defect 
site inoculated with S. aureus, vancomycin treatment after 1 month), 
Van + SW group (bone defect site inoculated with S. aureus, vancomycin 
combined with shockwave treatment after 1 month). 

The rats were anesthetized with ketamine (10 mg/kg). After anes
thesia, the hair was removed from the left hind legs, and the skin was 
disinfected. In the middle and upper thirds of the tibia, a cortical bone 
defect of 8 mm × 4 mm was made with a dental drill on a flat area, and 
100 μL of S. aureus (ATCC25923) suspension (1 × 1011 CFU/mL) was 
then inoculated into the medullary cavity of the defect to construct the 
osteomyelitis model. The bone defect group was inoculated with 100 μL 
of physiological saline. 

At four weeks post-infection, the normal group, bone defect group, 
and control group were given no treatment; the SW group was given 
shockwave treatment; the Van group was given vancomycin treatment; 
and the Van + SW group was given shock wave-assisted vancomycin 
treatment. For vancomycin treatment, the rats were intraperitoneally 
injected with vancomycin solution (50 mg/kg) twice a day. For shock 
wave treatment, the rats were wrapped in a sterile medical dressing 
around the infected area, followed by filling the shock wave water 
bladder with water and then applying a medical coupling agent. Then 
the infected area was given an energy flow density of 0.21 mJ/mm2, a 
frequency of 3 Hz, and 1500 shock wave treatments. The treatment was 
given once every 5 days, for a total of 6 times. The modeling and 
treatment procedures are shown in Fig. S2. 

2.5.2. General observation 
At 0 weeks, 1 week, 3 weeks, and 5 weeks of treatment for osteo

myelitis, the weights, body temperature, white blood cell count, and 
infected legs of the rats were recorded and photographed. The photo
graphic results were scored according to the scoring system described by 
Petty et al. [28], with higher scores indicating more severe infection. 
After 5 weeks of treatment, the tibia was exposed after the execution of 
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the rats for observation and photography, and then scored according to 
the scoring system described by Rissing et al. [29]. 

2.5.3. Radiology evaluation 
To observe bone defect healing and the inflammatory response at the 

site of bone infection, we acquired radiographic images (X-ray and MRI 
images) of the left tibias of rats at 0 weeks, 3 weeks and 5 weeks after the 
treatment for osteomyelitis. The collected anteroposterior X-ray images 
were assessed according to the scoring system described by Smeltzer 
et al. [30]. A higher score represented an increased severity of osteo
myelitis. MRI analysis was performed with a 1.5 T unit (uMR580, 
Shanghai United Imaging Healthcare Co., Ltd.). Images were obtained 
on the sagittal, coronal, and axial planes. Intramedullary signal change, 
soft-tissue signal change, the presence of subperiosteal and/or extrap
eriosteal fluid, and soft-tissue abscess formation were examined. The 
infected tibias were detected via a micro-CT system (NMC-200, PING
SENG Healthcare Inc., China) at 5 weeks after osteomyelitis treatment. 
In addition, the three-dimensional digitized images were obtained 
through scan reconstruction. The BV/TV values were obtained via 
Avatar software (version 1.7.1, PINGSENG Healthcare Inc., China). 

2.5.4. Microbiological and alkaline phosphatase evaluation 
To determine the amount of bacteria in infected tibias, three rats in 

each group at 3 and 5 weeks after treatment were tested. The tibias were 
homogenized in saline with a TissueLyser (Shanghai Jinxin, China) after 
grinding and weighing 1 g. Viable bacteria in saline solution were 
serially diluted 10-fold and cultured in BHIA for 24 h at 37 ◦C, after 
which the bacteria were counted and photographed, and the number of 
bacteria per gram of tibia was calculated. In addition, Gram stain and 
plasma coagulase tests were performed on the cultured pathogenic 
bacteria. The above tissue grinds were centrifuged at 2000 rpm for 20 
min, and the supernatant was collected, the level of alkaline phospha
tase was quantified with a rat ALP ELISA kit (Sbjbio, China). 

2.5.5. Histological analysis and immunohistochemical staining 
Rats were euthanized at 5 weeks after treatment, and the tibia 

specimens were collected. Specimens were fixed with a 4 % para
formaldehyde solution for 24 h. After decalcification with 10 % EDTA 
solution for 1 month, specimens were embedded with paraffinwax, 
sectioned longitudinally, and deparaffinized for staining. The samples 
were sectioned to a thickness of 4 μm, and the bone defect region and 
three typical sections of the specimens were analyzed. 

For H&E and Masson staining, the images were obtained by micro
scopy (NIKON ECLIPSE CI, USA). The stained sections were randomized 
and subsequently assessed for intraosseous acute inflammation (IAI), 
intraosseous chronic inflammation (ICI), periosteal inflammation (PI), 
and bone necrosis (BN) by a pathologist in a blind manner according to 
the scoring system described by Smeltzer et al. [30]. For immunohis
tochemical staining, the sections were stained with an anti-P2X7 re
ceptor antibody. Then, an HRP-labeled anti-rabbit IgG was used as the 
secondary antibody for chromagen development. Color reactions were 
developed using the DAB substrate, and then the sections were coun
terstained with hematoxylin. The images were captured by a digital 
pathology system (3DHISTECH, Hungary). 

2.5.6. In vivo safety 
To observe the effects of shock wave-assisted antibiotic treatment on 

the liver and kidney functions of rats, the serum levels of aspartate 
aminotransferase (AST), alanine aminotransferase (ALT), urea (Ur) and 
creatinine (Cr) were measured 0 week, 1 week, 3 weeks and 5 weeks 
after treatment, respectively. At 5 weeks after treatment, major organs 
(heart, liver, spleen, lung, and kidney) were collected and fixed in 4 % 
paraformaldehyde for H&E analysis. Paraffin-embedded tissues were cut 
into 4 μm sections, and the images were captured by a digital pathology 
system (3DHISTECH, Hungary). Blood was collected from rats 30 min 
before and after shock wave treatment, and the blood was transferred to 

a tube containing 15 mL of sterile TSB and incubated in a shaker at 37 ◦C 
for 24 h 100 μL of culture solution was inoculated on agar plates and 
incubated overnight at 37 ◦C for colony counting. Gram staining and 
plasma coagulase assays were performed on the cultured pathogenic 
bacteria. 

2.6. Statistical analyses 

The data were represented as the mean values ± standard deviations. 
Statistical analysis was performed with the Prism 9 software (GraphPad 
Software). The normal distribution was tested by Shapiro–Wilk test. If 
normality criteria were met, one-way ANOVA with posthoc multiple 
comparison test was run; if normality criteria were not met, the Krus
kal–Wallis nonparametric test was run. (*p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001). The graphics in this manuscript were created 
using BioRender (https://biorender.com/) and Adobe Illustrator 
(version 2022). 

3. Results 

3.1. Validation of the effectiveness of shock wave-assisted antibiotics in 
the treatment of intraosteoblastic S. aureus 

3.1.1. Establishment of intracellular S. aureus infection in (human and 
mouse) osteoblast models 

The results of the intracellular S. aureus infection model are pre
sented in Supplementary Results 2.1. An MOI of 100 was the optimal 
infection multiplicity for S. aureus infection of osteoblasts MG-63 and 
MC3T3-E1 and was used in the subsequent experiments. 

3.1.2. Extracorporeal shock waves exposure 
The damage effects of a specific number of shock waves on the 

osteoblast model are presented in Supplementary Results 2.2. The shock 
wave parameters of 0.21 mJ/mm2, 3 Hz, and 400 impulses were selected 
for the following experiments. 

3.1.3. Effect of shock waves on osteoblasts in antibiotic solution 
The effect of shock waves on osteoblasts in antibiotic solution is 

presented in Supplementary Results 2.3. The osteoblasts in culture with 
vancomycin, cefuroxime sodium, rifampin, or levofloxacin (1mg/mL) 
had standard cell morphology and proliferation in the SW and Con 
groups after 24 h of shock wave treatment, and no significant extra
cellular bacterial growth was observed. 

3.1.4. Effect of shock waves on cell membrane permeability in the 
intracellular S.aureus infection model 

To determine the effects of shock wave treatment on cell membrane 
permeability, MG-63 and MC3T3-E1 cell models were treated with 
shock waves as described above in the presence of BODIPY®FL vanco
mycin, and cellular uptake of BODIPY®FL vancomycin was assessed by 
fluorescence microscopy. In MG-63 and MC3T3-E1 cells, the fluores
cence intensity was significantly higher in the SW group compared with 
the Con group, revealing a significant increase in intracellular vanco
mycin levels (Fig. 2A). Quantitative analysis also revealed that the 
intracellular BODIPY®FL vancomycin levels in the SW group were 
significantly higher than those in the Con group (p < 0.001) (Fig. 2A). 
This result suggests that shock waves can alter the permeability of the 
cytosolic membrane of the osteoblasts and induce the entry of BODIPY- 
FL-labeled vancomycin into the cells. 

3.1.5. Shock waves promote the entry of antibiotics into osteoblasts and 
enhance intracellular antibacterial activity 

Based on the above findings, we explored whether shock waves can 
promote the entry of antibiotics into osteoblasts. We incubated MG-63 
and MC3T3-E1 cell models with 1 mg/mL of different antibiotics, fol
lowed by 400 shock wave impulses at 0.21 mJ/mm2. Then, we 
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determined the intracellular antibiotic concentrations by using HPLC. 
Shock wave treatment was able to significantly induce the hydrophilic 
antibiotics vancomycin and cefuroxime sodium into osteoblasts MG-63 
and MC3T3-E1 (p < 0.001), while it had insignificant effects on the 
lipophilic antibiotics rifampicin and levofloxacin (p > 0.05) (Fig. 2B). 
After treatment, the intracellular viability of S. aureus was determined 
by plating the lysates on BHIA followed by a visual count of bacterial 
colonies. Compared with that in the control group, the intracellular 
S. aureus count in the vancomycin shock wave (SW) group decreased by 
approximately 5400 cfu/well in MG-63 cells and 16,067 cfu/well in 

MC3T3-E1 cells at 24 h after shock wave treatment. In the cefuroxime 
sodium shock wave (SW) group, the intracellular S. aureus count 
decreased by approximately 2800 cfu/well in MG-63 cells and 8600 cfu/ 
well in MC3T3-E1 cells at 24 h after shock wave treatment when 
compared with that in the control group (Fig. 2C). These results indi
cated that shock wave treatment could promote the delivery of vanco
mycin and cefuroxime sodium into osteoblasts and improve the 
intracellular antibacterial activity of the two antibiotics. 

Fig. 2. Shock waves can induce the permeabilization of osteoblasts, and then promote vancomycin and cefuroxime sodium to enter the cells and exert antibacterial 
effects (A) BODIPY®FL vancomycin was used to evaluate the effect of shock wave treatment on cell membrane permeability in the osteoblast model cells (B) Effect of 
shock wave treatment on antibiotics entry into osteoblast model cells (C) Effect of shock wave-assisted antibiotics on the clearance of S. aureus in osteoblast model 
cells. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not statistically significant. 
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3.2. Mechanisms of shock wave-assisted antibiotic treatment of 
intraosteoblastic S. aureus 

First, we applied the plate colony counting method to evaluate the 
effect of different shock wave impulses on S. aureus to exclude the direct 
killing effect of shock wave treatment on bacteria. Shock waves with an 
energy density of 0.21 mJ/mm2 and a frequency of 3 Hz did not have a 
significant damaging effect on S. aureus within a number of 2500 im
pulses (Fig. 3A). This result suggested that the reduction of intracellular 
S. aureus by antibiotics at 400 shock wave impulses was not caused by 
the direct killing of S. aureus by shock wave treatment. 

We studied whether ATP release played a role in the mechanisms 
behind the improvement of antibiotic delivery by shock wave treatment. 
Using P2X7-specific antibodies, we first checked to see if P2X7 receptors 
were present on the cell surfaces of MG-63 and MC3T3-E1. We discov
ered that MG-63 and MC3T3-E1 had highly expressed P2X7 receptors 
using immunofluorescence labeling (Fig. 3B). To evaluate whether 
shock waves stimulate ATP release, shock wave treatment was applied 
to MG-63 and MC3T3-E1 cells, and extracellular ATP concentrations 
were measured using an ATP assay. It was found that the extracellular 
ATP concentrations of MG-63 and MC3T3-E1 cells were significantly 
increased after the shock wave treatment, and the ATP concentration 
increased as the shock wave impulses increased (Fig. 3C). Next, we 
treated MG-63 and MC3T3-E1 cells with ATP and assessed cell viability 
using the CCK-8 assay. As shown in Fig. 3D, ATP at concentrations ≤10 
μM did not noticeably affect cell viability. However, ATP concentrations 
≥100 μM significantly reduced cell viability (p < 0.05) (Fig. 3D). These 
findings imply that ATP release does not contribute to cell death given 
that shock wave-induced extracellular ATP concentrations were less 
than 10 μM. 

According to the studies above, shock wave treatment opens chan
nels in cell membranes to make it easier for antibiotics to enter cells. To 
test this hypothesis, we administered vancomycin or cefuroxime sodium 
to MG-63 and MC3T3-E1 cells in the presence or absence of the P2X7 
receptor inhibitors KN-62 or A740003, and then measured intracellular 
antibacterial activity after shock wave treatment. We found that intra
cellular antibacterial activity was significantly weakened by KN-62 or 
A740003 treatment (p < 0.05) (Fig. 4A and B), which indicates that 
P2X7 receptors are required for the shock wave-mediated enhancement 
of intracellular antibacterial activity. These findings imply that shock 
wave treatment increased intracellular antibacterial activity via 
increasing antibiotic consumption by modifying cell membrane 
permeability via P2X7 receptor-ATP signaling. 

3.3. Rat osteomyelitis model 

The results of the rat osteomyelitis model are presented in Supple
mentary Results 2.4. In the group inoculated with saline, no rats were 
infected after 4 weeks, indicating that the aseptic surgical operation was 
successful. When inoculated with 0.1 mL 1 × 107 CFU/mL bacterial 
suspension, the infection rate was 40 % after 4 weeks, no rats died, and 
the infected rats had mild signs of infection and mild imaging and 
pathological chronic osteomyelitis changes at the surgical site. When 
inoculated with 0.1 mL of 1 × 109 CFU/mL bacterial suspension, the 
infection rate of rats was 100 % after 4 weeks, with no rat deaths, mild 
signs of infection, and mild to moderate imaging and pathological 
chronic osteomyelitis changes at the surgical site. When inoculated with 
0.1 mL of 1 × 1011 CFU/mL bacterial suspension, the infection rate in 
rats was 100 % after 4 weeks, with no rat deaths, severe signs of infec
tion, and severe imaging and pathological chronic osteomyelitis changes 

Fig. 3. (A) There was no antibacterial effect of extracorporeal shock waves (B) P2X7 receptors were highly expressed on the cell surface of MG-63 and MC3T3-E1 
cells (C) Shock wave treatment increased the extracellular concentration of ATP in MG-63 and MC3T3-E1 cells (D) MG-63 and MC3T3-E1 cells were treated with the 
indicated concentrations of ATP and cell viability was assessed by the CCK-8 assay. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not 
statistically significant. 
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at the surgical site. When inoculated with 0.1 mL of 2 × 1011 CFU/mL 
bacterial suspension, the infection rate of rats was 100 % after 4 weeks, 
with severe symptoms of infection, severe weight loss of rats, 2 rats 
deaths, and severe imaging and pathological chronic osteomyelitis 
changes at the surgical site. The concentration of S. aureus was the key to 
the success of chronic osteomyelitis modeling; too much bacteria led to 
the death of rats and too few bacteria did not cause osteomyelitis in rats. 
By comparing the five groups of rats, we found that 0.1 mL of 1 × 1011 

CFU/mL of ATCC25923 S. aureus is suitable for modeling chronic oste
omyelitis in rats, so we will choose 0.1 mL of 1 × 1011 CFU/mL of 
bacterial suspension at the cortical bone defect as the bacterial dose for 
modeling chronic osteomyelitis in rats in subsequent experiments. 

3.4. Rat osteomyelitis treatment 

After the successful establishment of chronic osteomyelitis in rats, 
the therapeutic effect of shock wave-assisted vancomycin on rat osteo
myelitis was investigated (Fig. 5A). 

3.4.1. General observations 
From the images of the surgical sites (Fig. 5B), at 0 weeks, the 

infected legs of rats in the control, SW, Van, and Van + SW groups 
exhibited severe abscesses from the sinus tract, while the legs in the 
normal, bone defect group had no abnormal change. At three and five 
weeks, the infected legs of rats in the control and SW groups still 
exhibited severe abscesses from the sinus tract, while the skin abscesses 
of legs in the Van and Van + SW groups were almost completely 
ameliorated. In addition, when we surgically incised the infected skins, 
it can be observed that the bone defects of infected rats exhibited 

festering in the Van group, while the Van group were normal without 
festering, suggesting a considerable suppression of infection. 

In addition, the body weight change of rats was recorded during the 5 
weeks. Van and Van + SW groups rats exhibited a healthy increasing 
trend in body weight; however, the control and SW groups rats gained 
weight at a slower rate due to the infection (Fig. 5C). Moreover, body 
temperature and white blood cell (WBC) counts of the Van + SW group 
returned to normal faster compared those of the Van groups (Fig. 5D and 
E), indicating that the systemic inflammation response was also relieved 
after shock wave-assisted vancomycin treatment. 

3.4.2. Radiographic analyses 
Digital X-ray and MRI of the left tibias of the rats are shown in Fig. 6. 

At 0 week after treatment, the radiographic images confirmed the 
presence of osteomyelitis, along with osseous destruction and stimula
tion of bone formation by the periosteal reaction (Fig. 6A, X-ray, control, 
SW, Van, and Van + SW groups); the MRI revealed changes in the 
intramedullary signal belonging to osteomyelitis areas and an abscess of 
soft tissue (Fig. 6B, MRI, control, SW, Van, and Van + SW groups). Three 
to five weeks after treatment, infection developed as manifested by the 
progressive inflammation and bone destruction, and periosteal reactions 
and large sequestrum formations were also observed (Fig. 6A, X-ray, in 
the control, SW, and Van groups). The MRI revealed cortical bone 
thickening resulting from abscess formation, subperiosteal and extrap
eriosteal fluid, and swelling of soft tissue (Fig. 6B, MRI, in the control, 
SW, and Van groups). In the Van + SW group, a slight periosteal reaction 
occurred without bone abscess, and the bone defect was obviously 
repaired (Fig. 6A and B, X-ray and MRI). The mean radiographic scores 
of Van + SW group animals were also significantly lower than those of 

Fig. 4. Effect of P2X7 receptor antagonists on the intracellular antibacterial effect of shock wave-assisted antibiotics. Data are presented as mean ± SD. *p < 0.05, 
**p < 0.01, ***p < 0.001; ns, not statistically significant. 
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the control, SW, and Van groups. 
To observe the change in bone mass after treatment, micro-CT 

detection was conducted to monitor the infected tibia. As shown in 
Fig. 6C, large bone defects were observed in the control and SW groups 
resulting from osteomyelitis, whereas the Van and Van + SW groups 
showed a much smaller bone defect area, and the reduction of bone 
defects in the Van + SW group was more significant than that in the Van 
group, which was further confirmed by the bone volume/total volume 
(BV/TV) of the tibia defect (Fig. 6C) and Masson staining (Fig. 7B). 

3.4.3. Microbiological and alkaline phosphatase evaluation 
After 3 and 5 weeks of treatment, 3 tibia were taken from each group. 

Homogenized tibias from the infectious legs were added to BHIA plates 
to evaluate the therapeutic efficacy of the treatments by performing 
bacterial counts. The results showed that there was no bacterial infec
tion in the tibia of rats in the normal and bone defect group (Fig. 7A), 
indicating that the aseptic operation was successful and did not cause 
bacterial infection in rats. The bacterial load in the tibia of rats in the SW 
group was not significantly different from that in the tibia of rats in the 
control group (p > 0.05). The bacterial load in the tibia of rats in the Van 

and Van + SW groups was significantly lower than that in the tibia of 
rats in the control group (p < 0.05), indicating that vancomycin treat
ment could significantly reduce the number of bacteria at the site of 
infection, and the effect of shock wave treatment alone was not obvious. 
In addition, compared with that in the Van group, the bacterial load in 
the Van + SW group was more significantly decreased (p < 0.05), sug
gesting that shock wave treatment can increase the antibacterial activity 
of vancomycin. 

To further examine the osteogenesis in the osteomyelitis bone defect 
area of rats, we examined the expression of the osteogenesis-related 
protein ALP in the bone defect area (Fig. 6D). The results showed that 
after 3 and 5 weeks of treatment, the expression levels of ALP in the SW 
group were not significantly different from those in the control group (p 
> 0.05), indicating that shock wave treatment alone did not have a 
significant effect on osteogenesis in the bone defect area of osteomye
litis. The expression levels of ALP in the bone defect, Van, and Van + SW 
groups were significantly higher than those in the control group (p <
0.01), indicating that there was significant osteogenic activity in the 
bone defect, Van, and Van + SW groups, which may be related to the 
absence of bacterial infection in the bone defect group, and the decrease 

Fig. 5. (A) Schematic illustration of the establishment and treatment of osteomyelitis model rats (B) Surgical site images and Petty scores of rats with osteomyelitis 
before and after treatment (C) Changes in the body weight of rats with osteomyelitis in each group before and after treatment (D) Changes in the body temperature of 
rats with osteomyelitis before and after treatment (E) White blood cell (WBC) counts of rats with osteomyelitis before and after treatment in each group. 
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of bacterial load and the improvement of the inflammatory environment 
in the Van and Van + SW groups. The ALP expression level was higher in 
the Van + SW group compared with the Van group (p < 0.05), sug
gesting a stronger osteogenic response in the Van + SW group compared 
with the Van group. Based on the above results, we know that the 
application of vancomycin can promote the osteogenic response in the 
bone defect area of osteomyelitis model rats, and shock wave-assisted 
vancomycin treatment can significantly enhance the osteogenic 
response. However, shock wave treatment alone has no significant 
osteogenic effect in the bone defect area of osteomyelitis model rats. 

3.4.4. Histological evaluation 
The HE- and Masson-stained rat tibia tissue sections are shown in 

Fig. 7B. Five weeks after treatment, osteomyelitis with massive se
questrum (red arrow), abscess (yellow arrow), and large bone defects 
were observed, and large inflammatory cell infiltration ascribed to 
bacterial infection appeared in the medullary cavity (Fig. 7B, HE and 
Masson, control, and SW groups). In addition, the inflammatory cell 
infiltration and bone defects were reduced, but sequestrum (red arrow) 
and abscess (yellow arrow) were still observed (Fig. 7B, HE and Masson, 
Van group). In the Van + SW group, the bone infection by S. aureus was 
suppressed, and the sequestrum and abscesses were absent. Moreover, 
the infected tibias showed a much lower bone defect area with only a 
slight observed inflammatory reaction (Fig. 7B, HE, Van + SW group). 
The histological score of the Van + SW group was significantly lower 
than that of the control, SW, and Van groups. To further investigate the 
expression of P2X7 receptors in infected tissues, immunohistochemical 
staining was also performed after 5 weeks of treatment. A large number 
of P2X7 receptors were expressed in the bone tissues of rats in all groups, 
both in new and healthy bone tissues, and even in the inflamed tissues of 
the bone defect areas (Fig. 7B, IHC). 

4. Discussion 

S. aureus invades osteoblasts and resides within the cells, overcoming 
host immune clearance and antibiotic treatment and thus prolonging 
their inside the cells. The intracellular S. aureus causes apoptosis and 
necrosis in osteoblasts, and the released S. aureus infects other osteo
blasts and eventually causes recurrent infections in bone tissue. There
fore, how to effectively deliver antibiotics to kill bacteria in osteoblasts 
is a challenge in the treatment of chronic osteomyelitis. Although 
nanoparticles loaded with antibiotics have been experimentally shown 
to have suitable efficacy in the treatment of intracellular bacteria, they 
have not been used in the clinical treatment of patients with chronic 
osteomyelitis due to safety and cost reasons. 

A large number of studies have reported that shock waves that do not 
affect cell viability can temporarily increase the permeability of the cell 
membrane and cause extracellular macromolecular substances to enter 
the cell [31,32]. Kodama et al. [31] found that calcein and fluorescein 
isothiocyanate-dextran (FITC-D) could be effectively transferred into 
HL-60 cells (human promyelocytic leukemia cells) by shock wave 
treatment, while the viability of cells remained >95 %. The molecular 
weight of calcein and FITC-D were 622 Da and 71,600 Da, respectively. 
The molecular weights of vancomycin, cefuroxime sodium, levofloxacin 
and rifampicin were 1449.25 Da, 446.37 Da, 361 Da and 822.94 Da, 
respectively, which were close to calcein and much smaller than FITC-D. 
Therefore, we hypothesized that shock waves could improve the entry of 
the four antibiotics into osteoblasts without affecting cell viability. In 
this study, we demonstrated that subjecting cells to low shock wave 
treatment does not significantly decrease MG-63 and MC3T3-E1 cell 
viability. We found that the viability of MG-63 and MC3T3-E1 cells 
remained >95 % following ≤400 shock wave impulses at 0.21 mJ/mm2, 
which were used for further experiments. Shock wave treatment 

Fig. 6. (A) Digital X-ray and radiographic scores of the left tibia of rats in the five groups (B) MRI of the left tibia of rats in the five groups (C) Micro-CT images and 
BV/TV values of the left tibia of rats in the five groups (D) The level of alkaline phosphatase in the bone defect area of osteomyelitis model rats. Data are presented as 
the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not statistically significant. 
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significantly promoted the delivery of BODIPY-FL-labeled vancomycin 
(molecular weight: 1723.35 Da), suggesting that shock waves can in
crease transient cell membrane permeability. More importantly, we also 
found that shock waves were able to significantly induce the hydrophilic 
antibiotics vancomycin and cefuroxime sodium to enter osteoblasts 
MG-63 and MC3T3-E1, enhancing the intracellular antibacterial effects 
of these two antibiotics. In contrast, the effect of shock waves on the 
lipophilic antibiotics rifampicin and levofloxacin was not significant. 
This observation may be because lipophilic antibiotics themselves can 
easily enter the cells, making the shock wave promotion of intracellular 
entry of levofloxacin and rifampicin insignificant. 

Previous experiments have found that P2X7 receptors are expressed 
on the membrane of human osteoblasts and mouse osteoblasts [33–35]. 
When high extracellular ATP binds to P2X7 receptors, P2X7 receptors 
increase the permeability of the cell membrane to macromolecules by 
expanding their own pore size [36] or activating another nonselective 
macropore-forming protein [37], which is referred to as the 
macropore-forming mechanisms. P2X7 receptors belong to the P2X re
ceptor family, a type of purinoceptor [38], and are widely distributed in 
neurons, glial cells, epithelial cells, endothelial cells, bone, muscle, and 
other tissue cells [39]. Purinoceptors are divided into two groups: the P1 
receptors, which are divided into four main subtypes (A1R, A2aR, A2bR, 
and A3R) and are mainly activated by adenosine, and the P2 receptors, 
which consist of two main families, P2X and P2Y, and are responsive to 

nucleotides [40]. P2X7 receptor channels are able to switch between 
two open states depending on the activation conditions. The small 
molecule opening of P2X7 receptor channels involves the basal activa
tion of P2X7 receptors leading to the opening of membrane channels to 
small molecule cations (such as Ca2+, K+, and Na+) [39]. The macro
molecular opening of P2X7 receptor channels involves the prolonged 
exposure of P2X7 receptors to high concentrations of ATP (≥100 μM) 
during mechanical stress and tissue trauma, which causes enlargement 
of the cell membrane pore and leads to the passage of macromolecular 
substances (molecular weight ≥900 Da) through the cell membrane 
[41]. We further found that P2X7 receptors were highly expressed on the 
surface of MG-63 and MC3T3-E1 cells, and found that shock wave 
treatment increased the extracellular concentration of ATP, which did 
not noticeably affect cell viability. Moreover, we treated MG-63 and 
MC3T3-E1 models with vancomycin or cefuroxime sodium in the pres
ence or absence of the P2X7 receptor inhibitor KN-62 or A740003, and 
then assessed intracellular antibacterial activity following shock wave 
treatment. We found that intracellular antibacterial activity of shock 
wave assisted with antibiotic treatment was significantly weakened by 
KN-62 or A740003, which indicates that P2X7 receptors are required for 
the enhancement of intracellular antibacterial activity by shock waves. 
In summary, the proposed mechanism by which shock waves enhance 
the entry of vancomycin and cefuroxime sodium into osteoblasts is as 
follows: shock wave treatment induces ATP release from MG-63 and 

Fig. 7. (A) The bacterial load in the tibia of osteomyelitis model rats after five weeks of treatment (B) The hematoxylin-eosin (HE) staining and Masson staining of 
longitudinal sections, and the histological scores of the left tibia of rats in the five groups after five weeks of treatment. 
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MC3T3-E1 cells, extracellular ATP then binds the P2X7 receptor to in
crease the permeability of cell membrane, thus allowing vancomycin 
and cefuroxime sodium to enter the cell and exert antibacterial effects 
(Fig. 8). 

Currently, clinicians often use high doses of antibiotics to treat pa
tients with chronic osteomyelitis [42], among which vancomycin is a 
commonly used antibiotic for the treatment of chronic osteomyelitis 
caused by S. aureus. Therefore, in the vivo experiments, we chose to treat 
chronic osteomyelitis of the tibia in rats by direct intraperitoneal in
jection of vancomycin and or shock wave treatment. The most important 
treatment for chronic osteomyelitis is to kill bacteria in osteomyelitis 
bone and control bone destruction caused by bacterial infection. Bac
terial counting after grinding bone at the osteomyelitis site is the most 
common detection method to determine bacterial load [43,44]. Van
comycin treatment alone was found to reduce the bacterial load at the 
site of osteomyelitis in rats, and shock wave-assisted vancomycin 
treatment resulted in a more significant reduction in the bacterial load at 
the site of osteomyelitis. Imaging is an important tool in the evaluation 
of chronic osteomyelitis, not only to observe the degree of infection at 
the infected site but also to determine bone healing. We found that rats 
treated with vancomycin showed reduced inflammatory response and 
reduced bone defects on X-ray, Micro-CT and MRI scans, and the 
reduction of inflammation and bone defects was more obvious in rats 
treated with shock wave-assisted vancomycin, while there was no sig
nificant improvement in inflammation and bone defects in rats in the 
control and shockwave groups without vancomycin treatment. ALP 
plays an important role in the osteogenesis process and can directly 
reflect the activity of osteoblasts. ALP activity measurements in the bone 
defect area can be used to determine the degree of osteogenesis in the 
bone defect area [45]. The results revealed that the highest level of ALP 
expression was found in rats treated with shock wave-assisted vanco
mycin. The results of the HE and Masson staining were consistent with 
the imaging results, and shock wave-assisted vancomycin treatment of 
chronic osteomyelitis in rats had significant anti-bacterial and osteo
genic effects. In addition, IHC analysis showed that a large number of 

P2X7 receptors were expressed in the bone tissue of rats. We speculated 
that the ATP/P2X7 pathway may be involved in the treatment of chronic 
osteomyelitis in rats with shock wave assisted antibiotics. The study 
revealed that shock wave-assisted vancomycin treatment can signifi
cantly promote bone healing in the bone defect area of osteomyelitis in 
rats. This effect may be related to a significant reduction of the bacterial 
load at the site of osteomyelitis and a significant improvement of the 
inflammatory microenvironment at the site of osteomyelitis, creating 
favorable conditions for osteogenic activity. Moreover, shock wave 
treatment may increase the osteogenic differentiation of bone marrow 
mesenchymal stem cells (BMSCs) at the site of osteomyelitis by acti
vating P2X7 receptors in the inflammatory state. In the noninflamma
tory state, shock wave treatment has been shown to promote the 
osteogenic differentiation of BMSCs by activating P2X7 receptors [38]. 
In addition, it has been shown that inflammation significantly inhibits 
P2X7 receptor expression and the osteogenic differentiation ability of 
periodontal ligament stem cells, but P2X7 receptor activation can 
significantly enhance the osteogenic differentiation ability of peri
odontal ligament stem cells inhibited by inflammation [46]. 

Studies have shown that shock wave-assisted vancomycin can 
effectively treat chronic osteomyelitis in rats, but safety also needs to be 
considered. Daily intraperitoneal injections of a high concentration of 
vancomycin may produce toxic and side effects on the liver and kidney 
function and the body of rats. Moreover, shock wave treatment may 
cause the spread of bacteria from the site of tibial osteomyelitis to the 
whole body in rats, aggravating the infection. Based on these two con
siderations, blood samples were collected from each group 1 day before 
treatment and at 1, 3, and 5 weeks of treatment for liver and kidney 
function tests. The results showed that vancomycin treatment alone did 
not further damage the liver and kidney function of rats, and instead 
improve their liver and kidney function of rats. Shock wave-assisted 
vancomycin treatment could quickly improve the liver and kidney 
function of rats, but shock wave treatment alone had no significant 
improvement. In addition, the important internal organs of rats in each 
group were collected for histopathological examination after 5 weeks of 

Fig. 8. The mechanism hypothesized for shock wave-assisted antibiotics against intraosteoblastic S. aureus. Shock wave treatment causes intracellular ATP to be 
released, followed by binds P2X7 receptors, which contribute to the opening of cell membrane channels, allowing antibiotics to enter the cells and kill intra
osteoblastic S. aureus. 
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treatment. The results showed that the heart, liver, spleen, lung, and 
kidney of each group showed normal tissue morphology, which proved 
that the dose of vancomycin used in this experiment had no obvious 
toxic and side effects on the important internal organs of rats. No 
S. aureus was found in blood cultures before and after shock wave 
treatment, indicating that the treatment did not cause the bacteria to 
spread to the whole body and aggravate the infection in tibial osteo
myelitis model rats. 

Our study has several limitations. First, whether the effectiveness of 
shock-wave assisted antibiotics in the treatment of S. aureus infection in 
osteoblasts is present in vivo needs to be further verified using trans
genic animals. Second, whether shock wave combined with antibiotics 
has a suitable therapeutic effect on patients with chronic osteomyelitis 
needs further study. Finally, whether shock waves activate the osteo
genic differentiation potential of BMSCs suppressed by inflammation via 
the P2X7 receptor pathway needs to be further investigated. 

5. Conclusion 

We report a novel intracellular anti-infection method for the treat
ment of osteomyelitis caused by S. aureus infection. The effectiveness of 
shock wave-assisted vancomycin against intraosteoblastic S. aureus was 
demonstrated in vitro, and the mechanism was related to the ATP/P2X7 
receptor pathway. Moreover, shock wave-assisted vancomycin success
fully treated MRSA-infected osteomyelitis in vivo. We also preliminarily 
ascertained the safety of shock wave-assisted vancomycin treatment; in 
particular, this treatment induced no local or systemic side effects and 
no signs of bacteremia occurred. This work provides a feasible strategy 
for the treatment of osteomyelitis. 
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