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Abstract 

Background  While the benefits of sonication for improving periprosthetic joint infection (PJI) are well-documented, 
its potential therapeutic effect against bacterial biofilm remains unstudied. This study aimed to investigate the safety 
and efficacy of a novel nanoparticle ultrasonication process on methicillin-resistant Staphylococcus aureus (MRSA) 
bacterial biofilm formation in a PJI rat model.

Methods  This novel ultrasonication process was designed to remove attached bacterial biofilm from implant 
and peri-articular tissues, without damaging native tissues or compromising implant integrity. Twenty-five adult 
Sprague–Dawley rats underwent a surgical procedure and were colonized with intra-articular MRSA, followed 
by the insertion of a titanium screw. Three weeks after the index surgery, the animals received a second procedure 
during which the screws were explanted, and soft tissue was sampled. The intraoperative use of the nanoparticle 
sonication treatment was employed to assess the device’s safety, while ex vivo treatment on the retrieved tissue 
and implants was used to evaluate its efficacy.

Results  Clinical and histological assessments did not indicate any macro- or micro-damage to the host tissue. Soni-
cation of the retrieved tissues demonstrated an average bacterial removal of 2 × 103 CFU/mL and 1 × 104 CFU/gram 
of tissue. Compared to the standard-of-care group (n = 10), implants treated with sonication (n = 15) had significantly 
lower remaining bacteria, as indicated by crystal violet absorbance measurements (P = 0.012).

Conclusions  This study suggests that nanoparticle sonication technology can successfully remove attached bacte-
rial biofilms from explanted orthopedic hardware and the joint capsule, without negatively affecting native tissue. The 
study provides initial results supporting the potential of nanoparticle sonication as an adjuvant treatment option dur-
ing a DAIR (debridement, antibiotics, and implant retention) procedure for PJI, paving the way for future clinical trials.
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Background
The incidence of periprosthetic joint infection (PJI) fol-
lowing primary total knee arthroplasty (TKA) has been 
reportedly between 1–2% [1]. While not considered a 
common complication, PJI can result in increased patient 
morbidity and mortality [2, 3], as well as increasing 
healthcare costs. Recent evidence showed that the eco-
nomic burden of PJIs in the United States was estimated 
to reach $1.85 billion by 2030 [4], underlining the impor-
tance of efficient PJI management.

Understanding the microbiological spectrum and 
pathogenesis of PJIs is crucial for clinical management. 
Staphylococcus aureus and coagulase-negative staphy-
lococci are the most common pathogens in acute and 
chronic PJI respectively, accounting for approximately 
half of all PJI cases [5]. These pathogens form biofilms 
[6], which complicates the treatment of PJI. It is gener-
ally accepted that mature biofilm develops within four 
to six weeks [7]. Biofilm production includes adherence 
of bacteria to implants, multilayer cellular proliferation, 
and cell-to-cell adhesion, resulting in complex 3D-bacte-
rial communities [7]. The biofilm allows microorganisms 
to enter a stationary state, increasing their resistance to 
antimicrobial agents, causing a persistent, hard-to-treat 
infection [7]. In the setting of PJI following TKA, the 
presence of bacterial biofilms usually necessitates explan-
tation of the infected implant, in either a one- or two-
stage revision procedure [8].

In contrast, in the dental literature, sonication has been 
extensively studied as a therapeutic method for treating 
biofilms and its efficacy has been documented in rela-
tion to soft tissue infections and the promotion of wound 
healing [9, 10]. While the utilization of low-intensity 
sonication to disrupt biofilm on extracted implants for 
diagnostic purposes has demonstrated higher sensitivity 
compared to conventional periprosthetic tissue cultures 
[11, 12], its utility as a treatment modality in a PJI biofilm 
model has yet to be investigated.

A novel nanoparticle ultra-sonication process (Dimo-
veo Medical, Israel) was developed to address PJI biofilm. 
This process was designed to remove attached bacteria 
biofilm from the implant and peri-articular tissues, such 
as the joint capsule, without damaging native tissue or 
compromising implant integrity. Previous in  vitro pilot 
work evaluated the aforementioned process against bio-
film formation on titanium screws and coupons [13]. The 
above pilot in vitro studies demonstrated the efficacy of 
the technology against methicillin-resistant Staphylo-
coccus aureus (MRSA) biofilms. Therefore, in this study, 
we investigated this novel nanoparticle ultra-sonication 
process on methicillin-resistant Staphylococcus aureus 
bacterial attachment and biofilm formation in a peripros-
thetic joint infection in a rat model. We hypothesize that 

the novel nanoparticle sonication technology can remove 
attached bacteria biofilm from orthopedic hardware 
and the joint capsule without causing damage to native 
tissues.

Methods
Study design
This was an animal-model study on 25 adult male 
Sprague–Dawley rats (about 350  g). All of the partici-
pating animals underwent a surgical procedure during 
which they were injected with a methicillin-resistant S. 
aureus solution into a pre-drilled intra-articular tibial 
canal, followed by the insertion of a titanium screw. On 
postoperative day (POD) 21, a second procedure was 
done and included the explanation of the titanium screw 
as well as the collection of the joint capsule and periar-
ticular tissue specimens. The nanoparticle sonication 
treatment was intraoperatively employed to assess the 
device’s safety, while the retrieved tissue and implants 
were treated ex  vivo to evaluate its efficacy. Due to the 
small size of the animal models’ joints, in vivo testing of 
the nanoparticle construct was not possible for the pre-
sent investigation. The nanoparticles utilized were made 
of iron oxide. Figure 1 presents an example of the nano-
particle setup, consisting of the sonication construct and 
silicone container. During each nanoparticle treatment, 

Fig. 1  Nanoparticle sonication construct
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only the affected leg of the rat was put in the silicone con-
tainer. The container was sterilized between treatments 
to prevent contamination.

The justifications for choosing a rat model for simulat-
ing periprosthetic joint infection were based on a few fac-
tors. First, the proposed simulated arthroplasty implant 
materials could be obtained for the animal model [14]. 
Second, the novel nanoparticle sonication system was 
designed to meet the size requirements of the animals. 
Lastly, the PJI rat model had been previously established 
with the ability to monitor the course of the acute and 
chronic phases of infection [15], and a time point of 
21 days following infection induction has shown to have 
a robust and stable biofilm on titanium screws [14].

Animal study ethical considerations
This study was approved by the Institutional Animal 
Care and Use Committee (IACUC) of the Allegheny-
Singer Research Institute (ASRI). Twenty-five adult male 
Sprague–Dawley rats (roughly 350 g) were obtained and 
given facility chow and water ad  libitum. Twenty-five 
rats were utilized after conducting a power calculation 
using a pre-set alpha of 0.05 and a power of 95%. After 
accounting for the mean crystal violet readings for our 
treatment (0.4) and SOC (1) groups, we calculated that 
we would require 14 and 9 animals in the treatment 
and SOC groups, respectively. Tables 1 and 2 detail our 
parameters and calculations. Animals were housed 
at the ASRI animal care facility with a fully-equipped 
operating room. Animals were housed in solid bottom 
cages with soft bedding and enrichment. Animals were 
housed in pairs whenever possible to provide compan-
ionship and limit environmental stress. Animals were 
acclimated for a minimum of 3 days preoperatively. After 

surgery and inoculation, animals were housed under 
BSL-2 conditions.

Surgical procedures and perioperative management
Surgical procedures were performed as previously 
described by Fan et al. [16] and by Harrasser et al. [17]. 
On the day before surgery, preoperative baseline meas-
urements were performed, including weight and local 
temperatures. Buprenorphine at 0.5  mg/kg IP was 
administered 30 min before surgery. Rats were anesthe-
tized with 1%–3% isoflurane in 1 L of O2/min. A 3–4 cm 
skin incision was created on the superior-lateral aspect 
of the surface of the right femur from the supracondylar 
region to the tibia of the right lower limb. An intercon-
dylar canal was drilled in the tibia and 2.5 μL containing 
1 × 106 MRSA was injected, after which a titanium maxil-
lofacial screw (1.5 mm in diameter, 5 mm in length) was 
implanted. The nanoparticle and SOC animals received 
the same surgical procedure. The wound was closed 
using 5–0 Vicryl deep dermal sutures. Postoperative rats 
received one dose of Buprenorphine-SR, 5 mL of fluids, 
and meloxicam (a non-steroidal anti-inflammatory drug). 
No postoperative antibiotic treatment was administered 
to either group. At 24 and 48 h postoperatively, animals 
received an additional dose of meloxicam to encourage 
weight-bearing and mobility.

On POD 21, animals of both groups were anesthetized 
as previously described. The tibial screws were removed 
aseptically for further treatment and analysis. Addi-
tionally, joint capsule swabs, as well as soft tissue and 
bone specimens, were collected from the infected knee. 
Sequentially, the native knee was surgically opened, as 
previously described, and subjected to treatment via the 
novel system to assess the in-vivo safety of the nano-
particle sonication device. Each animal was placed in a 
silicone container. The container was filled with 300 mL 
of Hanks’ Balanced Salt Solution (HBSS) with 12  mg of 
nanoparticles. The sonication device was applied directly 
above the surgical incision for 15  min. Upon comple-
tion of the treatment, the animal was euthanized by CO2 
inhalation. The surgical incision was not sutured. A car-
diac puncture was performed to collect systemic blood 
for future measurements.

Outcome measures
Upon completion of the animal study, the following tests 
were performed to assess the safety and efficacy of the 
novel system.

Tests to assess the safety of the novel device (Dimoveo 
Medical, Israel) were performed on the study group only 
(nanoparticle procedure). These tests included monitor-
ing of the vital signs during the nanoparticle sonication 
process to identify any signs of pain or distress, as well as 

Table 1  Sample size calculation parameters

Study parameters

  Mean, treatment group 0.4

  Mean, SOC group 1

  Alpha 0.05

  Beta 0.05

  Power 0.95

Table 2  Sample size calculation

Sample size

  Treatment group 14

  SOC group 9

  Total 23
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clinical images and histopathological assessment of bone 
and soft tissues. The clinical and histopathological assess-
ments were done on the left femur of the animal, where 
no infection occurred, to ensure that there were no 
negative effects of the infection on safety performance. 
Clinical assessment included pre- and post-sonication 
clinical images of the joint to identify any signs of gross 
damage to the tissues. For histological assessment, tissue 
and bone were fixed in paraformaldehyde and paraffin-
embedded. Serial sections of the material were created. A 
board-certified clinical pathologist reviewed all sections 
via an EVOS FL at 20X magnification to identify any 
signs of local damage to the soft tissue or bony elements 
that were in contact with the screw (These included sam-
ples from the tibia, femur, cartilage, and ligaments within 
the knee). Histological evaluation was performed imme-
diately after sonication to ensure no mechanical damage 
had occurred. As the experimental animals were eutha-
nized shortly following testing, for regulatory purposes, 
the long-term effects of nanoparticle sonication could 
not be assessed in the present study.

Tests to assess the efficacy of the novel device were 
performed on both the study and the control groups and 
included the following: (1) Joint Capsule Assessment: A 
swab sample from the joint capsule was used for colony-
forming units (CFU) calculations. The samples were 
submerged in Hanks’ Balanced Salt Solution (HBSS) in 
a 15-mL polystyrene conical Falcon centrifuge tube. To 
detach bacteria from the sample, vortexing and sonica-
tion were used. Samples were serially diluted and plated 
onto Brain Heart Infusion (BHI) plates. After 24-h incu-
bation at 37 ºC, the CFU were counted for the appropri-
ate dilution and CFUs/mL were calculated. (2) Explanted 
Tissue Assessment: To calculate bacteria removed using 
the novel technology, the tissue sample was weighed and 
then placed in a silicon container and 25 mL of HBSS was 
added containing 12 mg/300 mL of nanoparticles. All 25 
tissue samples were sonicated for 15 min, using the novel 
device. At the end of the sonication, the magnetic beads 
were removed from the solution. Samples were then 
serially diluted and plated onto BHI plates. After 24-h 
incubation at 37 ºC, the CFU was counted for the appro-
priate dilution, and CFUs/mg of tissue were calculated. 
(3) Explanted Screw Assessment: The explanted screws 
were subjected to SOC or nanoparticle treatment. For 
the SOC group, following a 50-mL lavage step, the screw 
was placed into a sterile polystyrene centrifuge tube con-
taining 1  mL of HBSS. The sample underwent 3 cycles 
of vortexing for a period of 10 s to remove bacteria. The 
samples were then serially diluted and plated onto BHI 
plates. After a 24-h incubation at 37 ºC, the CFUs were 
counted for the appropriate dilution, and CFUs calcu-
lated. For the nanoparticle treatment group, the screw 

was placed in the silicon container and 20  ml of HBSS 
was added containing 12 mg/300 mL of nanoparticles. A 
volume of 20 mL was utilized as it represents the mini-
mum volume of solution necessary to operate the trans-
ducer. The sample was sonicated for 15  min with two 
ultrasound transducers set at 40 kHz and at 2.5 watts per 
square centimeter. The transducers were in direct contact 
with the nanoparticle-enriched solution and not in con-
tact with the screws or tissue. At the end of sonication, 
the magnetic beads were removed from the solution. 
Samples were then serially diluted and plated onto BHI 
plates. After 24-h incubation at 37 ºC, the CFUs were 
counted for the appropriate dilution, and CFUs were cal-
culated. Screws of both groups were retained for crystal 
violet analysis. Previous studies have demonstrated the 
efficacy of sonication with nanoparticles over sonication 
alone [13]. Sonication without nanoparticles has been 
shown to take considerable time and was not utilized as 
a control group for the present analysis. (4) Crystal Vio-
let. The explanted screws were rinsed twice in wells with 
HBSS to remove non-adherent bacterial cells. The screws 
were covered with a crystal violet solution at room tem-
perature for 15 min. The screws were rinsed with distilled 
water until the rinsing solution was clear and completely 
dried. Once dried, the crystal violet was solubilized with 
97% ethanol for 10 min. Following solubilization, the eth-
anol solution was moved to a clean well, and a spec read-
ing was taken at 600 nm.

Data analyses
Data were organized and collected using Microsoft Excel 
software (Microsoft Corporation, Richmond, Washing-
ton, USA). The data collected were described as average 
and median for continuous variables. All data analyses 
were performed by using the Microsoft Excel statistical 
tool (Microsoft Corporation, Richmond, Washington, 
USA). For continuous variables, the Mann–Whitney 
Score was used to compare differences between the study 
and the control groups. A P-value of less than 0.05 was 
considered statistically significant.

Results
Animal model
All 25 animals made it to the study end date. While 
some animals lost weight initially, all had gained weight 
by 21 days with an average weight gain of 77 g. All ani-
mals at 21 days after the index procedure showed various 
signs of inflammation, including redness, tenderness, and 
increased temperature at the implanted joint. When the 
joint capsule was opened, the surgeon visually observed 
that 21 of 25 animals had a cloudy serous fluid within the 
space and evidence of scar tissue within the knee joint. 
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Bone loss was apparent in 17 of 25 animals, as evidenced 
by loose screws at the time of euthanasia.

Nanoparticle treatment safety
Animals tolerated sonication under anesthesia without 
any reported signs of pain, distress, or adverse events. 
The visual inspection before and after sonication with the 
nanoparticle device showed no damage to the joint cap-
sule in all the animals (Fig. 2). Similarly, in all the animals, 
the histopathological examination of the nanoparticle-
sonicated tissue did not indicate any damage to the host 
tissue (Fig.  3). Furthermore, histopathological examina-
tion revealed no nanoparticles present within the host 
tissue, suggesting that the particles were washed away 
with lavage. Additionally, the liquid provided a medium 
for the ultrasonication to work effectively.

Nanoparticle treatment efficacy
The joint capsule swab collected at 21 days showed evi-
dence of MRSA growth in all 25 study animals. A total 
of 25 tissue samples underwent nanoparticle treatment 

to calculate the nanoparticle removal of bacteria from 
the tissue. Results from 25 individual tissues demon-
strated an average bacterial removal of 2 × 103 CFU/ml 
and 1 × 104 CFU/gram of tissue.

When evaluating the bacteria remaining on the 
screws after nanoparticle sonication against SOC 
treatment, the median bacteria remaining after SOC 
treatment was over fivefold higher than after the nan-
oparticle treatment, although this was not statisti-
cally significant (3.22 × 104 vs. 6.20 × 103, respectively, 
P = 0.120) (Fig.  4). Correspondingly, the median crys-
tal violet absorbance in the SOC group was more than 
fivefold higher than the median absorbance reading of 
the nanoparticle group, indicating a significantly higher 
number of remaining bacteria (0.96 vs. 0.17, respec-
tively, P = 0.012) (Fig. 5). As evidence of MRSA growth 
was seen via the joint capsule swab, bacteria removed 
from the implant were not cultured. Furthermore, this 
might represent another instance where the nanoparti-
cles demonstrate superiority over the SOC treatment.

Fig. 2  Clinical images of the joint capsule of the left rear rat leg of three individual animals. A, C, and E were taken prior to the nanoparticle 
treatment while B, D, and F, respectively, were taken following the nanoparticle treatment. The pre- and post-treatment images showed 
that the nanoparticle sonication device did not cause any visual damage
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Fig. 3  Histopathological examination of the joint tissue following nanoparticle sonication of six individual study animals (A to F), exhibiting intact 
cellular structures with no evidence of remaining nanoparticles

Fig. 4  Bacteria remaining after treatment. A total of 25 screws were analyzed. Mean screw colony-forming units (CFU) after treatment were 
compared between the nanoparticle treatment group (n = 15) and the standard-of-care (SOC) treatment group (n = 10). Error bars represent 
standard error (SE)
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Discussion
This animal-model study was the first study to assess, 
in  vivo, the safety and efficacy of a novel nanoparticle 
sonication device in treating bacterial biofilm on peri-
articular knee tissue and simulated arthroplasty implant 
materials. The primary findings of the study were as fol-
lows: (1) At 21  days, all animals had recovered bacteria 
from the inoculated joint, supporting the validity of the 
animal model used for this study; (2) the use of the novel 
nanoparticle sonication device was safe, as indicated by 
both clinical and histological assessments of the soft tis-
sue; (3) the nanoparticle device removed a substantial 
portion of bacteria from the tissue; and (4) when com-
pared to the standard-of-care treatment, implants treated 
by the nanoparticle sonication device had significantly 
less remaining bacteria, as assessed by both a direct 
measurement and crystal violet absorbance.

The findings of our study suggest that all the animals 
in the study had an active infection at the time of screw 
explanation, and all study screws were coated in bacte-
rial biofilms at the time of explanation. This is in accord-
ance with a previous study by Glage et al., who reported 
the formation of a robust biofilm on explanted titanium 
screws 21  days after infection induction with S. aureus 
injection into bone drill holes [14]. This further helps 
validate that the animal model utilized in the study pro-
duced both a periarticular infection and implant biofilm 
formation, further supporting and validating the findings 
of this study. Earlier time points were not assessed in this 
study, as the goal was primarily to evaluate the efficacy 
of the nanoparticle technology and not the bacterial load 

at different time points. This may be evaluated in future 
studies focusing on biofilm generation in animal models.

This study further validated previous in  vitro studies 
that demonstrated the efficacy of the nanoparticle tech-
nology against MRSA biofilms on titanium screws and 
coupons [13]. The considerable bacterial removal with 
this novel nanoparticle sonication device and improved 
outcomes, with a significant decrease in biofilm, when 
compared to the SOC treatment, can potentially have a 
substantial clinical implication for future PJI treatment 
modalities. The current mainstay for surgical PJI treat-
ment is debridement, antibiotics, and implant retention 
(DAIR) procedures for acute infections (< 4 weeks), and 
a single- or two-stage revision for chronic infections 
(> 4 weeks) [18]. This approach mainly stems from con-
cerns about biofilm formation and the ability of DAIR to 
eradicate infection in the presence of a matured biofilm 
[19]. Nevertheless, DAIR represents an appealing treat-
ment option for both patients and surgeons due to its 
lower morbidity compared to other treatments [20, 21]. 
However, treatment failure rates of up to 50% following 
DAIR are concerning [22, 23]. The duration of symptoms 
and the time between index surgery and DAIR treat-
ment have been previously suggested as risk factors for 
DAIR failure [19]. It has been previously postulated that 
a longer duration of symptoms may be associated with an 
increase in biofilm formation and maturity, which may 
explain why a longer duration of symptoms infers higher 
failure from DAIR [24]. The utilization of the novel nan-
oparticle sonication device can be especially helpful in 
these cases, as it allows for improved biofilm eradication 

Fig. 5  Crystal violet (CV) staining of screws. The nanoparticle bar represents the absorbance median of the crystal violet results for the 15 screws 
assigned to the nanoparticle treatment. The standard-of-care (SOC) bar represents the median of the crystal violet results for the 10 screws assigned 
to the SOC treatment
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even for fully-matured biofilm. The ultrasound energy 
instigates a cavitation effect within the liquid medium, 
leading to the formation of minute air bubbles. Follow-
ing the generation of these bubbles, their rupture releases 
energy that propels the iron oxide nanoparticles toward 
the target surface, instigating an abrasive cleaning effect 
at a nanometer scale. This process allows for the effective 
cleansing of intricate and otherwise inaccessible areas 
which subsequently enables adequate removal of the bac-
teria by lavage and antibiotic treatment. Application of 
this novel device in DAIR procedures may offer improved 
bacterial eradication, potentially resulting in lower failure 
rates. Moreover, as previously suggested by Hameister 
et al. sonication treatment can help to eradicate biofilms, 
thus reducing the overall bioburden and potentially facil-
itating a single-stage over a two-stage revision, result-
ing in less patient morbidity and potentially lower costs 
[9]. Although these findings showed promising results 
and could potentially facilitate improved treatment for 
PJI, further clinical research is warranted to validate our 
results. Specifically, in this study, the sonication of the 
screws occurred after explanation (ex vivo), which limits 
the ability to predict the long-term success of the proce-
dure in vivo, and future efficacy studies will be needed to 
evaluate the long-term effects of the nanoparticle sonica-
tion as a PJI treatment option.

Implementation of new technologies would often raise 
concerns over safety. However, the use of this novel nan-
oparticle sonication device demonstrated a high level 
of safety, as evidenced by both clinical and histological 
assessments of the periarticular soft tissue. These results 
provided strong evidence that the novel nanoparticle 
sonication device is well tolerated and poses no signifi-
cant risks to periarticular soft tissues. The safety profile 
of this device is reassuring, paving the way for further 
research and its potential implementation as a valuable 
tool in the treatment of PJI. However, continued moni-
toring and larger-scale clinical studies will be necessary 
to fully establish its long-term safety and efficacy.

This study is not without its limitations. First, long-
term safety-associated effects of the sonication proce-
dure were not assessed, as the animals did not recover 
after the sonication process. However, histological results 
indicated that the sonication process did not injure the 
host periarticular tissue, and the nanoparticles could be 
removed through a simple washout step without embed-
ding into the native tissue. Additionally, although visual 
inspection at the time of explanation suggested that the 
surrounding bone was likely colonized with bacteria, this 
was not confirmed by culture. In addition, while the pres-
ence of bacterial biofilms over the explanted screws was 
confirmed by crystal violet staining, advanced imaging 
technologies were not utilized to confirm its presence in 

the soft tissue and bone. This was an animal-model study 
and thus our results may not be generalizable to human 
subjects due to differing anatomy and pathophysiology 
across species. Furthermore, this animal model did not 
provide clinical data on the long-term efficacy of the pro-
cedure, and whether this procedure will reduce the need 
for further debridement and revision surgery. Addition-
ally, animal-model studies tend to be costly in terms of 
time and resources and an uninfected control group 
was not included. Our study also did not study ultra-
sonication without the presence of nanoparticles. These 
limitations warrant further investigation in future stud-
ies to better understand the long-term safety and com-
plete extent of bacterial colonization in the surrounding 
tissues.

Conclusion
The findings of this study suggest that nanoparticle soni-
cation technology can successfully remove attached bac-
terial biofilms from explanted orthopedic hardware, as 
well as the knee periarticular soft tissue, without dam-
aging native periarticular tissues. The study provides 
initial results supporting the potential of nanoparticle 
sonication as a treatment option for PJI, paving the way 
for future clinical trials.
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