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RESPONSE/RECOMMENDATION: Yes. There is pre-clinical evidence that antimicrobials, chemical 
disruptors, physical and energy-based disruptors, bacteriophages, enzymatic disruptors, and antibodies are 
effective modalities against biofilm.  However, there is no standardization between studies to allow for 
objective comparisons between the various agents. 
 
LEVEL OF EVIDENCE: Moderate 
 
DELEGATE VOTE: Agree: [40/100% vote], Disagree: [0/0%], Abstain: [0/0%] 
________________________________________________________________________________ 
RATIONALE:  Biofilm formation is an intrinsic defensive strategy that bacteria utilize to survive 
environmental stresses such as the host immune system and antibiotic therapy. There is strong evidence to 
support that biofilm formation poses numerous challenges in the management of periprosthetic joint infection 
(PJI) and contributes to the overall treatment failure of current standard therapy. The phenotypic and genotypic 
characteristics of biofilm are dependent on numerous factors, including the type of organism, the host 
environment, and the infected surface. Therefore, to improve treatment outcomes for PJI, novel modalities that 
target different components of the biofilm have been developed. To answer this question, we reviewed 
preclinical studies that tested therapeutic agents or interventions, against bacterial biofilm on a multitude of 
surfaces. We excluded studies that tested prophylactic approaches used to inhibit biofilm formation such as 
surface-altering treatments, and agents targeting planktonic bacteria. Therapeutic agents targeting biofilm were 
grouped into six main categories: 1) Antimicrobials, 2) Chemical disruptors, 3) Physical and energy-based 
disruptors, 4) Bacteriophages, 5) Enzymatic disruptors, and 6) Antibodies.  
 
METHODS 
A comprehensive literature search was conducted across four databases (i.e., Medline, Embase, Web of Science 
and SINAHL) designed to identify studies focusing on agents targeting biofilms in vitro or in vivo, which 
identified 1125 unique papers.  From this screening process, 197 studies were selected for full-text review. 
Ultimately, 96 studies met the inclusion criteria for systematic review and were organized into 6 general classes 
of agents effective against biofilm in pre-clinical models.  
 
RESULTS 
1. Antimicrobials 
Antimicrobials are agents that directly kill bacteria or other microorganisms. Antibiotics are the most common 
antimicrobial agent, followed by peptides, nanoparticles, and immunomodulators. We identified 33 relevant 
articles that tested antimicrobial agents in pre-clinical models.  Among these studies, 25 addressed S. aureus 
and other coagulase-negative species. The majority focused on the MBEC (Minimum Biofilm Eradication 
Concentration), which is the lowest concentration of an antimicrobial agent required to completely eradicate a 
biofilm, and direct evaluation of biofilm integrity.1 MBEC is often significantly higher than the Minimum 



 

Inhibitory Concentration (MIC), which applies to planktonic (free-floating) bacteria, and generally exceeds 
clinically achievable concentrations unless delivered locally with a carrier such as calcium phosphate. Common 
agents such as Vancomycin and Tobramycin penetrate biofilm at high doses (100-750 µg/mL) but may not be 
effective against embedded bacteria.2,3 Other drugs, such as Moxifloxacin showed greater efficacy against S. 
aureus than Vancomycin.4,5 Rifampin was extensively tested and found to be more effective against biofilm-
based infections when used in combination with other drugs such as linezolid, moxifloxacin, and doxycycline, 
but could inhibit Gentamycin.4–8  
 
Some antimicrobials were found to have enhanced efficacy against biofilm. Rifabutin was shown to be superior 
in the reduction of biofilm at lower concentrations, compared to rifampin and rifapentine. Cefiderocol is a 
siderophore-conjugated antibiotic that demonstrated the ability to penetrate bacterial biofilms using bacterial 
iron transport systems.6 Other antibiotics were found to be more effective against biofilm when used in 
combination, particularly when including Tedizolid.9–14 Several plant-based extracts were significantly more 
effective than Chlorhexidine at removing biofilm from silicone surfaces with minimal soft tissue toxicity.15 
Several novel peptides designed to penetrate and destabilize biofilm matrix and disrupt bacterial membranes 
(eg: WLBU2, PLG0206, Camel Peptide, and others) show excellent eradication of biofilms and bacterial 
viability in vitro and are exceedingly promising agents.16–19 For example, 8-hydroxyserrulat-14-en-19-oic acid 
(EN4) is a peptide with rapid biofilm reduction, achieving >3 log CFU reductions in S. aureus and S. 
epidermidis within five minutes.18 Nanoparticles exhibiting strong antimicrobial activity such as Activated Zinc 
also show promise by disrupting cell membranes.19 It should be noted that, like antibiotics, novel agents that 
have shown efficacy against one strain of bacterial biofilm may not be as effective against another strain, and 
further testing may be indicated.  
 
The effectiveness of antimicrobials often depends on their ability to penetrate biofilms, highlighting the need for 
approaches that enhance biofilm disruption. For example, traditional antibiotics have shown increased 
effectiveness when used in combination with enzymatic disruptors such as Exebacase or physical disruption 
methods like ultrasound-assisted drug delivery.20,21 
 
2. Chemical Disruptors 
Chemical disruptors are agents that interfere with the structural integrity, signaling, or function of a biofilm 
without necessarily killing microorganisms. Of the 21 articles included, most involved in vitro microtiter 
biofilm models and biofilms on clinically relevant surfaces like metal, plastic, and ceramic. 2 studies 
incorporated in vivo models using titanium K-wires or polyester-thread implants.22,23 The most common in vitro 
biofilms included S. aureus, S. epidermidis, and P. aeruginosa. Most chemical disruptors demonstrated 
significant reductions in biofilm biomass and bacterial CFUs achieving 2-4 log reductions, though complete 
eradication was rare. Activated zinc solutions, Bioactive glass, Polyhexanide (PHMB), and Chitosan 
Nanoparticles with Chloroquine & DNase I functionalization were some of the most effective at achieving 
MBEC reductions. Irrigation solutions such as XPerience and PHMB displayed superior antibiofilm activity 
compared to standard antiseptics like povidone-iodine and chlorhexidine, highlighting a shift toward specialized 
biofilm-targeting irrigation solutions.24,25  
 
Several chemical agents were tested in isolation against biofilm. Metal-based agents, particularly activated zinc 
and bioactive glass, consistently outperformed conventional antiseptics, demonstrating significant biofilm 
reduction across multiple bacterial species. Activated zinc eradicated 100% of MRSA biofilm and reduced P. 
aeruginosa biofilm by 99.996%, while bioactive glass (BAG-S53P4) achieved up to 50% biomass reduction in 
methicillin-resistant S. epidermidis.26,27 Plant-derived chemical biofilm disruptor, such as quercetin and allicin, 



 

showed promising results, reducing P. aeruginosa biofilm by up to 85%, though variability in efficacy suggests 
a need for further research.28 Cell-free supernatants from Enterobacter strains demonstrated antibiofilm effects, 
inhibiting biofilm formation by >65% and disrupting mature biofilm by >85%.29 Acetic acid, at clinically 
acceptable concentrations (5%), showed a 96.1% reduction in MSSA biofilms within 20 minutes but exceeded 
safety limits at concentrations >10%.30 Silver nanoparticles conjugated with DNA aptamers achieved a 63% 
reduction in biofilm biomass, enhancing penetration into the biofilm matrix.31 Coraca-Huber et al., 2021 turned 
to Omega-3 fatty acids, and demonstrated eicosatetraenoic acid (EPA) had strong dose-dependent antibiofilm 
activity against S. aureus and S. epidermidis.32 On the other hand, docosahexaenoic acid (DHA) was less 
consistent, which suggested that higher EPA concentrations (≥5 mg/L) may have clinical potential for managing 
infections. N-chlorotaurine (NCT) exhibited time- and concentration-dependent biofilm eradication against S. 
aureus, S. epidermidis, and P. aeruginosa, with a 1-log reduction in viable bacteria within 15 minutes.33 
 
Synergistic therapies combining biofilm-chemical disrupting agents with antibiotics demonstrated enhanced 
efficacy, particularly with rifampin-based combinations for P. acnes biofilms, and antibiotic-anti-inflammatory 
synergies such as gentamicin with ketorolac.34,35 Chitosan-based nanoparticles functionalized with DNase I and 
chloroquine provided a dual-action approach by disrupting extracellular DNA while exerting antimicrobial 
activity.22 The combination of isobavachalcone with gentamicin and curcumin enhanced biofilm eradication and 
reduced inflammatory osteolysis in MRSA and MSSA biofilms.23 Cis-2-decenoic acid, a quorum-sensing 
inhibitor, potentiated the efficacy of tetracycline, linezolid, and chlorhexidine, suggesting a role for quorum-
sensing disruption in improving biofilm treatment outcomes.36 Turner et al., 2022 demonstrated that while 
sodium salicylate reduced MBEC for rifampin twofold (from 1024 to 512 µg/mL), it had little to no effect on 
other antibiotics, making it a limited adjuvant therapy.37 
 
However, several studies reported inconsistent outcomes, particularly with N-acetylcysteine, where its efficacy 
in weakening biofilm structures varied by strain and environmental conditions.38,39 Berberine, a plant-derived 
bioactive alkaloid, showed mixed results against S. aureus biofilms, indicating its limitations as a stand-alone 
treatment, but potential as an adjunct to antibiotic therapy due to its MIC-lowering abilities against MRSA.40–42 
 
While promising, combination therapies also introduce complexity in dosing strategies and potential cytotoxic 
effects, requiring further studies to optimize safety and effectiveness. Additionally, biofilm susceptibility varied 
significantly depending on bacterial strain and biofilm maturity, emphasizing the need for more standardized in 
vivo testing protocols before the commencement of clinical applications. Overall, chemical disruptors offer 
promising solutions for biofilm management, but their clinical applicability remains limited not just by 
variability in efficacy, but also the lack of standardized testing methodologies and validation in more robust in 
vivo models. 
 
3. Physical Disruption & Energy-Based Agents 
Physical disruptors are treatments that aim to physically alter or disrupt biofilms. They are most effective when 
used in conjunction with antimicrobial agents. A total of 23 studies met this criterion.  

Photodynamic treatments were widely studied. In one study, Lasers combined with methylene blue showed 
promise against S. aureus Briggs, 2018) while two studies evaluated RLP068/Cl, a photosensitizing agent, and 
found it to reduce biomass and biofilm cell counts significantly in S. aureus and P. aeruginosa.43,44 In another 
study, a single or fractionated dose of red-blue photodynamic therapy coupled to 5-ALA generated reactive 
oxygen species (ROS) disrupted 95% to 99% of biofilm in MRSA cultures.45 A photothermic gel substance 
containing amino acids achieved 100% biofilm eradication.46 



 

There were several mechanical approaches with good results. One study assessed pulsed lavage. While pulse 
lavage alone transiently reduced biomass, regrowth occurred within 24 hours. However, when followed with 
antibiotics, the regrowth did not occur, underlying the importance of combining mechanical treatment of the 
biofilm with antimicrobial therapy.47 Additionally, an atmospheric pressure non-thermal plasma jet resulted in a 
99.99% reduction in biofilm CFUs, with the eventual complete eradication of P. aeruginosa.48,49 Elevating 
substrate temperature was also shown to reduce biofilm and biomass.50 

Several other physical disruptors were shown to be effective in disrupting the biofilm and thereby enhancing 
antimicrobial efficacy. An injectable hydrogel, “EMgel,” activated by ultrasound, was also found to be effective 
in biofilm disruption.51 Magnetic fields, extracorporeal shockwaves (both low and high energy), ultrasound, 
electrical stimulation, acoustic nanodroplets, and non-contact induction heating were also effective in biofilm 
disruption, particularly when combined with other agents, such as beta-defensins, SAAP-148, and 
antimicrobials.21,50,52–63 

4. Bacteriophages (phages) 
Phages are a class of viruses capable of specifically infecting and killing bacteria without infecting mammalian 
cells. They operate through mechanisms distinct from antibiotics, exhibiting strict host specificity and the 
ability to disrupt biofilms.64 We identified 6 studies that primarily investigated phages. Four were in vitro 
models, one in vivo, and another used both models. 

Over the past decade, there has been an increased interest to explore the therapeutic of phages , especially with 
the rising rate in antibiotic resistance, particularly in pathogens like S. aureus.64 Phage therapy was highly 
efficacious across all studies, targeting mainly S. aureus, P. aeruginosa, and E. coli infections particularly when 
paired with antibiotics. The most commonly tested antibiotics in combination with phage were vancomycin, 
rifampin, ciprofloxacin, and gentamicin. 

Two papers investigated single phage activity, one using biomimetic apatite powder targeting S. aureus 
biofilms. Totten et al., 2024, and the other exploring single phage therapy on isolates from PJI cases.65 They 
reported up to 100% of biofilm eradication, indicating that phage therapy may be a viable therapeutic option for 
biofilm-associated PJI infections.65,66 
 
Four papers investigated phage synergy for enhanced results. Taken in combination, these papers suggest that 
combined phage therapy is superior to monotherapy. They also suggest that phage-derived-lysin, combined with 
vancomycin, is moderately effective against biofilm and that phages combined with multiple antibiotics were 
more effective than single antibiotic regimens. While promising, it is worth noting that the overall efficacy of 
phage treatment against biofilm is not on par with that observed with other agent classes reviewed.60,67–69  
 
5. Enzymatic Disruptors 
Enzymatic disruptors are a novel class of agents that target and break down the biofilm matrix. There were 5 
articles from this search that matched this definition. 
 
Enzymes in this category can be plant-based, such as Bromelain which is derived from pineapple stems, or 
phages (Enzybiotics). Bromelain powder combined with mechanical scrubbing can achieve 91% biofilm 
dissolution.70 Prior studies have found bromelain to be useful in surgical trauma, thrombophlebitis, debridement 
of wounds, and enhanced absorption of drugs such as antibiotics. 
 



 

Four papers looked at several enzybiotics finding in some cases an important dose-response curve and in others 
important synergy with antibiotics.20,71–74 Exebacase (CF-301) is of particular interest in the literature due to its 
ability to effectively lyse S. aureus biofilms by breaking down peptidoglycan within bacterial cell walls.20 
DNase is another enzyme that targets specific components of the biofilm matrix, facilitating its breakdown and 
increasing susceptibility to antimicrobials.22 
 
6)  Antibodies:   
Passive immunization with antibodies has been used clinically to treat various infectious diseases including 
SARS-CoV-2.75  This approach has also been investigated as treatment to eradicate established biofilm.76  A 
notable example is the pre-clinical efficacy of a native human monoclonal antibody, TRL1068, against the 
DNABII family: integration host factor (IHF) and histone-like (HU) proteins, which was recently evaluated in a 
phase 1 clinical trial.77,78  Antibodies conjugated with photoactivatable compounds and drugs have also been 
demonstrated to have preclinical efficacy against biofilm.79,80 
 
 
CONCLUSION 
PJIs present a significant clinical challenge, primarily due to the resilience of biofilms and the limited 
effectiveness of antibiotics in these complex infections (Staats, Li, Sullivan, & Stoodley, 2021). Although 
several agents show preclinical efficacy against biofilms, a multimodal antibiofilm therapeutic strategy is 
required to enhance efficacy. Our review shows that out of the six main categories of antibiofilm agents, the 
antimicrobial group was the most pre-clinically studied. Traditional antibiotics have poor efficacy against 
biofilm when used alone. However, their efficacy in clearing biofilm is enhanced when combined with other 
antibiofilm agents, such as peptides, nanoparticles, enzymes, phages, or energy-based disruptors. Due to the 
heterogeneity in the mechanisms of action of the various antibiofilm agents being studied, as well as the various 
pathogen being treated, it is not possible to determine which group of agents are the most efficacious to be 
translated into clinical studies. In order to address this knowledge gap, further research is necessary to identify 
how each of these groups of agents can be tailored to maximize its therapeutic efficacy in the clinical setting.  
 
Supplementary Legends 
 
Table 1: Classification and Examples of Agents active against Biofilm.  
 

 
 
 
 
 



 

REFERENCES 
1. Thieme L, Hartung A, Tramm K, et al. MBEC Versus MBIC: the Lack of Differentiation between 
Biofilm Reducing and Inhibitory Effects as a Current Problem in Biofilm Methodology. Biol Proced Online. 
2019;21:18. doi:10.1186/s12575-019-0106-0 
2. Badha V, Moore R, Heffernan J, Castaneda P, McLaren A, Overstreet D. Determination of Tobramycin 
and Vancomycin Exposure Required to Eradicate Biofilms on Muscle and Bone Tissue In Vitro. J Bone Jt 
Infect. 2019;4(1):1-9. doi:10.7150/jbji.29711 
3. Darouiche RO, Dhir A, Miller AJ, Landon GC, Raad II, Musher DM. Vancomycin penetration into 
biofilm covering infected prostheses and effect on bacteria. J Infect Dis. 1994;170(3):720-723. 
doi:10.1093/infdis/170.3.720 
4. Perez-Alba E, Flores-Treviño S, Villarreal-Salazar V, Bocanegra-Ibarias P, Vilchez-Cavazos F, 
Camacho-Ortiz A. Planktonic and biofilm states of Staphylococcus aureus isolated from bone and joint 
infections and the in vitro effect of orally available antibiotics. J Appl Microbiol. 2023;134(12):lxad258. 
doi:10.1093/jambio/lxad258 
5. Frank KL, Reichert EJ, Piper KE, Patel R. In Vitro Effects of Antimicrobial Agents on Planktonic and 
Biofilm Forms of Staphylococcus lugdunensis Clinical Isolates. Antimicrob Agents Chemother. 2007;51(3):888-
895. doi:10.1128/AAC.01052-06 
6. Abad L, Josse J, Tasse J, et al. Antibiofilm and intraosteoblastic activities of rifamycins against 
Staphylococcus aureus: promising in vitro profile of rifabutin. Journal of Antimicrobial Chemotherapy. 
2020;75(6):1466-1473. doi:10.1093/jac/dkaa061 
7. Thompson J, Saini V, Ashbaugh A, et al. Evaluation of single and combinatorial antimicrobial 
treatments for prosthetic joint infections using. Molecular Imaging and Biology. 2016;18:S51. 
8. Yan Q, Karau MJ, Raval YS, Patel R. Evaluation of Oritavancin Combinations with Rifampin, 
Gentamicin, or Linezolid against Prosthetic Joint Infection-Associated Methicillin-Resistant Staphylococcus 
aureus Biofilms by Time-Kill Assays. Antimicrob Agents Chemother. 2018;62(10):e00943-18. 
doi:10.1128/AAC.00943-18 
9. Tomizawa T, Nishitani K, Ito H, et al. The limitations of mono- and combination antibiotic therapies on 
immature biofilms in a murine model of implant-associated osteomyelitis. Journal of Orthopaedic Research. 
2021;39(2):449-457. doi:10.1002/jor.24956 
10. Castaneda P, McLaren A, Tavaziva G, Overstreet D. Biofilm Antimicrobial Susceptibility Increases 
With Antimicrobial Exposure Time. Clin Orthop Relat Res. 2016;474(7):1659-1664. doi:10.1007/s11999-016-
4700-z 
11. Dall GF, Tsang STJ, Gwynne PJ, et al. Unexpected synergistic and antagonistic antibiotic activity 
against Staphylococcus biofilms. J Antimicrob Chemother. 2018;73(7):1830-1840. doi:10.1093/jac/dky087 
12. El Haj C, Murillo O, Ribera A, et al. Evaluation of linezolid or trimethoprim/sulfamethoxazole in 
combination with rifampicin as alternative oral treatments based on an in vitro pharmacodynamic model of 
staphylococcal biofilm. Int J Antimicrob Agents. 2018;51(6):854-861. doi:10.1016/j.ijantimicag.2018.01.014 
13. Ferretti C, Poma NV, Bernardo M, et al. Evaluation of antibiofilm activity of cefiderocol alone and in 
combination with imipenem against Pseudomonas aeruginosa. J Glob Antimicrob Resist. 2024;37:53-61. 
doi:10.1016/j.jgar.2024.01.021 
14. Holmberg A, Mörgelin M, Rasmussen M. Effectiveness of ciprofloxacin or linezolid in combination 
with rifampicin against Enterococcus faecalis in biofilms. Journal of Antimicrobial Chemotherapy. 
2012;67(2):433-439. doi:10.1093/jac/dkr477 
15. Guiotti AM, Cunha BG, Paulini MB, et al. Antimicrobial activity of conventional and plant-extract 
disinfectant solutions on microbial biofilms on a maxillofacial polymer surface. J Prosthet Dent. 
2016;116(1):136-143. doi:10.1016/j.prosdent.2015.12.014 



 

16. Huang DB, Brothers KM, Mandell JB, et al. Engineered peptide PLG0206 overcomes limitations of a 
challenging antimicrobial drug class. PLOS ONE. 2022;17(9):e0274815. doi:10.1371/journal.pone.0274815 
17. Mandell JB, Koch J, Deslouches B, Urish KL. Direct antimicrobial activity of cationic amphipathic 
peptide WLBU2 against Staphylococcus aureus biofilms is enhanced in physiologic buffered saline. J Orthop 
Res. 2020;38(12):2657-2663. doi:10.1002/jor.24765 
18. Nowakowska J, Griesser HJ, Textor M, Landmann R, Khanna N. Antimicrobial properties of 8-
hydroxyserrulat-14-en-19-oic acid for treatment of implant-associated infections. Antimicrob Agents 
Chemother. 2013;57(1):333-342. doi:10.1128/AAC.01735-12 
19. Pennone V, Angelini E, Sarlah D, Lovati AB. Antimicrobial Properties and Cytotoxicity of LL-37-
Derived Synthetic Peptides to Treat Orthopedic Infections. Antibiotics. 2024;13(8):764. 
doi:10.3390/antibiotics13080764 
20. Souche A, Kolenda C, Teoli J, et al. Activity of Exebacase (CF-301) against Biofilms Formed by 
Staphylococcus epidermidis Strains Isolated from Prosthetic Joint Infections. Antimicrob Agents Chemother. 
2022;66(8):e0058822. doi:10.1128/aac.00588-22 
21. Guo H, Wang Z, Du Q, Li P, Wang Z, Wang A. Stimulated phase-shift acoustic nanodroplets enhance 
vancomycin efficacy against methicillin-resistant Staphylococcus aureus biofilms. Int J Nanomedicine. 
2017;12:4679-4690. doi:10.2147/IJN.S134525 
22. Xia W, Li J, Cai Q, et al. Exploring the antibiofilm potential of chitosan nanoparticles by functional 
modification with chloroquine and deoxyribonuclease. Carbohydrate Polymers. 2025;347:122726. 
doi:10.1016/j.carbpol.2024.122726 
23. Chen Y, Hu H, Huang F, et al. Cocktail of isobavachalcone and curcumin enhance eradication of 
Staphylococcus aureus biofilm from orthopedic implants by gentamicin and alleviate inflammatory osteolysis. 
Front Microbiol. 2022;13:958132. doi:10.3389/fmicb.2022.958132 
24. Bashyal RK, Mathew M, Bowen E, James GA, Stulberg SD. A Novel Irrigant to Eliminate Planktonic 
Bacteria and Eradicate Biofilm Superstructure With Persistent Effect During Total Hip Arthroplasty. J 
Arthroplasty. 2022;37(7S):S647-S652. doi:10.1016/j.arth.2022.01.045 
25. Dudek B, Brożyna M, Karoluk M, et al. In Vitro and In Vivo Translational Insights into the 
Intraoperative Use of Antiseptics and Lavage Solutions Against Microorganisms Causing Orthopedic 
Infections. Int J Mol Sci. 2024;25(23):12720. doi:10.3390/ijms252312720 
26. Hill DL, Castiaux A, Pensler E, Knue J, Attar PS, Siddiqi A. A Novel Activated Zinc Solution with 
Improved Efficacy Against Pseudomonas and MRSA Biofilm Compared to Chlorhexidine and Povidone-
Iodine. Surg Technol Int. 2022;41:17-23. doi:10.52198/22.STI.41.SO1595 
27. Bortolin M, De Vecchi E, Romanò CL, Toscano M, Mattina R, Drago L. Antibiofilm agents against 
MDR bacterial strains: is bioactive glass BAG-S53P4 also effective? Journal of Antimicrobial Chemotherapy. 
2016;71(1):123-127. doi:10.1093/jac/dkv327 
28. Zhang H, Li S, Cheng Y. Antibiofilm Activity of Allicin and Quercetin in Treating Biofilm-Associated 
Orthopaedics Infection. Appl Biochem Biotechnol. Published online February 10, 2022. doi:10.1007/s12010-
022-03845-4 
29. Nunes S de O, Rosa H da S, Canellas ALB, et al. High reduction of staphylococcal biofilm by aqueous 
extract from marine sponge-isolated Enterobacter sp. Res Microbiol. 2021;172(1):103787. 
doi:10.1016/j.resmic.2020.10.002 
30. Tsang STJ, Gwynne PJ, Gallagher MP, Simpson AHRW. The biofilm eradication activity of acetic acid 
in the management of periprosthetic joint infection. Bone Joint Res. 2018;7(8):517-523. doi:10.1302/2046-
3758.78.BJR-2018-0045.R1 
31. Hosseini B, Behbahani M, Dini G, Mohabatkar H, Keyhanfar M. Investigating the anti-streptococcal 
biofilm effect of ssDNA aptamer-silver nanoparticles complex on a titanium-based substrate. RSC Adv. 



 

2022;12(38):24876-24886. doi:10.1039/D2RA04112J 
32. Coraça-Huber DC, Steixner S, Wurm A, Nogler M. Antibacterial and Anti-Biofilm Activity of Omega-3 
Polyunsaturated Fatty Acids against Periprosthetic Joint Infections-Isolated Multi-Drug Resistant Strains. 
Biomedicines. 2021;9(4):334. doi:10.3390/biomedicines9040334 
33. Coraça-Huber DC, Ammann CG, Fille M, Hausdorfer J, Nogler M, Nagl M. Bactericidal activity of N-
chlorotaurine against biofilm-forming bacteria grown on metal disks. Antimicrob Agents Chemother. 
2014;58(4):2235-2239. doi:10.1128/AAC.02700-13 
34. Sekar A, Gil D, Tierney PA, et al. Synergistic use of anti-inflammatory ketorolac and gentamicin to 
target staphylococcal biofilms. Res Sq. Published online October 26, 2023:rs.3.rs-3471646. 
doi:10.21203/rs.3.rs-3471646/v1 
35. Furustrand Tafin U, Corvec S, Betrisey B, Zimmerli W, Trampuz A. Role of rifampin against 
Propionibacterium acnes biofilm in vitro and in an experimental foreign-body infection model. Antimicrob 
Agents Chemother. 2012;56(4):1885-1891. doi:10.1128/AAC.05552-11 
36. Masters E, Harris M, Jennings J. Cis-2-Decenoic Acid Interacts with Bacterial Cell Membranes to 
Potentiate Additive and Synergistic Responses against Biofilm. Accessed February 3, 2025. 
https://austinpublishinggroup.com/bacteriology/fulltext/bacteriology-v3-id1031.php 
37. Turner AB, Gerner E, Firdaus R, et al. Role of sodium salicylate in Staphylococcus aureus quorum 
sensing, virulence, biofilm formation and antimicrobial susceptibility. Front Microbiol. 2022;13:931839. 
doi:10.3389/fmicb.2022.931839 
38. Molina-Manso D, Del-Prado G, Gómez-Barrena E, Cordero-Ampuero J, Fernandez-Roblas R, Esteban 
J. Effect of different agents with potential antibiofilm activity on antimicrobial susceptibility of biofilms formed 
by Staphylococcus spp. isolated from implant-related infections. J Antibiot. 2016;69(9):686-688. 
doi:10.1038/ja.2016.9 
39. Sukhonthamarn K, Cho J, Chisari E, Goswami K, Arnold WV, Parvizi J. N-acetylcysteine use as an 
adjuvant to bone cement to fight periprosthetic joint infections: A preliminary in vitro efficacy and 
biocompatibility study. J Orthop Res. 2021;39(2):356-364. doi:10.1002/jor.24910 
40. Tan J, Wang J, Yang C, et al. Antimicrobial characteristics of Berberine against prosthetic joint 
infection-related Staphylococcus aureus of different multi-locus sequence types. BMC Complement Altern Med. 
2019;19(1):218. doi:10.1186/s12906-019-2558-9 
41. Zuo GY, Li Y, Han J, Wang GC, Zhang YL, Bian ZQ. Antibacterial and Synergy of Berberines with 
Antibacterial Agents against Clinical Multi-Drug Resistant Isolates of Methicillin-Resistant Staphylococcus 
aureus (MRSA). Molecules. 2012;17(9):10322-10330. doi:10.3390/molecules170910322 
42. Yu HH, Kim KJ, Cha JD, et al. Antimicrobial activity of berberine alone and in combination with 
ampicillin or oxacillin against methicillin-resistant Staphylococcus aureus. J Med Food. 2005;8(4):454-461. 
doi:10.1089/jmf.2005.8.454 
43. Vassena C, Fenu S, Giuliani F, et al. Photodynamic antibacterial and antibiofilm activity of RLP068/Cl 
against Staphylococcus aureus and Pseudomonas aeruginosa forming biofilms on prosthetic material. Int J 
Antimicrob Agents. 2014;44(1):47-55. doi:10.1016/j.ijantimicag.2014.03.012 
44. Valour F, Trouillet-Assant S, Riffard N, et al. Antimicrobial activity against intraosteoblastic 
Staphylococcus aureus. Antimicrob Agents Chemother. 2015;59(4):2029-2036. doi:10.1128/AAC.04359-14 
45. Demidov V, Sottosanti SJ, Demidova N, Bateman LM. Portable red-blue light source for antimicrobial 
photodynamic therapy of orthopaedic implant biofilms | Request PDF. In: Vol 12822. Proceedings; 2024. 
doi:10.1117/12.3000416 
46. Wickramasinghe S, Ju M, Milbrandt NB, et al. Photoactivated Gold Nanorod Hydrogel Composite 
Containing d-Amino Acids for the Complete Eradication of Bacterial Biofilms on Metal Alloy Implant 
Materials. ACS Appl Nano Mater. 2020;3(6):5862-5873. doi:10.1021/acsanm.0c01018 



 

47. Poilvache H, Ruiz-Sorribas A, Sakoulas G, Rodriguez-Villalobos H, Cornu O, Van Bambeke F. 
Synergistic Effects of Pulsed Lavage and Antimicrobial Therapy Against Staphylococcus aureus Biofilms in an 
in-vitro Model. Front Med (Lausanne). 2020;7:527. doi:10.3389/fmed.2020.00527 
48. Duske K, Wegner K, Donnert M, et al. Comparative In Vitro Study of Different Atmospheric Pressure 
Plasma Jets Concerning their Antimicrobial Potential and Cellular Reaction. Plasma Processes and Polymers. 
2015;12(10):1050-1060. doi:10.1002/ppap.201400176 
49. Alkawareek MY, Algwari QTh, Laverty G, et al. Eradication of Pseudomonas aeruginosa Biofilms by 
Atmospheric Pressure Non-Thermal Plasma. PLoS One. 2012;7(8):e44289. doi:10.1371/journal.pone.0044289 
50. Stewart EJ, Payne DE, Ma TM, et al. Effect of Antimicrobial and Physical Treatments on Growth of 
Multispecies Staphylococcal Biofilms. Appl Environ Microbiol. 2017;83(12):e03483-16. 
doi:10.1128/AEM.03483-16 
51. Guo J, Shu X, Yu S, et al. Injectable hydrogel microsphere-bomb for MRSA-infected chronic 
osteomyelitis. Journal of Controlled Release. 2024;376:337-353. doi:10.1016/j.jconrel.2024.10.021 
52. Ehrensberger MT, Tobias ME, Nodzo SR, et al. Cathodic voltage-controlled electrical stimulation of 
titanium implants as treatment for methicillin-resistant Staphylococcus aureus periprosthetic infections. 
Biomaterials. 2015;41:97-105. doi:10.1016/j.biomaterials.2014.11.013 
53. Fang CH, Tsai PI, Huang SW, et al. Magnetic hyperthermia enhance the treatment efficacy of peri-
implant osteomyelitis. BMC Infect Dis. 2017;17(1):516. doi:10.1186/s12879-017-2621-4 
54. Juncker RB, Lazazzera BA, Billi F. Pulsed Electromagnetic Fields Disrupt Staphylococcus epidermidis 
Biofilms and Enhance the Antibiofilm Efficacy of Antibiotics. Microbiol Spectr. 2022;10(6):e0194922. 
doi:10.1128/spectrum.01949-22 
55. Milstrey A, Rosslenbroich S, Everding J, et al. Antibiofilm efficacy of focused high-energy 
extracorporeal shockwaves and antibiotics in vitro. Bone Joint Res. 2021;10(1):77-84. doi:10.1302/2046-
3758.101.BJR-2020-0219.R1 
56. Munaweera I, Shaikh S, Maples D, et al. Temperature-Sensitive Liposomal Ciprofloxacin for the 
Treatment of Biofilm on Infected Metal Implants using Alternating Magnetic Fields. Int J Hyperthermia. 
2018;34(2):189-200. doi:10.1080/02656736.2017.1422028 
57. Nodzo SR, Tobias M, Ahn R, et al. Cathodic Voltage-controlled Electrical Stimulation Plus Prolonged 
Vancomycin Reduce Bacterial Burden of a Titanium Implant-associated Infection in a Rodent Model. Clin 
Orthop Relat Res. 2016;474(7):1668-1675. doi:10.1007/s11999-016-4705-7 
58. Schmidt‐Malan SM, Brinkman CL, Karau MJ, et al. Effect of Direct Electrical Current on Bones 
Infected with Staphylococcus epidermidis. JBMR Plus. 2019;3(5):e10119. doi:10.1002/jbm4.10119 
59. Verheul M, Drijfhout JW, Pijls BG, Nibbering PH. Non-contact induction heating and SAAP-148 
eliminate persisters within MRSA biofilms mimicking a metal implant infection. Eur Cell Mater. 2021;43:34-
42. doi:10.22203/eCM.v042a03 
60. Wang T, Yang C, Li G, et al. Enhanced antibiofilm potential of low-intensity pulsed ultrasound 
combined with 0.35% povidone-iodine in a rat model of periprosthetic joint infection. Bone Joint Res. 
2024;13(7):332-341. doi:10.1302/2046-3758.137.BJR-2023-0339.R1 
61. Wanner S, Gstöttner M, Meirer R, Hausdorfer J, Fille M, Stöckl B. Low-energy shock waves enhance 
the susceptibility of staphylococcal biofilms to antimicrobial agents in vitro. J Bone Joint Surg Br. 
2011;93(6):824-827. doi:10.1302/0301-620X.93B6.23144 
62. Weeks K, Clark C, McDermott E, et al. In vitro and in vivo assessment of extended duration cathodic 
voltage-controlled electrical stimulation for treatment of orthopedic implant-associated infections. J Orthop 
Res. 2023;41(12):2756-2764. doi:10.1002/jor.25625 
63. Zhu C, He N, Cheng T, et al. Ultrasound-targeted microbubble destruction enhances human β-defensin 3 
activity against antibiotic-resistant Staphylococcus biofilms. Inflammation. 2013;36(5):983-996. 



 

doi:10.1007/s10753-013-9630-2 
64. Peng J, Guo C, Yang C, et al. Phage therapy for bone and joint infections: A comprehensive exploration 
of challenges, dynamics, and therapeutic prospects. J Glob Antimicrob Resist. 2024;39:12-21. 
doi:10.1016/j.jgar.2024.07.007 
65. Totten KMC, Patel R. Phage Activity against Planktonic and Biofilm Staphylococcus aureus 
Periprosthetic Joint Infection Isolates. Antimicrob Agents Chemother. 2022;66(1):e0187921. 
doi:10.1128/AAC.01879-21 
66. Decodts M, Cantallops-Vilà C, Hornez JC, Lacroix JM, Bouchart F. Phage-Loaded Biomimetic Apatite 
Powder With Antibiofilm Activity to Treat Bone-Associated Infections. J Biomed Mater Res A. 
2025;113(1):e37808. doi:10.1002/jbm.a.37808 
67. Joo H, Wu SM, Soni I, et al. Phage and Antibiotic Combinations Reduce Staphylococcus aureus in 
Static and Dynamic Biofilms Grown on an Implant Material. Viruses. 2023;15(2):460. doi:10.3390/v15020460 
68. Sosa BR, Niu Y, Turajane K, et al. 2020 John Charnley Award: The antimicrobial potential of 
bacteriophage-derived lysin in a murine debridement, antibiotics, and implant retention model of prosthetic 
joint infection. Bone Joint J. 2020;102-B(7_Supple_B):3-10. doi:10.1302/0301-620X.102B7.BJJ-2019-1590.R1 
69. Chen B, Chittò M, Tao S, et al. Isolation and Antibiofilm Activity of Bacteriophages against 
Cutibacterium acnes from Patients with Periprosthetic Joint Infection. Viruses. 2024;16(10):1592. 
doi:10.3390/v16101592 
70. Bratton MB, Murphy JP, Rivera JC. Bromelain as a Source of Debridement for Infected Orthopedic 
Implants. In: ; 2024. 
71. Pavan R, Jain S, Shraddha, Kumar A. Properties and Therapeutic Application of Bromelain: A Review. 
Biotechnol Res Int. 2012;2012:976203. doi:10.1155/2012/976203 
72. Karau MJ, Mandrekar J, Lehoux D, Schuch R, Cassino C, Patel R. In vitro activity of exebacase against 
methicillin-resistant Staphylococcus aureus biofilms on orthopedic Kirschner wires. BMC Res Notes. 
2023;16(1):209. doi:10.1186/s13104-023-06468-y 
73. Poilvache H, Ruiz-Sorribas A, Cornu O, Van Bambeke F. In Vitro Study of the Synergistic Effect of an 
Enzyme Cocktail and Antibiotics against Biofilms in a Prosthetic Joint Infection Model. Antimicrob Agents 
Chemother. 2021;65(4):e01699-20. doi:10.1128/AAC.01699-20 
74. Sumrall ET, Hofstee MI, Arens D, et al. An Enzybiotic Regimen for the Treatment of Methicillin-
Resistant Staphylococcus aureus Orthopaedic Device-Related Infection. Antibiotics (Basel). 2021;10(10):1186. 
doi:10.3390/antibiotics10101186 
75. Pavia CS, Wormser GP. Passive immunization and its rebirth in the era of the COVID-19 pandemic. Int 
J Antimicrob Agents. 2021;57(3):106275. doi:10.1016/j.ijantimicag.2020.106275 
76. Goodman SD, Obergfell KP, Jurcisek JA, et al. Biofilms can be dispersed by focusing the immune 
system on a common family of bacterial nucleoid-associated proteins. Mucosal Immunol. 2011;4(6):625-637. 
doi:10.1038/mi.2011.27 
77. Estellés A, Woischnig AK, Liu K, et al. A High-Affinity Native Human Antibody Disrupts Biofilm 
from Staphylococcus aureus Bacteria and Potentiates Antibiotic Efficacy in a Mouse Implant Infection Model. 
Antimicrob Agents Chemother. 2016;60(4):2292-2301. doi:10.1128/AAC.02588-15 
78. Conway J, Delanois RE, Mont MA, et al. Phase 1 study of the pharmacokinetics and clinical proof-of-
concept activity of a biofilm-disrupting human monoclonal antibody in patients with chronic prosthetic joint 
infection of the knee or hip. Antimicrob Agents Chemother. 2024;68(8):e0065524. doi:10.1128/aac.00655-24 
79. Tvilum A, Johansen MI, Glud LN, et al. Antibody-Drug Conjugates to Treat Bacterial Biofilms via 
Targeting and Extracellular Drug Release. Adv Sci (Weinh). 2023;10(23):e2301340. 
doi:10.1002/advs.202301340 
80. Dijk B van, Oliveira S, Hooning van Duyvenbode JFF, et al. Photoimmuno-antimicrobial therapy for 



 

Staphylococcus aureus implant infection. PLoS One. 2024;19(3):e0300069. doi:10.1371/journal.pone.0300069 
 
 
 
 


