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Abstract: Background: Periprosthetic joint infection (PJI) represents a devastating consequence of 

total joint arthroplasty (TJA) because of its high morbidity and its high impact on patient quality of 

life. The lack of standardized preventive and treatment strategies is a major challenge for arthro-

plasty surgeons. The purpose of this article was to explore the potential and future uses of nano-

technology as a tool for the prevention and treatment of PJI. Methods: Multiple review articles from 

the PubMed, Scopus and Google Scholar databases were reviewed in order to establish the current 

efficacy of nanotechnology in PJI preventive or therapeutic scenarios. Results: As a prevention tool, 

anti-biofilm implants equipped with nanoparticles (silver, silk fibroin, poly nanofibers, nanophase 

selenium) have shown promising antibacterial functionality. As a therapeutic tool, drug-loaded na-

nomolecules have been created and a wide variety of carrier materials (chitosan, titanium, calcium 

phosphate) have shown precise drug targeting and efficient control of drug release. Other nano-

technology-based antibiotic carriers (lipid nanoparticles, silica, clay nanotubes), when added to 

common bone cements, enhanced prolonged drug delivery, making this technology promising for 

the creation of antibiotic-added cement joint spacers. Conclusion: Although still in its infancy, nan-

otechnology has the potential to revolutionize prevention and treatment protocols of PJI. Neverthe-

less, extensive basic science and clinical research will be needed to investigate the potential toxicities 

of nanoparticles. 
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1. Background 

Since total joint arthroplasty (TJA) has become a widespread procedure to treat de-

generative joint disease, there has been a dramatic increase in the number of peripros-

thetic joint infections (PJI), a complication with high morbidity and mortality [1]. Costs 

associated with the treatment of PJI are double those associated with other, non-infection-

related complications [2]; in fact, the economic burden of PJI has exceeded USD 1.62 bil-

lion in the USA alone. Recently, the current authors proposed a PJI preventive protocol 

[3] and a new surgical technique to retain an infected TJA implant [4]. Nevertheless, a 

broad consensus exists on the fact that the isolation or identification of the causative mi-

croorganism represents the main determinant for success in PJI treatment [5]. 

Nanotechnology utilizes the biological and structural properties of materials altered 

at the nanoscale (1–100 nm). Nanomaterials possess multiple physicochemical properties 

ideal for tissue and cell penetration and improvement in the resistance to static and 
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dynamic fatigue [6–8]. Orthopedic surgeons recently increased their interest in this aspect 

of “nanomedicine” because of the multiple clinical applications, including implantable 

materials, targeted drug delivery and, ultimately, tissue regeneration. Specifically, it has 

been shown [9] that, once the size of particulate matter is diminished, the electrical and 

mechanical properties of many materials are modified; the final result of this process is 

represented by an improved interaction with the surrounding environment, which is a 

highly desired phenomenon in orthopedic surgery. In addition, the creation of drug-

loaded nanomolecules has allowed for antibiotic therapy to directly target the microor-

ganisms which routinely form the biofilm and infect orthopedic implants.  

In contrast to other reviews on the application of nanotechnology in orthopedics, our 

review focuses on the clinical aspects of nanotechnology, as a preventive and treatment 

strategy, in the subspecialty of musculoskeletal infections in general and PJI in particular. 

The current, clinical impact of nanotechnology in PJI prevention and treatment is very 

limited but the future potential is extremely appealing.  

2. Periprosthetic Joint Infection (PJI) Prevention 

2.1. Implant Material 

PJI involves bacterial colonization of the implant surface. Thus, any strategy to pre-

vent bacterial colonization or biofilm formation should be focused on facilitating the en-

gagement of host cells (fibroblasts, macrophages) and host proteins with the implant sur-

face [10]. It has been shown that biofilms develop through multiple sequential stages, each 

associated with characteristic phenotypes: initial attachment, irreversible attachment, 

maturation, and dispersal. These all represent the fundamental constituents of the biofilm 

formation process [11]. Once a foreign body enters the body, the host extracellular matrix 

(ECM) quickly coats the new material: bacteria (especially S. Epidermidis and S. Aureus) 

express proteins, during their growth phase, which form strong interactions with the host 

surfaces, resurfacing the ECM; this bonding to the foreign surface becomes quickly irre-

versible, making it very difficult, for host antibodies and for delivered antibiotics, to dis-

rupt it [11]. 

Modern TJA implants consist of a mixture of titanium, cobalt-chrome, ceramic (hip 

arthroplasty) and vitamin-E-stabilized ultra-high-molecular-weight polyethylene 

(UHMWPE), which has shown improved mechanical strength compared to irradiated and 

melted UHMWPE and a promising capacity to limit the bacterial adhesion on TJA im-

plants, reducing PJI risk [12].  

Several nanoparticles have been shown to have passive antimicrobial capacities: sil-

ver, copper, quantum dots and zinc oxide are excellent examples. Although bacterial 

growth has been shown on titanium and cobalt-chrome [13], the surface properties could 

be modified in order to prevent bacterial adhesion. Silver nanoparticles (nanosilver; 5 ± 2 

nm) have been shown to reduce cell viability thanks to their ability to enter the intracellu-

lar space without interfering with the osteogenic process necessary for bone ongrowth 

over the implant [14]. Nanosilver coatings have been extensively studied and the results 

are very promising: several nanosilver formulations allow for a slow solubilization of sil-

ver over an extended period of time, without excessive, local increases in silver concen-

tration leading to cytotoxicity towards osteoblasts [15]. Nanosilver is also active against 

E. coli and S. aureus [16], has anticorrosive characteristics [17] and is easily incorporated 

into hydroxyapatite and chitosan to reproduce an antibacterial coating with osteo-inte-

grative capability [18]. However, current methods of nanosilver synthesis are based on 

the use of organic solvents and stabilizers that are potentially toxic to the environment, 

and, thus, the green synthesis of silver nanoparticles should become a prerequisite for the 

development and application processes of nanotechnology. New synthetic methods have 

been recently proposed in order to increase the biological safety of nanosilver: supercriti-

cal CO2, starch, glucose, maltose and gelatin have been all used as reductants and stabi-

lizers to prepare nanosilver [19–21]. 
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2.2. Nanoparticles for Antibiotic Delivery 

Prophylactic systemic antibiotics are routinely administered to patients undergoing 

total joint arthroplasty to prevent a postoperative PJI. However, this clinical practice is 

limited by multiple disadvantages: increasing antibiotic resistance, duration of the 

prophylaxis, correct timing in relation to the surgery, the usual low concentration at the 

target site and the well-known inability of antibiotics to disrupt biofilms [3]. 

Antimicrobial nanoparticles have been engineered in order to prevent infections in 

orthopedic surgery [22]. Poly L-lactic acid (PLLA) nanofiber scaffolds have been engi-

neered into bio-absorbable scaffolds for tissue regeneration: the addition of poly lactic-co-

glycolic acid (PLGA) nanospheres increased the extended release of doxycycline [23]. 

PLLA and PLGA scaffolds have been successfully used, in the animal model, as a delivery 

system of multiple antibiotics (gentamicin, rifampin, vancomycin) in order to prevent os-

teomyelitis [24]. Nanophase selenium represents another promising nanomaterial able to 

prevent musculoskeletal infections as a collateral effect of its chemotherapeutic applica-

tions [25]. 

3. Periprosthetic Joint Infection (PJI) Treatment 

The recent literature from the International Consensus Meeting on Periprosthetic 

Joint Infections (ICM 2018) [5] has confirmed that many contemporary conservative 

measures failed to eradicate the biofilm from the periprosthetic environment. A recent 

metanalysis from Horriat and et al. [26] showed that, following the appropriate preoper-

ative indications, Debridement, Antibiotic, Implant Retention (DAIR) has an average suc-

cess rate of 66%. Calanna et. al. [27] reported a success rate of 80% when an accurate deb-

ridement followed by the use of antibiotic-added calcium sulphate beads were utilized to 

treat acute PJI: this last procedure is characterized by thermal (Argon bean) and mechan-

ical (chlorhexidine sponge) aggression towards the biofilm, which, as previously de-

scribed, strongly bonds to the implant surface.  

The contemporaneous, North American “gold standard” treatment for chronic PJI is 

still represented by a two-stage revision: a temporary polymethylmethacrylate cement 

spacer that elutes a high concentration of antibiotics is placed into the joint at the time of 

component explant [28]. The use of cement spacers has several limitations. First, the me-

chanical properties of current cement spacers are very poor and their use has been associ-

ated with joint dislocation, fracture of the construct and major peri-articular bone loss [29]. 

Additionally, the elution of antibiotics from the spacers, at concentrations above the Min-

imum Inhibitory Concentrations (MIC), is very limited in time (72 h) [30], and, unfortu-

nately, acute postoperative renal injury has been reported during the peak of antibiotic 

release from the spacer [31]. Another major limitation of the use of cement spacers is rep-

resented by the finding that a bacterial biofilm has been detected on their surfaces at the 

time of revision surgery [32]. This finding jeopardizes the notion of sterility of the intra-

articular space at the time of the re-implant.  

For these reasons, two-stage revision following chronic PJI has been shown to have a 

14.4% mortality rate and extremely high morbidity [33]. This dramatic finding has neces-

sitated novel methods of eradicating biofilm formation from TJA components. Nanopar-

ticles and nanotechnology represent very appealing methods to achieve this goal: they are 

highly biocompatible and they have the capability of delivering both hydrophilic as well 

as hydrophobic drugs without the toxicity related to antibiotic boluses [34].  

Multiple efforts to improve the structural and anti-biofilm characteristics of antibi-

otic-added cement spacers are underway. Gillani et al. [8] extensively studied the addition 

of ceramic particles (barium sulfate and zirconia) to bone cement. Interestingly, they 

demonstrated an increase in cytocompatibility and a decrease in mechanical failure of the 

cement under stress conditions. Lipid nanoparticles, nano-silica and clay nanotubes have 

been recently added to standard bone cement (PMMA or polymethylmethacrylate) to en-

hance drug delivery in a prolonged fashion [35–37].  
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Various nanoparticles have been studied as intra-articular antibiotic carriers, includ-

ing solid lipid nanoparticles (50–100 nm lipid colloidal carrier), polymeric micelles (10–

1000 nm in size) and, ultimately, liposomes, which are phospholipid vesicles between 20 

and 100 nm in size. Interestingly, nanoparticles have demonstrated the capability of en-

hancing antibiotic penetration within a well-matured biofilm in multiple in vitro studies: 

multiple interaction mechanisms between nanoparticles and viable bacterial cells have 

been described [38–40], all resulting in bacterial cell death within the biofilm. Unfortu-

nately, in vivo studies are limited and it is unclear how antibiotic-delivery nanoparticles 

interact with biofilms in vivo. Li et al. [41] were the first to encapsulate antibiotic (dap-

tomycin) in liposomes to inhibit S. aureus biofilm growth in a mouse model, supporting 

the idea of using nanoparticles for the effective delivery of antibiotics into a mature bio-

film. Unfortunately, the clinical use of liposomal or polymeric nanoparticle delivery sys-

tems has several potential drawbacks: high cost of production, uncertainty in drug load-

ing and bonding and possible general toxicity of the construct. 

Several metal nanoparticles have shown direct bactericidal effects against well-

formed biofilm: silver, copper, gold, titanium and zinc all have intracellular, antimicrobial 

properties. In particular, silver ions released from nanoparticles can generate reactive O2, 

leading to disruption of cell membrane integrity and inhibition of cell proliferation [42]. 

Nevertheless, the direct bactericidal potential of nanoparticles still lacks direct, repetitive 

in vivo testing.  

The current literature has paid particular attention to many derivates of graphene 

[43], such as multilayer graphene, graphene oxide (GO) and reduced graphene oxide 

(rGO), because of their mechanical and antimicrobial properties. In fact, GO materials 

have intrinsic antibacterial properties, in combination with anti-adhesion and contact-kill-

ing properties [43]. On the other hand, the durability of the GO coating and the different 

levels of sensitivity of bacteria to the GO antibacterial effect have to be established.  

Recently, the use of nanotechnology and nanoparticles for energy conduits from ex-

ternal sources (lasers, alternative magnetic field—AMG) has been proposed as a method-

ology for biofilm disruption. In fact, Kim et al. [44] demonstrated that increasing the na-

noparticle temperature induces irreversible thermal damage to the bacterial cells living in 

biofilms. In a similar study, Meeker et al. used antibiotic-loaded, spherical gold nanopar-

ticles to disrupt S. aureus and P. aeruginosa biofilms. Interestingly, they were able to acti-

vate the release of antibiotics directly to the mature biofilm thanks to the use of pulse laser 

irradiation. Magnetic nanoparticles represent another option for the induction of thermal 

damage in the biofilm: magnetic nanoparticle (i.e., iron oxide) heating effectively disrupts 

biofilms of S. aureus and other microorganisms [45,46]. Unfortunately, the clinical transla-

tion of these thermal technologies has been limited by the risk of harming adjacent and 

even more distant tissues.  

4. Conclusions 

Periprosthetic joint infection (PJI) represents a devastating complication of total joint 

arthroplasty with an extremely high rate of morbidity and mortality. The current, invasive 

treatments lack the ability to prevent biofilm formation and to eradicate mature biofilms.  

Nanomaterials have recently exhibited major advantages over classical orthopedic 

materials and treatment strategies because of their high biocompatibility and bioreactiv-

ity. The recent literature has shown that changes in the properties of material at the na-

noscale have the possibility to directly interfere with the development of biofilms. This 

novel treatment has the potential to optimize TJA component surfaces to prevent bacterial 

biofilm formation and provide prolonged, local delivery of antibiotics to eradicate already 

established planktonic bacteria. Nevertheless, the full role of physicochemical properties 

of nanoparticles in the biological systems of the human body needs to be addressed. Fur-

ther investigations are needed to fully understand the potential, and especially the safety, 

of this exciting nanotechnology.  



Trop. Med. Infect. Dis. 2021, 6, 91 5 of 7 
 

 

Author Contributions: Conceptualization, P.F.I. and S.G..; methodology, P.F.I..; software, A.M.I.; 

validation, F.I.; formal analysis, S.G.; investigation, P.F.I.; resources, P.F.I.; data curation, S.G.; writ-

ing—original draft preparation, P.F.I.; writing—review and editing, A.M.I.; visualization, A.M.I.; 

supervision, G.P.; project administration, P.F.I.; funding acquisition, P.F.I. All authors have read and 

agreed to the published version of the manuscript. 

Funding: This research was not funded. 

Institutional Review Board Statement: Not applicable. 

Data Availability: All underlying data are in the text. 

Acknowledgments: The authors thank Heather Maughan for the proofreading and review of this 

manuscript.  

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Berend, K.R.; Lombardi, A.V.; Morris, M.J.; Bergeson, A.G.; Adams, J.B.; Sneller, M.A. Two-Stage Treatment of Hip Peripros-

thetic Joint Infection Is Associated with a High Rate of Infection Control but High Mortality. Clin. Orthop. Relat. Res. 2013, 471, 

510–518, doi:10.1007/s11999-012-2595-x. 

2. Kamaruzaman, H.; Kinghorn, P.; Oppong, R. Cost-Effectiveness of Surgical Interventions for the Management of Osteoarthritis: 

A Systematic Review of the Literature. BMC Musculoskelet Disord. 2017, 18, 183, doi:10.1186/s12891-017-1540-2. 

3. Iannotti, F.; Prati, P.; Fidanza, A.; Iorio, R.; Ferretti, A.; Pèrez Prieto, D.; Kort, N.; Violante, B.; Pipino, G.; Schiavone Panni, A.; 

et al. Prevention of Periprosthetic Joint Infection (PJI): A Clinical Practice Protocol in High-Risk Patients. Trop. Med. Infect. Dis. 

2020, 5, doi:10.3390/tropicalmed5040186. 

4. Ghirardelli, S.; Fidanza, A.; Prati, P.; Iannotti, F.; Indelli, P.F. Debridement, Antibiotic Pearls, and Retention of the Implant in 

the Treatment of Infected Total Hip Arthroplasty. HIP Int. 2020, 30, 34–41, doi:10.1177/1120700020929314. 

5. Parvizi, J.; Gehrke, T.; Mont, M.A.; Callaghan, J.J. Introduction: Proceedings of International Consensus on Orthopedic Infec-

tions. J. Arthroplast. 2019, 34, S1–S2, doi:10.1016/j.arth.2018.09.038. 

6. Mattei, T.A.; Rehman, A.A. “Extremely Minimally Invasive”: Recent Advances in Nanotechnology Research and Future Appli-

cations in Neurosurgery. Neurosurg. Rev. 2015, 38, 27–37; discussion 37, doi:10.1007/s10143-014-0566-2. 

7. Serra, G.; Morais, L.; Elias, C.N.; Semenova, I.P.; Valiev, R.; Salimgareeva, G.; Pithon, M.; Lacerda, R. Nanostructured Severe 

Plastic Deformation Processed Titanium for Orthodontic Mini-Implants. Mater. Sci. Eng. C Mater. Biol. Appl. 2013, 33, 4197–4202, 

doi:10.1016/j.msec.2013.06.012. 

8. Gillani, R.; Ercan, B.; Qiao, A.; Webster, T.J. Nanofunctionalized Zirconia and Barium Sulfate Particles as Bone Cement Addi-

tives. Int. J. Nanomed. 2010, 5, 1–11. 

9. Sichert, J.A.; Tong, Y.; Mutz, N.; Vollmer, M.; Fischer, S.; Milowska, K.Z.; García Cortadella, R.; Nickel, B.; Cardenas-Daw, C.; 

Stolarczyk, J.K.; et al. Quantum Size Effect in Organometal Halide Perovskite Nanoplatelets. Nano Lett. 2015, 15, 6521–6527, 

doi:10.1021/acs.nanolett.5b02985. 

10. Levack, A.E.; Cyphert, E.L.; Bostrom, M.P.; Hernandez, C.J.; von Recum, H.A.; Carli, A.V. Current Options and Emerging Bio-

materials for Periprosthetic Joint Infection. Curr. Rheumatol. Rep. 2018, 20, 33, doi:10.1007/s11926-018-0742-4. 

11. Mooney, J.A.; Pridgen, E.M.; Manasherob, R.; Suh, G.; Blackwell, H.E.; Barron, A.E.; Bollyky, P.L.; Goodman, S.B.; Amanatullah, 

D.F. Periprosthetic bacterial biofilm and quorum sensing. J. Orthop. Res. 2018, 36, 2331–2339, doi:10.1002/jor.24019. Epub 2018 

May 24. PMID: 29663554. 

12. Gigante, A.; Bottegoni, C.; Ragone, V.; Banci, L. Effectiveness of Vitamin-E-Doped Polyethylene in Joint Replacement: A Liter-

ature Review. J. Funct. Biomater. 2015, 6, 889–900, doi:10.3390/jfb6030889. 

13. Koseki, H.; Yonekura, A.; Shida, T.; Yoda, I.; Horiuchi, H.; Morinaga, Y.; Yanagihara, K.; Sakoda, H.; Osaki, M.; Tomita, M. Early 

Staphylococcal Biofilm Formation on Solid Orthopaedic Implant Materials: In Vitro Study. PLoS ONE 2014, 9, e107588, 

doi:10.1371/journal.pone.0107588. 

14. Castiglioni, S.; Cazzaniga, A.; Locatelli, L.; Maier, J.A.M. Silver Nanoparticles in Orthopedic Applications: New Insights on 

Their Effects on Osteogenic Cells. Nanomaterials 2017, 7, 124, doi:10.3390/nano7060124. 

15. Sussman, E.M.; Casey, B.J.; Dutta, D.; Dair, B.J. Different Cytotoxicity Responses to Antimicrobial Nanosilver Coatings When 

Comparing Extract-Based and Direct-Contact Assays: Cytotoxicity of Nanosilver Coatings Varies Based on Assay Format. J. 

Appl. Toxicol. 2015, 35, 631–639, doi:10.1002/jat.3104. 

16. Ciobanu, G.; Ilisei, S.; Luca, C. Hydroxyapatite-Silver Nanoparticles Coatings on Porous Polyurethane Scaffold. Mater. Sci. Eng. 

C Mater. Biol. Appl. 2014, 35, 36–42, doi:10.1016/j.msec.2013.10.024. 

17. Zhang, X.; Wu, H.; Geng, Z.; Huang, X.; Hang, R.; Ma, Y.; Yao, X.; Tang, B. Microstructure and Cytotoxicity Evaluation of 

Duplex-Treated Silver-Containing Antibacterial TiO2 Coatings. Mater. Sci. Eng. C 2014, 45, 402–410, 

doi:10.1016/j.msec.2014.07.002. 



Trop. Med. Infect. Dis. 2021, 6, 91 6 of 7 
 

 

18. Yanovska, A.A.; Stanislavov, A.S.; Sukhodub, L.B.; Kuznetsov, V.N.; Illiashenko, V.Yu.; Danilchenko, S.N.; Sukhodub, L.F. Sil-

ver-Doped Hydroxyapatite Coatings Formed on Ti–6Al–4V Substrates and Their Characterization. Mater. Sci. Eng. C 2014, 36, 

215–220, doi:10.1016/j.msec.2013.12.011. 

19. Oluwafemi, O.S.; Lucwaba, Y.; Gura, A.; Masabeya, M.; Ncapayi, V.; Olujimi, O.O.; Songca, S.P. A Facile Completely “green” 

Size Tunable Synthesis of Maltose-Reduced Silver Nanoparticles without the Use of Any Accelerator. Colloids Surf B Biointerfaces 

2013, 102, 718–723, doi:10.1016/j.colsurfb.2012.09.001. 

20. Raveendran, P.; Fu, J.; Wallen, S.L. Completely “Green” Synthesis and Stabilization of Metal Nanoparticles. J. Am. Chem. Soc. 

2003, 125, 13940–13941, doi:10.1021/ja029267j. 

21. Takeshima, T.; Tada, Y.; Sakaguchi, N.; Watari, F.; Fugetsu, B. DNA/Ag Nanoparticles as Antibacterial Agents against Gram-

Negative Bacteria. Nanomaterials 2015, 5, 284–297, doi:10.3390/nano5010284. 

22. Tautzenberger, A.; Kovtun; Ignatius Nanoparticles and Their Potential for Application in Bone. IJN 2012, 4545, 

doi:10.2147/IJN.S34127. 

23. Feng, K.; Sun, H.; Bradley, M.A.; Dupler, E.J.; Giannobile, W.V.; Ma, P.X. Novel Antibacterial Nanofibrous PLLA Scaffolds. J. 

Control. Release 2010, 146, 363–369, doi:10.1016/j.jconrel.2010.05.035. 

24. Johnson, C.T.; García, A.J. Scaffold-Based Anti-Infection Strategies in Bone Repair. Ann. Biomed. Eng. 2015, 43, 515–528, 

doi:10.1007/s10439-014-1205-3. 

25. Sullivan, M.P.; McHale, K.J.; Parvizi, J.; Mehta, S. Nanotechnology: Current Concepts in Orthopaedic Surgery and Future Di-

rections. Bone Joint J. 2014, 96-B, 569–573, doi:10.1302/0301-620X.96B5.33606. 

26. Horriat, S.; Ayyad, S.; Thakrar, R.; Haddad, F. Debridement, Antibiotics and Implant Retention in Management of Infected 

Total Knee Arthroplasty: A Systematic Review. Semin. Arthroplast. 2018, 29, 244–249, doi:10.1053/j.sart.2019.01.012. 

27. Calanna, F.; Chen, F.; Risitano, S.; Vorhies, J.S.; Franceschini, M.; Giori, N.J.; Indelli, P.F. Debridement, Antibiotic Pearls, and 

Retention of the Implant (DAPRI): A Modified Technique for Implant Retention in Total Knee Arthroplasty PJI Treatment. J. 

Orthop. Surg. 2019, 27, 2309499019874413, doi:10.1177/2309499019874413. 

28. Risitano, S.; Sabatini, L.; Atzori, F.; Massè, A.; Indelli, P.F. Static Antibiotic Spacers Augmented by Calcium Sulphate Impreg-

nated Beads in Revision TKA: Surgical Technique and Review of Literature. J. Orthop. 2018, 15, 313–318, 

doi:10.1016/j.jor.2018.02.008. 

29. Erivan, R.; Lecointe, T.; Villatte, G.; Mulliez, A.; Descamps, S.; Boisgard, S. Complications with Cement Spacers in 2-Stage Treat-

ment of Periprosthetic Joint Infection on Total Hip Replacement. Orthop. Traumatol. Surg. Res. 2018, 104, 333–339, 

doi:10.1016/j.otsr.2017.11.016. 

30. Anagnostakos, K.; Meyer, C. Antibiotic Elution from Hip and Knee Acrylic Bone Cement Spacers: A Systematic Review. Biomed. 

Res. Int. 2017, 2017, 4657874, doi:10.1155/2017/4657874. 

31. Berliner, Z.P.; Mo, A.Z.; Porter, D.A.; Grossman, J.M.; Hepinstall, M.S.; Cooper, H.J.; Scuderi, G.R. In-Hospital Acute Kidney 

Injury After TKA Revision With Placement of an Antibiotic Cement Spacer. J. Arthroplast. 2018, 33, S209–S212, 

doi:10.1016/j.arth.2017.11.050. 

32. Van Thiel, G.S.; Berend, K.R.; Klein, G.R.; Gordon, A.C.; Lombardi, A.V.; Della Valle, C.J. Intraoperative Molds to Create an 

Articulating Spacer for the Infected Knee Arthroplasty. Clin. Orthop. Relat. Res. 2011, 469, 994–1001, doi:10.1007/s11999-010-1644-

6. 

33. Lum, Z.C.; Natsuhara, K.M.; Shelton, T.J.; Giordani, M.; Pereira, G.C.; Meehan, J.P. Mortality During Total Knee Periprosthetic 

Joint Infection. J. Arthroplast. 2018, 33, 3783–3788, doi:10.1016/j.arth.2018.08.021. 

34. Taha, M.; Abdelbary, H.; Ross, F.P.; Carli, A.V. New Innovations in the Treatment of PJI and Biofilms—Clinical and Preclinical 

Topics. Curr. Rev. Musculoskelet Med. 2018, 11, 380–388, doi:10.1007/s12178-018-9500-5. 

35. Ayre, W.N.; Birchall, J.C.; Evans, S.L.; Denyer, S.P. A Novel Liposomal Drug Delivery System for PMMA Bone Cements. J 

Biomed. Mater. Res. B Appl. Biomater. 2016, 104, 1510–1524, doi:10.1002/jbm.b.33488. 

36. Shen, S.-C.; Ng, W.K.; Dong, Y.-C.; Ng, J.; Tan, R.B.H. Nanostructured Material Formulated Acrylic Bone Cements with En-

hanced Drug Release. Mater. Sci. Eng. C Mater. Biol. Appl. 2016, 58, 233–241, doi:10.1016/j.msec.2015.08.011. 

37. Wei, W.; Abdullayev, E.; Hollister, A.; Mills, D.; Lvov, Y.M. Clay Nanotube/Poly(Methyl Methacrylate) Bone Cement Compo-

sites with Sustained Antibiotic Release. Macromol. Mater. Eng. 2012, 297, 645–653, doi:10.1002/mame.201100309. 

38. Chetoni, P.; Burgalassi, S.; Monti, D.; Tampucci, S.; Tullio, V.; Cuffini, A.M.; Muntoni, E.; Spagnolo, R.; Zara, G.P.; Cavalli, R. 

Solid Lipid Nanoparticles as Promising Tool for Intraocular Tobramycin Delivery: Pharmacokinetic Studies on Rabbits. Eur. J. 

Pharm. Biopharm. 2016, 109, 214–223, doi:10.1016/j.ejpb.2016.10.006. 

39. Fazly Bazzaz, B.S.; Khameneh, B.; Zarei, H.; Golmohammadzadeh, S. Antibacterial Efficacy of Rifampin Loaded Solid Lipid 

Nanoparticles against Staphylococcus Epidermidis Biofilm. Microb. Pathog. 2016, 93, 137–144, doi:10.1016/j.micpath.2015.11.031. 

40. Liu, Y.; Busscher, H.J.; Zhao, B.; Li, Y.; Zhang, Z.; van der Mei, H.C.; Ren, Y.; Shi, L. Surface-Adaptive, Antimicrobially Loaded, 

Micellar Nanocarriers with Enhanced Penetration and Killing Efficiency in Staphylococcal Biofilms. ACS Nano 2016, 10, 4779–

4789, doi:10.1021/acsnano.6b01370. 

41. Li, C.; Zhang, X.; Huang, X.; Wang, X.; Liao, G.; Chen, Z. Preparation and Characterization of Flexible Nanoliposomes Loaded 

with Daptomycin, a Novel Antibiotic, for Topical Skin Therapy. Int. J. Nanomed. 2013, 8, 1285–1292, doi:10.2147/IJN.S41695. 

42. Brayner, R.; Ferrari-Iliou, R.; Brivois, N.; Djediat, S.; Benedetti, M.F.; Fiévet, F. Toxicological Impact Studies Based on Escherichia 

Coli Bacteria in Ultrafine ZnO Nanoparticles Colloidal Medium. Nano Lett. 2006, 6, 866–870, doi:10.1021/nl052326h. 



Trop. Med. Infect. Dis. 2021, 6, 91 7 of 7 
 

 

43. Palmieri, V.; Papi, M.; Conti, C.; Ciasca, G.; Maulucci, G.; De Spirito, M. The future development of bacteria fighting medical 

devices: The role of graphene oxide. Expert Rev. Med. Devices 2016, 13, 1013–1019, doi:10.1080/17434440.2016.1245612. 

44. Kim, M.-H. Nanoparticle-Based Therapies for Wound Biofilm Infection: Opportunities and Challenges. IEEE Trans. Nanobiosci-

ence 2016, 15, 294–304, doi:10.1109/TNB.2016.2527600. 

45. Abenojar, E.C.; Wickramasinghe, S.; Ju, M.; Uppaluri, S.; Klika, A.; George, J.; Barsoum, W.; Frangiamore, S.J.; Higuera-Rueda, 

C.A.; Samia, A.C.S. Magnetic Glycol Chitin-Based Hydrogel Nanocomposite for Combined Thermal and d-Amino-Acid-As-

sisted Biofilm Disruption. ACS Infect. Dis. 2018, 4, 1246–1256, doi:10.1021/acsinfecdis.8b00076. 

46. Kim, M.-H.; Yamayoshi, I.; Mathew, S.; Lin, H.; Nayfach, J.; Simon, S.I. Magnetic Nanoparticle Targeted Hyperthermia of Cu-

taneous Staphylococcus Aureus Infection. Ann. Biomed. Eng. 2013, 41, 598–609, doi:10.1007/s10439-012-0698-x. 


