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Abstract: Hydrogen peroxide, povidone-iodine, and chlorhexidine are antiseptics that are commonly
added to irrigants to either prevent or treat infection. There are little clinical data available that
demonstrate efficacy of adding antiseptics to irrigants in the treatment of periprosthetic joint infection
after biofilm establishment. The objective of the study was to assess the bactericidal activity of the
antiseptics on S. aureus planktonic and biofilm. For planktonic irrigation, S. aureus was exposed to
different concentrations of antiseptics. S. aureus biofilm was developed by submerging a Kirschner
wire into normalized bacteria and allowing it to grow for forty-eight hours. The Kirschner wire was
then treated with irrigation solutions and plated for CFU analysis. Hydrogen peroxide, povidone-
iodine, and chlorhexidine were bactericidal against planktonic bacteria with over a 3 log reduction
(p < 0.0001). Unlike cefazolin, the antiseptics were not bactericidal (less than 3 log reduction) against
biofilm bacteria but did have a statistical reduction in biofilm as compared to the initial time point
(p < 0.0001). As compared to cefazolin treatment alone, the addition of hydrogen peroxide or
povidone-iodine to cefazolin treatment only additionally reduced the biofilm burden by less than
1log. The antiseptics demonstrated bactericidal properties with planktonic S. aureus; however, when
used to irrigate S. aureus biofilms, these antiseptics were unable to decrease biofilm mass below a
3 log reduction, suggesting that S. aureus biofilm has a tolerance to antiseptics. This information
should be considered when considering antibiotic tolerance in established S. aureus biofilm treatment.
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1. Introduction

Periprosthetic joint infection (P]I) is a major complication following total knee and
hip arthroplasty with high morbidity and mortality [1-3]. For acute PJI and chronic PJI,
irrigation and debridement are a critical portion of the procedure to minimize the recurrence
of infection. Given the high failure rate [4], a variety of approaches to wound irrigation have
been explored in an attempt to optimize irrigation [5,6]. In arthroplasty, hydrogen peroxide,
povidone-iodine, and chlorhexidine irrigation solutions have been used in the prevention
and treatment of PJI due to their increased bactericidal properties [7,8]. Hydrogen peroxide
works by producing free hydroxyl radicals, causing oxidative damage [9]. Povidone-iodine
releases free iodine, inducing degradation of important bacterial enzymes required for
functioning [10]. Chlorhexidine works by causing coagulation around the bacteria, causing
it to precipitate out, which ultimately prevents bacteria adhering to one another [11].
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Staphylococcus aureus is the major pathogen responsible for PJI and can exist as two
distinct phenotypes: a planktonic or biofilm phenotype [12]. Previous research demon-
strated that irrigation with antiseptics can be used prophylactically to prevent acute PJI
caused by planktonic bacteria; however, there is little research on whether irrigation with
antiseptics can be used to treat PJI caused by established biofilms. In acute and chronic
PJI, bacteria exist in the biofilm phenotype, especially on surgical implant materials and
in synovial fluid [13,14]. When compared to their planktonic counterparts, biofilms are
extremely tolerant to antimicrobials, making treatment challenging [15,16]. This tolerance
is related to the reduced metabolic activity of the bacteria within the biofilm [17].

There has been minimal work investigating the ability of antiseptics to remove biofilm
from implant materials. The objective of this study was to determine the utility of antiseptics
alone to remove biofilm in an in vitro model of PJI. Given that reactive oxygen species can
induce a decreased metabolic state [18], it was hypothesized that S. aureus biofilms would
have an increased tolerance to antiseptics as compared to planktonic bacteria. In addition,
combination treatment with antiseptics and a commonly used antibiotic, cefazolin, would
have minimal advantage over antibiotics alone.

2. Materials and Methods
2.1. Bacterial Strains and Growth Conditions

The S. aureus SH1000 strain was inoculated from frozen stocks into 4 mL Tryptic Soy
Broth (TSB, BD and Company, Franklin Lakes, NJ, USA) in a 15 mL conical tube at 37 °C
with shaking at 250 rpm. Approximately 18 h later, cultures were diluted in PBS (Gibco,
Billings, MT, USA) to the optical density ODgj5 using an Infinite M200 Spectrophotome-
ter (Tecan, Mannedorf, Switzerland) and normalized in TSB to a final concentration of
0.5 x 10° colony forming unit (CFU)/mL using a 0.5 McFarland standard (Hardy Diagnos-
tics, Santa Maria, CA, USA and Springboro, OH, USA). Conditions were based off Clinical
& Laboratory Standards Institute (CLSI reference).

2.2. Planktonic Irrigation

In a 1.5 mL Eppendorf tube containing 0.5 x 10° CFU/mL S. aureus SH1000 and
180 pL irrigation solution, bacteria were exposed to different antiseptics. The antiseptics
that were used are as follows: chlorhexidine was assessed at 0.05% (Covetrus, Hastings, NE,
USA); povidone-iodine (Purdue Products, Stamford, CT, USA) was assessed at 0.3%; and
hydrogen peroxide (Equate, Bentonville, AR, USA) was assessed at 1.5%. All antiseptics,
drugs and solutions were stored according to the directions provided by the manufacturers.
The bacterial suspensions were exposed for 15 min to the antiseptics. The solutions were
then diluted 1:100 in PBS to terminate the antiseptic activity. Next, each Eppendorf was
serially diluted 10-fold and spot plated onto TSA II blood agar plates (Thermo Fisher
Scientific, Waltham, MA, USA). After 24 h of incubation at 37 °C, the bacterial burden in
CFU/mL was calculated for each antiseptic. Each experiment was completed in triplicate
for each antiseptic and each concentration on three different days. To serve as a control,
tubes with no bacteria and just antiseptics were plated to ensure no contamination occurred
within the antiseptics.

2.3. Biofilm Irrigation

12”7 x 0.035” Kirschner wires (K wires) (Sklar, West Chester, PA, USA) were cut into
1 cm segments and autoclaved in sterile pouches before use. In a 48-well plate, a Kirschner
wire was submerged into 1 mL of TSB containing 0.5 x 10 CFU/mL S. aureus SH1000.
To allow for biofilm maturation, the 48-well plates were cultured for 48 h at 37 °C. After
the first 24 h of growth, the wires were removed and placed into fresh TSB to remove
any planktonic/non-adherent cells. Forty-eight hours after initial plating, the K wires
were removed from the media and washed with 2 mL of PBS to remove any remaining
planktonic/non-adherent bacteria. Directly after washing, the K wires were placed into
1 mL of each antiseptic solution at the same concentrations as described in the planktonic
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irrigation above and exposed for 24 h. After treatment, the K wires were washed with
2 mL of PBS to remove the irrigation solution and placed into a 1.5 mL Eppendorf tube
(Thermo Fisher Scientific, Waltham, MA, USA) containing 1 mL of PBS containing 1%
Tween 20 (Sigma-Aldrich, St. Louis, MO, USA). The Eppendorf tube containing the K wire
was sonicated for 30 min to dislodge any adhered biofilm. After sonication, the sonicate
was serially diluted 10-fold and spot plated onto TSA II blood agar plates. After 24 h
of incubation at 37 °C, colonies were counted, and the CFU/mL was calculated. Each
experiment was completed in triplicate for each antiseptic and each concentration on three
different days. To serve as a positive control, a non-treated wire was also diluted and used
as the 0 min time point.

2.4. Antimicrobial Tolerance

K wires were infected with 0.5 x 10° CFU/mL of S. aureus SH1000 as above in the
biofilm irrigation methods. After 48 h of growth at 37 °C, wires were placed in each
irrigation solution at the lowest concentration for 2.5 min. After exposure, the K wires
were washed with PBS and placed into 1 mL of a 2.5 pg/mL cefazolin/TSB dilution for
24 h. At the 24 h time point, the K wires were washed with 2 mL PBS, sonicated for
30 min in a 1.5 mL Eppendorf tube containing 1 mL PBS, serially diluted 10-fold, and spot
plated. CFU/mL was calculated after 24 h of incubation at 37 °C. Non-antiseptic treated K
wires were also treated with 2.5 ug/mL of cefazolin for 24 h and served as a control. The
experiment was completed in triplicate for each antiseptic at each time point. To serve as
an untreated control, non-irrigated wires were evaluated at the 0 h control time point.

2.5. Statistical Analysis

GraphPad Prism 9.0 was used to perform all graphical and statistical analysis. Sta-
tistical analyses were performed using one-way ANOVA with Tukey’s post hoc analysis.
Significance was determined at p < 0.05. All experiments were repeated in triplicate.

3. Results
3.1. Antiseptics Are Bactericidal against S. aureus Planktonic Bacteria

To determine if the antiseptics are bactericidal against S. aureus planktonic bacteria, an
irrigation assay was used to quantify the amount of S. aureus planktonic bacteria remaining
after treatment with each antiseptic. Clinically relevant concentrations of each antiseptic
were chosen based on the literature [5,19]. Povidone-iodine, chlorhexidine, and hydrogen
peroxide all significantly decreased planktonic bacterial load (p < 0.0001, p < 0.001, p < 0.001)
(Figure 1). Specifically, povidone-iodine, hydrogen peroxide, and chlorhexidine reduced
the bacterial burden by a 7.6, 6.1, and 6.1 log reduction, respectively. In comparison to
untreated bacteria, povidone-iodine completely eradicated S. aureus planktonic bacteria,
while hydrogen peroxide and chlorhexidine significantly reduced S. aureus.

3.2. Antiseptics Are Not Bactericidal against S. aureus Biofilms

Next, a biofilm assay was used to determine if antiseptics were equally effective against
S. aureus biofilms as they demonstrated with planktonic bacteria. The same dosing and
exposure times were used as in the planktonic assay. Povidone-iodine, hydrogen peroxide,
and chlorhexidine were not observed to have bactericidal properties against biofilms as
defined by a 3 log reduction. Each antiseptic had a decrease in S. aureus biofilm bacterial
burden in comparison to untreated biofilms by 2.2, 2.2, and 1.6 log, respectively (p < 0.0001)
(Figure 2).
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Figure 1. Antiseptics are bactericidal against S. aureus planktonic bacteria. The amount of S. aureus
SH1000 in suspension after antiseptic treatment was quantified and compared. PI—povidone-iodine
at 0.3%; CHX—chlorhexidine at 0.05%; and H,O,—hydrogen peroxide at 1.5%; . . . . . =3 log
reduction; ## = undetectable amount; *** p < 0.001; **** = p < 0.0001.
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Figure 2. Antiseptics are not bactericidal against S. aureus biofilm. The amount of S. aureus biofilm
after treatment was quantified and compared. PI—povidone-iodine at 0.3%; CHX—chlorhexidine at
0.05%; and HyO,—hydrogen peroxide at 1.5%; . . . . . =3 log reduction; * = p < 0.01; **** = p < 0.0001.

3.3. Antiseptics Are Not Synergistic with Cefazolin against S. aureus Biofilms

To further investigate the relationship between the antimicrobial tolerance of S. aureus
biofilms and antiseptics, we treated S. aureus biofilms with a combination of antiseptics and
cefazolin. The addition of cefazolin (10 x MIC) to povidone-iodine, hydrogen peroxide and
chlorhexidine resulted in a 4.6, 4.9, and 4.5 log reduction (p < 0.0001), respectively, in com-
parison to the untreated group. Compared to cefazolin treatment alone, the combination
of cefazolin with povidone-iodine, hydrogen peroxide or chlorhexidine resulted in a 0.40,
0.70, and 0.20 log reduction, respectively (Figure 3), and was not statistically significant
(p>0.99).
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Figure 3. Antiseptics in combination with cefazolin reduces biofilm but does not display synergy. The
amount of S. aureus present after treatment with cefazolin in combination with antiseptics was quan-
tified and compared. CHX—chlorhexidine at 0.05%; PI—povidone-iodine at 0.3%; H,O,—hydrogen
peroxide at 1.5%; and cefazolin = 2.5 ug/mL; . . ... = 3 log reduction; **** p < 0.0001.

4. Discussion

The utility of irrigation solutions to treat PJI remains undefined. There is clinical
evidence supporting the use of oxidative antiseptics, including povidone-iodine, hydrogen
peroxide and chlorhexidine as prophylactic irrigation solutions to prevent PJI when bacteria
are in the planktonic state [19-24]. There is limited data available on if these oxidative
antiseptics irrigation solutions improve the treatment of PJI when bacteria are in the biofilm
state. Previous work has demonstrated that oxidative stress can induce an antibiotic-
tolerant biofilm [18], and this suggests that antiseptics have the potential to decrease the
efficacy of antibiotics in the treatment of PJI. The objective of this study was to determine
the utility of antiseptics in removing biofilm in an in vitro model of PJI. Based on the data,
S. aureus biofilm had a high tolerance to antiseptics as compared to planktonic bacteria.
Synergism was not observed between cefazolin and the antiseptics used.

Standard antiseptic irrigation solutions used intraoperatively were bactericidal against
planktonic bacteria in the in vitro experiment preformed. Povidone-iodine, hydrogen
peroxide, and chlorhexidine had more than a 3 log reduction in planktonic S. aureus,
which is considered bactericidal. This is consistent with multiple previous in vitro studies
demonstrating similar results [25-28]. This supports the utility of adding antiseptic solu-
tions to intraoperative irrigation solutions to prevent surgical site infection and PJI. These
in vitro findings are supported by a series of clinical studies that have observed a possible
decrease rate in the incidence of PJI by using a variety of different antiseptic irrigation
solutions [19-24]. There is caution against using antiseptics based on possible cytotoxicity
issues, especially with the use of chlorhexidine [28,29].

Povidone-iodine, hydrogen peroxide, and chlorhexidine decreased biofilm burden, but
were not bactericidal to S. aureus biofilm. This is supported by other in vitro studies [18,30].
There is a lack of clinical evidence supporting the antimicrobial efficacy of antiseptics in
treating PJL. The logic to use antiseptics to treat PJL is largely based on extending results from
clinical studies demonstrating these irrigation solutions help prevent PJI. These studies have
limited validity once PJI is established [19-24]. A retrospective study of over 2800 revision
arthroplasties demonstrated that the use of intraoperative povidone-iodine had no effect
on PJI treatment success during revision cases [31]. We observed that like antibiotics,
antiseptics were not bactericidal once S. aureus was in a biofilm state. Our data should
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not be interpreted against the use of these irrigation solutions. A reduction in biofilm was
observed with the antiseptic solutions supporting their clinical use; however, the reduction
was not bactericidal. This does demonstrate the challenge in treating biofilm-associated
infections and the need for independent irrigation solutions that have the potential to be
bactericidal against an established biofilm.

Povidone-iodine, hydrogen peroxide, and chlorhexidine in combination with cefazolin
did not display synergy against S. aureus biofilm. There were no statistical differences in
biofilm antimicrobial efficacy between cefazolin and cefazolin in combination with the
antiseptics. This adds to growing evidence that povidone-iodine, hydrogen peroxide, and
chlorhexidine with cefazolin could potentially induce antibiotic tolerance. During the host
immune response, hydrogen peroxide operates via an oxidative-stress-response pathway.
Oxidative-stress-rich environments, similar to those found in S. aureus PJI, can induce
persister cell formation that leads to increased antimicrobial tolerance, which can result in
higher likelihood of chronic infection [18,32,33]. Reactive oxygen species, such as hydrogen
peroxide, promote increased antibiotic tolerance in S. aureus [18]. This is likely because S.
aureus biofilm enter a metabolically inactive state and form persister cells, which conveys
increased tolerance to antimicrobials [12,34,35].

There are several limitations to our study. First, this was conducted in vitro and thus
does not replicate the physiological environment of biofilms in vivo. Typically, in vitro
models result in a best-case scenario and further validation of these results in PJI animal
models is warranted. Second, a supratherapeutic dose of cefazolin for a prolonged time
period was used in combination with antiseptics. This does not necessarily replicate a
clinical environment, where concentrations of antibiotic are more limited with variations
between peaks and troughs, suggesting a best-case scenario for our results.

5. Conclusions

Our study demonstrates, in an in vitro model, that antiseptics such as povidone-
iodine, hydrogen peroxide and chlorhexidine can significantly decrease the bacterial load
of planktonic S. aureus but fail to significantly eradicate S. aureus biofilms. This supports
their use to help prevent PJI in primary hip, knee, and shoulder arthroplasty cases. In
treating PJI, our data supports their use but highlights the limitations against biofilms
that are antibiotic- and antiseptic-tolerant. The addition of cefazolin to povidone-iodine,
hydrogen peroxide, and chlorhexidine was not significantly beneficial. Further studies
involving in vivo experiments in animal models are needed to elucidate these effects in a
physiologic setting. This would provide additional support or disprove the results in this
study. Furthermore, additional studies involving other organisms common to PJI would
serve as good comparison data and possibly lead to a better understanding of biofilm
characteristics.

Author Contributions: J.A K. and K.L.U. designed the study. D.M.P,, ].A.K., C.G.G. and K.M.B.
carried out the experiments and analyzed the data. D.M.P,, KM.B., C.G.G., WL, ].G,, SER. and
V.K.C.B. drafted the manuscript and designed the figures with consultation from B.P.C. and K.L.U.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported in part by the Orthopaedic Research and Education Founda-
tion (OREF), the National Center for Advancing Translational Science (NCATS KL2TR000146) and
the National Institute of Arthritis and Musculoskeletal and Skin Diseases (NIAMS K08AR071494;
RRO01AR082167; RO3AR077602).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author. The data are not publicly available due to ongoing research.

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



Life 2023, 13, 1230 70f8

References

1.

10.

11.

12.

13.

14.

15.
16.
17.
18.
19.
20.

21.

22.

23.

24.

Drain, N.P; Bertolini, D.M.; Anthony, A.W.; Feroze, M.W.; Chao, R.; Onyekweli, T.; Longo, S.E.; Hersh, B.L.; Smith, C.N,;
Rothenberger, S.D.; et al. High Mortality after Total Knee Arthroplasty Periprosthetic Joint Infection is Related to Preoperative
Morbidity and the Disease Process but Not Treatment. J. Arthroplast. 2022, 37, 1383. [CrossRef] [PubMed]

Ammarullah, M.I; Santoso, G.; Sugiharto, S.; Supriyono, T.; Wibowo, D.B.; Kurdi, O.; Tauvigirrahman, M.; Jamari, J]. Minimizing
Risk of Failure from Ceramic-on-Ceramic Total Hip Prosthesis by Selecting Ceramic Materials Based on Tresca Stress. Sustainability
2022, 14, 13413. [CrossRef]

Ammarullah, M.L; Hartono, R.; Supriyono, T.; Santoso, G.; Sugiharto, S.; Permana, M.S. Polycrystalline Diamond as a Potential
Material for the Hard-on-Hard Bearing of Total Hip Prosthesis: Von Mises Stress Analysis. Biomedicines 2023, 11, 951. [CrossRef]
[PubMed]

Shah, N.B.; Hersh, B.L.; Kreger, A.; Sayeed, A.; Bullock, A.G.; Rothenberger, S.D.; Klatt, B.; Hamlin, B.; Urish, K.L. Benefits and
Adverse Events Associated with Extended Antibiotic Use in Total Knee Arthroplasty Periprosthetic Joint Infection. Clin. Infect.
Dis. 2020, 70, 559-565. [CrossRef]

Bhandari, M.; Jeray, K.J.; Petrisor, B.A.; Devereaux, PJ.; Heels-Ansdell, D.; Schemitsch, E.H.; Anglen, J.; Della Rocca, G.J.; Jones, C.;
Kreder, H.; et al. A Trial of Wound Irrigation in the Initial Management of Open Fracture Wounds. N. Engl. |. Med. 2015, 373,
2629-2641. [CrossRef] [PubMed]

Crowley, D.J.; Kanakaris, N.K.; Giannoudis, P.V. Irrigation of the wounds in open fractures. J. Bone Jt. Surg. Br. 2007, 89, 580-585.
[CrossRef]

Brown, N.M.; Cipriano, C.A.; Moric, M.; Sporer, S.M.; Della Valle, C.J. Dilute betadine lavage before closure for the prevention of
acute postoperative deep periprosthetic joint infection. J. Arthroplast. 2012, 27, 27-30. [CrossRef]

Berzofsky, J.A. Features of T-cell recognition and antigen structure useful in the design of vaccines to elicit T-cell immunity.
Vaccine 1988, 6, 89-93. [CrossRef]

Juven, B.J.; Pierson, M.D. Antibacterial Effects of Hydrogen Peroxide and Methods for Its Detection and Quantitation (dagger).
J. Food Prot. 1996, 59, 1233-1241. [CrossRef]

Lepelletier, D.; Maillard, J.Y.; Pozzetto, B.; Simon, A. Povidone Iodine: Properties, Mechanisms of Action, and Role in Infection
Control and Staphylococcus aureus Decolonization. Antimicrob. Agents Chemother. 2020, 64, €00682-20. [CrossRef]

Poppolo Deus, F.; Ouanounou, A. Chlorhexidine in Dentistry: Pharmacology, Uses, and Adverse Effects. Int. Dent. J. 2022, 72,
269-277. [CrossRef] [PubMed]

Hall, C.W.; Mah, T.F. Molecular mechanisms of biofilm-based antibiotic resistance and tolerance in pathogenic bacteria. FEMS
Microbiol. Rev. 2017, 41, 276-301. [CrossRef]

Urish, K.L.; DeMuth, PW.; Kwan, B.W.; Craft, D.W.; Ma, D.; Haider, H.; Tuan, R.S.; Wood, T.K.; Davis, C.M., 3rd. Antibiotic-
tolerant Staphylococcus aureus Biofilm Persists on Arthroplasty Materials. Clin. Orthop. Relat. Res. 2016, 474, 1649-1656. [CrossRef]
[PubMed]

Dastgheyb, S.S.; Villaruz, A.E.; Le, K.Y,; Tan, V.Y.; Duong, A.C.; Chatterjee, S.S.; Cheung, G.Y.; Joo, H.S.; Hickok, N.J.; Otto, M. Role
of Phenol-Soluble Modulins in Formation of Staphylococcus aureus Biofilms in Synovial Fluid. Infect. Immun. 2015, 83, 2966-2975.
[CrossRef] [PubMed]

Mandell, J.B.; Orr, S.; Koch, J.; Nourie, B.; Ma, D.; Bonar, D.D.; Shah, N.; Urish, K.L. Large variations in clinical antibiotic activity
against Staphylococcus aureus biofilms of periprosthetic joint infection isolates. J. Orthop. Res. 2019, 37, 1604-1609. [CrossRef]
Olsen, I. Biofilm-specific antibiotic tolerance and resistance. Eur. ]. Clin. Microbiol. Infect. Dis. 2015, 34, 877-886. [CrossRef]
Stewart, P.S. Antimicrobial Tolerance in Biofilms. Microbiol. Spectr. 2015, 3, 7. [CrossRef]

Rowe, S.E.; Wagner, N.J.; Li, L.; Beam, J.E.; Wilkinson, A.D.; Radlinski, L.C.; Zhang, Q.; Miao, E.A.; Conlon, B.P. Reactive oxygen
species induce antibiotic tolerance during systemic Staphylococcus aureus infection. Nat. Microbiol. 2020, 5, 282-290. [CrossRef]
Siddiqi, A.; Abdo, Z.E.; Springer, B.D.; Chen, A.F. Pursuit of the ideal antiseptic irrigation solution in the management of
periprosthetic joint infections. J. Bone Jt. Infect. 2021, 6, 189-198. [CrossRef]

Ruder, J.A.; Springer, B.D. Treatment of Periprosthetic Joint Infection Using Antimicrobials: Dilute Povidone-lIodine Lavage.
J. Bone Jt. Infect. 2017, 2, 10-14. [CrossRef]

Siddiqi, A.; Abdo, Z.E.; Rossman, S.R.; Kelly, M. A ; Piuzzi, N.S.; Higuera, C.A.; Schwarzkopf, R.; Springer, B.D.; Chen, A.F.; Parvizi,
J. What Is the Optimal Irrigation Solution in the Management of Periprosthetic Hip and Knee Joint Infections? . Arthroplast. 2021,
36, 3570-3583. [CrossRef] [PubMed]

Wood, T.; Ekhtiari, S.; Mundi, R.; Citak, M.; Sancheti, PK.; Guerra-Farfan, E.; Schemitsch, E.; Bhandari, M. The Effect of Irrigation
Fluid on Periprosthetic Joint Infection in Total Hip and Knee Arthroplasty: A Systematic Review and Meta-Analysis. Cureus 2020,
12, €7813. [CrossRef] [PubMed]

Calkins, T.E.; Culvern, C.; Nam, D.; Gerlinger, T.L.; Levine, B.R.; Sporer, S.M.; Della Valle, C.J. Dilute Betadine Lavage Reduces the
Risk of Acute Postoperative Periprosthetic Joint Infection in Aseptic Revision Total Knee and Hip Arthroplasty: A Randomized
Controlled Trial. J. Arthroplast. 2020, 35, 538-543.e1. [CrossRef] [PubMed]

Cacciola, G.; Mancino, F; Malahias, M.A.; Sculco, PX.; Maccauro, G.; De Martino, I. Diluted povidone-iodine irrigation prior to
wound closure in primary and revision total joint arthroplasty of hip and knee: A review of the evidence. J. Biol. Regul. Homeost.
Agents 2020, 34, 57-62. [PubMed]


https://doi.org/10.1016/j.arth.2022.03.046
https://www.ncbi.nlm.nih.gov/pubmed/35314288
https://doi.org/10.3390/su142013413
https://doi.org/10.3390/biomedicines11030951
https://www.ncbi.nlm.nih.gov/pubmed/36979930
https://doi.org/10.1093/cid/ciz261
https://doi.org/10.1056/NEJMoa1508502
https://www.ncbi.nlm.nih.gov/pubmed/26448371
https://doi.org/10.1302/0301-620X.89B5.19286
https://doi.org/10.1016/j.arth.2011.03.034
https://doi.org/10.1016/S0264-410X(88)80005-7
https://doi.org/10.4315/0362-028X-59.11.1233
https://doi.org/10.1128/AAC.00682-20
https://doi.org/10.1016/j.identj.2022.01.005
https://www.ncbi.nlm.nih.gov/pubmed/35287956
https://doi.org/10.1093/femsre/fux010
https://doi.org/10.1007/s11999-016-4720-8
https://www.ncbi.nlm.nih.gov/pubmed/26831479
https://doi.org/10.1128/IAI.00394-15
https://www.ncbi.nlm.nih.gov/pubmed/25964472
https://doi.org/10.1002/jor.24291
https://doi.org/10.1007/s10096-015-2323-z
https://doi.org/10.1128/microbiolspec.MB-0010-2014
https://doi.org/10.1038/s41564-019-0627-y
https://doi.org/10.5194/jbji-6-189-2021
https://doi.org/10.7150/jbji.16448
https://doi.org/10.1016/j.arth.2021.05.032
https://www.ncbi.nlm.nih.gov/pubmed/34127346
https://doi.org/10.7759/cureus.7813
https://www.ncbi.nlm.nih.gov/pubmed/32467789
https://doi.org/10.1016/j.arth.2019.09.011
https://www.ncbi.nlm.nih.gov/pubmed/31575448
https://www.ncbi.nlm.nih.gov/pubmed/32856441

Life 2023, 13, 1230 8of 8

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

O’Donnell, J.A.; Wu, M.; Cochrane, N.H.; Belay, E.; Myntti, M.E; James, G.A.; Ryan, S.P.; Seyler, T.M. Efficacy of Common
Antiseptic Solutions against Clinically Relevant Planktonic Microorganisms. Orthopedics 2022, 45, 122-127. [CrossRef] [PubMed]
Christopher, Z.K.; Tran, C.P; Vernon, B.L.; Spangehl, M.J. What Is the Duration of Irrigation? An In Vitro Study of the Minimum
Exposure Time to Eradicate Bacteria with Irrigation Solutions. J. Arthroplast. 2022, 37, 385-389.e2. [CrossRef]

Raval, Y.S.; Flurin, L.; Mohamed, A.; Greenwood-Quaintance, K.E.; Beyenal, H.; Patel, R. In vitro Activity of Hydrogen Peroxide
and Hypochlorous Acid Generated by Electrochemical Scaffolds against Planktonic and Biofilm Bacteria. Antimicrob. Agents
Chemother. 2021, 65, €01966-20. [CrossRef]

Goswami, K.; Cho, J.; Foltz, C.; Manrique, J.; Tan, T.L.; Fillingham, Y.; Higuera, C.; Della Valle, C.; Parvizi, J]. Polymyxin and
Bacitracin in the Irrigation Solution Provide No Benefit for Bacterial Killing in Vitro. J. Bone Jt. Surg. Am. 2019, 101, 1689-1697.
[CrossRef]

Voros, P.; Dobrindt, O.; Perka, C.; Windisch, C.; Matziolis, G.; Rohner, E. Human osteoblast damage after antiseptic treatment. Int.
Orthop. 2014, 38, 177-182. [CrossRef]

Ernest, E.P.; Machi, A.S.; Karolcik, B.A.; LaSala, P.R.; Dietz, M.]. Topical adjuvants incompletely remove adherent Staphylococcus
aureus from implant materials. ]. Orthop. Res. 2018, 36, 1599-1604. [CrossRef]

Hart, A.; Hernandez, N.M.; Abdel, M.P.; Mabry, TM.; Hanssen, A.D.; Perry, K.I. Povidone-lodine Wound Lavage to Prevent
Infection after Revision Total Hip and Knee Arthroplasty: An Analysis of 2884 Cases. J. Bone Jt. Surg. Am. 2019, 101, 1151-1159.
[CrossRef] [PubMed]

Elkins, J.G.; Hassett, D.].; Stewart, P.S.; Schweizer, H.P.; McDermott, T.R. Protective role of catalase in Pseudomonas aeruginosa
biofilm resistance to hydrogen peroxide. Appl. Environ. Microbiol. 1999, 65, 4594-4600. [CrossRef] [PubMed]

Cichos, K.H.; Andrews, R.M.; Wolschendorf, F.; Narmore, W.; Mabry, S.E.; Ghanem, E.S. Efficacy of Intraoperative Antiseptic
Techniques in the Prevention of Periprosthetic Joint Infection: Superiority of Betadine. . Arthroplast. 2019, 34, S312-5S318.
[CrossRef]

Beam, J.E.; Rowe, S.E.; Conlon, B.P. Shooting yourself in the foot: How immune cells induce antibiotic tolerance in microbial
pathogens. PLoS Pathog. 2021, 17, €1009660. [CrossRef] [PubMed]

Chang, J.; Lee, R.E.; Lee, W. A pursuit of Staphylococcus aureus continues: A role of persister cells. Arch. Pharm. Res. 2020, 43,
630-638. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3928/01477447-20211227-05
https://www.ncbi.nlm.nih.gov/pubmed/34978511
https://doi.org/10.1016/j.arth.2021.10.013
https://doi.org/10.1128/AAC.01966-20
https://doi.org/10.2106/JBJS.18.01362
https://doi.org/10.1007/s00264-013-2107-y
https://doi.org/10.1002/jor.23804
https://doi.org/10.2106/JBJS.18.01152
https://www.ncbi.nlm.nih.gov/pubmed/31274716
https://doi.org/10.1128/AEM.65.10.4594-4600.1999
https://www.ncbi.nlm.nih.gov/pubmed/10508094
https://doi.org/10.1016/j.arth.2019.02.002
https://doi.org/10.1371/journal.ppat.1009660
https://www.ncbi.nlm.nih.gov/pubmed/34293056
https://doi.org/10.1007/s12272-020-01246-x
https://www.ncbi.nlm.nih.gov/pubmed/32627141

	Introduction 
	Materials and Methods 
	Bacterial Strains and Growth Conditions 
	Planktonic Irrigation 
	Biofilm Irrigation 
	Antimicrobial Tolerance 
	Statistical Analysis 

	Results 
	Antiseptics Are Bactericidal against S. aureus Planktonic Bacteria 
	Antiseptics Are Not Bactericidal against S. aureus Biofilms 
	Antiseptics Are Not Synergistic with Cefazolin against S. aureus Biofilms 

	Discussion 
	Conclusions 
	References

