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Abstract

:

Biofilm-associated infections caused by drug-resistant and persistent bacteria remain a significant clinical challenge. Here we report that farnesol, commercially available as a cosmetic and flavoring agent, shows significant anti-biofilm properties when dissolved in ethanol using a proprietary formulation emulsion technique. Farnesol in the new formulation inhibits biofilm formation and disrupts established biofilms for Gram-positive Staphylococcus aureus and Gram-negative Pseudomonas aeruginosa, including their polymicrobial biofilms, and, moreover, kills S. aureus persister cells that have developed tolerance to antibiotics. No resistance to farnesol was observed for S. aureus after twenty continuous passages. Farnesol combats biofilms by direct killing, while also facilitating biofilm detachment. Furthermore, farnesol was safe and effective for preventing and treating biofilm-associated infections of both types of bacteria in an ex vivo burned human skin model. These data suggest that farnesol in the new formulation is an effective broad-spectrum anti-biofilm agent with promising clinical potential. Due to its established safety, low-cost, versatility, and excellent efficacy—including ability to reduce persistent and resistant microbial populations—farnesol in the proprietary formulation represents a compelling transformative, translational, and commercial platform for addressing many unsolved clinical challenges.
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1. Introduction


Biofilms, the structured community of bacteria embedded in a self-produced polymeric matrix and adherent to surfaces or tissues [1], are the root cause of over 80% of all microbial infections in humans [2]. Biofilm-related infections caused by drug-resistant pathogens, such as the Gram-positive bacterium Staphylococcus aureus and the Gram-negative bacterium Pseudomonas aeruginosa, are extremely difficult to treat with antibiotics. Biofilm-encased cells can be up to 1000-fold more resistant to various antibiotics than their planktonic counterparts [2]. Currently, antibiotic resistance is spreading much faster than the introduction of new drugs into clinical practice [3], triggering a significant public health crisis. Moreover, persister cells, a minor variant bacterial subpopulation existing in a dormant and drug-tolerant state, are further attributed to the recalcitrance and recurrence of biofilm-associated infections [4]. In addition, polymicrobial biofilms composed of both S. aureus and P. aeruginosa have been frequently identified in chronic wounds, including burns, non-healing surgical site infections and ulcers [5,6,7], resulting in delayed wound healing compared to single-species biofilms, further frustrating clinical strategies for biofilm treatment [7,8].



Farnesol is an acyclic sesquiterpene alcohol with a delicate sweet odor found in plants and mammals, including humans. It was approved by the Food and Drug Administration with a generally recognized as safe (GRAS) designation, and has wide applications in the food, cosmetic and perfume industries [9,10,11]. Farnesol was first discovered in the fungus Candida albicans as a quorum sensing molecule to inhibit filamentation and biofilm formation [12]. Since then, farnesol has been found to be very versatile, with antimicrobial, antitumor, cardioprotective, hepatoprotective, and neuroprotective activities [13,14,15,16,17]. Farnesol was found to be effective at hindering the growth of Gram-positive bacteria, but was less effective against the growth of Gram-negative bacteria; moreover, the published literature to date suggests that farnesol has only minor effects on disrupting established biofilms for both Gram-positive and negative bacteria [9,18,19,20,21]. Thus, farnesol alone was not proposed as an effective antimicrobial agent [22]. Nevertheless, farnesol has been considered to be a promising adjuvant for conventional antibiotics due to its synergistic effect [22,23,24,25].



Since farnesol is highly water insoluble [26], which reduces its bioavailability as an antibacterial agent by itself, it has previously been dissolved in various solvents, such as dimethyl sulfoxide, methanol, or Tween 80 (Table S1). Due to the toxicity of these vehicles themselves, the highest achievable doses of farnesol without confounding vehicle killing have been limited. We have recently developed a proprietary formulation emulsion technique using ethanol as a vehicle and then interfacing the farnesol in ethanol with aqueous media. Farnesol dissolving in ethanol could reach the highest stock concentration of 30 mg/mL, which allowed us to test the effect of solubilized farnesol on bacterial biofilms using a dose range much wider than those in previous studies (Table S1). The novel formulation of farnesol proved to be safe and highly effective against biofilms of drug-resistant bacteria such as S. aureus and P. aeruginosa, both in vitro and ex vivo.




2. Results


2.1. Farnesol Is Highly Effective against S. aureus Biofilms


Farnesol inhibited S. aureus Xen29 biofilm formation in a dose-dependent manner, and completely eradicated the bacteria at a concentration of 1 mg/mL (Figure 1A). Furthermore, 24 h old, established biofilms of Xen29 were also dose-dependently disrupted by farnesol, with 6 mg/mL of farnesol causing an over 50,000-fold reduction in colony-forming units (CFU) (Figure 1B). The remarkable antibiofilm effects of farnesol were further visualized by Live/Dead viability assays of Xen29 biofilms (Figure 1C,D), followed by quantitative analysis of the biofilm images using Photoshop® (25.6.0 Release) for fluorescence intensity and Comstat2 (Version 2.1 1 July 2015) for analysis of the biomass and average thickness of biofilms (Figure S1). Farnesol was capable of both inhibition of biofilm formation and disruption of established biofilms by killing live (green) cells of S. aureus Xen29 in a dose-dependent fashion (Figure 1C,D and Figure S1). In the case of biofilm formation, the resulting dead (red) cells were scarcely attached to the surfaces (the weak red signal was only detectable by the Comstat2 software) (Figure S1D). However, for established biofilms, red fluorescence indicative of dead biofilm-encased cells peaked at 2 mg/mL of farnesol (Figure 1D and Figure S1C,E), suggesting that the dead cells were increasingly detached from the surfaces with increasing of the farnesol dose.



We also assessed the anti-biofilm activity of farnesol against S. aureus Xen40, a clinical strain and robust biofilm forming species. Farnesol was able to kill Xen40 cells in a dose-dependent manner and inhibit its biofilm formation, as indicated by the at least two-log CFU reduction with 1 mg/mL dose of farnesol (Figure S2A). This result was further confirmed by the Live/Dead viability assays of Xen40 developing biofilms and their corresponding quantitative analysis (Figure S2B–D). Moreover, farnesol killed over 99.9% (three-log CFU reduction) of biofilm-encased S. aureus Xen40 at 3 mg/mL of farnesol (Figure S3A). Surprisingly, the Live/Dead viability assays of Xen40 established biofilms shows that high doses (2–3 mg/mL) of farnesol caused apparent perforation and destruction of the established biofilms (Figure S3B), which is similar to the observation associated with the use of 0.2–0.5 mg/mL of farnesol on biofilm formation of Xen40 (Figure S2B). Interestingly, the dead (red) Xen40 cells killed by farnesol were still able to attach/stick to the surfaces so that the red fluorescence was much stronger compared to that of the Xen29 biofilms (compare Figure S2B to Figure 1C and Figure S3B to Figure 1D).




2.2. Farnesol Kills Persisters without Inducing Resistance


The antibiofilm effects of farnesol against S. aureus prompted us to further investigate its activity against S. aureus persister cells. We exposed 24 h old established biofilms of S. aureus Xen29 to a high dose of rifampicin [100× minimal inhibitory concentration (MIC)] for 24 h. Approximately 2.8% of the remaining viable biofilm-encased bacteria, called persister cells, survived the rifampicin treatment (Figure 1E). These persister cells were further exposed to the vehicle control, or different doses of farnesol for an additional 24 h. Farnesol killed the persister cells of Xen29 in a dose-dependent fashion, with 3 mg/mL of farnesol resulting in a 2000-fold reduction in CFU (Figure 1E), demonstrating that farnesol is bactericidal to not only planktonic and biofilm-encased cells, but also to tough-to-kill persister cells of S. aureus Xen29.



Since resistance development is a huge concern for conventional antibiotics, we also evaluated the ability of S. aureus Xen29 to develop resistance to farnesol. Serial passaging of Xen29 in the presence of subinhibitory (1/2× MIC) concentrations of farnesol did not select isolates resistant to farnesol, even after 20 continuous passages. In contrast, exposure to the antibiotic rifampicin triggered a rapid increase in MIC after just six passages, eventually resulting in a 16,384-fold increased MIC after 19 passages (Figure 1F). These results indicate that farnesol is capable of reducing persistence and resistance of S. aureus biofilms.




2.3. Farnesol Is Effective against P. aeruginosa Biofilms


Previous studies have shown that farnesol had no effect on the bacterial growth of P. aeruginosa for either the PAO1 [20] or PA14 strain [27]. However, the success of farnesol against S. aureus described above suggested that the new formulation of farnesol might be equally effective against other microbial biofilms. Thus, we reassessed the activity of farnesol against P. aeruginosa biofilms. We demonstrated that biofilm formation of P. aeruginosa Xen5 on collagen-coated plates was inhibited with 0.5 mg/mL of farnesol, causing an almost two-log reduction in CFU (Figure 2A). Moreover, 24 h old established biofilms of Xen5 were also significantly disrupted by farnesol in a dose-dependent manner, with 0.2 mg/mL of farnesol resulting in a more than 90% reduction in CFU (Figure 2B). The anti-biofilm effects of farnesol were visualized by the Live/Dead viability assays of Xen5 biofilms (Figure 2C,D), and confirmed by quantitative analysis of the biofilm images (Figure S4). Farnesol killed live (green) cells of P. aeruginosa Xen5 in a dose-dependent fashion, and the resulting dead (red) cells barely adhered to the surfaces (Figure 2C and Figure S4A). The killing of Xen5 cells was confirmed by the maximum weak (but detectable by Comstat2) red fluorescence at 0.1 mg/mL of farnesol, and the dead Xen5 cells failed to attach to the surfaces with the increased farnesol doses (Figure S4C). In established Xen5 biofilms, we observed the gradual decrease in live (green) biofilm-encased cells with increased farnesol doses; however, there was no corresponding increase in dead (red) biofilm-encased cells of Xen5 (Figure 2D and Figure S4B,D).



To rule out the possibility that the observed differences were due to the different P. aeruginosa strain used in a previous study [20], we assessed the activity of farnesol against P. aeruginosa PAO1. Similar to the effect against Xen5 biofilms, farnesol also killed PAO1 cells to inhibit its biofilm formation, as indicated by an approximately 95% reduction in CFU with 1 mg/mL of farnesol (Figure 2E). This result was further confirmed by the Live/Dead viability assays of PAO1-developing biofilms (Figure 2G), and their corresponding quantitative analyses (Figure S5A,C). Furthermore, farnesol also significantly disrupted 24 h old established biofilms of PAO1, with 3 mg/mL of farnesol causing over 90% reduction in CFU (Figure 2F). This result was further confirmed by the Live/Dead viability assays of PAO1-established biofilms (Figure 2H) and their corresponding quantitative analyses (Figure S5B,D). Interestingly, similar to the established Xen5 biofilms, we observed the same occurrences for established PAO1 biofilms; there was no evidence of dead (red) biofilm-encased PAO1 cells killed by farnesol, although farnesol dose-dependently reduced live (green) biofilm-encased PAO1 cells (Figure 2H and Figure S5B,D). The mechanism underlying this observation will be explored later. Of note, for all biofilm cases of Xen5 and PAO1 in vitro, the effects of higher doses of farnesol on P. aeruginosa biofilms were unexpectedly masked due to the toxic effects of the vehicle (ethanol) at higher concentrations (Figure 2A,B,E,F).




2.4. Farnesol Combats Bacteria by Direct Killing and Biofilm Detachment


The anti-biofilm effects of farnesol against drug-resistant Gram-positive S. aureus, and Gram-negative P. aeruginosa impelled us to further explore its mechanisms as a potential broad-spectrum anti-biofilm agent. Since farnesol is known to induce the disruption of S. aureus membranes within min [28], we wanted to examine how rapidly farnesol kills planktonic cells of S. aureus Xen29 and disrupts its established biofilms. As expected, farnesol (1 mg/mL) killed about 97% of Xen29 planktonic cells quickly (within five min) and eliminated the bacteria completely after overnight incubation (Figure 3A). Furthermore, 6 mg/mL of farnesol quickly disrupted the 24 h old, established biofilms of Xen29, resulting in a 92% reduction in CFU for biofilm-encased cells within 30 min, and more than 99.9% reduction in CFU in four h (Figure 3B). The potential for farnesol to kill the bacteria was further confirmed by propidium iodide (PI) influx measurement. Farnesol initiated PI influx in increased proportion to both time and dose, whereas the vehicle control had no effect on the PI influx (Figure 3C). Similar PI influx results also occurred with S. aureus Xen40 and P. aeruginosa Xen5 and PAO1 strains, except that the vehicle controls for P. aeruginosa strains also caused a moderately increased PI influx, which is consistent with the vehicle killing of P. aeruginosa described above (Figure S6).



Farnesol has also been found to induce the detachment of established Staphylococcus epidermidis biofilms without cell killing [29]. To assess potential biofilm detachment of S. aureus Xen29 by farnesol, we selected an intermediate concentration of farnesol (0.1 mg/mL for prevention of biofilm formation; 1 mg/mL for treatment of established biofilm) to minimize the possible shielding effect of cell killing on biofilm detachment. Comparisons of the vital cell counts of planktonic (or detached cells in the case of established biofilms), biofilm, and total cells, as well as the percentage of planktonic (or detached) vs. biofilm cells in total cells with/without the farnesol treatment demonstrated that farnesol caused significant CFU reductions in planktonic, biofilm, and total cells, confirming the farnesol killing of Xen29 planktonic cells at doses as low as 0.1 mg/mL (Figure 3D,E). Moreover, farnesol killed over 99.999% of Xen29 planktonic cells during biofilm formation, so that almost 100% of the remaining vital cells were biofilm encased (Figure 3E,F). In established biofilms, 1 mg/mL of farnesol resulted in significant CFU reductions in both biofilm and total cells, but not detached cells of Xen29, indicating that, besides the capacity for killing biofilm-encased cells, lower doses of farnesol could also detach biofilm from the surface without cell killing (Figure 3G,H). The latter finding was further confirmed by the percentage of detached vs. biofilm cells, which showed that the percentage of viable detached cells had increased more than five-fold (Figure 3I). Furthermore, we visualized biofilm detachment and killing of Xen29 cells by farnesol using the Live/Dead viability assay. The lower dose (2 mg/mL) of farnesol triggered the detachment of biofilm from the established biofilms without cell killing (as indicated by green fluorescence). However, the higher doses (3 or 6 mg/mL) of farnesol ultimately killed the detached cells (red fluorescence) (Figure 3J).



Similarly, we also evaluated whether farnesol uses the same mechanisms to fight against P. aeruginosa. Farnesol was found to kill Xen5 planktonic cells, as demonstrated by significant CFU reductions in planktonic, biofilm, and total cells, compared with the vehicle controls (Figure 4A,B). However, there were no significant increases (p = 0.0858) in the ratios of planktonic vs. biofilm cells for biofilm formation of Xen5 by farnesol (Figure 4C), suggesting that planktonic cell killing by farnesol is the dominant mechanism for the inhibition of P. aeruginosa biofilm formation in vitro. In established biofilms of Xen5, farnesol only caused significant CFU reductions of biofilm-encased cells, but not for either the detached or total cells (Figure 4D,E). This implies that farnesol might detach established biofilms rather than killing biofilm-encased cells at the farnesol dose employed (0.2 mg/mL). This was confirmed by the nine-fold increase in the average ratios of detached vs. biofilm cells by farnesol (Figure 4F). Moreover, we visualized the detachment and disintegration of Xen5 established biofilms by farnesol using the Live/Dead viability assay and crystal violet staining. Consistent with the above CFU data for biofilm detachment, lower doses (0.05 mg/mL) of farnesol-initiated biofilm detachment in the established Xen5 biofilms formed detached cells in the supernatant, while higher doses (0.1–0.2 mg/mL) of farnesol seemed to gradually break up the detached cells without cell killing (retaining green fluorescence) (Figure 4G). Consistent with the Live/Dead viability assay, crystal violet staining of the detached cells treated at the range of 0.05 to 0.2 mg/mL of farnesol showed a gradual disintegration of the biofilm (Figure 4H). In addition, we did not observe any potential killing effects of the vehicle, since there were essentially no differences between the vehicle controls and media controls (Figure 3D–I and Figure 4A–F).




2.5. Farnesol Is Effective against Polymicrobial Biofilms


Since co-occurrence of S. aureus and P. aeruginosa in vivo has been linked to poor progress of biofilm-related infections such as cystic fibrosis and chronic/burn wounds [8,30], we sought to investigate the anti-biofilm effect of farnesol against S. aureus—P. aeruginosa polymicrobial biofilms. With the addition of 5% of bovine serum albumin (BSA) in TSB [31], we were able to successfully generate the Xen29-Xen5 polymicrobial biofilms in vitro. Interestingly, both species of bacteria seemed to protect one another from the effects of farnesol in the mixed biofilm formation. For example, Xen29 could survive cultures in 1 mg/mL of farnesol in the presence of Xen5 (compare Figure 5A with Figure 1A). Xen29 appears to protect Xen5 from both farnesol killing at 0.5 mg/mL and vehicle killing at high doses (Ctrl_1 = 3.3% of ethanol; Ctrl_2 = 6.7% of ethanol) in the mixed biofilms (compare Figure 5B with Figure 2A). In established polymicrobial biofilms, the interaction between Xen29 and Xen5 produced complicated outcomes. Xen29 seemed to be more sensitive to farnesol killing since 3 mg/mL of farnesol was enough to eradicate it in the established polymicrobial biofilms (compare Figure 5C with Figure 1B). In contrast, Xen29 seemed to protect Xen5 from the vehicle killing at Ctrl_3 (=10% of ethanol), so that 3 mg/mL of farnesol caused a 400-fold reduction in CFU of Xen5 compared to the vehicle control in the established polymicrobial biofilms (Figure 5D). To rule out the possibility that the Xen5 survival from vehicle killing might be due to the addition of 5% BSA in the co-culture, we performed a side-by-side comparison to evaluate disruption of Xen5 established biofilms by farnesol in single vs. polymicrobial biofilms with Xen29 in the TSB + 5% BSA media. We repeated the farnesol anti-biofilm activity at 0.2 mg/mL against Xen5 established biofilms (compare Figure 5E with Figure 2B), indicating that the BSA addition had no effect on the farnesol’s anti-biofilm activity. Furthermore, Xen5 could survive the vehicle (Ctrl_3) killing only in the presence of Xen29 (Figure 5F), demonstrating that Xen29 protects Xen5 from vehicle killing in polymicrobial biofilms. This demonstrates that, besides its significant activity against single biofilms of either S. aureus or P. aeruginosa, farnesol is also effective for inhibiting mixed biofilm formation and disrupting established polymicrobial biofilms containing both S. aureus and P. aeruginosa.




2.6. Farnesol Is Effective and Safe against Biofilm-Related Skin Infections


Since S. aureus and P. aeruginosa are among the most common pathogens responsible for infections in burn patients [32], we would like to examine the efficiency of farnesol against biofilms developed on skin using ex vivo intact, or burned, human skin. Skin was first inoculated with S. aureus Xen29 in the presence and absence of 1 mg/mL of farnesol for 48 h. Consistent with the in vitro data, farnesol prevented Xen29 biofilm formation on intact human skin, as visualized by a significant decrease in luminescence (Figure 6A), and the disappearance of Xen29 biofilm on the top of epidermis (Figure 6B). This result was further confirmed by an over 5000-fold CFU reduction of Xen29 on the skin (Figure 6C). For an unknown reason, Xen29 failed to form biofilm on the burned skin even for the positive (vehicle) control; hence, additional study of Xen29 biofilm formation on ex vivo burned skin was not pursued. Farnesol (2 mg/mL) almost eliminated 24 h old, established biofilms of Xen29 on intact human skin, as demonstrated by the dramatically reduced luminescence (Figure 6D), vanishing of biofilms on the skin surface (Figure 6E), and a more than 4-log (>12,000-fold) reduction in CFUs (Figure 6F). Although S. aureus Xen29 seemed to grow slowly (compare Figure 6I with Figure 6F) and produce less luminescence (compare Figure 6G with Figure 6D) on burned human skin compared to intact human skin, it still established biofilms on the burned epidermis, which was ruptured due to the burn wound creation (Figure 6H). Remarkably, 6 mg/mL of farnesol was sufficient to eradicate the established biofilm infections of Xen29 on the burned skin (Figure 6I). In consideration of safety, farnesol concentrations as high as 6 mg/mL had no observable side effects on the ex vivo human skin over the 48 h culture period (Figure 6J), consistent with the findings of a previous review that up to 12% (=120 mg/mL) farnesol is safe to apply to human skin as a fragrance ingredient [10]. These results demonstrate that farnesol is highly effective, and safe, for both the prevention and treatment of biofilm-associated infections of S. aureus ex vivo.



We also evaluated the efficacy of farnesol against biofilm-associated skin infections of P. aeruginosa Xen5 using the ex vivo intact or burned human skin model. It surprised us that there was no vehicle (ethanol) killing of Xen5 on the ex vivo human skin, allowing 6 mg/mL of farnesol to be used against the Xen5 skin infection. Compared to the vehicle control, farnesol (6 mg/mL) significantly inhibited Xen5 biofilm formation on intact human skin, as indicated by reduced luminescence intensity (Figure 7A), diminished biofilm on the epidermis (Figure 7B), and substantial CFU reductions for two independent human samples (Figure 7C). Similar results occurred for preventing Xen5 biofilm formation on the burned human skin by the farnesol treatment (Figure 7D–F). Damage caused by the established Xen5 biofilm infection on human skin was so severe so that the epidermis turned green and could be easily removed; however, 3 mg/mL of farnesol provided protection from the severe necrosis and epidermal disruption (Figure S7). This farnesol protection against the Xen5 infection on intact skin was further confirmed by in vivo imaging system (IVIS) imaging (Figure 7G), and hematoxylin and eosin (H&E) staining of the cross-sectioned skin biopsies (Figure 7H), plus significant CFU reductions (Figure 7I). Furthermore, farnesol (6 mg/mL) is also effective against the Xen5 infection on burned skin, as demonstrated by the decreased intensity of luminescence (Figure 7J), and biofilm reduction on the epidermis (Figure 7K), as well as a significant decrease in CFUs (Figure 7L). It is worth mentioning that the farnesol treatment against the 24 h old, established Xen5 biofilm infections on intact/burned skin was administrated at the center area of the skin samples, which is the reason why the central regions show the best protection of farnesol compared to the edges (Figure 7G,J).




2.7. Farnesol Is Not Toxic and Protects HEKa from Ethanol Killing In Vitro


To further evaluate whether farnesol is safe for the treatment of open-wound skin infections, MTS assay was used to assess the potential cytotoxicity of farnesol/ethanol on human epidermal keratinocytes from adults (HEKa), the most dominant cells in the epidermal layer of skin playing a critical role in wound healing [33]. Although as low as 3.3% ethanol reduced cell viability to HEKa, farnesol was not toxic to HEKa, and appears to offer a protective benefit against ethanol toxicity. Among the three farnesol doses (1, 6, or 15 mg/mL), 6 mg/mL of farnesol showed the best outcome, although all of three doses are safe to HEKa (Figure 8). Collectively, these results strongly suggest that farnesol is safe for both the prevention and treatment of intact or open-wound skin infections.





3. Discussion


Farnesol is oily by nature, making it difficult to disperse in aqueous media, hence we have used it as an emulsion by first dissolving it in ethanol. Here we report that farnesol, a natural product commercially available as a cosmetic and flavor enhancer, is highly effective for preventing biofilm formation, and can also disrupt established biofilms of Gram-positive S. aureus or Gram-negative P. aeruginosa, two notorious members of the ESKAPE pathogen family [34], both in vitro and ex vivo. Our results indicate that farnesol is bactericidal by cell membrane permeabilization. Ethanol alone can kill bacteria, but we have shown that there is a profound effect of farnesol compared to ethanol when used against S. aureus. We also show that farnesol is effective against P. aeruginosa, although not as effective as against S. aureus. Furthermore, farnesol is effective against both species of bacteria in a polymicrobial biofilm, which is most common in burn wounds. Interestingly, farnesol has a greater impact against P. aeruginosa in a polymicrobial biofilm than against single species, which was an unexpected resulting, necessitating further exploration. Besides killing planktonic and biofilm-encased cells, farnesol is also able to kill S. aureus persister cells, which are the dormant and drug-tolerant subpopulation. We demonstrated a lack of resistance development to farnesol by S. aureus, even after prolonged culture in the presence of sub-inhibitory farnesol doses. This suggests that farnesol may be superior to classical antibiotics since S. aureus remained sensitive to its antimicrobial effects.



A key feature of farnesol is its ability to induce biofilm detachment, and both halts biofilm development and stimulates the release of mature biofilm from a surface. Wound care for burn wounds and chronically infected wounds, such as diabetic foot ulcers, requires weekly debridement to remove biofilm before the application of a subsequent redressing; however, debridement is often not entirely effective. We propose that farnesol could be incorporated into debridement irrigation solutions for enhanced removal of biofilm from the wound bed. We have also demonstrated that farnesol is capable of detaching biofilm from surfaces without cell killing. This gives farnesol an extra advantage by removing the biofilms from surfaces/tissues while minimizing its potential side effects on the host or environment. Mechanisms underlying this biofilm detachment are not yet clear, although they most likely stem from the hydrophobic nature of farnesol in emulsion form which can serve as a disruptive interface between biofilm and a surface, or between bacteria within biofilm. Farnesol has been found to dissolve fibrin fibers of established biofilms of S. aureus [35]. Since the fibers seem to play important roles in connecting the biofilm-encased cells together, their dissolution by farnesol could contribute to the potential mechanism for biofilm detachment. Since farnesol is able to kill both Gram-positive and negative bacteria quickly, it is likely that its bactericidal activity disrupts bacterial membranes from the outside (including persister cells). Furthermore, farnesol is also able to detach and disintegrate biofilms, exposing hidden persister cells protected by the biofilm matrix to allow cell killing.



Farnesol is FDA approved for topical application (up to 120 mg/mL) as a fragrance enhancer on human skin [10]; however, its repurposing as a potential antimicrobial has not been extensively examined for impeding S. aureus and P. aeruginosa, and their polymicrobial biofilms in wounds. P. aeruginosa and S. aureus often engage in a symbiotic relationship in wounds, and the use of one agent to eliminate them both would be beneficial. Farnesol is more effective against S. aureus than P. aeruginosa; nonetheless, its potential to halt P. aeruginosa biofilm formation and facilitate detachment is novel. Current antibiotics are notoriously ineffective against biofilm, and do not often induce biofilm detachment and disintegration, which appear to be key methods by which farnesol is effective. Notably, there is enhanced benefit of farnesol against P. aeruginosa biofilm on skin (Figure 7) compared to on plastic (Figure 2), hinting that there may be unknown mechanisms by which farnesol on skin is effective. Plus, farnesol seems to be more effective on burned skin compared to intact skin.



We also confirmed that 6 mg/mL of farnesol in 20% ethanol (a five-fold dilution with media from 30 mg/mL of stock) was safe without any adverse signs of skin damage in an ex vivo human skin model. Moreover, we demonstrated that up to 15 mg/mL of farnesol is not only safe to keratinocytes, but also protects HEKa cells from apparent ethanol killing in vitro. Our results suggest that topical application of farnesol emulsion (e.g., topically, or incorporated in wound dressings) holds promise as an affordable and effective treatment for a variety of clinical challenges, including burn wounds. Furthermore, due to its versatile activities against Gram negative P. aeruginosa, and Gram-positive S. aureus, as we have shown here, it is also possible that farnesol could be effective against a wide variety of microbes, significantly expanding its current therapeutic targets and applications.



In brief, we have demonstrated that farnesol emulsion is a prospective candidate to combat challenging biofilm infections due to its excellent anti-biofilm activity and its superiority in reducing persistent and resistant bacterial populations in biofilms of S. aureus and P. aeruginosa, including their polymicrobial biofilms. Moreover, its proven safety and extremely low cost makes farnesol a potential replacement to the prevalent disinfectants or antiseptics (e.g., 70% ethanol, bleach, and iodine tincture) used in current hospital settings.




4. Materials and Methods


4.1. Bacterial Strains and Culture


The bacterial strains used in this study were S. aureus (ATCC 12600, the strain of this species, and UAMS-1) and P. aeruginosa (ATCC 19,660 and PAO1). The first three strains were engineered for bioluminescence and designated S. aureus Xen29, Xen40, and P. aeruginosa Xen5, respectively (Perkin Elmer, Waltham, MA, USA) [36,37]. For single bacterial cultures, nutrient broth No 1 (NB1, Sigma, St. Louis, MO, USA) medium/agar was used to culture S. aureus, whereas tryptic soy broth without dextrose (TSB, Becton Dickinson, Franklin Lakes, NJ, USA) medium/agar was used to culture P. aeruginosa. Before each experiment, inoculum from a frozen stock was grown overnight on an NB1 or TSB plate at 37 °C. An isolated colony was then used to inoculate a fresh culture. Bacteria were cultured overnight at 37 °C and 160 rpm, and then centrifuged at 2000× g for 10 min. The pellet was resuspended in fresh broth, followed by the measurement of optical density at 600 nm (OD600). The concentration of CFU/mL was calculated based on a conversion formula correlating OD600 to CFUs (Figure S8, see below for details). The bacteria were then diluted to the desired concentrations (1 × 106 CFU/mL for biofilm formation, or 1 × 108 CFU/mL for established biofilm, unless otherwise stated). For CFU counting, samples were serially diluted, and drop-plated on NB1 or TSB agar for S. aureus and P. aeruginosa, respectively [38]. For polymicrobial culture, both Xen29 and Xen5 were grown in TSB containing 5% bovine serum albumin (BSA, Sigma) to facilitate S. aureus/P. aeruginosa co-existence [31]. Mannitol salt agar (Becton Dickinson) was used to select for S. aureus, while TSB agar containing tetracycline (100 µg/mL, Sigma) was used to select P. aeruginosa from the polymicrobial culture.




4.2. Conversion between OD600 and CFU/mL


To obtain the formula for conversion between OD600 and CFU/mL, a bacterial pellet was re-suspended in fresh broth and its OD600 was measured. The bacterial culture was then serially diluted to obtain OD600 readings of ~0.1, 0.2, 0.4, and 0.8. The CFU/mL of viable bacteria for each OD600 value was determined by serial dilutions and drop plating. The linear relationship for conversion between OD600 and CFU/mL for each strain, and their individual coefficient of determination (R2) values were analyzed using GraphPad Prism 9 (version 9.2.0).




4.3. Inhibition of Biofilm Formation


Biofilms were started from the overnight bacterial cultures as described above. Polystyrene plates (96-well) were coated with 250 µL of 20% filtered, apheresis-derived pooled human plasma (Innovative Research, Novi, MI, USA) in 50 mM of sodium bicarbonate (Sigma) for 24 h at 4 °C for S. aureus. Alternatively, plates were coated with 35 µg/mL of rat tail collagen type 1 (Corning, New York, NY, USA) in 0.02N acetic acid (Fisher, Waltham, MA, USA) for 1 h at room temperature for P. aeruginosa, or the polymicrobial culture. In the coated wells, bacteria (1 × 106 CFU/mL) were cultured in 100 µL of NB1/TSB containing farnesol (Cayman Chemical, Ann Arbor, MI, USA, prepared as a 30 mg/mL of stock in ethanol, stored at −20 °C, diluted to various final concentrations with medium at the time of inoculation). For mixed biofilm formation, both Xen29 and Xen5 (1 × 105 CFU/species/well) were mixed with farnesol in 100 µL of TSB containing 5% BSA. As a vehicle control, bacteria were exposed to the medium containing the same amount of ethanol but without farnesol. After 24 h incubation at 37 °C in a humidified container, planktonic cells were removed, biofilms were washed with 100 µL of phosphate-buffered saline (PBS), adherent bacteria were dislodged in 100 µL of PBS by vigorous (≥10 times) pipetting, and the CFU/mL of viable bacteria was determined by serial dilutions and drop plating. The lower limit of detection was 50 CFU/mL. To visualize the data on a logarithmic scale, a value of 50 CFU/mL was assigned when no growth occurred.




4.4. Treatment of Established Biofilms


Single biofilms were established by culturing 250 µL of NB1/TSB containing innocula (1 × 108 CFU/mL) in a plasma/collagen-pre-coated 96-well plate at 37 °C. For established polymicrobial biofilms, 250 µL of mixed Xen29 and Xen5 innocula (1 × 107 CFU/species/well) was cultured in TSB containing 5% BSA. After a 24 h incubation in a humidified container, planktonic cells were removed, and the established biofilms were washed with 250 µL of PBS, and then exposed to 100 µL of various final concentrations of farnesol in media. After an additional 24 h incubation in a humidified container, floating cells were removed, adherent biofilms were washed with 100 µL of PBS, and dislodged in 100 µL of PBS by vigorous (≥10 times) pipetting, and the CFU/mL of viable bacteria was determined by serial dilutions and drop plating. Biofilms were exposed to the same amount of ethanol in media as a vehicle control. The lower limit of detection was 50 CFU/mL. To visualize the data on a logarithmic scale, a value of 50 CFU/mL was assigned when no growth occurred.




4.5. Live/Dead Viability Assay


The effect of farnesol on biofilm formation and established biofilms of S. aureus or P. aeruginosa was visualized by FilmTracer™ (Invitrogen, Waltham, MA, USA) Live/Dead biofilm viability assay. Biofilms were established by culturing 500 µL of NB1/TSB containing innocula (1 × 106 CFU/mL plus farnesol for biofilm formation; 1 × 108 CFU/mL for established biofilm) in chambers of a 4-well Lab-Tek™ chambered coverglass (Nunc, Waltham, MA, USA) precoated with 500 µL of human plasma or rat tail collagen as described above. After 24 h incubation in a humidified container, planktonic cells were removed, and biofilms were washed with 500 µL of sterile water (for biofilm formation) or PBS (for established biofilms). The established biofilms were then exposed to 500 µL of farnesol in medium for an additional 24 h in a humidified container, then detached cells were removed, and adherent biofilms were further washed with 500 µL of sterile water. Established biofilms were stained for 20–30 min at room temperature with 250 µL of a mixture containing 10 µM of SYTO® 9 green fluorescent nucleic acid stain and 60 µM of propidium iodide (PI) red-fluorescent nucleic acid stain, while protected from light. The biofilms were then washed with 250 μL of sterile water, covered with 300 μL of sterile water, and observed using a Keyence® BZ-X800/BZ-X810 All-in-One fluorescence microscope (Keyence, Itasca, IL, USA). The obtained biofilm images were analyzed using Photoshop® to quantify fluorescence intensity, and Comstat2 to evaluate three-dimensional biofilm structure [39,40].



For some experiments, following farnesol treatment, the supernatant containing detached cells (400 µL) was transferred into a sterile tube, centrifuged at 17,000× g for 5 min, then the supernatant was removed, and the pellet was washed with 1 mL of sterile water. The washed pellet was then re-suspended and stained with the 250 µL of SYTO® 9-PI mixtures described as above, and spun down to remove unbound fluorescent dyes, washed with 1 mL of sterile water, re-suspended in 300 µL of sterilized water, and transferred into another pre-coated chambered coverglass. The stained cells were allowed to settle at room temperature for 30 min while protected from light, and then were imaged using the Keyence® microscope.



In some cases, the washed pellet from 200 µL of detached cells was stained with 100 μL of 0.06% crystal violet in water for 10 min, then centrifuged to remove the unbound stain, washed twice with 1 mL of sterile water, then re-suspended in 100 µL of sterilized water and transferred into a 48-well plate. The purple detached cells were then photographed, followed by measurement of the optical density at 595 nm using a FilterMax F5 multi-mode microplate reader (Molecular Devices, San Jose, CA, USA).




4.6. Bactericidal Activity against Persister Cells


To obtain persister cells, biofilms were established by culturing 250 µL of NB1 containing S. aureus Xen29 innocula (1 × 108 CFU/mL) in a plasma-pre-coated 96-well plate at 37 °C in a humidified container for 24 h. Planktonic cells were removed by washing with 250 µL of PBS, and biofilms were exposed to 100 µL of NB1 containing rifampicin (Bedford Laboratories, Bedford, OH, USA) (0.8 µg/mL = 100 × MIC). After 24 h incubation at 37 °C in a humidified container, media were removed followed by washing with 100 µL of PBS, and adherent bacteria containing persister cells were further exposed to 100 µL of various concentrations of farnesol in NB1. After an additional 24 h incubation in a humidified container, media were removed, and adherent biofilms were washed with 100 µL of PBS, then dislodged in 100 µL of PBS by vigorous (≥10 times) pipetting, and the CFU/mL of viable bacteria was determined by serial dilutions and drop plating. As a control, biofilms were exposed to same amount of vehicle in NB1.




4.7. Resistance Development


For comparison, development of resistance to the clinically relevant antibiotic rifampicin (Bedford Laboratories) was tested as a positive control. Five microliters of fresh S. aureus Xen29 inoculum (1 × 108 CFU/mL) was combined with 95 µL of NB1 containing serial dilutions of farnesol (with final concentrations ranging from 0.008 to 1.024 mg/mL), or rifampicin (with final concentrations ranging from 0.004 to 0.512 µg/mL). Plates were double sealed with parafilm and incubated overnight at 37 °C and 160 rpm. The MIC, the lowest concentration of farnesol/rifampicin that caused lack of visible bacterial growth, was determined. Thereafter, the 0.5-fold MIC suspension was diluted five-fold with fresh NB1, and 5 µL of the diluent was added to 95 µL of fresh NB1 containing serial dilutions of farnesol/rifampicin, and these mixtures were incubated as described above. The ranges of farnesol or rifampicin concentrations were increased, if needed, based on the daily-updated MIC results. This was repeated for 20 continuous passages.




4.8. Time-Kill Assay


For biofilm formation, a fresh S. aureus Xen29 inoculum (1 × 106 CFU/mL) was cultured in 100 µL of NB1 containing 1 mg/mL of farnesol in a plasma-pre-coated 96-well plate in a humidified container. After incubation at 37 °C for 0, 5, 15, and 30 min, or 1, 2, 4, and 24 h, bacteria in each well were quickly suspended by vigorous (≥10 times) pipetting, and the CFU/mL of viable bacteria was determined by serial dilution and drop plating. The vehicle control (no farnesol addition) was only added to the zero time point since farnesol seemed to kill Xen29 within a few seconds in the preliminary data. The lower limit of detection was 50 CFU/mL. To visualize the data on a logarithmic scale, a value of 50 CFU/mL was assigned when no growth occurred.



For established biofilms, 24 h old biofilms of S. aureus Xen29 were established as above. The washed biofilms were then exposed to 100 µL of NB1 containing 6 mg/mL of farnesol in a humidified container. After incubation at 37 °C for 0, 15, and 30 min, or 1, 2, 3, 4, and 24 h, media were removed and adherent biofilms were washed with 100 µL of PBS, then dislodged in 100 µL of PBS by vigorous (≥10 times) pipetting, and the CFU/mL of viable bacteria was determined by serial dilution and drop plating.




4.9. Propidium Iodide (PI) Influx Assay


Bacterial biofilms were established in plasma/collagen-pre-coated 96-well plates described as above. Washed biofilms were then exposed to 20 µM of PI (Invitrogen) at room temperature for 10 min, protected from light. Farnesol was then added into each well to reach various final concentrations in a total volume of 150 µL, and incubated at room temperature for 30 min, protected from light. The unbounded PI was then gently removed from each well and biofilms were washed with 150 µL of sterile water followed by the addition of 100 µL of sterile water into each well. PI fluorescence was then measured every 30 s for 5 min using a TECAN Infinite M200 microplate reader (Tecan, Männedorf, Switzerland). As a control, biofilms were exposed to the same amount of vehicle without farnesol.




4.10. Biofilm Detachment


To study potential biofilm detachment (besides cell killing) by farnesol, an intermediate (sub-lethal) concentration of farnesol was selected (0.1 mg/mL for biofilm formation; 1 mg/mL for established biofilm) for S. aureus Xen29. For biofilm formation, a fresh bacterial inoculum (1 × 106 CFU/mL) was cultured in 100 µL of NB1/TSB containing farnesol (0.1 mg/mL for Xen29; 0.5 mg/mL for Xen5) in plasma-pre-coated 96-well plates in a humidified container. After 24 h incubation at 37 °C in a humidified container, planktonic cells were saved, biofilms were washed with 100 µL of PBS, then adherent biofilm cells were dislodged in 50 µL of PBS by vigorous (≥10 times) pipetting, and the CFU/mL of viable bacteria in both planktonic and biofilm populations were determined by serial dilution and drop plating. The total number of cells combined from both planktonic and biofilm sources, and the percentage of planktonic/biofilm cells compared to the total cells (for Xen29), or the ratios of planktonic vs. biofilm cells (for Xen5) were calculated. The lower limit of detection was 50 CFU/mL. To visualize the data on a logarithmic scale, a value of 50 CFU/mL was assigned when no growth occurred. Bacterial biofilms were established in plasma/collagen-pre-coated 96-well plates described as above. The washed biofilms were then exposed to 100 µL of NB1/TSB containing farnesol (1 mg/mL for Xen29; 0.2 mg/mL for Xen5). After an additional 24 h incubation in a humidified container, detached cells were saved, and adherent biofilm cells were washed with 100 µL of PBS, then dislodged with 100 µL of PBS using vigorous (≥10 times) pipetting, and the CFU/mL of viable bacteria was determined by serial dilution and drop plating. The total cells combined from both detached and biofilm cells, and the percentage of detached/biofilm cells compared to total cells (for Xen29), or the ratios of detached vs. biofilm cells (for Xen5), were calculated. As two negative controls, bacteria were cultured in media only or media containing the same amount of vehicle.




4.11. Infection and Treatment of Ex Vivo Human Skin


Human skin was obtained from healthy donors undergoing abdominoplasty in the Department of Plastic and Reconstructive Surgery at Wake Forest University School of Medicine, under an Institutional Review Board (IRB)-approved protocol. The human samples were de-identified, and classified as human waste, hence no informed consent was needed. None of the authors were involved in the tissue procurement. Skin samples were processed within an h after surgery, and excess subcutaneous fat was removed. Three-centimeter portions of skin were cut away and the epidermis was sprayed with 70% ethanol for 5 min, then soaked with sterile PBS (~50 mL/sample) for 10 min (total of four cycles of soaking to remove any potential blood, bacteria, or chemical residues). Burns were induced on the skin surface using a 3 cm diameter brass cylinder heated to 100 °C in 200 mM of polyethylene glycol solution for 10 s. The weight of the cylinder provided a consistent pressure (345 g) that was applied to the human skin during burn creation to induce a second-degree burn injury. The skin was then placed (epidermal side up) into one well of a 6-well plate containing 1 mL of Dulbecco’s modified eagle medium (DMEM, Gibco, Waltham, MA, USA) complemented with 2 mM of glutamine and 10% heat-inactivated fetal bovine serum (HI-FBS, Gibco). Only the lower dermis of the skin was immersed in the medium. Half of the soaked skin samples were retained as intact/unburned controls.



For skin infection experiments, 50 µL of a bacterial inoculum with various concentrations of farnesol [1 × 106 CFU/mL (for Xen29) or 1 × 105 CFU/mL (for Xen5) to evaluate the inhibition of biofilm formation, or 1 × 108 CFU/mL (for Xen29) or 1 × 107 CFU/mL (for Xen5) for established biofilms] was evenly distributed onto the intact or burned skin. The plates were incubated at 37 °C and 5% CO2 for 24 or 48 h in a humid chamber. Skin samples were then imaged by an in vivo imaging system (IVIS, PerkinElmer, Waltham, MA, USA). For treatment of 24 h old established biofilms, 100 µL of farnesol in medium was evenly distributed onto the established biofilms on skin surfaces and then incubated at 37 °C and 5% CO2 for an extra 24 h. The samples were then imaged as above. As a control, samples were exposed to the vehicle without farnesol.



To assess the viable bacterial count, three 5 mm punch biopsies were collected from the center of the skin. Bacteria obtained from the biopsy surface were collected by sterile swabbing (≥10 times) and mopped (≥20 times) thoroughly (with rotation of the swab) into a tube containing 1 mL of sterile PBS. Bacterial removal was confirmed by a luminometer showing of ≥ 95% reduction of luminescence intensity for the positive (vehicle) controls. The swab head with bacteria was cut off and dipped into the tube which was then vortexed thoroughly for 30 s. The number of viable bacteria (CFU/cm2 of skin surface) was determined by serial dilution and drop plating. The lower limit of detection was 255 CFU/cm2. To visualize the data on a logarithmic scale, a value of 255 CFU/cm2 was assigned when no growth occurred. An additional 5 mm punch biopsy was also collected and then fixed in 10% formalin, embedded in paraffin, 5-µm sectioned, and stained with hematoxylin and eosin (H&E stain) for histological examination. The stained sections were then imaged using a Zeiss Axioscope microscope (Zeiss, Oberkochen, Baden-Württemberg, Germany).




4.12. MTS Assay


CellTiter 96® AQueous One Solution Cell Proliferation (MTS) assay (Promega, Madison, WI, USA) was used to determine the viability of HEKa (ATCC) when exposed to farnesol. Cells (5000/cm2) were cultured with 200 µL of keratinocyte-serum free medium (Gibco) in a collagen-coated 96-well plate to form a monolayer (≥70% of confluence) in a 37 °C, 5% CO2, humidified incubator. The medium was aspirated, cells were washed with 200 µL of PBS, and then incubated with 200 µL of medium containing 1, 6, or 15 mg/mL of farnesol. Cells were exposed to medium only, or medium containing the same amount of vehicle without farnesol as medium and vehicle controls. After 24 h incubation, the medium was aspirated, and the attached cells were washed with 200 µL of PBS, followed by the addition of 100 µL of MTS solution which had been diluted 1:4 with medium. The plate was incubated in the 37 °C, 5% CO2, humidified incubator for 2–4 h, while protected from light. The optical density at 490 nm was then measured using a TECAN Infinite M200 microplate reader with the MTS solution alone as a blank.




4.13. Statistical Analysis


Data are expressed as mean ± standard deviation of the mean unless stated otherwise. Statistical analysis of the data was performed using GraphPad Prism 9 (version 9.2.0). All statistical tests were two-sided. For analysis of means of three or more groups, analysis of variance (ANOVA) tests were performed. In the event that ANOVAs justified post hoc comparisons between group means, the comparisons were conducted using Tukey’s multiple comparisons test. Unpaired Student’s t-tests were used for comparisons between the means of two groups. The results were considered statistically significant at a value of p < 0.05.









Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/antibiotics13040350/s1, Figure S1. S. aureus Xen29 biofilm images shown in Figure 1C,D were quantitatively analyzed by Photoshop® for fluorescence intensity and Comstat2 for biomass and average thickness of biofilms. Figure S2. Farnesol kills S. aureus Xen40 cells to inhibit its biofilm formation. Figure S3. Farnesol kills biofilm-encased cells of S. aureus Xen40, causing biofilm perforation and destruction. Figure S4. P. aeruginosa Xen5 biofilm images shown in Figure 2C,D were quantitatively analyzed by Photoshop® for fluorescence intensity, and by Comstat2 for biomass and average thickness of biofilms. Figure S5. P. aeruginosa PAO1 biofilm images shown in Figure 2G,H were quantitatively analyzed by Photoshop® for fluorescence intensity, and by Comstat2 for biomass and average thickness of biofilms. Figure S6. Farnesol is bactericidal against both S. aureus and P. aeruginosa as measured by propidium iodide influx. Figure S7. Farnesol protects from severe necrosis and easy peeling of human epidermis caused by the established biofilm infections of P. aeruginosa Xen5. Figure S8. Formula for conversion between OD600 and CFU/mL for the four S. aureus and P. aeruginosa strains used in the study. Table S1. Stocks of farnesol as an anti-bacterial agent in publications.





Author Contributions


L.T. conceived, designed, and performed most of the experiments, analyzed the data and wrote the manuscript; R.M. performed the H&E stain; A.J.K. assisted with writing the manuscript and supervised the study; N.L. initiated and coordinated the study, assisted with designing the experiments, and revised the manuscript. T.R. conceived the study and assisted with manuscript revision. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by funding from the Department of Plastic and Reconstructive Surgery at Wake Forest University School of Medicine.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets generated during and/or analyzed during the current study are available from the corresponding author on reasonable request.




Acknowledgments


We thank Ramon Llull for discussions and technical support on the Keyence® fluorescence microscope.




Conflicts of Interest


The authors declare conflicts of interest. We (L.T., A.J.K., N.L.) have filed a provisional patent application related to the work in this paper.




References


	



Costerton, J.W.; Stewart, P.S.; Greenberg, E.P. Bacterial Biofilms: A Common Cause of Persistent Infections. Science 1999, 284, 1318–1322. [Google Scholar] [CrossRef] [PubMed]

	



Davies, D. Understanding Biofilm Resistance to Antibacterial Agents. Nat. Rev. Drug Discov. 2003, 2, 114–122. [Google Scholar] [CrossRef] [PubMed]

	



Ling, L.L.; Schneider, T.; Peoples, A.J.; Spoering, A.L.; Engels, I.; Conlon, B.P.; Mueller, A.; Schäberle, T.F.; Hughes, D.E.; Epstein, S.; et al. A New Antibiotic Kills Pathogens without Detectable Resistance. Nature 2015, 517, 455–459. [Google Scholar] [CrossRef] [PubMed]

	



Conlon, B.P.; Nakayasu, E.S.; Fleck, L.E.; LaFleur, M.D.; Isabella, V.M.; Coleman, K.; Leonard, S.N.; Smith, R.D.; Adkins, J.N.; Lewis, K. Activated ClpP Kills Persisters and Eradicates a Chronic Biofilm Infection. Nature 2013, 503, 365–370. [Google Scholar] [CrossRef] [PubMed]

	



Rhoads, D.D.; Cox, S.B.; Rees, E.J.; Sun, Y.; Wolcott, R.D. Clinical Identification of Bacteria in Human Chronic Wound Infections: Culturing vs. 16S Ribosomal DNA Sequencing. BMC Infect. Dis. 2012, 12, 321. [Google Scholar] [CrossRef] [PubMed]

	



James, G.A.; Swogger, E.; Wolcott, R.; Pulcini, E.d.; Secor, P.; Sestrich, J.; Costerton, J.W.; Stewart, P.S. Biofilms in Chronic Wounds. Wound Repair Regen. 2008, 16, 37–44. [Google Scholar] [CrossRef] [PubMed]

	



Dalton, T.; Dowd, S.E.; Wolcott, R.D.; Sun, Y.; Watters, C.; Griswold, J.A.; Rumbaugh, K.P. An In Vivo Polymicrobial Biofilm Wound Infection Model to Study Interspecies Interactions. PLoS ONE 2011, 6, e27317. [Google Scholar] [CrossRef]

	



Chaney, S.B.; Ganesh, K.; Mathew-Steiner, S.; Stromberg, P.; Roy, S.; Sen, C.K.; Wozniak, D.J. Histopathological Comparisons of Staphylococcus Aureus and Pseudomonas Aeruginosa Experimental Infected Porcine Burn Wounds. Wound Repair Regen. 2017, 25, 541–549. [Google Scholar] [CrossRef] [PubMed]

	



de Araújo Delmondes, G.; Bezerra, D.S.; de Queiroz Dias, D.; de Souza Borges, A.; Araújo, I.M.; Lins da Cunha, G.; Bandeira, P.F.R.; Barbosa, R.; Melo Coutinho, H.D.; Felipe, C.F.B.; et al. Toxicological and Pharmacologic Effects of Farnesol (C15H26O): A Descriptive Systematic Review. Food Chem. Toxicol. 2019, 129, 169–200. [Google Scholar] [CrossRef]

	



Lapczynski, A.; Bhatia, S.P.; Letizia, C.S.; Api, A.M. Fragrance Material Review on Farnesol. Food Chem. Toxicol. 2008, 46, S149–S156. [Google Scholar] [CrossRef]

	



Burdock, G.A. Fenaroli’s Handbook of Flavor Ingredients, 6th ed.; CRC Press: Boca Raton, FL, USA, 2009; ISBN 978-0-429-15083-8. [Google Scholar]

	



Ramage, G.; Saville, S.P.; Wickes, B.L.; López-Ribot, J.L. Inhibition of Candida Albicans Biofilm Formation by Farnesol, a Quorum-Sensing Molecule. Appl. Environ. Microbiol. 2002, 68, 5459–5463. [Google Scholar] [CrossRef] [PubMed]

	



Fernandes, R.A.; Monteiro, D.R.; Arias, L.S.; Fernandes, G.L.; Delbem, A.C.B.; Barbosa, D.B. Biofilm Formation by Candida Albicans and Streptococcus Mutans in the Presence of Farnesol: A Quantitative Evaluation. Biofouling 2016, 32, 329–338. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.H.; Kim, C.; Kim, S.-H.; Sethi, G.; Ahn, K.S. Farnesol Inhibits Tumor Growth and Enhances the Anticancer Effects of Bortezomib in Multiple Myeloma Xenograft Mouse Model through the Modulation of STAT3 Signaling Pathway. Cancer Lett. 2015, 360, 280–293. [Google Scholar] [CrossRef]

	



Szűcs, G.; Murlasits, Z.; Török, S.; Kocsis, G.F.; Pálóczi, J.; Görbe, A.; Csont, T.; Csonka, C.; Ferdinandy, P. Cardioprotection by Farnesol: Role of the Mevalonate Pathway. Cardiovasc. Drugs Ther. 2013, 27, 269–277. [Google Scholar] [CrossRef] [PubMed]

	



Vinholes, J.; Rudnitskaya, A.; Gonçalves, P.; Martel, F.; Coimbra, M.A.; Rocha, S.M. Hepatoprotection of Sesquiterpenoids: A Quantitative Structure–Activity Relationship (QSAR) Approach. Food Chem. 2014, 146, 78–84. [Google Scholar] [CrossRef] [PubMed]

	



Jo, A.; Lee, Y.; Kam, T.-I.; Kang, S.-U.; Neifert, S.; Karuppagounder, S.S.; Khang, R.; Kang, H.; Park, H.; Chou, S.-C.; et al. PARIS Farnesylation Prevents Neurodegeneration in Models of Parkinson’s Disease. Sci. Transl. Med. 2021, 13, eaax8891. [Google Scholar] [CrossRef] [PubMed]

	



Lopes, A.P.; de Oliveira Castelo Branco, R.R.; de Alcântara Oliveira, F.A.; Campos, M.A.S.; de Carvalho Sousa, B.; Agostinho, Í.R.C.; Gonzalez, A.G.M.; Rocha, J.A.; Pinheiro, R.E.E.; Araújo, A.R.; et al. Antimicrobial, Modulatory, and Antibiofilm Activity of Tt-Farnesol on Bacterial and Fungal Strains of Importance to Human Health. Bioorg. Med. Chem. Lett. 2021, 47, 128192. [Google Scholar] [CrossRef] [PubMed]

	



Kaneko, M.; Togashi, N.; Hamashima, H.; Hirohara, M.; Inoue, Y. Effect of Farnesol on Mevalonate Pathway of Staphylococcus Aureus. J. Antibiot. 2011, 64, 547–549. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.-R.; Zeng, T.-H.; Xie, X.-B.; Shi, Q.-S.; Li, C.-L. Inhibition of the pqsABCDE and pqsH in the Pqs Quorum Sensing System and Related Virulence Factors of the Pseudomonas Aeruginosa PAO1 Strain by Farnesol. Int. Biodeterior. Biodegrad. 2020, 151, 104956. [Google Scholar] [CrossRef]

	



Gomes, F.I.A.; Teixeira, P.; Azeredo, J.; Oliveira, R. Effect of Farnesol on Planktonic and Biofilm Cells of Staphylococcus Epidermidis. Curr. Microbiol. 2009, 59, 118–122. [Google Scholar] [CrossRef]

	



Han, Y.; Zhang, Y.; Zeng, W.; Huang, Z.; Cheng, H.; Kong, J.; Xu, C.; Xu, M.; Zhou, T.; Cao, J. Synergy with Farnesol Rejuvenates Colistin Activity against Colistin-Resistant Gram-Negative Bacteria in Vitro and in Vivo. Int. J. Antimicrob. Agents 2023, 62, 106899. [Google Scholar] [CrossRef] [PubMed]

	



Pammi, M.; Liang, R.; Hicks, J.M.; Barrish, J.; Versalovic, J. Farnesol Decreases Biofilms of Staphylococcus Epidermidis and Exhibits Synergy With Nafcillin and Vancomycin. Pediatr. Res. 2011, 70, 578–583. [Google Scholar] [CrossRef] [PubMed]

	



Kuroda, M.; Nagasaki, S.; Ohta, T. Sesquiterpene Farnesol Inhibits Recycling of the C55 Lipid Carrier of the Murein Monomer Precursor Contributing to Increased Susceptibility to β-Lactams in Methicillin-Resistant Staphylococcus Aureus. J. Antimicrob. Chemother. 2007, 59, 425–432. [Google Scholar] [CrossRef] [PubMed]

	



Jabra-Rizk, M.A.; Meiller, T.F.; James, C.E.; Shirtliff, M.E. Effect of Farnesol on Staphylococcus Aureus Biofilm Formation and Antimicrobial Susceptibility. Antimicrob. Agents Chemother. 2006, 50, 1463–1469. [Google Scholar] [CrossRef] [PubMed]

	



Rowat, A.C.; Keller, D.; Ipsen, J.H. Effects of Farnesol on the Physical Properties of DMPC Membranes. Biochim. Biophys. Acta BBA Biomembr. 2005, 1713, 29–39. [Google Scholar] [CrossRef]

	



Cugini, C.; Calfee, M.W.; Farrow III, J.M.; Morales, D.K.; Pesci, E.C.; Hogan, D.A. Farnesol, a Common Sesquiterpene, Inhibits PQS Production in Pseudomonas Aeruginosa. Mol. Microbiol. 2007, 65, 896–906. [Google Scholar] [CrossRef] [PubMed]

	



Inoue, Y.; Togashi, N.; Hamashima, H. Farnesol-Induced Disruption of the Staphylococcus Aureus Cytoplasmic Membrane. Biol. Pharm. Bull. 2016, 39, 653–656. [Google Scholar] [CrossRef]

	



Cerca, N.; Gomes, F.; Bento, J.C.; França, A.; Rolo, J.; Miragaia, M.; Teixeira, P.; Oliveira, R. Farnesol Induces Cell Detachment from Established S. Epidermidis Biofilms. J. Antibiot. 2013, 66, 255–258. [Google Scholar] [CrossRef] [PubMed]

	



Hotterbeekx, A.; Kumar-Singh, S.; Goossens, H.; Malhotra-Kumar, S. In Vivo and In Vitro Interactions between Pseudomonas aeruginosa and Staphylococcus spp. Front. Cell. Infect. Microbiol. 2017, 7, 106. [Google Scholar] [CrossRef]

	



Smith, A.C.; Rice, A.; Sutton, B.; Gabrilska, R.; Wessel, A.K.; Whiteley, M.; Rumbaugh, K.P. Albumin Inhibits Pseudomonas Aeruginosa Quorum Sensing and Alters Polymicrobial Interactions. Infect. Immun. 2017, 85, e00116-17. [Google Scholar] [CrossRef]

	



Nisar, S.; Kirkpatrick, L.D.; Shupp, J.W. Bacterial Virulence Factors and Their Contribution to Pathophysiology after Thermal Injury. Surg. Infect. 2021, 22, 69–76. [Google Scholar] [CrossRef]

	



Piipponen, M.; Li, D.; Landén, N.X. The Immune Functions of Keratinocytes in Skin Wound Healing. Int. J. Mol. Sci. 2020, 21, 8790. [Google Scholar] [CrossRef]

	



Rice, L.B. Federal Funding for the Study of Antimicrobial Resistance in Nosocomial Pathogens: No ESKAPE. J. Infect. Dis. 2008, 197, 1079–1081. [Google Scholar] [CrossRef]

	



Masako, K.; Hideyuki, I.; Shigeyuki, O.; Zenro, I. A Novel Method to Control the Balance of Skin Microflora: Part 1. Attack on Biofilm of Staphylococcus Aureus without Antibiotics. J. Dermatol. Sci. 2005, 38, 197–205. [Google Scholar] [CrossRef]

	



Kadurugamuwa, J.L.; Sin, L.; Albert, E.; Yu, J.; Francis, K.; DeBoer, M.; Rubin, M.; Bellinger-Kawahara, C.; Parr, J.T.R.; Contag, P.R. Direct Continuous Method for Monitoring Biofilm Infection in a Mouse Model. Infect. Immun. 2003, 71, 882–890. [Google Scholar] [CrossRef]

	



Gillaspy, A.F.; Hickmon, S.G.; Skinner, R.A.; Thomas, J.R.; Nelson, C.L.; Smeltzer, M.S. Role of the Accessory Gene Regulator (Agr) in Pathogenesis of Staphylococcal Osteomyelitis. Infect. Immun. 1995, 63, 3373–3380. [Google Scholar] [CrossRef]

	



Herigstad, B.; Hamilton, M.; Heersink, J. How to Optimize the Drop Plate Method for Enumerating Bacteria. J. Microbiol. Methods 2001, 44, 121–129. [Google Scholar] [CrossRef] [PubMed]

	



Heydorn, A.; Nielsen, A.T.; Hentzer, M.; Sternberg, C.; Givskov, M.; Ersbøll, B.K.; Molin, S. Quantification of Biofilm Structures by the Novel Computer Program Comstat. Microbiology 2000, 146, 2395–2407. [Google Scholar] [CrossRef] [PubMed]

	



Vorregaard, M. Comstat2—A Modern 3D Image Analysis Environment for Biofilms. In Informatics and Mathematical Modelling; Technical University of Denmark: Kongens Lyngby, Denmark, 2008. [Google Scholar]








[image: Antibiotics 13 00350 g001] 





Figure 1. Farnesol inhibits biofilm formation, disrupts established biofilms, and kills persister cells of S. aureus Xen29 without inducing resistance. (A) Elimination of biofilm formation of S. aureus Xen29 by farnesol 24 h after incubation in NB1 in plasma-precoated wells. (B) Disruption of established 24 h old biofilms of S. aureus Xen29 followed by 24 h exposure of farnesol. (C,D) Three-dimensional merged images of Live/Dead viability of S. aureus Xen29 biofilms after 24 h incubation (developing biofilm) (C) or 24 h exposure of 24 h old established biofilms (D) to NB1 containing farnesol. Biofilms were stained with both SYTO® 9 (green fluorescence for live cells) and propidium iodide (red fluorescence for dead cells). Scale bars, 20 μm. (E) Farnesol kills S. aureus Xen29 persister cells tolerant to rifampicin treatment. Biofilms of S. aureus Xen29 were treated for 24 h with 100× minimal inhibitory concentration (MIC) of rifampicin (Rifam.). Rifampicin was removed and persister cells were further exposed to NB1 containing 0 to 6 mg/mL of farnesol for an additional 24 h. (F) Resistance development of S. aureus Xen29 to farnesol, or the antibiotic rifampicin, respectively, during serial passaging in the presence of sub-MIC levels of antimicrobials. Data are fold changes (in log2) in MIC relative to the MIC of the first passage (16 µg/mL for farnesol; 8 ng/mL for rifampicin). The X-axis line in (A) represents the lower limit of detection (Log 50 ≈ 1.7). Data in (A,B,E) are expressed as the number of viable bacteria in log10 CFU per mL and was shown as mean ± SD (n = 3). Ctrl, control. ** p < 0.01, *** p < 0.001, and **** p < 0.0001. Ctrl_# represents the vehicle (ethanol) control corresponding to the same amount of farnesol in ethanol. Ctrl_0.5 = 1.7% of ethanol; Ctrl_1 = 3.3% of ethanol; Ctrl_3 = 10% of ethanol; and Ctrl_6 = 20% of ethanol. 
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Figure 2. Farnesol inhibits biofilm formation and disrupts established biofilms of P. aeruginosa. (A) Inhibition of biofilm formation of P. aeruginosa Xen5 by farnesol 24 h after incubation in TSB in collagen-precoated wells. (B) Disruption of established biofilms of P. aeruginosa Xen5 followed by 24 h exposure to farnesol. (C,D) Three-dimensional merged images of Live/Dead viability of P. aeruginosa Xen5 biofilms after 24 h incubation (developing biofilm) (C) or 24 h exposure of 24 h old established biofilms (D) in TSB containing farnesol in collagen-precoated chambers. (E) Inhibition of biofilm formation of P. aeruginosa PAO1 by farnesol 24 h after incubation in TSB in collagen-precoated wells. (F) Disruption of established biofilms of P. aeruginosa PAO1 followed by 24 h exposure to farnesol. (G,H) Three-dimensional merged images of Live/Dead viability of P. aeruginosa PAO1 biofilms after 24 h incubation (G) or 24 h exposure of 24 h old established biofilms (H) in TSB containing farnesol in collagen-pre-coated chambers. The biofilms (C,D,G,H) were stained with both SYTO® 9 (green fluorescence for live cells) and propidium iodide (red fluorescence for dead cells). Scale bars, 20 μm. Data in (A,B,E,F) are expressed as the number of viable bacteria in log10 CFU per mL and are shown as mean ± SD (n = 3). Ctrl_0.2 = 0.67% of ethanol; Ctrl_2 = 6.7% of ethanol; and Ctrl_15 = 50% of ethanol. See meanings of other Ctrl_# in Figure 1 legend. 
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Figure 3. Farnesol combats S. aureus by direct killing and biofilm detachment. (A) Fast killing of planktonic cells of S. aureus Xen29 by farnesol (1 mg/mL) to eliminate its biofilm formation. (B) Disruption of 24 h old established biofilms of S. aureus Xen29 within four h of exposure to farnesol (6 mg/mL). (C) Killing of S. aureus Xen29 by farnesol as measured by propidium iodide (PI) influx. Data were normalized to the vehicle control at time zero and shown as the mean of three replicates. (D–F) Biofilm development: Vital cell counts of S. aureus Xen29 in total cells (D), planktonic and biofilm cells (E), and percentage of planktonic/biofilm cells in total cells (F) 24 h after incubation in NB1 containing 0.1 mg/mL of farnesol in plasma-precoated wells. (G–I) Established biofilms: Vital cell counts of S. aureus Xen29 in total cells (G), detached and biofilm cells (H), and percentage of detached/biofilm cells in total cells (I) after 24 h exposure of 24 h old established biofilms to 1 mg/mL of farnesol in plasma-pre-coated wells. Results in (A,B,D,E,G,H) are expressed as the number of viable bacteria in log10 CFU per mL. Data are shown as mean ± SD (n = 3). The X-axis line in (A,E) represents the lower limit of detection (Log 50 ≈ 1.7). (J) Biofilm detachment and killing of S. aureus Xen29 detached cells after 24 h exposure of 24 h old established biofilms to farnesol in plasma-pre-coated chambers as measured by Live/Dead viability assay. The detached cells were stained with both SYTO® 9 (green fluorescence for live cells) and propidium iodide (red fluorescence for dead cells). Scale bars, 20 μm. 
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Figure 4. Farnesol kills planktonic cells of P. aeruginosa but disrupts its established biofilms mainly by biofilm detachment in vitro. (A–C) Vital cell counts of P. aeruginosa Xen5 in total cells (A), planktonic and biofilm cells (B), and ratios of planktonic vs. biofilm cells (C) 24 h after incubation in TSB (developing biofilm) containing 0.5 mg/mL of farnesol in collagen-precoated wells. (D–F) Vital cell counts of P. aeruginosa Xen5 in total cells (D), detached and biofilm cells (E), and ratios of detached vs. biofilm cells (F) after 24 h exposure of 24 h old established biofilms to 0.2 mg/mL of farnesol in collagen-precoated wells. Results in (A,B,D,E) are expressed as the number of viable bacteria in log10 CFU per mL. Data are shown as mean ± SD (n = 3). (G,H) Biofilm detachment and disintegration of P. aeruginosa Xen5 detached cells after 24 h exposure of 24 h old established biofilms to farnesol in collagen-precoated chambers as measured by Live/Dead viability assay (G) and crystal violet staining (H); the top labels in (G) are shared in (H). The detached cells (G) were stained with both SYTO® 9 (green fluorescence for live cells) and propidium iodide (red fluorescence for dead cells). Scale bars, 20 μm. 






Figure 4. Farnesol kills planktonic cells of P. aeruginosa but disrupts its established biofilms mainly by biofilm detachment in vitro. (A–C) Vital cell counts of P. aeruginosa Xen5 in total cells (A), planktonic and biofilm cells (B), and ratios of planktonic vs. biofilm cells (C) 24 h after incubation in TSB (developing biofilm) containing 0.5 mg/mL of farnesol in collagen-precoated wells. (D–F) Vital cell counts of P. aeruginosa Xen5 in total cells (D), detached and biofilm cells (E), and ratios of detached vs. biofilm cells (F) after 24 h exposure of 24 h old established biofilms to 0.2 mg/mL of farnesol in collagen-precoated wells. Results in (A,B,D,E) are expressed as the number of viable bacteria in log10 CFU per mL. Data are shown as mean ± SD (n = 3). (G,H) Biofilm detachment and disintegration of P. aeruginosa Xen5 detached cells after 24 h exposure of 24 h old established biofilms to farnesol in collagen-precoated chambers as measured by Live/Dead viability assay (G) and crystal violet staining (H); the top labels in (G) are shared in (H). The detached cells (G) were stained with both SYTO® 9 (green fluorescence for live cells) and propidium iodide (red fluorescence for dead cells). Scale bars, 20 μm.



[image: Antibiotics 13 00350 g004]







[image: Antibiotics 13 00350 g005] 





Figure 5. Farnesol inhibits mixed biofilm formation and disrupts established polymicrobial biofilms of both P. aeruginosa and S. aureus. (A,B) Inhibition of mixed biofilm formation of both S. aureus Xen29 (A) and P. aeruginosa Xen5 (B) by farnesol 24 h after incubation in TSB containing 5% BSA in collagen-precoated wells. (C,D) Disruption of established polymicrobial biofilms of both S. aureus Xen29 (C) and P. aeruginosa Xen5 (D) followed by 24 h exposure to farnesol. The X-axis line in (A,C) represents the lower limit of detection (Log 50 ≈ 1.7). (E,F) Side-by-side comparison for disruption of established biofilms of P. aeruginosa Xen5 by farnesol in single (E), or polymicrobial biofilms with S. aureus Xen29 (F). Mannitol salt agar (A,C) was used to select for Xen29, whereas tetracycline (100 µg/mL) (B,D,F) was used to select for Xen5, from the polymicrobial biofilms. Data are expressed as the number of viable bacteria in log10 CFU per mL and are shown as mean ± SD (n = 3). See meanings of Ctrl_# in legends of Figure 1 and Figure 2. 
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Figure 6. Farnesol is highly effective and safe for both the prevention and treatment of biofilm-associated infections of S. aureus on ex vivo intact or burned human skin. (A–C) Prevention of biofilm-associated infections of S. aureus Xen29 by farnesol (1 mg/mL) 48 h after inoculation on ex vivo intact human skin, as assayed by luminescence measurement using the in vivo imaging system (IVIS) (A), light micrographs of hematoxylin and eosin (H&E)-stained crossing sections of skin biopsies (B), and vital cell counts (C). (D–F) Proximate elimination of established biofilm infections of S. aureus Xen29 after 24 h inoculation followed by 24 h exposure to farnesol on ex vivo intact human skin, as assayed by luminescence measurement using IVIS (D), light micrographs of H&E-stained crossing sections of skin biopsies (E), and vital cell counts (F). (G–I) Eradication of established biofilm infections of S. aureus Xen29 after 24 h inoculation followed by 24 h exposure to farnesol on ex vivo burned human skin, as assayed by luminescence measurement using IVIS (G), light micrographs of H&E-stained cross-sections of skin biopsies (H) and vital cell counts (I). (J) Safety of topical application of farnesol on human skin. Intact human skin was treated for 48 h with 6 mg/mL of farnesol, or its corresponding vehicle control. Results are shown as the light micrographs of H&E-stained cross-sections of skin biopsies. Arrowheads in (B,E,H) indicate biofilm formation or establishment on skin. Data in (C,F,I) are expressed as the number of viable bacteria in log10 CFU per square centimeter (cm2) of skin surface and are shown as mean ± SD (n = 3). The X-axis line in (C,F,I) represents the lower limit of detection (Log 255 ≈ 2.4). Scale bars, 100 μm. See meanings of Ctrl_# in legends of Figure 1 and Figure 2. 
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Figure 7. Farnesol is effective for both the prevention and treatment of biofilm-associated infections of P. aeruginosa in ex vivo intact or burned human skin. (A–C) Inhibition of biofilm-associated infections of P. aeruginosa Xen5 by farnesol (6 mg/mL) 24 h after inoculation on ex vivo intact human skins as assayed by luminescence measurement using IVIS (A), light micrographs of H&E-stained cross sections of skin biopsies (B) and vital cell counts (C). (D–F) Inhibition of biofilm-associated infections of P. aeruginosa Xen5 by farnesol (6 mg/mL) 24 h after inoculation on ex vivo burned human skin as assayed by luminescence measurement using IVIS (D), light micrographs of H&E-stained cross sections of skin biopsies (E) and vital cell counts (F). (G–I) Alleviation of established biofilm infections of P. aeruginosa Xen5 after 24 h inoculation followed by 24 h exposure to farnesol on ex vivo intact human skins as assayed by luminescence measurement using IVIS (G), light micrographs of H&E-stained crossing sections of skin biopsies (H), and vital cell counts (I). (J–L) Mitigation of established biofilm infections of P. aeruginosa Xen5 after 24 h inoculation followed by 24 h exposure to farnesol on ex vivo burned human skin, as assayed by luminescence measurement using IVIS (J), light micrographs of H&E-stained cross sections of skin biopsies (K), and vital cell counts (L). Arrows in (H) indicate peeled epidermis, which had to be artificially replaced for H&E staining; arrowheads in (B,E,H,K) indicate biofilm formation or establishment on skin. Data in (C,F,I,L) are expressed as the number of viable bacteria in log10 CFU/cm2 of skin surface and are shown as mean ± SD (n = 3). Scale bars, 100 μm. See meanings of Ctrl_# in Figure 1 legend. 
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Figure 8. Farnesol is not toxic and further protects HEKa from apparent ethanol killing. The potential cytotoxicity of three farnesol doses (1, 6, 15 mg/mL) and their corresponding vehicle (ethanol) controls on HEKa monolayers was evaluated by MTS assay. Ctrl, Media control; E_# represents the ethanol percentage (%) in the vehicle control; F_# represents the farnesol concentrations in the same amount of ethanol as the ethanol controls, in the units mg/mL. 
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