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Staphylococcus aureus is one of the predominant causes of periprosthetic joint infections (PJIs). Bacterial adhesion and biofilm formation are important factors in the pathogenesis of PJIs. S. aureus biofilm formation is regulated by several factors, including S. aureus regulator A (SarA). Previous studies have found that SarA mutants have limited ability to develop biofilms. In this study, we identified a SarA-targeting antibiofilm compound, ZINC00990144, and evaluated its efficacy and toxicity. According to static biofilm assay, the antibiofilm ability of the compound was concentration dependent. ZINC00990144 reduced biofilm in multiple strains by 40–86% at a concentration of 11.5 μM. Additionally, ZINC00990144 inhibited biofilm formation on different orthopedic implant materials including Titanium and UHMWPE disc. Furthermore, quantitative polymerase chain reaction results demonstrated that ZINC00990144 upregulated the expression of S. aureus exoproteases to inhibit the formation of biofilms. Moreover, ZINC00990144 prevented biofilm formation when exposed to sub-inhibitory doses of vancomycin, which is known to promote biofilm formation. CCK-8 results demonstrated ZINC00990144 has no significant effect on cell viability at concentration of 11.5 μM or below. Finally, we verified the antibiofilm function of the compound in vivo using implant infection mice model with/without exposure to sub-inhibitory vancomycin. In conclusion, ZINC00990144 acts by modulating between biofilm and planktonic state of S. aureus instead of being bactericidal. Therefore, it has the potential to be used in combination with other antibiotics to prevent PJIs.
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INTRODUCTION

Biofilms are a consortium of microbial communities, such as bacteria, that are attached to each other as well as a surface and are surrounded by extracellular matrix (ECM), including proteins, exopolysaccharides, and extracellular DNA (eDNA) (Le et al., 2014; Moormeier and Bayles, 2017). In contrast to their planktonic state, bacteria in a biofilm are more recalcitrant to the host immune system and antimicrobial therapy (Figueiredo et al., 2017; Ricciardi et al., 2018). The formation of biofilms within the human body and on the surface of implanted medical devices can be extremely devastating. Additionally, as the use of implanted medical devices continues to increase, implant infection cases will also continue to rise.

Periprosthetic joint infection, a devastating complication after arthroplasty, is the main cause of arthroplasty revisions (20–36.1%) (Kapadia et al., 2016; Postler et al., 2018; Kokko et al., 2019). Patients with PJI face poor prognosis and huge economic burden. Although the microbiological epidemiology of PJIs varies from country to country, the most common pathogen responsible for PJIs is Staphylococcus aureus (Fernandes and Dias, 2013). Patients with S. aureus PJI have a poor prognosis (Lourtet-Hascoet et al., 2016). Given the frequent emergence of multidrug resistant strains, antibiotics alone are inadequate for PJI treatment, thus, emphasizing the need for development of antibiofilm drugs for combinatorial therapy (Ciofu et al., 2017).

Staphylococcal accessory regulator A, a global regulator, controls the transcription of a range of virulence genes by binding to the promotor region of its target genes. It has been reported that SarA mutations limit biofilm formation under both in vivo and in vitro conditions (Trotonda et al., 2005; Abdelhady et al., 2014). Inspired by this phenomenon, Balamurugan and Rekha (Arya and Princy, 2013; Arya et al., 2015; Balamurugan et al., 2017) designed 13 SarAIs as antibiofilm compounds. Both studies used de novo computer-assisted drug design methods based on SarA amino acid residues—DER (D88, E89, R90), a highly conserved amino acid sequence among the SarA family members (Liu et al., 2006). However, Liu et al. (2006) showed that R84 residue is also critical for DNA binding. Therefore, we propose that R84 should also be considered when carrying out in silico drug design.

In this study, we screened several drug-like compounds for their antibiofilm property. The compound with the best antibiofilm activity, ZINC00990144, was selected for experimentation. It is known that subinhibitory doses of antibiotics (e.g., vancomycin) can induce S. aureus biofilm formation. Hence, we investigated whether ZINC00990144 could inhibit S. aureus biofilm stimulated by sub-MIC vancomycin. We investigated the cytotoxicity of the compound via CCK-8 cytotoxicity assay. We also studied its efficacy in a mouse subcutaneous model of implant-associated infection.



MATERIALS AND METHODS


Virtual Screening for SarA Inhibitors

The crystal structure of SarA (PDB ID: 2frh) was downloaded from the Protein Data Bank database. The conserved residues R84, D88, E99, and R90 of the SarA family were determined via multi-sequence alignment using ClustalW (Larkin et al., 2007) and the result was displayed via Jalview1.8. A compound library from Specs database1 containing 316,044 drug-like molecules was chosen for screening. We used Autodock Vina 1.1.2 program for structure-based virtual screening of SarAIs. The docking grid box was centered on the conserved residues to encompass all the important residues. The energy range and exhaustiveness were set at 3 and 8, respectively.



Bacterial Strains and Compound Preparation

Staphylococcus aureus strains involved in this study were either maintained by our laboratory or isolated from PJI prosthesis. To construct a fluorescence labeled strain, pCM29 (Pang et al., 2010) plasmid with superfolder green fluorescent protein (sfGFP) reporter system was introduced into S. aureus competent cells RN4220 via electroporation and maintained using chloromycetin (10 μg/mL). Next, the plasmid was transformed into S. aureus ST1792 isolated from infectious prosthesis with bacteriophage11. Detailed strain information is listed in Table 1.


TABLE 1. Strains used in this study*.

[image: Table 1]All the compounds were acquired from Specs1 and dissolved in dimethyl sulfoxide (DMSO) at concentration of 12.8 mg/mL for storage. During the experiment, the storage solution was diluted with culture medium (in the case of in vitro experiment) or normal saline (in the case of in vivo part) according to the dilution ratio.



In vitro Static Biofilm Assays

All bacterial strains involved in this study were cultured at 37°C overnight in TSBG, and the culture was serially diluted to a concentration of ∼1 × 106 colony forming units/mL (CFU/mL); the serially diluted bacterial cells (200 μL) were inoculated in a 96-well plate and the plate was incubated at 37°C for 24 h. The culture was aspirated from each well, and the wells were washed gently thrice with 200 μL of PBS to remove the non-adherent cells. After fixation with methanol, the plate was air-dried and the biofilm was stained with 200 μL of crystal violet. The biofilm biomass at the bottom of the well was dissolved in 200 μL of 33% acetic acid, and 100 μL aliquot from each well was transferred into a new 96-well plate. Optical absorbance was measured at 590 nm with a microplate reader (BioTek Instrument, Inc., United States) to quantify the biofilm biomass. For biofilm formation on Titanium disc or UHMWPE disc, bacteria were incubated with the material at 37°C overnight in TSBG.

To investigate whether protein is indispensable in biofilm matrix, proteinase K (Beyotime, China) was added to TSBG at a final concentration of 100 μg/mL to eliminate proteins as described previously (Moormeier et al., 2014). Bacteria were cultured overnight and biofilm biomass was quantified using crystal violet staining as described above.



Confocal Laser Scanning Microscopy (CLSM)

Biofilms were cultured overnight at 37°C in TSBG as described above. The supernatant was removed gently, and the biofilm mass that remained at the bottom of the well was stained with the Live/Dead BacLight bacteria viability kit (Invitrogen, United States) according to the instructions of the manufacturer. Live (stained with green fluorescent dye Syto9) and dead (stained with red fluorescent dye propidium iodide) cells were viewed with CLSM (Leica TCS SP8, Germany).



S. aureus Growth Curve

A final concentration of 11.5 μM ZINC00990144 in TSBG was incubated with S. aureus USA300 (∼1 × 106 CFU/mL) at 37°C overnight, and the OD600 of the cells was measured every 2 h until it reached the stationary phase.



CCK-8 Cytotoxicity Assay

HFF-1 (human foreskin fibroblasts) were pre-incubated to ∼80% convergence in DMEM containing 10% FBS and penicillin-streptomycin in a 96-well plate (∼10,000 cells/well) at 37°C, 5% CO2. The supernatant was then removed and 100 μL culture medium with either 23, 11.5, or 5.73 μM ZINC00990144, respectively, was added. After incubation for 24 h, the culture medium was removed and 100 μL of culture medium with 10 μL CCK-8 solution (Dojindo, Japan) was added to each well. The plate was incubated for 1.5 h in an incubator at 37°C (Thermo Fisher Heracell, United States), and the optical absorbance was measured at 450 nm with a microplate reader (BioTek Instrument, Inc., United States).



S. aureus RNA Isolation and qRT-PCR

To investigate the expression of genes regulated by SarA, S. aureus was cultured overnight in TSBG with or without 11.5 μM ZINC00990144. The bacterial cells were harvested and transferred to a tissuelyser (50 Hz, 30 s) to physically disrupt the cell wall. Then the RNeasy Mini kit (Qiagen, Germany) was used to isolate RNA according to the manufacturer’s instructions. RNA with 260 nm/280 nm > 2.0 (Nanodrop, Thermo Fisher Scientific, United States) was used for reverse transcription. Fresh RNA was immediately reverse transcribed into cDNA using an RT-PCR kit (Takara, Dalian, China). cDNA was used as the DNA template for real-time PCR (Takara, Dalian, China). The primers used in this study are summarized in Table 2. Relative gene expression level was quantified using the 2–ΔΔCt method (Livak and Schmittgen, 2001) with gyrB as the internal reference. Each group contained three independent replicates.


TABLE 2. qPCR Primers used in this study.

[image: Table 2]


Anti-biofilm Efficacy in Mice Implant Infection Model

Mice handling and related procedures in this study were reviewed and approved by the Animal Care and Ethics Committee of Sixth People’s Hospital affiliated to Shanghai Jiao Tong University, China.

The effect of inhibitors was assessed in a murine model of implant infection. Forty adult male C57BL/6 mice were randomly divided into four groups. To construct an implant infection model, a titanium disc was implanted into the dorsal area subcutaneously, and ∼1 × 106 CFU of strain ST1792 were inoculated around the metal disc. Two groups were treated with DMSO (n = 10) or sub-MIC vancomycin (n = 10) and were set as control. SarAI-treated groups with (n = 10) or without (n = 10) sub-MIC vancomycin exposure were chosen as experimental groups. To observe the in vivo biofilm structure, we used sfGFP labeled S. aureus (RN4220-sfGFP/ST1792-sfGFP) to construct the mouse model. All treatments for this strain were performed as with strain ST1792 as described above. All the mice were euthanized 7 days after infection. Peri-implant tissues were harvested and homogenized in 1 mL sterile saline before CFU counting. The biofilm on the titanium discs was either observed under fluorescence microscope (Leica DMI8, Germany) (in the case of strain RN4220/ST1792-sfGFP) or sonicated in 1 mL sterile saline for further bacterial load quantification (in the case of strain ST1792).



Statistical Analysis

Statistical analysis was performed using GraphPad prism 7. The data are expressed as mean ± standard deviation. Student’s t-test was used for normally distributed data. Bonferroni–Dunn method was used to correct for multiple comparisons. Statistical significance level was defined as a two-tailed p < 0.05.



RESULTS


Identification of Candidate SarA Inhibitors

We aligned different SarA family proteins (UniProt accession numbers in parenthesis): SarX (Q2G0D1), SarA (Q7A1N5), SarS (Q2G1N7), SarU (Q2G1T7), SarT (Q2G2B1), SarR (Q9F0R1), and SarV (Q2FVY9) to identify the most conserved amino acids of the active site of SarA protein; L40, K82, R84, D88, and R90 were the most conserved amino acid residues (Supplementary Figure 1). According to previous reports (Liu et al., 2006), R84, D88, E89, and R90 are critical for the activity of SarA. Therefore, we selected R84, D88, E89, and R90 as the target sites for biofilm inhibition and conducted a virtual screening of the known inhibitors. Among 3,160,144 drug-like molecules, our virtual screening program revealed a set of new potential SarAIs that were different from those reported in previous studies. The candidate inhibitors were ranked according to their binding affinity to the target sites. Finally, we purchased top 23 compounds (Specs2) for the biological assays (Supplementary Table 1).



In vitro Evaluation of Potential SarA Inhibitors

In our preliminary trial (Supplementary Figure 2), all the compounds were used at a concentration of 1.28 mg/mL. Microtiter plate biofilm assay showed that most of the compounds could inhibit S. aureus biofilm formation (approximately 15.47–55.9%), while ZINC00990144 exhibited significant (p < 0.001) ability to inhibit biofilm formation (approximately 68.3%). Since ZINC00990144 had outstanding biofilm inhibition ability, it was chosen for further experiments.

The chemical structure of ZINC00990144 was shown in Figure 1C. Predicted binding mode with SarA revealed that ZINC00990144 blocked the active site residues of SarA protein (Figures 1A,B).


[image: image]

FIGURE 1. Computational model of compound ZINC00990144 bound to SarA revealed by docking simulations. (A) SarA proteins are shown in cartoon mode with conservative residues marked with green and labeled. ZINC00990144 is displayed as stick. Light blue: carbon, dark blue: nitrogen, gray: hydrogen, and red: oxygen. (B) Protein surfaces are shown in gray and predicted binding sites are marked with green. (C) Structure of ZINC00990144.




Exploring the Best Concentration for Usage

We diluted the compound serially and repeated the microtiter plate biofilm assay as described above. The result showed that the antibiofilm ability was concentration dependent (Figure 2A). Briefly, concentration as low as 2.3 μM (1:1000 dilution) was enough to produce observable effects and a concentration of 11.5 μM (1:200 dilution) was close to its maximum function. As a result, the inhibitor was used at a concentration of 11.5 μM (dilution ratio 1:200) for further experiments.


[image: image]

FIGURE 2. Concentration gradient of ZINC00990144 on the inhibition biofilm formation (A). Biofilm inhibition potency of ZINC00990144 on different materials (B) and against different S. aureus strains (C). (A) The significance of biofilm inhibition increased with the increment of concentration in strain USA300. Biofilm was stained with crystal violet and quantified by measuring 590 nm absorbance. Dilution ratio is relative to storage solution. (For example: 1:1000 represents 2.3 μM compound or 0.1% DMSO). (B) USA300 biofilm formation on UHMWPE and titanium are significantly prevented by ZINC00990144 administration at the concentration of 11.5 μM (dilution ratio 1:200). Representative gross image of UHMWPE and titanium implant are shown under the x-axis. (C) ZINC00990144 at concentration of 11.5 μM is effective to all of the S. aureus isolates we tested. Biofilm was quantified with crystal violet staining method. **P < 0.01, ***P < 0.001 comparing to DMSO control.




Anti-biofilm Function on Different Materials and Different S. aureus Strains

In artificial joint implants, the most used materials are titanium alloy and UHMPWE. Compared to untreated materials, biofilms on both materials could be efficiently inhibited by 11.5 μM concentration of ZINC00990144 (Figure 2B, p < 0.001).

Furthermore, we selected eight S. aureus strains isolated from PJIs prosthesis and two most used S. aureus strains (strains USA300 and RN4220) for analysis. Although the sensitivity to ZINC00990144 varied among the strains, they were still susceptible to ZINC00990144 (Figure 2C). In addition, both MRSA and MSSA strains were susceptible to ZINC00990144.



Observation of the Structure of Biofilms via CLSM

The biofilms were further subjected to live/dead staining. As shown in Figures 3A,B strain USA300 forms a robust biofilm with a thickness of up to ∼12 μm after 12 h of incubation in TSBG, most of the cells are alive with propidium iodide-labeled dead cells (red) scattered among the biofilm. On the other hand, treatment with ZINC00990144 significantly affected the biofilm forming ability of strain USA300. Mature biofilm was not observed in most of the observation fields, while small clusters of bacteria were occasionally detected. The thickness of the bacterial clusters displayed high variation, ranging from ∼3 to ∼12 μm.


[image: image]

FIGURE 3. USA300 biofilm with (A) or without (B) ZINC00990144 treatment was observed under CLSM after live/dead staining.




qPCR Analysis for Genes Regulated by SarA

Agnieszka et al. (Zielinska et al., 2012) reported that SarA mediated proteases are closely correlated with decreased biofilm formation. We used qPCR to explore whether ZINC00990144 influenced the transcription of the reported extracellular proteases (aur, sspA, sspB, splA, splB, splC, splD, splE). In comparison to the control, a 5.25-fold, 2.56-fold, and 2.56-fold increase in sspA, sspB, and splB transcription, respectively, was observed due to SarAI treatment (Figure 4).


[image: image]

FIGURE 4. Transcriptional changes of selected biofilm-associated genes after ZINC00990144 treatment. Following ZINC00990144 treatment, transcription levels of aur, sspA, sspB, splA, splB, splC, splD, and splE were investigated by qPCR in strain USA300. Each group contains three independent replicates. The fold change was in relative to the untreated samples. *P < 0.05, ***P < 0.001 comparing with DMSO control.




SarAI Prevents Sub-MIC Vancomycin Induced Biofilm Formation

When exposed to sub-MIC vancomycin, S. aureus biofilm formation was slightly promoted compared with the controls without exposure to vancomycin (Figures 5A,B), though the difference was not remarkable. In addition, S. aureus subjected to SarAI (with/without vancomycin) exhibited a significant reduction in biofilm formation (Figure 5A) (p < 0.01/p < 0.001 for groups with/without vancomycin, respectively).


[image: image]

FIGURE 5. Anti-biofilm function of ZINC00990144 (A) and proteinase K (B). (A) ZINC00990144 is effective to USA300 biofilm with/without exposure to sub-MIC vancomycin. (B) Sub-MIC vancomycin promotes biofilm formation. Proteinase K (100 μg/mL) added at the initiation of the experiment inhibited biofilm formation completely, regardless of whether vancomycin is present. Van: sub-MIC vancomycin (0.5 μg/mL), SarAI: ZINC00990144, TSBG: TSB medium supplied with 0.5% glucose, **P < 0.01, ***P < 0.001 comparing with corresponding control.




Protein Is Essential in S. aureus Biofilm Development

In order to investigate the role of protein in biofilm development, Proteinase K was added in TSBG to eliminate proteins. The result showed that addition of exogenous proteases exhibited significant biofilm clearance with/without exposure to sub-MIC vancomycin (p < 0.001) (Figure 5B).



Cytotoxicity and Bactericidal Effects of ZINC00990144

The cytotoxicity of ZINC00990144 was evaluated at concentrations ranging from 6.75 to 23 μM (dilution ratio ranging from 1:400 to 1:100, Figure 6A). ZINC00990144 at concentrations of 6.75 and 11.5 μM had no observable effects on cell growth. However, concentration of 23 μM (relative cell viability 89 ± 1.5%) and its corresponding DMSO control (1%) exhibited cell toxicity (relative cell viability 75.7 ± 4.8%) when comparing to blank control.
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FIGURE 6. Cytotoxicity of ZINC00990144 to HFF-1 cell line (A) and S. aureus (B). (A) No significant difference detected between untreated (blank control) and treated group at 5.75 and 11.5 μM concentrations of ZINC00990144 by CCK-8 assay. 23 μM ZINC00990144 exhibits slight cytotoxicity which could be attributed to the solvent when comparing with the DMSO control. 5.75,11.5, 23 μM ZINC00990144 contains 0.25, 0.5, 1% DMSO, respectively. (B) ZINC00990144 does not hamper the growth of USA300. ***P < 0.001 comparing to blank group.


By analyzing the growth curve of S. aureus, ZINC00990144 treated group did not inhibit the growth of S. aureus (Figure 6B). Instead, it slightly promoted S. aureus proliferation during the stationary phase.



Role of ZINC00990144 in Mice Model of Implant Infection

In a mouse model of implant infection, intervention was given at specific time points as described in Figure 7A. All mice (n = 40) were euthanatized 7 days after infection. When mice were not exposed to sub-MIC vancomycin, SarAI treated group showed a 0.864 log CFU reduction (p < 0.05) in adherent bacterial count compared with control group. Similarly, when sub-MIC vancomycin was presented, SarAI also reduced adherent bacteria by 1.011 log CFU (P < 0.001) compared to the control (Figures 7C,E). However, the peri-implant bacterial load had no significant difference among the four groups (Figures 7B,D).
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FIGURE 7. Role of ZINC00990144 in the mice model of implant infection. (A) Schematic diagram for process of in vivo experiment. SarA inhibitor was used in implant infection mice model at day1, 2, 4, 6. All of the mice were sacrificed at day 7. (B–E) Quantification of bacterial load for the implant and surrounding infected tissue. (B,D) Bacteria count on surrounding tissues. (C,E) Bacteria count on implant and representative photos.


We also inoculated the implant infection mice model with sfGFP labeled strains and the titanium discs were collected for observation (Figure 8). Green fluorescence was sparsely dispersed in the treatment group (SarAI with or without sub-MIC concentration of vancomycin). Some of the bacteria adhered to the surface of the titanium disc in single cell state, but some aggregated together to form bacterial clusters. In contrast, the groups without SarAI intervention formed typical mature biofilms surrounded by a clear border; in these groups, green fluorescence labeled S. aureus cells were densely distributed and existed in aggregation.


[image: image]

FIGURE 8. Representative fluorescence images of biofilm in vivo. Titanium discs was harvested on seventh day since infection and observed under microscope. Green fluorescence represents sfGFP labeled RN4220 (A–D) and ST1792 (E–H). (A,E) Mice model given SarA inhibitor ZINC00990144. (B,F) Mice model given ZINC00990144 and sub-MIC vancomycin. (C,G) Control mice model without sub-MIC vancomycin. (D,H) Mice model given sub-MIC vancomycin. Scale bar = 75 μm.




DISCUSSION

In this study, we adopted virtual screening method and screened a list of potential antibiofilm molecules by targeting S. aureus regulator SarA. It has been widely reported that SarA mutants have attenuated biofilm formation. Previously, Arya and Princy (2013) discovered 13 potential SarAIs by employing computer-assisted de novo drug design method with the software LUDI (Bohm, 1992). Two of the potential inhibitors were evaluated in vitro or in vivo, and both showed remarkable antibiofilm effect (Arya et al., 2015; Balamurugan et al., 2017). Different from de novo drug design, which designs new molecules from scratch, virtual screening identifies potential ligands from existing chemical compound databases. In this study, the compound library was obtained from Specs database, and all compounds complied with the Lipinski’s rule of drug-likeness (also known as rule of five, Ro5) (Lipinski et al., 2001).

According to the predicted binding mode between ZINC00990144 and SarA protein (Figures 1A,B), ZINC00990144 blocked the promoter binding region of SarA protein. However, there is no molecular force such as hydrogen bond or van der waals force observed between SarA and ZINC00990144. Further optimization of ZINC00990144 to increase binding force may improve its potency. SarA down-stream gene transcription analysis shows that SarA negatively regulated protease was upregulated in ZINC00990144 treated group (Figure 4). It also supports ZINC00990144 as an SarAI.

In Orthopedics, vancomycin is one of the commonly used antibiotics in bone cement for infection treatment and prevention. However, antibiotics in cement are always explosively released and the concentration rapidly reduces over time. When the concentration of vancomycin drops under the MIC concentration, it promotes S. aureus biofilm formation (Hsu et al., 2011; Abdelhady et al., 2014), our results also verified this phenomenon (Figures 5A,B). It has been reported Staphylococcus biofilm could be divided into PIA-dependent and PIA-independent biofilm (proteinaceous biofilm) (Rohde et al., 2007). Previous studies have demonstrated that vancomycin promotes biofilm formation by inducing PIA production (Hsu et al., 2011; Abdelhady et al., 2014). Since ZINC00990144 prevent biofilm formation by upregulating protease and degrading protein, we speculated proteinaceous biofilm would be more susceptible to ZINC00990144 than PIA-dependent biofilm such as sub-MIC vancomycin induced biofilm. However, our study found that ZINC00990144 efficiently inhibited sub-MIC induced biofilm which demonstrated ZINC00990144 is also potent toward PIA-dependent biofilm (Figure 5A). Previously studies (Mootz et al., 2013; Moormeier et al., 2014) revealed that protein is essential for S. aureus biofilm integrity and adhesion/multiplication process. Taken these findings into consideration, the underlying mechanism could be explained by the hypothesis that protein is equally important in PIA-dependent and PIA-independent biofilm. According to our result, exogenous proteases efficiently inhibited sub-MIC vancomycin induced biofilm (Figure 5B). This result combined with previous reports demonstrated protein is an indispensable part both in PIA-dependent/independent biofilm. Strategies targeting proteins could be an effective way to limit biofilm formation.

In our study, ZINC00990144 presented anti-biofilm ability in a concentration-dependent mode and concentration at 11.5 μM is close to its maximum function (Figure 2A). Comparing with previous reported SarAIs, of which the effective concentration is 2.5 μM (Balamurugan et al., 2017), ZINC00990144 is still not an ideal inhibitor and needs optimization. Moreover, our results show that ZINC00990144 is highly effective toward different S. aureus strains including both MRSA and MSSA (Figure 2C), it is also functional on different materials such as titanium and UHMWPE (Figure 2B), which are widely used in arthroplasty, all of this together endows ZINC00990144 promising applications in a wide range of fields.

As for cytocompatibility, ZINC00990144 had a slight cytotoxicity effect when concentration reaches 23 μM (Figure 6A). However, it is still unclear whether the toxicity was from compound itself or the solvent (DMSO), because the corresponding DMSO control group (1%) also exhibits cytotoxicity. In this study, most of the experiment was carried out at concentration of 11.5 μM which has no cytotoxicity according to our result; hence, ZINC00990144 has good cytocompatibility at its effective concentration.

Despite the effective potency of the compound toward biofilm inhibition, our study had some limitations. First, the most suitable dose for treatment was around 11.5 μM; such a high concentration cannot be easily orally administered, therefore, we adopted local injection when conducting in vivo experiments. However, local injection cannot maintain the concentration at an effective level for a long duration because molecules are rapidly absorbed and metabolized by the body. Thus, selecting a drug delivery system for slow-release is necessary, such as nanoemulsions, lipid or polymeric nanoparticles, and liposomes (Shi et al., 2010). Second, the compound we identified cannot eliminate already existing mature biofilms, indicating its role in prophylaxis rather than therapy. Moreover, in consideration of its non-bactericidal effect, it should be regarded as an adjuvant compound for combinatorial usage. Besides, the in vivo experiment in our study only investigated early stage biofilm at a single time point and the implant infection model was soft tissue related instead of bone related. Thus, it may not truly reflect the disease process of PJI.

Although we found ZINC00990144 has an impact on SarA-associated phenotypes, it is not a direct demonstration that ZINC00990144 inhibits SarA function because many other S. aureus regulatory loci are known to impact these phenotypes. In order to directly investigate the function of SarA, several other assays could be adopted in the future. First, since SarA functions by binding to DNA regions, electrophoretic mobility shift assay (EMSA) is the most effective assay investigating SarA function. Second, a Luciferase reporter system governed by a known SarA binding promoter is also an alternative approach to reflect SarA activity. These methods are commonly adopted by researchers to evaluate the transcription factor activity.

In summary, here we identified a new SarA targeted anti-biofilm leading compound using virtual screening method and testified its potency in vivo using implant infection mice model. As an anti-biofilm compound without bactericidal effects, ZINC00990144 can be used in combination with other bactericidal antibiotics.
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Biofilms are highly tolerant to antibiotics and underlie the recalcitrance of many chronic infections. We demonstrate that mature Staphylococcus aureus biofilms can be substantially sensitized to the treatment by pulse dosing of an antibiotic – in this case, oxacillin. Pulse (periodic) dosing was compared to continuous application of antibiotic and was studied in a novel in vitro flow system which allowed for robust biofilm growth and tractable pharmacokinetics of dosing regimens. Our results highlight that a subpopulation of the biofilm survives antibiotic without becoming resistant, a population we refer to as persister bacteria. When oxacillin was continuously present the persister level did not decline, but, importantly, providing correctly timed periodic breaks decreased the surviving population. We found that the length of the periodic break impacted efficacy, and there was an optimal length that sensitized the biofilm to repeat treatment without allowing resistance expansion. Periodic dosing provides a potential simple solution to a complicated problem.
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INTRODUCTION

Biofilms, multicellular communities of bacteria, can be highly tolerant to antibiotics (Spoering and Lewis, 2001). Inside the biofilm, bacterial cells are closely packed together and surrounded by an extracellular matrix. The tolerance of biofilms to antibiotics is linked to many physiological factors. Low nutrient and oxygen availability, upregulation of innate resistance factors, cell-cell signaling, heterogeneity in population gene expression profiles, the extracellular matrix, stress responses, and cell dormancy have all been implicated (Mah et al., 2003; Walters et al., 2003; Rani et al., 2007; Mulcahy et al., 2008; Macia et al., 2011; Nguyen et al., 2011; Kirby et al., 2012; Koch et al., 2014; Van Acker et al., 2014; Stewart, 2015; Ciofu et al., 2017; Hall and Mah, 2017; Stewart et al., 2019). Moreover, the extracellular matrix protects bacteria in biofilms from clearance by the immune system (Otto, 2018; Yan and Bassler, 2019). Biofilm-based infections are a major health burden, leading to treatment failure and chronic relapsing infections (Lewis, 2008, 2019). This is exemplified by the endless rounds of treatment and substantial morbidity and mortality associated with Pseudomonas aeruginosa biofilms in cystic fibrosis (Costerton et al., 1999) and staphylococcal biofilms on prosthetic joint and device-related infections (Otto, 2018).

Biofilms, even of the same bacterial species, can differ widely in structure and matrix composition depending on environmental conditions. In vitro under lab conditions, broth nutrient components and biofilm age strongly impact antibiotic tolerance, with increasing tolerance as the biofilm matures (Anwar et al., 1992; Haagensen et al., 2015). Experiments with P. aeruginosa and S. aureus have shown that in mature biofilms, oxygen concentration rapidly decreases from the surface of the biofilm to the deeper layers of cells (Xu et al., 1998; Walters et al., 2003; Rani et al., 2007). This correlates with the metabolic activity of cells, with high transcription rates restricted to exposed surface layers, and with the remainder of the biofilm being slow growing or even dormant. These regions of metabolic activity in the biofilm also correspond to the regions of efficacy of antibiotics (Walters et al., 2003; Haagensen et al., 2015; Stewart, 2015). Slow growth and dormancy lead to tolerance with multiple classes of antibiotics as most require active cell processes to corrupt for efficacy (Lewis, 2008; Conlon et al., 2016; Shan et al., 2017). Growth in biofilms enriches for such antibiotic tolerant cells, termed persisters (Roberts and Stewart, 2005; Lewis, 2010; Conlon et al., 2015; Waters et al., 2016). This tolerance due to low metabolic state is distinct from resistance, as at the population level there is no shift in the minimal inhibitory concentration (MIC) of antibiotics. Instead, these cells have the ability to survive a prolonged presence of antibiotic and resume growth following treatment (Balaban et al., 2019).

We and others have reasoned that as persister cells resuscitate post-treatment to generate antibiotic susceptible cells, intermittent or pulse dosing is a viable strategy for reducing the persister burden (Bigger, 1944; Cogan, 2006; Lewis, 2008; Sharma et al., 2015; Carvalho et al., 2018). Within a biofilm, there will be two populations of cells – susceptible and tolerant to the antibiotic. Applying antibiotic will kill the susceptible cells, while the tolerant population remains. Removing the antibiotic in the presence of nutrients will allow a portion of the dormant tolerant cells to resuscitate and transition to be susceptible. Therefore, if antibiotic is reapplied before new persister formation, the new susceptible portion can be removed, and the process can be repeated until all the tolerant population have been resuscitated and killed. Periodic dosing against planktonic batch cultures have found varying effects on persister levels (Bigger, 1944; Sharma et al., 2015; Cogan et al., 2016; Feng et al., 2016), and periodic application of biocides against environmental biofilms has demonstrated the importance of timing for efficacy (Grant and Bott, 2005). Several groups have modeled in silico the effects of varying the period of antibiotic dosing against biofilms (Cogan et al., 2013; Imran and Smith, 2014; Zhao et al., 2016; Carvalho et al., 2018), but to our knowledge, in vitro experimental studies systematically testing this approach have been lacking. Using S. aureus biofilms, we examined this experimentally with oxacillin and found that indeed providing a periodic break from antibiotic was able to dramatically improve efficacy of treatment.



MATERIALS AND METHODS


Reagents and Cell Lines

Staphylococcus aureus HG003 containing a chromosomal lux operon (luxABCDE modified from Photorhabdus luminescens) and a chloramphenicol resistance marker (moved by phage transduction from Newman-lux strain; Plaut et al., 2013) was used for all experiments. The lux strain had the same growth rate as parent (Supplementary Figure S1A), and was used with the intention of luminescence being a read out for biofilm metabolic activity (Supplementary Figure S1B), but the noise from the change in environmental conditions (e.g., temperature and oxygen) on luminescence quantification in the biofilm was unfortunately greater than the experimental signal. Single colonies were streaked on to brain heart infusion (BHI; BD BBL) agar plates from glycerol stocks, and were put into overnight culture in BHI broth (shaking 200 rpm, 37°C), before being diluted and used for experiments. Antibiotic stock solutions were stored at −20°C: oxacillin (TCI), vancomycin (Sigma), and gentamicin (Acros Organics) in water; rifampicin (Sigma) in DMSO. Oxacillin MIC was 0.125 μg/ml.



Biofilm Flow System

Input bottles, silicone tubing (Tygon 3/32" ID × 5/32" OD, Masterflex 3/16" ID × 5/16" OD, and Ismatec Tygon S3 0.89 mm ID, Cole Parmer), glass segments (7 cm long, Borosilicate 4 mm ID × 6 mm OD, Amazon), and waste bottles were autoclaved for sterilization. Tubing segments were connected via polypropylene Luer connectors or barbed fittings (Cole Parmer). Sterile 14G polyurethane I.V. catheters (SurFlash Terumo) were cut into 1 cm segments (approximate outer and inner surface area combined 120 mm2), transferred to a microcentrifuge tube, and submerged in FBS (ATCC) overnight at 37°C, to promote bacterial adherence. Individual segments were then transferred to 1 ml of OD600 0.01 S. aureus suspension in BHI + 1% glucose broth in microcentrifuge tubes, and were incubated for 24 h at 37°C. The medium was supplemented with glucose to stimulate biofilm formation and to rapidly achieve mature and tolerant biofilms (Mack et al., 1992). Catheters were transferred to fresh BHI + 1% glucose for 24 h, and then placed in triplicate inside sterile glass segments. The glass segments were connected inline to the flow system via tight sealing silicone tubing (ID 3/16") and Luer connectors. The tubing portion containing the glass segments (hosting the catheters) were set inside a 37°C incubator. The tubing lines and glass segments were filled with BHI + 1% glucose from input bottles via peristaltic pumps, and the flow rate was set to 0.1 ml/min. This regimen was maintained for 16–21 h, and then, antibiotic treatment was initiated by the addition of antibiotic to input bottles. To achieve periodic regimens, input bottles were either changed to antibiotic free BHI + 1% glucose for set intervals of time, or antibiotic was steadily diluted out of input bottles by the addition of fresh broth at the same rate as liquid removal (0.1 ml/min). Syringe pumps (New Era) controlled by programmable electronic timers (Cole Parmer) were used to regularly inject antibiotic into input bottles to achieve dosing schedules. At the end of an experiment, glass segments were disconnected from tubing, catheters removed, and rinsed in saline (0.9% NaCl). Catheters were then sonicated in 1 ml of saline for 5 min, followed by 30 s of vigorous vortexing, and this was repeated three times to disrupt biofilms. The resulting suspension was serially diluted by 10x dilutions and plated on BHI agar plates (in duplicate), then incubated at 37°C, to enumerate colony forming units (CFUs). CFU plating was performed on BHI alone or BHI containing antibiotic to establish resistance expansion. Plates were examined for CFU 24 and 72 h after plating.



Scanning Electron Microscopy

Catheters were removed from the flow system and were rinsed in 1 ml saline. Catheters were left intact or split using a razor, and were moved to a solution of 2.5% glutaraldehyde in 0.1 M sodium cacodylate containing 0.15% alcian blue and 0.15% safranin O for 24 h at 4°C for fixing and staining. Catheters were washed in 0.1 M sodium cacodylate for 10 min, infiltrated with 1% osmium tetroxide for 30 min, and then washed three times in 0.1 M sodium cacodylate. Biofilms were dehydrated by sequential submersion in 30, 50, 70, 85, and 95%, and then 100% ethanol for 5–10 min at each level. Submersion in absolute ethanol was repeated three times, and then the catheters were placed in a SAMDRI-PVT-3D (Tousimis) for critical point drying using liquid CO2. Catheters were mounted on aluminum sample mounts using double-sided conductive carbon adhesive tape and sputter coated with 5 nm of platinum (Cressington 208HR). They were imaged on a Hitachi S-4800 SEM at 3.0 kV.



Phamacokinetic Confirmation

Samples were taken at intervals from the input bottles, or from the tubing line just prior to glass segments, to check oxacillin concentration. Oxacillin concentration was measured using a bioassay – samples were serially diluted in 96-well plates in BHI and incubated with S. aureus OD600 0.001 at 37°C overnight (static), and compared to a standard curve run in parallel with known oxacillin levels. Turbidity was examined by eye and OD600 measurement (Biotek Synergy H1), and oxacillin concentration for samples was calculated by multiplying 0.5xMIC concentration (from the standard curve) by the dilution factor of samples that allowed growth to occur. The assay was run on 7 separate days with a total of 15 standard curves. Across days the standard curves displayed a mean MIC of 0.14 μg/ml, SD 0.04 μg/ml, n = 7, and a within day mean SD of 0.01 μg/ml (two standard curves differed in their MIC by 2-fold on 1 day, all other standard curves run on the same day shared the same MIC).




RESULTS


Catheter Biofilm Flow System

To robustly compare the effect of different antibiotic dosing regimens on biofilms, we desired a system with constant liquid flow, so that nutrients could be continually provided and antibiotics adjusted without physical disruption to the biofilm. We began by using the CDC bioreactor (Goeres et al., 2005), but the large volume of medium required for experiments led us to design a smaller system for higher throughput. Catheter segments, 1 cm long, were chosen as the vehicle for the biofilms, providing a reproducible surface area and medically relevant substrate (Kadurugamuwa et al., 2003). The segments were coated with FBS, then inoculated with methicillin-sensitive S. aureus (HG003-lux, Supplementary Figure S1) in microcentrifuge tubes, and biofilms were allowed to mature for 48 h in rich medium (BHI + 1% glucose). The biofilm-carrying catheters were then placed in triplicate inside glass tubing, and were subjected to a constant flow of medium (Figures 1A,B). All biofilms first received nutrients for 16–21 h (BHI + 1% glucose, 37°C) to allow adjustment to flow conditions and for final maturation, then antibiotic regimens were applied (Day 0). The catheter segments developed robust biofilms, which could be seen by eye (Figure 1C; Supplementary Figure S1B). Scanning electron microscopy revealed dense packing of S. aureus into thick mats, covered with a fibrous matrix, on both the inside and outside of the catheters (Figure 1D; Supplementary Figure S2).
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FIGURE 1. A tractable constant flow system for Staphylococcus aureus biofilms. (A) Schematic of the flow system. Antibiotic regimens are created in a central bottle via injection syringe pumps and dilution with fresh medium [brain heart infusion (BHI) supplemented with 1% glucose], and pumped continuously through a piece of glass tubing containing three 1 cm catheter segments hosting S. aureus biofilms, then to a waste container. (B) Photograph of one experiment set-up with bottles, tubing, peristaltic pump, glass tubing, and waste bottles. The glass tubing sections hosting the biofilms on catheters are placed inside a 37°C incubator. (C) Close up of the glass tubes from (B) show thick white S. aureus biofilms. Black dotted lines outline catheter segments. (D) Catheters were removed from the flow system (Day 0, after 16–21 h of BHI + 1% glucose flow), halved longitudinally, and imaged by scanning electron microscopy. A dense mat of S. aureus biofilm can be seen inside the catheter.


To enumerate bacterial density of biofilms, catheters were removed from the glass tubing, rinsed, sonicated, and vortexed in saline, and then the saline suspension was plated for CFU. At Day 0, the biofilms averaged 3.5 × 108 CFU/catheter, and without antibiotic treatment maintained a similar burden over 7 days of providing continuous medium (Figure 2A). The S. aureus biofilms grown in this system were highly tolerant to multiple classes of antibiotics. Treatment began on Day 0 with addition of antibiotics to the medium and was provided in a continuous flow past the biofilms. Scanning electron microscopy of biofilms treated for 24 h with oxacillin at 12.5 μg ml−1, 100x the planktonic MIC, showed no obvious changes compared to untreated controls (Figure 2B). Even with 7 days of continuous treatment with 12.5 μg ml−1 (100xMIC) of oxacillin, there was a maximum of 1.5 log of CFU reduction (Figure 2C). Likewise, the biofilm was stable for multiple days under continuous flow of 100x the planktonic MIC of gentamicin (50 μg ml−1), and vancomycin (100 μg ml−1; Figure 2C). The biofilm also withstood 100xMIC of rifampicin (2 μg ml−1; Figure 2C) but, in this case, the treatment led to the selection for resistance and by Day 5, the biofilm was composed entirely of rifampicin resistant cells. However, for gentamicin, vancomycin, and oxacillin, the treatment did not lead to a substantial increase in resistance compared to untreated biofilms (Supplementary Figure S3).
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FIGURE 2. Mature S. aureus biofilms on catheters are highly tolerant to antibiotics. (A) Catheters carrying 5 × 107 colony forming unit (CFU) of S. aureus are placed into the flow system on Day-1, and then fed continuously with BHI + 1% glucose. The CFU per catheter rises to 5 × 108 and stays steady over 1 week of medium flow. Symbols are means of multiple experiments on different days, 2 ≤ n ≤ 17, error bars are SD. (B) SEM on Day 1 of untreated biofilms, or biofilms treated for 24 h with 12.5 μg/ml oxacillin [100x minimal inhibitory concentration (MIC), planktonic]. White bar, 5 μm. (C) Treatment beginning on Day 0 with 2 μg/ml of rifampicin, 50 μg/ml of gentamicin, 100 μg/ml of vancomycin, or 12.5 μg/ml oxacillin (100x the planktonic MICs) and continued for multiple days is ineffective at clearing S. aureus biofilms. Data are obtained from representative experiments, and are separated by dotted vertical lines. Symbols represent one catheter, and lines are mean and SD.




Providing Breaks From Oxacillin Can Sensitize Biofilms to Treatment

For methicillin sensitive S. aureus, oxacillin is frequently used in the clinic, and so we chose to focus on oxacillin for studying periodic dosing. We began by providing a regular break from oxacillin each day. S. aureus biofilms on catheters were treated for 6 days with either continuous oxacillin (1.25 μg ml−1, 10xMIC), or with a 2–5 h break each day by changing the source bottle to antibiotic free broth for the specified interval (Figure 3). Untreated control biofilms had on average 3 × 108 CFU/catheter at the end of 6 days (Figure 3). Continuous oxacillin treatment for 6 days was only able to reduce the biofilms on average 1 log to 5 × 107 CFU/catheter (the 0 h break/day point in Figure 3). A 2 h break each day from the oxacillin made no significant difference to biofilm burdens. Encouragingly, providing a 3 h break each day decreased biofilm survival, with 2–3 logs of the biofilm cleared by the end of the experiment. There was a greater variability in response to breaks of 4 or 5 h; on some experimental rounds, biofilms withstood the treatment, and in others, biofilms were decreased.

[image: Figure 3]

FIGURE 3. Treatment breaks from constant oxacillin can sensitize biofilms. Biofilms were treated with constant oxacillin at 1.25 μg/ml (10x MIC) for 6 days, with a 0–5 h treatment break each day and plated for CFU. Symbols represent mean of three catheters from one experiment. Lines are means and SD of symbols (repeat experiments). Group means (of the log transformed data) were compared with an ordinary one-way ANOVA, followed by multiple-comparison of all means using Tukey’s test (Prism 8.4.2). The ANOVA found a significant difference between means, p = 0.019, and oxacillin treated biofilms with a 3 or 4 h break each day were assessed as different than the control mean with adjusted p values of 0.018 and 0.035, respectively. All other comparisons did not reach significance.




Modeling in vivo Half-Lives to Provide a Periodic Break

Typically, antibiotics are given orally or by injection, and the bacteria are exposed to an antibiotic pharmacokinetic (PK) profile that has a peak and then decays over time. To begin to examine the effect of periodic dosing on biofilms using dynamic PK profiles and to enable further translational studies, we simulated oxacillin regimens based on in vivo mouse pharmacokinetics. Oxacillin was dosed into the central bottle that feeds the catheters by syringe pump, and then constantly diluted by the addition of fresh medium (Figure 1A) to achieve a half-life of 1.3 h (Jo et al., 2011). To provide a 3–4 h break below the planktonic MIC of oxacillin, 0.125 μg ml−1, every dosing period, a regimen was modeled with a peak of 12.5 μg ml−1 (100xMIC) given every 12 h, and compared to continuous treatment with 12.5 μg ml−1 (100xMIC) oxacillin (Figure 4A, PK sample check Supplementary Figure S4). Encouragingly, in four out of five experiments over 7 days, dramatically improved efficacy was seen in the periodic treatment compared to constant oxacillin, with the periodic regimen clearing 3–5 log more than continuous antibiotic (Figure 4B). In two experiments, the periodic regimen cleared the biofilm almost to the limit of detection (Figure 4B). When this was expanded with further experiments, including endpoints at 3 and 5 days, it appeared that continuous oxacillin (12.5 μg ml−1, 100xMIC) cleared 1.5 log of the biofilm between 3 and 5 days of treatment, with an average remaining persister burden of 5% (107 CFU remaining) at 7 days (Figure 4C). In comparison, the periodic regimen caused continuous decline leading to a greater reduction in biofilm burden by Day 7 (Figure 4C). The response was variable, suggesting variation in the slope of biofilm decline between experiments, but the average decline was log-linear and achieved 4 log reduction over 7 days (Figure 4C).
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FIGURE 4. Periodic oxacillin with half-life is more effective than constant regimen. To achieve a 3–4 h periodic break below the MIC, oxacillin was given as a peak of 12.5 μg/ml (100xMIC) with a t1/2 of 1.3 h (the half-life in mice) every 12 h, and compared to constant 12.5 μg/ml oxacillin. (A) Modeled pharmacokinetics. (B) Day 7 results from five matched experiments, symbols represent the mean of triplicate catheters, and lines connect the results of treatment groups from one experiment. (C) Efficacy of regimens on biofilm CFU over time. Symbols are means of repeat experiments, 3 ≤ n ≤ 14, lines SD. Day 7 results (log transformed CFU) for constant and periodic oxacillin were compared with an unpaired t-test, p = 0.023, with Welch’s correction for unequal variance (Prism 8.4.2).




Break Length Has a U-Shaped Response Curve

The length of the effective break from oxacillin was modulated by decreasing and increasing the peak concentration of each dose, and by decreasing and increasing the interval of doses, while comparing these regimens to constant oxacillin (Figure 5, PK sample check Supplementary Figure S4). These experiments highlighted the impressive tolerance of mature biofilms – 107 CFU/catheter (5% of untreated biofilms) remained after constant oxacillin at 6.25, 12.5, 25, or 62.5 μg ml−1 (50x, 100x, 200x, or 500xMIC, respectively) for 7 days (Figure 5A). Periodic dosing was able to decrease the final biofilm burden, but had a steep U-shaped dose response curve. The optimal periodic regimen was the originally tested peak of 12.5 μg ml−1 (100xMIC) of oxacillin given every 12 h, decreasing the biofilm down to 104 CFU/catheter on average (0.006% of the untreated biofilm) after 7 days (Figures 5B,C). Decreasing or increasing the peak concentration by 2-fold was less effective, leaving 106 CFU/catheter (0.2% of the untreated biofilm) remaining (Figure 5B). Shifting the dosing frequency 2 h likewise gave a U-shaped dose response curve (Figure 5C). These results correlate with the time oxacillin was below MIC (0.125 μg ml−1) in the modeled regimens (Time < MIC), with the best efficacy achieved with a break from oxacillin of 3–4 h below the MIC (Figure 5D). To assess selection for oxacillin resistance, at the end of every experiment, biofilm suspensions were also plated on plates containing 10xMIC oxacillin. Encouragingly, resistance expansion did not occur in the optimal regimen, and remained below the level of detection (Figure 5E). The regimens providing the longest break, 5–6 h below the planktonic MIC, arising from a peak of 6.25 μg ml−1 (50xMIC) oxacillin given every 12 h or 12.5 μg ml−1 (100xMIC) given every 14 h, allowed a resistant subpopulation to expand and reach levels of 105 CFU/catheter over 7 days (Figure 5E). Under our conditions of rich medium and very mature biofilms, the optimal break is 3–4 h below the planktonic MIC of the antibiotic to allow reversal of biofilm tolerance but prevent resistance expansion.
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FIGURE 5. Length of periodic break gives U-shaped dose response curve. Oxacillin was given as constant regimens of 6.25, 12.5, 25, or 62.5 μg/ml (50, 100, 200, or 500x MIC; A) or as periodic regimens with a t1/2 of 1.3 h, and given every (q) 10, 12, or 14 h (B,C) for 7 days. Programmed oxacillin regimens are depicted on the left. Biofilm suspensions were plated on BHI to determine total CFU/catheter after 7 days (right). Untreated controls, 12.5 μg/ml (100xMIC) constant, or 12.5 μg/ml (100x MIC) q12 h are the same data (A–C) visually repeated for purposes of comparison. (D) CFU results for each periodic regimen, and 12.5 μg/ml (100xMIC) constant for comparison, are displayed with the time oxacillin was below the planktonic MIC 0.125 μg/ml (Time < MIC) in the programmed conditions. (E) Biofilm suspensions were plated on agar containing 10xMIC oxacillin to determine resistant CFU, and only those periodic regimens with the greatest Time < MIC allowed resistance expansion above the limit of detection (LOD). Symbols represent mean of three catheters from one experiment. Lines are mean and SD of symbols (repeat experiments). LOD, limit of detection.





DISCUSSION

Biofilms are a critical problem in health care, leading to chronic recurring infections despite lengthy treatment with antibiotics. Our in vitro flow system allowed us to grow mature S. aureus biofilms and expose them to a constant flow of nutrients and to various antibiotic dosing regimens (Figure 1). The system is simple and tractable, and minimizes medium use compared to other macroscopic biofilm flow systems available, although experiments remain time-consuming given the impressive antibiotic tolerance of mature biofilms. For motile bacteria, the system could be adjusted with an air break, or equivalent measure, to prevent movement of the bacteria against the direction of flow. A limitation of the system is the use of catheters that likely restrict the flow of liquid through the lumen, and alternative flat substrates could be explored. Despite the complexity of the nature of biofilm tolerance to antibiotics, we found that simply providing a periodic and correctly timed break from an antibiotic (oxacillin) can sensitize a S. aureus biofilm to treatment (Figure 4). Although inclination to improve antibiotic efficacy is often to treat with a larger dose of drug for longer, we demonstrate that periodic absence of antibiotic, or the time below a critical threshold (e.g., MIC), can be important for efficacy of regimens against biofilms.

Our study leads to several conclusions. First, it is consistent with previous research and clinical experience and shows that a mature biofilm remains tolerant to antibiotic treatment over multiple days, even while provided with a continuous supply of nutrients (Figure 2C; Parra-Ruiz et al., 2012; Barber et al., 2015). This occurred without selection for resistance in the case of gentamicin, vancomycin, and oxacillin (Figure 2C; Supplementary Figure S3). For simplicity, we refer to this tolerant subpopulation as persisters, despite likely complexity in the mechanisms of tolerance, as these cells withstood antibiotic in the biofilm but when removed from the biofilm were able to regrow in the absence of antibiotic. The levels of persisters in our study were comparable to persister/tolerant subpopulation levels observed in previous studies of mature staphylococcal biofilms and cell-wall inhibiting antibiotics (Anwar et al., 1992; Parra-Ruiz et al., 2012; Barber et al., 2015; Butini et al., 2019). For constant oxacillin, under rich medium conditions, the persister level in our study was remarkably stable across five dose levels from 1.25 to 62.5 μg ml−1 (10xMIC–500xMIC) and averaged 5 ± 2% of the total (mean and SD; Figures 3–5).

Second, providing a periodic break from oxacillin for short periods could reverse biofilm tolerance and lead to sensitization to repeated applications of oxacillin (Figures 3–5). Presumably, a subset of the persisters exit dormancy and resuscitate when the antibiotic is not present. Conversely, this suggests that maintaining the presence of antibiotic prolongs dormancy. This may be cellular stress response related, or the direct action of the antibiotic, inhibiting the function of key cellular machinery, which, in the case of oxacillin, is the inhibition of penicillin binding proteins preventing the formation of peptidoglycan.

Third, the extent of sensitization and the rate of removal to a given periodic regimen had considerable variation (Figures 3–5), likely reflecting a heterogeneity in biofilm maturity and response between different experiments even when conditions were replicated. This variation may also have come from the outer and inner surfaces of the catheter experiencing different flow rates.

Finally, under our rich medium conditions, the effective break window from oxacillin was narrow and adjusting the period of oxacillin dosing by 2 h in either directions substantially decreased efficacy. We speculate that too short a break does not allow for adequate persister resuscitation, whereas too long a break allows for population expansion (including resistant cells) and perhaps produces new persisters. This narrow window under our rich medium conditions may also explain the high variability in response to periodic dosing. With the caveat that concentrations in the microenvironment of the biofilm may have been different than in the bulk flow system broth, our models suggest the effective break from oxacillin required 3–4 h of the antibiotic below the planktonic MIC (Figures 3–5). Further research is needed to explore optimal dosing regimens for other antibiotics and for biofilms grown under different medium conditions or in vivo.

These are among the first experimental results, that we are aware of, which demonstrate that providing the optimal break from antibiotics can indeed sensitize biofilms to treatment. The observed U-shaped response curve around the break from antibiotic agrees with theoretical modeling studies on biofilm removal by intermittent application (Cogan et al., 2013, 2016; Zhao et al., 2016; Acar and Cogan, 2019). The optimal length of break likely depends on the time to resuscitation of dormant cells (Carvalho et al., 2018; Butini et al., 2019), which will be a function of both unique effects of the antibiotic used (pharmacodynamics) and the nutrient availability across the biofilm. This concept is similar to that of the post-antibiotic effect (PAE), but is subtly different, as it is the time to resuscitation not to regrowth. We have correlated this with the PK-PD variable of Time below MIC, Time < MIC, not to be confused with the PK-PD parameters of beta-lactams required for growth inhibition or bactericidal activity, which are usually Time > MIC. The planktonic MIC may not be the threshold concentration at which persisters resuscitate in the biofilm, but is used for simplicity as a concentration at which to quantify the antibiotic “break.” We found that under rich medium conditions, a relatively short break from oxacillin was optimal (3–4 h below the planktonic MIC in the broth treating the biofilms). If the break was extended, a population resistant to oxacillin began to expand. This resistant subpopulation may have been able to expand in sub-MIC antibiotic concentrations, and then survive repeated applications of antibiotic by virtue of slow-growth rate or being present in pockets of the biofilm experiencing low concentrations of oxacillin (Lee et al., 2018). Encouragingly, resistant cells did not expand in the optimally sensitizing regimen of oxacillin (Figure 5), suggesting a therapeutic window for biofilm efficacy with periodic break dosing.

Biofilms, and more generally persisters, are notoriously difficult to treat. Treatment strategies shown to activate dormant cells through providing alternative metabolites (Borriello et al., 2006; Meylan et al., 2018; Li et al., 2019), or targeting signaling pathways (Marques et al., 2014; Koo et al., 2017), are promising, as are approaches that use antibiotics that kill dormant cells (Defraine et al., 2018), such as ADEP4, with an ATP independent mechanism to kill dormant S. aureus (Conlon et al., 2013), or colistin to kill dormant P. aeruginosa (Pamp et al., 2008). Our result of achieving efficacy against biofilms with a single antibiotic by providing periodic breaks is encouraging in its simplicity. More sobering was the narrow window of effective break, and the variability in sensitization, that we observed against S. aureus biofilms with oxacillin. This narrow effective window may also explain why intermittent dosing is not necessarily more effective than continuous infusion in animal models of endocarditis (Robaux et al., 2001; Jacqueline et al., 2002). With individual variation in antibiotic PK, a correctly timed periodic break would be challenging to achieve clinically with oral or parental oxacillin treatment. However, potential applications may exist for wound treatment with topical antibiotics or for antimicrobial lock therapy for catheters, where tight control of antibiotic levels is maintained. Increasing the frequency of applied breaks may also improve efficacy, and deserves future exploration. Our experiments were conducted under rich medium conditions with very mature and dense biofilms, and further research is needed to study the effective break period and frequency under alternative conditions. It is intriguing to consider the possibility of removing the antibiotic, supplying a short interval of nutrients to activate the biofilm, and then reapplying antibiotic, achieving greater control over the time to resuscitation of persisters (Acar and Cogan, 2019). Several strategies to increase the range of the break window also suggest themselves, such as sequential treatment with different antibiotics (Butini et al., 2019), or searching for antibiotic pairs that exhibit cellular hysteresis (Roemhild et al., 2018) in regard to persister resuscitation and sensitivity, or exploiting collateral sensitivity to maximize clearance of resistant cells with the second antibiotic (Baym et al., 2016). We expect that the use of compounds such as teixobactin, for which there is no detectable resistance (Ling et al., 2015), will allow for more relaxed regimens with a broader window between antibiotic applications.

Using a clinically approved antibiotic, we were able to achieve efficacy against mature S. aureus biofilms by providing short and repeated breaks where the antibiotic was below a critical threshold. Targeting the dormant portion of a biofilm can be achieved by correct timing of dosing, relying on resuscitation during drops in the antibiotic. Biofilms are indeed difficult to treat; their dormancy is their shield, but knowing this allows us to exploit and undermine it.
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Objectives: In adult ventricular assist device (VAD) programs in Australian hospitals, Medihoney Antibacterial Wound Gel (MAWG) is routinely used at the skin exit-site of VAD drivelines to prevent infections; however, its effectiveness remains unclear. Our aim was to assess antimicrobial activity of Medihoney wound gel, using in vitro models that mimic clinical biofilms grown at the driveline exit-site.

Methods: Antimicrobial susceptibility testing of MAWG was performed for 24 clinical isolates grown under planktonic conditions, and four representative strains grown as biofilms. Different antimicrobial mechanisms of MAWG were assessed respectively for their relative contribution to its anti-biofilm activity. A colony biofilm assay and a drip-flow biofilm reactor assay mimicking the driveline exit-site environment were used to evaluate the activity of MAWG against biofilm growth at the driveline exit-site.

Results: MAWG demonstrated species-specific activity against planktonic cultures [minimum inhibitory concentrations (MICs), 5–20% weight/volume (W/V) for Staphylococcus species, 20–>40% (W/V) for Pseudomonas aeruginosa and Candida species]. Higher concentrations [MICs, 30–>80% (W/V)] were able to inhibit biofilm growth, but failed to eradicate pre-established biofilms. The anti-biofilm properties of MAWG were multi-faceted, with the often-advertised “active” ingredient methylglyoxal (MGO) playing a less important role. The colony biofilm assay and the drip-flow biofilm reactor assay suggested that MAWG was unable to kill biofilms pre-established in a driveline exit-site environment, or effectively prevent planktonic cells from forming adherent monolayers and further developing mature biofilms.

Conclusion: Our work suggests a suboptimal effectiveness of MAWG in preventing driveline infections due to biofilm development.

Keywords: Medihoney Antibacterial Wound Gel, anti-biofilm, methylglyoxal, ventricular assistant device, driveline infections


INTRODUCTION

Medical-grade honeys have been used for the treatment of infection in chronic wounds and persistent diabetic ulcers (Soffer, 1976; Dunwoody and Acton, 2008). They have also been used for prophylactic indications such as prevention of peritoneal dialysis catheter exit-site infection (Forbes et al., 2016). Documented merits of honey as an antimicrobial agent include effectiveness against both planktonic cultures and biofilms (Lu et al., 2019), activity against multi-drug resistant microorganisms (Tirado et al., 2014), broad-spectrum antimicrobial activities (Israili, 2014), strain- and antibiotic-specific synergy with conventional antibiotics (Liu et al., 2017; Hayes et al., 2018), and a reported low risk of developing antimicrobial resistance (Lu et al., 2014). Antimicrobial and anti-biofilm effects of medical-grade honey have been attributed to various factors working either singularly or synergistically, including the production of hydrogen peroxide, the presence of specific antimicrobial agents, such as flavonoids, bee peptides and phenolic compounds [methylglyoxal (MGO)], special physiochemical properties including a low pH and exertion of high osmotic pressure, and its impact on the infection environment, such as desiccation of the wound (Osato et al., 1999; Israili, 2014; Cokcetin et al., 2016; Sowa et al., 2017).

Medihoney Antibacterial Wound Gel (MAWG, Comvita Ltd.) has been advertised by the manufacturer to be effective for all minor wounds including burns, cuts, grazes, and ulcers. Several in vitro studies have found that its main component, Manuka-type honey, is highly effective against bacterial biofilms (Cooper et al., 2014; Lu et al., 2014, 2019). As a consequence, MAWG has been used in all four Australian hospitals that perform adult ventricular assist device (VAD) implantation to prevent driveline infections by application at the driveline exit-site. Large randomized controlled trials, however, report only marginal effects of MAWG in preventing device-related infection in patients with percutaneous medical devices when compared with standard care with or without additional prophylaxis (Johnson et al., 2014; Zhang et al., 2015). The discrepancy between the in vitro efficacy of Manuka-type honey and in vivo efficacy of MAWG against biofilms may be partially due to the use of over-simplified microplate-based biofilm assays by many other in vitro studies (Cooper et al., 2014; Hammond et al., 2014; Lu et al., 2019). Microplate-based biofilm assays often neglect the impact of the clinical environment and might not adequately reflect infections at the unique skin exit-site of percutaneous medical devices (Buhmann et al., 2016).

The purpose of this study was to assess the antimicrobial efficacy of MAWG against biofilms causing VAD driveline infections, using in vitro assays that closely mimic driveline exit-site environments. The results of the study might determine if there is sufficient experimental support for the clinical use of MAWG to prevent driveline infections.



MATERIALS AND METHODS


Medihoney Antibacterial Wound Gel, Other Media, and Drivelines

Medihoney Antibacterial Wound Gel™ (simplified as MAWG for this study, Comvita Australia Pty Ltd.) was used for this study. This licensed commercial product is specifically formulated combining 80% Medihoney™ Antibacterial Honey derived from the Leptospermum scoparium plant in New Zealand and 20% natural waxes and oils. MAWG solution was prepared by dissolving the gel into a standard microbial growth medium such as Muller-Hinton broth (MHB; Oxoid, Hampshire, UK) or Roswell Park Memorial Institute 1640 medium (RPMI 1640; Oxoid, Hampshire, UK) to reach concentrations of 0–80% [weight/volume (w/v); increments of 10%, equivalent to Medihoney™ Antibacterial Honey of 0–64% with increments of 8%]. To assess the contribution of different antimicrobial mechanisms of MAWG to its anti-biofilm properties, other media preparations were used. Mixed sugar solution comprising 45% glucose (w/v), 48% fructose, and 1% sucrose was prepared as described by others (Liu et al., 2014). This mixed sugar solution has the same osmolarity as pure Manuka honey and was diluted to match that of MAWG (containing 80% Medihoney Antibacterial Honey). MGO solution (40% in H2O) was purchased from Sigma Australia and was further diluted into the growth medium to a concentration the same as that found in MAWG (MGO: 620 mg/kg = 776 mg/kg × 80%; Liu et al., 2014; Lu et al., 2014). Microbiological growth media of different pH (pH = 7.0, 6.0, 5.0, and 4.0) were prepared by adding 5 M hydrogen chloride or sodium hydroxide. HeartMate III drivelines were provided by Abbott Medical, United States and were used for driveline biofilm experiments. Driveline silicone tubes (smooth section) were cut, and then transected into pieces of ~3 × 5 mm2. Prior to use in each experiment, the cut-out driveline sections were sterilized with ethylene oxide (Steritech, VIC, Australia).



Microbial Strains

Twenty clinical isolates and four reference strains from three microbial genera frequently causing VAD driveline and other medical device related infections were selected for this study, including coagulase-negative staphylococci, Staphylococcus aureus, Pseudomonas aeruginosa, and Candida spp. (Table 1; Qu et al., 2010a, 2016, 2020; Wu et al., 2019). The clinical reference strains included Staphylococcus epidermidis RP62A (ATCC35984), S. aureus ATCC25923, P. aeruginosa PAO1, and Candida albicans SC5314. These reference strains were used to study the anti-biofilm efficacy of MAWG as they are well-known biofilm producers, they were representative of the clinical isolates in their sensitivity to MAWG under planktonic conditions, and they have been widely used in other in vitro studies, and parallel comparisons were possible.



TABLE 1. Antimicrobial activity of Medihoney Antibacterial Wound Gel (MAWG) against clinical isolates grown as planktonic cultures.1
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Antimicrobial Activity of MAWG Against Planktonic Cells

Antimicrobial activity of MAWG against all 24 clinical and reference strains were evaluated by determining the minimum inhibitory concentrations (MICs) and minimum bactericidal or fungicidal concentrations (MBCs/MFCs), following Clinical and Laboratory Standards Institute (CLSI) guidelines with modification (Clinical and Laboratory Standards Institute, 2012, 2017). Viable counts were performed before and after overnight incubation, replacing turbidity-based growth assessment because of the cloudiness of MAWG solutions after incubation. Four concentrations of MAWG solutions (5, 10, 20, and 40%) were tested. MICs refer to the lowest concentration of MAWG at which no increase in microbial density was observed. The minimum concentrations of MAWG that reduced bacterial numbers by at least 3 log (99.9%) or fungal density by at least 1 log (90%) were defined as MBCs and MFCs. Three biological repeats in triplicates were carried out to determine the MIC, MBC, and MFC.



Antimicrobial Activity of MAWG and Its Key Components Against Biofilms

Although microplate-based biofilm assays are not the best in vitro model to study driveline infections, they are ideal for quantitative examination of concentration-dependent effect of antimicrobials on inhibiting or killing biofilms. Single biofilms of S. aureus ATCC 25923, S. epidermidis RP62A, P. aeruginosa PAO1, and C. albicans SC5314 were set-up in 96-well microplates as previously described (Qu et al., 2016). Two hundred microliters of freshly prepared solutions, including that of MAWG, mixed sugar solution, and MGO in MHB or RPMI-1640 at increment concentrations were added into each microwell and treatments lasted for 24 h. Two anti-biofilm activity endpoints were assessed (Macia et al., 2014). Biofilm MICs (BMIC50) referred to the lowest concentration of agents that inhibit biofilm growth by 50%, as determined by 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) readings (see below). Minimum biofilm eradication concentration (MBEC) referred to the lowest concentration that led to complete eradication of viable cells embedded in biofilms and were determined as described previously (Qu et al., 2010b).



Biofilm XTT Assay

The XTT assay was adopted to assess the viability of biofilm cells after antimicrobial treatment (Qu et al., 2016). After treating established biofilms with MAWG solution, mixed sugar solution, and MGO at different concentrations, the suspensions were removed, and the microwells were washed twice with phosphate-buffered saline (PBS). Two hundred microliters of XTT solution (0.5 mg/ml) was added into each microwell, and the microplate was incubated at 37°C in the dark for 2 h. One hundred microliters of XTT solution was then transferred to a new microplate and read at OD492. The ratio of cell survival (OD492 after antimicrobial treatment) relative to antimicrobial-free culture (OD492 of the drug-free biofilms × 100) was calculated. Biofilm reduction was calculated as (1-cell survival%). The experiment was carried out in three biological repeats in triplicate.



Agar Colony Biofilm Assay

The colony biofilm assay replicates some of the environmental conditions required for biofilm growth on a “relatively dry” wound bed of the driveline exit-site, by allowing microorganisms to grow on a filter membrane supplied with nutrients and oxygen but little shear stress (Hammond et al., 2011). In short, overnight microbial cultures were harvested by centrifuge, washed twice with PBS, and resuspended in MHB (for S. epidermidis, S. aureus, and P. aeruginosa, OD600 = 0.1), or RPMI 1640 (for C. albicans, OD600 = 1.0). Around 100 μl of each microbial suspension was seeded on sterile nitrocellulose filter membranes (diameter, 25 mm; pore size, 0.22 μm, Merck Millipore Ltd.,). The membranes were transferred onto either Muller-Hinton agar (MHA) or RPMI 1640 agar plates in a humid chamber and were incubated at 37°C for 2 h to grow early adherent monolayers or 24 h for mature biofilms (Merritt et al., 2005). Our preliminary scanning electron microscopy (SEM) assay suggested that 2 h incubation resulted in the attachment of a single layer of microorganisms to the filter membrane and 24 h incubation led to the growth of clusters of cells embedded in extracellular polymeric substances (EPSs). The filter membrane with early adherent monolayers or mature biofilms was completely covered with another filter membrane infused with 0.2 g of MAWG. This was to mimic the clinical application of MAWG in combination with wound dressings. The treatment lasted for 24 h. Both filter membranes were placed in a 15 ml falcon tube containing 5 ml of PBS and were sonicated for 10 min using a sonication bath (42 kHz, Branson 1510), followed by vortex at the highest speed for 2 min (30'' × 4). The suspensions were serially diluted and plated on nutrient agar plates or yeast peptone dextrose (YPD) agar plates for viable counts. The experiment was carried out in three biological repeats in duplicate.



Microbial Adherence Assay and Drip-Flow Biofilm Assay Using Clinical Drivelines

To assess the effectiveness of MAWG in preventing planktonic cultures from growing early adherent monolayers on driveline materials, MAWG was applied on the surface of driveline cutouts and a microbial adherence assay was carried out (Qu et al., 2020). A drip-flow biofilm reactor was then used to evaluate the effectiveness of MAWG in preventing adherent monolayer on drivelines from further developing into mature biofilms (Goeres et al., 2009; Qu et al., 2020). This drip-flow biofilm reactor mimics a “wet” driveline exit-site environment by providing continuous flow of oxygen and nutrients and grows biofilms under low shear at the air-liquid interface (Goeres et al., 2009). Driveline cut-outs with attached microorganisms, prepared in the microbial adherence assay, were placed on the absorbent pads (25 mm, Millipore, Billerica, MA) with MAWG infused in the biofilm incubation chamber. Around 10% TSB as growth media were pumped through the system at 5 ml/h/channel. Biofilms were allowed to grow for 72 h at room temperature. The samples were washed three times with PBS, and were quantitatively analyzed for CFUs. The experiment was carried out in three biological repeats in duplicate.



Statistical Analyses

One-way ANOVA test or a non-parametric Mann–Whitney method (depending on the data distribution) was performed to analyze differences in biofilm formation under different conditions, using Minitab 16 for Windows (Pennsylvania State University, United States) and a significance level of 0.05.




RESULTS


Antimicrobial Activity of MAWG Against Planktonic and Biofilm Microorganisms Grown in 96-Well Microplates

Twenty-four clinically relevant isolates from three microbial genera were tested for their sensitivity to MAWG. Both S. aureus and coagulase-negative staphylococci were sensitive to MAWG when grown as planktonic cultures, with most isolates having MICs and MBCs of 10–20% (Table 1). P. aeruginosa and Candida spp. showed relatively higher resistance to MAWG, with MICs and MBCs/MFCs of 20–40% or even higher. To assess the efficacy of MAWG against microbial biofilms, we tested the BMIC50. MAWG at concentrations of 30, 50, >80, and 30% (W/V) were needed to inhibit biofilm growth by 50% for S. aureus, S. epidermidis, P. aeruginosa, and C. albicans, respectively (Table 2, see BMIC50). MAWG at the highest concentration used in this study [80% (W/V)], was unable to fully eradicate mature biofilms pre-formed by any of these microorganisms (Table 2, see MBECs).



TABLE 2. Susceptibility of microplate-based biofilms to MAWG and its active components.
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MGO Plays a Less Important Role in the Multi-Faceted Anti-biofilm Activity of MAWG

To assess the contribution of the individual antimicrobial mechanisms of MAWG to its overall anti-biofilm properties, BMIC50 and MBECs of MGO and a mixed sugar solution with high-osmolarity were determined, respectively (Table 2). For all pathogens, MGO showed a minor effect on biofilms, with the highest concentration (equivalent to 496 mg/kg) used in this study being unable to inhibit biofilm growth by 50% (Table 2). We then quantitated the actual viable cell reduction in biofilms achieved by varying concentrations of MGO (Figure 1). MGO at a concentration equivalent to that found in 80% (W/V) MAWG (MGO: 496 mg/kg) reduced the viability of biofilms of S. aureus by up to 30%, and by up 20% for C. albicans and P. aeruginosa (Figure 1). No evident activity of MGO was seen for S. epidermidis cells embedded in biofilms. In contrast to MAWG, mixed sugar solution conferring the high osmolarity had impaired activity in inhibiting biofilm growth, showing higher BMIC50 for S. aureus, S. epidermidis, and C. albicans (Table 2). Direct quantification of biofilm reduction showed that the mixed sugar solution had some activity against embedded biofilm cells of S. epidermidis and C. albicans, while only minor activity was seen for S. aureus and P. aeruginosa biofilms (Figure 1). MAWG solution at 80% (W/V) is acidic with a pH of ~4. A growth medium at pH = 4, but not the other pH values, showed some effects against biofilms pre-formed by S. aureus, S. epidermidis, and C. albicans (~30% inhibition; Figure 1). No significant effect of pH was found for biofilms formed by P. aeruginosa (Figure 1). None of the above-mentioned components of MAWG was able to eradicate biofilm cells of any of the four microorganisms, with MBECs beyond the highest concentration tested. Anti-biofilm activities of MGO in combination with other antimicrobial mechanisms were not studied due to little effect of MGO was observed against established biofilms.

[image: Figure 1]

FIGURE 1. Assessment of the anti-biofilm activity of individual components of MAWG using microplate-based biofilms. Biofilms were established in 96-well microplates and were treated with MAWG solution, mixed sugar solution, methylglyoxal (MGO) solution at different concentrations, and growth media prepared at different pH. 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) was used to detect the percentage of survivor biofilm cells after the treatment relative to untreated control. XTT readings at OD492 for untreated control biofilms were as below: S. aureus ATCC 25923, 0.94 ± 0.09 (mean ± SD); S. epidermidis RP62A, 0.89 ± 0.22; P. aeruginosa PA01, 0.25 ± 0.06, and C. albicans, 2.50 ± 0.50. The ratio of cell survival (OD492 after antimicrobial treatment) relative to antimicrobial-free culture (OD492 of the drug-free biofilms × 100) was calculated. Biofilm reduction was calculated as (1-cell survival%). Error bars indicate the standard error of the mean.




MAWG Has Minimal Activity on Biofilms Grown on the Exit-Site Wound Bed Mimics

A colony biofilm assay in combination with MAWG-infused filter membrane (Figure 2A) was used to determine whether MAWG kills pre-established monolayers and biofilms mimicking those grown on the wound bed at the driveline exit-site, or interferes with the developmental process of biofilm formation. It was found that the MAWG-infused filter membrane had little effect on adherent monolayers of any of the tested microorganisms. All adherent monolayers grew into mature biofilms within a 24 h period on the agar plates and their biomass increased by 3 log (for C. albicans) or 4 log (for bacteria; Figure 2B). Biofilms of a high cellular density of ~109 CFU/membrane (for bacteria) or ~107 CFU/membrane (for Candida) were recovered (Figure 2B). For already established mature biofilms, MAWG only slightly reduced biomass of bacterial biofilms upon treatment, lowering the CFU by ~1 log (Figure 2B). No effect was observed for biofilms formed by the fungal pathogen C. albicans (Figure 2B).
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FIGURE 2. Assessment of activities of MAWG against colony biofilms at different developmental stages. (A) Schematic description of the colony biofilm assay. (B) Antibiofilm activities of MAWG against early adherent monolayer and mature biofilms. MAWG was found unable to effectively kill adherent monolayers; adherent monolayers developed into mature biofilms [2–5 log (CFU/cm2)] after overnight treatment. Only ~1 log reduction in CFU per colony biofilm was found when MAWG was used to challenge mature biofilms formed by S. aureus, S. epidermidis, and P. aeruginosa. No effect was observed for biofilms formed by C. albicans. Error bars indicate the standard error of the mean.




MAWG Has Minimal Activity Against Biofilms Growth on Drivelines at the Exit-Site

An early adherent monolayer assay and the drip-flow biofilm reactor assay were adopted to determine whether MAWG prevents planktonic cells from growing into adherent monolayers on the smooth tube section of drivelines and subsequently establishing biofilms. Covering driveline cutouts with MAWG lowered the biomass of adherent monolayers of S. aureus, S. epidermidis and P. aeruginosa by 12.9, 9.8, and 13.4%, respectively, as measured by viable counts (Figure 3A); a substantial number of adherent monolayers [2.7–4.6 log (CFU/cm2)] were stilled recovered from the MAWG-coated drivelines. Exposing adherent monolayers to MAWG in the drip-flow biofilm reactor did not result in a lower microbial density (log CFU/ml) of mature biofilms formed by S. aureus, S. epidermidis, and C. albicans, in comparison with the non-MAWG control (Figure 3B). One-log reduction in microbial density of mature biofilms was found when an adherent monolayer of P. aeruginosa was exposed to MAWG (Figure 3B).
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FIGURE 3. Determination of anti-biofilm activity of MAWG using a drip-flow biofilm reactor and driveline materials. (A) Adherent monolayers of microorganisms were formed on driveline smooth tube cut-outs pre-conditioned with MAWG. Driveline cut-outs received no treatment were used as a control. (B) Adherent monolayers formed on driveline cutouts (without MAWG conditioning) were transferred into a drip-flow biofilm reactor for further cultivation. Driveline cutouts with microbial monolayer were placed on absorbent pads infused with or without MAWG. Biofilm formation on driveline cutouts were assessed by viable counts after 72 h. Error bars indicate the standard error of the mean. *p < 0.05; **p < 0.01.





DISCUSSION

Biofilm formation on percutaneous drivelines or surrounding tissues at the driveline exit-site is one of the most important factors contributing to the establishment of VAD-associated infections (Qu et al., 2020). This specific growth mode renders infections less responsive to antimicrobial treatments and is believed to be the root of the persistence of driveline infections (Qu et al., 2020). MAWG is routinely used for prophylaxis in all adult VAD programs in Australian hospitals. Despite the “excellent” in vitro anti-biofilm efficacy of Medihoney™ Antibacterial Honey, the main component of MAWG, reported by others (Muller et al., 2013; Cooper et al., 2014; Liu et al., 2017), driveline infections occurred frequently in VAD patients in these Australian hospitals. To clarify this discrepancy, a comprehensive assessment was conducted, using in vitro biofilm models that mimic the clinical environment of driveline exit-site. This study has shown that (1) MAWG inhibited and killed microorganisms under planktonic conditions in a species-specific manner, and had less inhibitory and microbicidal effect on biofilms pre-established in 96-well microplates, (2) the anti-biofilm activity of MAWG was mediated by multiple factors, with the often-advertised antimicrobial ingredient MGO only playing a minor role, and (3) under conditions that mimic the clinical environment, MAWG was neither able to kill monolayers or biofilms pre-established on tissue bed mimics, nor to prevent planktonic cells from growing mature biofilms on drivelines.

The driveline skin exit-site poses a huge risk of infections for VAD patients. Proper driveline exit-site care is considered effective in preventing infections during the healing period (Nienaber et al., 2013). Octenidine, dihydrochloride, chlorhexidine, and povidone-iodine have all been used to clean the skin around the driveline exit-site (Nienaber et al., 2013). Australian hospitals have often used 0.5% chlorhexidine in 70% alcohol solution to clean the driveline exit-site, followed by the application of MAWG as a prophylactic agent on the skin around the driveline exit-site and driveline dressing closure. While the use of prophylactic antibiotics has also been suggested peri-VAD implantation (Nienaber et al., 2013), no consensus has been reached regarding the optimal antimicrobial prophylaxis – either regime or duration (Walker et al., 2011; Nienaber et al., 2013). The prophylactic antimicrobial practice varies among different institutions and mostly relies on the team’s experience and preference (Nienaber et al., 2013). The general concept is to effectively cover common causative organisms of driveline infections, and to include agents for Gram-positive bacteria, Gram-negative bacteria, and fungi. The effectiveness of using conventional antibiotics in preventing driveline infections has been questioned (Stulak et al., 2013), and a major concern of the development of resistance to conventional antimicrobials has promoted the use of MAWG (Lu et al., 2014).

The broth microdilution method has been chosen by many others for the assessment of antimicrobial activity of medical-grade honeys against planktonic cells (Cooper et al., 2014; Osés et al., 2016). This assay yields more reproducible and informative results in comparison with other testing methods such as agar well diffusion or disk diffusion methods (Osés et al., 2016). Using the broth microdilution method, we also found potent species-specific antimicrobial activities of MAWG against planktonic cells. MAWG was highly effective against S. epidermidis and S. aureus, but not P. aeruginosa or Candida spp. The role of individual components of honey in combating planktonic microorganisms has been extensively studied and seemed to be microorganism-specific (Kwakman and Zaat, 2012). Osato et al. (1999) found that the osmotic effect of honey was the most important mechanism for killing Helicobacter pylori, while hydrogen peroxide only played a minor role (Osato et al., 1999). Wasfi et al. (2016) studied Egyptian honeys and found their antibacterial activity against Escherichia coli was mostly caused by the production of hydrogen peroxide (Wasfi et al., 2016). Mavric et al. (2008) attributed the antibacterial potency of Manuka honey directly to the presence of MGO (Mavric et al., 2008). Using the microplate biofilm assay, we compared different components of MAWG that might contribute to its anti-biofilm potency and found that its anti-biofilm activities cannot be explained by one single antimicrobial mechanism. Unfavorable local environmental conditions resulted from the presence of honey including high-osmolarity and acidity, and other adverse effects occurring due to honey, such as desiccation (Park et al., 2016), might have hindered microbial biofilm growth. Notably, MGO, “the major antimicrobial effector” advertised by Comvita Ltd., failed to demonstrate a potent anti-biofilm effect in the current study. In support of our findings, Lu et al. (2014, 2019) reported that MGO in Manuka-type honey alone was inadequate in killing biofilms formed by S. aureus or P. aeruginosa.

In contrast to previous in vitro studies that reported outstanding anti-biofilm activities of Medihoney Antibacterial Honey (Muller et al., 2013; Cooper et al., 2014; Liu et al., 2017), the high-quality randomized controlled Honeypot trial recently found no superiority of MAWG in preventing biofilm-related peritoneal-dialysis-related infections or exit-site infections when compared with standard care (Johnson et al., 2014; Zhang et al., 2015). We speculated that the anti-biofilm effectiveness reported by other in vitro studies might be overly optimistic, partially due to the use of in vitro assays with minimum clinical relevance, such as the microplate-based biofilm assay (Lu et al., 2014; Buhmann et al., 2016; Liu et al., 2017; Piotrowski et al., 2017). Biofilms grown in 96-well microplate might not adequately reflect those found in a more complicated scenario such as driveline infections, where biofilms were often grown at a liquid-solid-air interface with low shear force and moisture. Our study used in vitro models that closely mimic the clinical environment of the driveline exit-site and evaluated MAWG as a therapeutic agent and a prophylactic agent for driveline infections, respectively. The colony biofilm assay showed that MAWG-infused filter membranes that mimic topical dressings with MAWG impregnated were unable to inhibit or kill pre-established adherent monolayers or biofilms, questioning the value of MAWG in treating driveline exit-site wounds. Our drip-flow biofilm reactor assay also found limited efficacy of MAWG in preventing biofilm formation on drivelines, supporting the conclusion from the large-scale Honeypot clinical trial (Zhang et al., 2015). We noticed differences in the anti-biofilm efficacy of MAWG against P. aeruginosa PAO1 when microplate-based biofilm assay and the drip-flow biofilm assay reactor assay were carried out. This can be explained by different environmental factors of these two biofilm assays that might affect the anti-biofilm activity of MAWG (Buhmann et al., 2016). We concede that two non-microplate-based in vitro biofilm assays chosen for this study could not completely duplicate the complexity of the clinical environment, but we managed to include some environmental factors such as local oxygen availability and low shear at the air-liquid-solid interface that are critical for biofilm development at the driveline exit-site or important for the assessment of anti-biofilm agents. A large-scale randomized-controlled clinical trial will facilitate a better understanding of the effectiveness of MAWG in preventing driveline infections in VAD patients.



CONCLUSION

Taken together, our data showed little success of MAWG in killing biofilms grown on tissue bed mimics, or in preventing biofilm formation on driveline materials, suggesting suboptimal effectiveness of MAWG as a therapeutic or prophylactic agent against biofilm-related driveline infections. Though routine application of MAWG might partially prevent microbial contamination of the driveline exit-site, supported by its effectiveness against planktonic microorganisms, caution must be exercised when relying on MAWG to prevent or treat driveline infections in patients with a VAD.
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Bacterial biofilms are typically more tolerant to antimicrobials compared to bacteria in the planktonic phase and therefore require alternative treatment approaches. Mechanical biofilm disruption from ultrasound may be such an alternative by circumventing rapid biofilm adaptation to antimicrobial agents. Although ultrasound facilitates biofilm dispersal and may enhance the effectiveness of antimicrobial agents, the resulting biological response of bacteria within the biofilms remains poorly understood. To address this question, we investigated the microstructural effects of Pseudomonas aeruginosa biofilms exposed to high intensity focused ultrasound (HIFU) at different acoustic pressures and the subsequent biological response. Confocal microscopy images indicated a clear microstructural response at peak negative pressures equal to or greater than 3.5 MPa. In this pressure amplitude range, HIFU partially reduced the biomass of cells and eroded exopolysaccharides from the biofilm. These pressures also elicited a biological response; we observed an increase in a biomarker for biofilm development (cyclic-di-GMP) proportional to ultrasound induced biofilm removal. Cyclic-di-GMP overproducing mutant strains were also more resilient to disruption from HIFU at these pressures. The biological response was further evidenced by an increase in the relative abundance of cyclic-di-GMP overproducing variants present in the biofilm after exposure to HIFU. Our results, therefore, suggest that both physical and biological effects of ultrasound on bacterial biofilms must be considered in future studies.

Keywords: Pseudomonas aeruginosa, biofilm, HIFU, microstructural effect, cyclic-di-GMP


INTRODUCTION

Bacterial biofilms are microstructured bacterial consortia. These bacterial cells display a high degree of physiological and topographical heterogeneity and grow on abiotic surfaces (e.g., biomedical devices) or biological surfaces (e.g., lung tissue) (Flemming et al., 2016). Bacteria within biofilms are more tolerant to antimicrobials compared to planktonic bacterial cells due to self-produced biofilm matrix consisting of extracellular polymeric substance (EPS), high bacterial concentration, exchange of genetic information in biofilms, differences in growth states of bacteria across the biofilm, and the expression of genes associated with tolerance or resistance to antimicrobial agents (Stewart and Costerton, 2001; Flemming and Wingender, 2010; Høiby et al., 2010). Given the increased tolerance of biofilms to antimicrobials, there remains a growing need for more effective antibiotics and new approaches to target biofilm infections. Developing novel antibiotics, however, is costly and time consuming. Thus, there have been increased efforts toward alternative approaches to induce cell death and/or promote dispersion of biofilms (Koo et al., 2017; Pinto et al., 2020).

One particularly promising approach for biofilm disruption is the use of therapeutic ultrasound, a non-invasive and cost-effective technique that provides targeted and localized mechanical effects (Erriu et al., 2014). Past research on the effect of ultrasound on biofilms has widely focused on low intensity ultrasound combined with antibiotics and/or cavitation agents (e.g., microbubbles). These studies showed that ultrasound-enhanced antibiotic treatment improved antibiotic efficacy, increased cell death, and reduced biofilm thickness (Lattwein et al., 2020). Interestingly, the application of ultrasound with microbubbles alone under these exposure conditions had minimal to no effect on biofilm removal (LuTheryn et al., 2019; Lattwein et al., 2020). In contrast, high intensity focused ultrasound (HIFU) without the addition of cavitation agents has also induced bacterial detachment from the substratum and left behind a patchy biofilm compared to the untreated control (Bigelow et al., 2009; Xu et al., 2012; Iqbal et al., 2013). Though HIFU alone was capable of disrupting biofilms, the biological effect on bacterial signaling molecules and/or cellular activity triggered by ultrasound exposure has not yet been investigated.

Here, we report on the physical and biological effects of HIFU on biofilms formed by Pseudomonas aeruginosa. The microstructural effects of HIFU were investigated through live/dead analysis, exopolysaccharide-lectin binding analysis, crystal violet assay and electrochemical response. Further, we investigated the impact of HIFU on the secondary messenger signaling system, cyclic diguanylate (c-di-GMP), which is a central regulator of the transition from the planktonic state to the biofilm and vice versa. In our study, we used a fluorescent bio-reporter strain of P. aeruginosa to quantify the effects of HIFU on biofilm formation and c-di-GMP signaling (Rybtke et al., 2012; Nair et al., 2017).



MATERIALS AND METHODS


Biofilm Formation

A non-mucoid, green fluorescent protein marked strain of P. aeruginosa PAO1 (PAO1 Gfp) and a double labeled mutant strain of P. aeruginosa PAO1 that uses Gfp as indicator of the intracellular concentration of c-di-GMP and cyan fluorescent protein (Cfp) as a biomass indicator [PAO1 Tn7-Gm-eCFP PcdrA: Gfp (ASV)] were used for the experiments (Lee et al., 2014; Nair et al., 2017). The mutant strains and their applications have been summarized in Table 1. The bacterial cultures and biofilms were grown as previously described (Bharatula et al., 2020). Briefly, two sheets of 15 × 15 mm ITO:PET [UV-sterilized and cleaned with 70% ethanol (v/v)] were glued onto a sterile petri dish with silicone sealant (Selleys, Singapore). After curing, the petri dish was filled with 15 mL minimal medium with 6.9 mM glucose (ABTG) and inoculated with bacteria. The ABTG minimal medium (excluding casamino acids) was prepared according to the previous report (Chua et al., 2015a). To prepare the bacterial inoculum, P. aeruginosa was grown overnight in 10 mL of Luria Bertani Lennox (LB) broth for 16 h at 37°C and 200 rpm shaking (Zhu et al., 2019). Furthermore, the culture was centrifuged for 5 min and 4,629×g and re-suspended in 10 mL fresh ABTG medium. After inoculating at an optical density equivalent to 0.02 at 600 nm (UV-1280, Shimadzu UV-vis spectrophotometer), the petri dishes with ITO:PET sheets were incubated at 37°C and 50 rpm shaking for 72 h. The medium was replaced every 24 h with fresh medium.


TABLE 1. Pseudomonas aeruginosa strains used in this report.

[image: Table 1]


Acoustic Characterization of Biofilms

A leak proof, custom-made sample chamber was used to hold the biofilm coated ITO:PET sheets. The sample chamber with biofilm layer at the bottom was filled with ABTG medium and sealed with a Mylar sheet (Supplementary Figure 1). For HIFU treatment, 0.5 MHz transducer (H107, Sonic Concepts, Bothell, WA, United States) attached to a coupling cone was used in our experiments.

A needle hydrophone (0.2 mm diameter, Precision Acoustics, Dorset, United Kingdom) coupled with a submersible pre-amplifier and DC coupler was used to calibrate the measured pressure amplitude whereas, 1 mm diameter hydrophone (Onda Corporation, Sunnyvale, CA, United States) was used to study acoustic wave propagation for non-linearity determination. The hydrophone was adjusted, such that it coincided with the geometric focus of 0.5 MHz transducer (63.2 mm). For pressure calibration, the signal was triggered at varying input voltage ranging from 10 to 100 mVpp for 20 cycles with a burst period of 10 ms. The resulting output voltage at each point was used to calculate the peak negative pressure using the following equation:

[image: image]

Here, hydrophone sensitivity as defined by Precision Acoustics was 55.6 mV/MPa. For, non-linearity studies, the acoustic wave at peak negative pressure ranging from 0.5 to 5.5 MPa (as calculated from hydrophone calibration) was recorded.

For the biofilm exposure experiments, acoustic setup similar to previous study was adapted (Su et al., 2019). In short, sinusoidal wave electrical signal was triggered by function generator (Keysight 33210A) and amplified by high power RF amplifier (Electronics and Innovation, Rochester, NY, United States). The output signal was then converted to acoustic waves and transmitted to the target area by the HIFU transducer. An impedance matching network (Sonic Concepts, Bothell, WA, United States) was used to match the impedance of the HIFU to the output signal from the RF amplifier. The output emissions were received by a 7.5 MHz passive cavitation detector (PCD) (V320, Olympus, Singapore) aligned axially and laterally with HIFU transducer. The data was then collected by an oscilloscope (DSOX3032A, Keysight Technologies, Netherlands) or data acquisition board (DAQ) (PCI-5122, National Instruments, Texas, United States) (Supplementary Figure 1).

The biofilms were exposed for 3 min at 10% duty cycle and 50,000 cycles. The peak negative pressure amplitude was varied from 0.5 to 5.5 MPa (as calculated from hydrophone calibration). A sham sample was used as a control for all the HIFU exposed samples. The post processing of acoustic emissions to obtain power spectral density curve has been previously described (Jonnalagadda et al., 2020). Briefly, the post-processing involved extraction of power content from the fast Fourier transform of the received voltage signal. The power spectral density (PSD) differentiated between the presence of harmonics and broadband signal (Paliwal and Mitragotri, 2006). The presence of harmonics, sub-harmonics, and hyper-harmonics are typical for non-inertial cavitation whereas, broadband noise is usually indicative of inertial cavitation.



Confocal Imaging of Biofilms

Following HIFU exposure, independent replicates were imaged to quantify the live/dead cells ratio, exopolysaccharide content and c-di-GMP response. The biofilm samples, irrespective of stains used were imaged as z-stacks under confocal laser scanning microscope (CLSM) (Zeiss LSM 780 inverted microscope; 20× resolution) at five separate locations within the region of acoustic focus. The 3 dimensional (3D) projections of the z-stacks were reconstructed using Imaris (Bitplane, Oxford Instruments).



Live/Dead Cell Staining

To monitor bacterial cell viability, the biofilm samples (PAO1 Gfp) were stained with 8 μL of the Baclight live/dead stain and imaged by CLSM. The stock solution was made by adding 3 μL of both SYTO 9 (Excitation/Emission: 485/498) and propidium iodide (Excitation/Emission: 585/617) to 1 mL DI water.



cdrA Correlated C-di-GMP Response

PAO1 PcdrA:Gfp and ΔwspF PcdrA:Gfp mutants were used to quantify the relative amounts of c-di-GMP in HIFU treated and control biofilms (Nair et al., 2017). Following HIFU exposure, the amount of cell biomass [cyan fluorescent protein (Cfp), Excitation/Emission: 435/485] and cdrA response [green fluorescent protein (Gfp), Excitation/Emission: 488/510], which is directly correlated to the amount of c-di-GMP, were imaged by CLSM. The Gfp/Cfp ratio, i.e., the cdrA correlated c-di-GMP response signal per biomass was quantified.



Exopolysaccharide Staining

The PAO1 PcdrA:Gfp mutant was used for these studies. The Cfp label of the mutant was used to image the biofilm cells. One mg/mL fluorescein isothiocyanate (FITC) conjugated concanavalin-A (con-A) (from Canavalia ensiformis, Sigma Aldrich, Singapore) in deionized water and calcofluor white stain (CWR) (Sigma Aldrich, Singapore), mixed with 10% KOH solution in a 1:1 ratio were prepared as stock solutions. Four microliter of con-A (Excitation/Emission: 492/518) and CWR (Excitation/Emission: 365/435) each were added to the biofilms to stain α polysaccharides and β polysaccharides, respectively. The biofilms were set aside for 30 min after addition of each stain.



Image Processing and Quantification

All calculations were performed using MATLAB (Mathworks Inc.). Prior to any calculation, all the images were split into separate channels. Image processing steps involved Otsu’s image thresholding followed by image filtering using 2D median filtering (filter size = 5) (Yang et al., 2001; Beyenal et al., 2004b). The volumetric parameters were calculated as described by Beyenal et al. (2004a). We looked at parameters such as biovolume, porosity, and run-length. In summary, the biovolume was calculated from the following equation:
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The porosity of the biofilms was calculated as follows:

[image: image]

Run-length in a given direction is defined as the number of continuous biomass pixels. From these values, the aspect ratio was calculated in each axis as:

[image: image]

The quantification of Gfp/Cfp ratio (c-di-GMP per biovolume) and corresponding ratio images were obtained as suggested by previous report (Nair et al., 2017). To calculate the amount of c-di-GMP per cell biomass, the z-stacks of Cfp and Gfp channels corresponding to biomass and c-di-GMP were analyzed separately. A mask was created by thresholding and filtering the Cfp channel. This mask was multiplied with both Gfp channel and Cfp (graylevel) channel and a sum of the matrices was obtained. The ratio was calculated by dividing the Gfp value with Cfp value. This ratio was considered as the c-di-GMP per cells. The resulting heatmap from this ratio was termed as “ratiometric image.” The final ratio was further normalized with respect to the untreated control. For MATLAB code snippets see Supplementary Information.



Crystal Violet Assay

The biofilm samples after HIFU test were washed with phosphate buffer saline (PBS) solution and further stained with 0.1% (v/v) crystal violet solution for 15 min. This was followed by washing the sheets with PBS, addition of 2 mL absolute ethanol and the measurement of absorbance at 550 nm using a microplate reader (TECAN M200, Switzerland).



Electrochemical Monitoring

The setup previously described in Bharatula et al. (2020) was used. Briefly, a VSP or VMP3 multi-channel potentiostat (Bio-Logic, France) was connected to a three-electrode setup. The 15 × 15 mm ITO:PET sheet was used as working electrode and connected to a Pt sheet electrode holder as current collector (Latech, Singapore). The auxiliary and reference electrodes were a coiled titanium wire (Sigma Aldrich, Singapore) and Ag/AgCl standard electrode (Latech, Singapore), respectively. The three electrodes immersed in 15 mL fresh ABTG medium with 5 mM potassium ferricyanide as an exogenous redox mediator were connected to the potentiostat controlled by EC-Lab software (Bio-Logic, France). Electrochemical Impedance Spectroscopy (EIS) was carried out at open circuit potential (OCP), in the frequency range from 100 kHz to 30 mHz with sinusoidal potential of 10 mV amplitude. Furthermore, bias potential in the range to 50–500 mV vs. Ag/AgCl was applied to gain additional information on the biofilm electrochemical signature. The impedance data were fitted to an equivalent circuit model consisting of two resistor—constant phase element (CPE) blocks and an additional resistor in series using the Z-Fit feature in the EC-lab software (Bharatula et al., 2020).



Colony Morphology Analysis

An area, representative of the acoustic focus in the samples exposed to HIFU and the untreated control sample was scraped and mixed in LB medium. Further, the solution was serially diluted till 105 dilution was reached. Final volume of 100 μL of each dilution was individually plated on LB agar plates and incubated at 30°C for 24 h. After incubation, the colony forming units (CFU) were quantified using the formula:
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Here, circular and wrinkled morphologies were counted separately. The percentage of CFU with wrinkled morphology was quantified as follows:
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Furthermore, both the morphologies were imaged by light microscope (Carl Zeiss Primo star) at 4× magnification.



RESULTS


Effect of HIFU on Biomass

To determine if HIFU induced a microstructural response in the biofilm, we quantified the biofilms formed by PAO1 mutant labeled with Cfp. Figures 1, 2 describe the qualitative and quantitative analysis of biovolume for untreated control and biofilms exposed to 0.5–5.5 MPa, respectively. Due to the heterogeneous nature of the biofilms and associated high variation in biomass values between replicates, a biovolume loss of 20% or more was arbitrarily considered as an estimate for the lower limit threshold for biofilm loss due to HIFU. Accordingly, a significant loss in biovolume, especially at high pressure amplitudes (4.5 and 5.5 MPa), was observed (Figures 1F–G, 2A). Further probing into volumetric properties revealed increase in porosity (Figure 2B) and decrease in aspect ratio in X vs. Z direction (Figure 2C) with respect to loss of biovolume on the substratum.
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FIGURE 1. Representative 3D reconstructions of biofilms formed by PAO1 PcdrA:Gfp exposed to HIFU at (A) 0 MPa (Sham). (B) 0.5 MPa. (C) 1.5 MPa. (D) 2.5 MPa. (E) 3.5 MPa. (F) 4.5 MPa. (G) 5.5 MPa. The CFP channel of the confocal images of biofilms grown for 3 days and exposed to HIFU were converted to 3D reconstructions to observe the change in biomass.



[image: image]

FIGURE 2. The quantitative analysis of volumetric changes in biofilms formed by PAO1 PcdrA:Gfp exposed to HIFU. (A) Change in biovolume with respect to acoustic pressure amplitude. An arbitrary threshold of 20% loss or more was considered significant. (B) Effect on biofilm porosity as the biovolume changed. (C) Effect on biofilm aspect ratio in X/Z direction as the biovolume changed.




Effect of HIFU on Biofilm Viability and EPS Components

Biofilms are comprised of cells as well as the extracellular matrix that holds them together and thus, biofilm control strategies may affect one or both components of the biofilm. As suggested by previous results, HIFU was able to disrupt the biomass yet its influence on the viability and the biofilm matrix remains unclear. Therefore, the effects of three pressure amplitudes on both the components were studied using confocal imaging, crystal violet assay, and electrochemical monitoring.

Figure 3 shows 3D reconstructions of confocal images of biofilms exposed to HIFU and the subsequent effect of HIFU on cell viability marked by live/dead staining. Based on 3D reconstructions (Figures 3A–D) and image quantification (Figure 3E) of the untreated biofilm and HIFU treated biofilms, there was no significant effect of HIFU at 0.5 and 2.5 MPa on live biofilm biomass. When the pressure was increased to 4.5 MPa, there was a reduction in live biomass. Interestingly, the dead biomass was also reduced alongside the live biomass especially after exposure at 4.5 MPa (Figure 3F).
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FIGURE 3. Representative 3D reconstructions from confocal images of biofilms formed by PAO1 Gfp exposed to HIFU stained at (A) 0 MPa (Sham). (B) 0.5 MPa. (C) 2.5 MPa. (D) 4.5 MPa. Green = live cells, Red = Dead cells. (E) Effect on biovolume of live cells with respect to change in total biovolume. (F) Effect on biovolume of dead cells with respect to change in total biovolume. The method was adapted to study role of HIFU on biofilm viability by staining with SYTO9 and PI. Here, SYTO9 stained live cells whereas, PI stained the dead cells. The quantification established a linear relationship between Live/dead cells biovolume and total cells biovolume. The linear equation and R2-value for individual regressions are indicated in the plots.


Next, we investigated the effect of HIFU treatment on the distribution and quantity of polysaccharides that comprise part of the P. aeruginosa biofilm matrix (Figure 4). Two fluorescent dyes were used to distinguish between two broad classes of polysaccharides. Specifically, Con-A was used to visualize and quantify the α-polysaccharides and CWR was used to identify the β-polysaccharides. Based on 3D reconstructions of the biofilm (Figures 4A–D) it was observed that the bacterial cells (blue) were always surrounded by the α-polysaccharides (red) at the bottom and β-polysaccharides (yellow) on top irrespective of the HIFU pressure applied. Quantitative image analysis (Figure 4E) indicated a positive linear relationship between relative α-polysaccharides biovolume and the remaining biofilm cells. This observation suggested that α-polysaccharides were removed with the bacterial cells after HIFU exposure. In contrast, the relative β-polysaccharides volume was less reduced, suggesting that β-polysaccharides may remain in the biofilm micro-environment irrespective of cell biomass loss (Figure 4F).
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FIGURE 4. Representative 3D reconstructions of confocal images of biofilms formed by PAO1 PcdrA:Gfp and exposed to HIFU at (A) 0 MPa (Sham). (B) 0.5 MPa. (C) 2.5 MPa (D) 4.5 MPa. Blue = Biofilm cells, Red = Con-A, Yellow = CWR. (E) Effect on biovolume of α-polysaccharides with respect to bacterial cells biovolume. (F) Effect on biovolume of β-polysaccharides with respect to cell biovolume. PS in plots refers to polysaccharides. The method was adapted to study role of HIFU on biofilm exopolysaccharides by staining with Con-A and CWR. The CFP channel of the PAO1 PcdrA:Gfp biofilms indicated the change in biomass whereas, Con-A stained α-polysaccharides and CWR stained the β-polysaccharides. The quantification established a linear relationship between α-/β-polysaccharides biovolume and total cells biovolume. The linear equation and R2-value for individual regressions are indicated in the plots.


Crystal violet assay and electrochemical monitoring (Figure 5) were used to corroborate the effect of HIFU exposure on the viability and biofilm matrix. In contrast to confocal imaging which analyzed smaller areas, these techniques allowed us to investigate the entire surface area exposed to HIFU. The crystal violet assay (Figure 5A) indicated no apparent effect of HIFU at any given pressure on the crystal violet absorbance. EIS allows for the rapid measurement of microstructural changes in the biofilm after ultrasound exposure through the variation of parameters such as interfacial resistance under open circuit potential conditions and current output at controlled electrode potential. Here, a marked yet, statistically insignificant increase in the interfacial resistance with respect to the sham (Figure 5B) was observed at all pressures. Even so, there was no significant difference between the current for sham and HIFU treated biofilms (Figure 5C), there was a slight (albeit not statistically significant) increase in current for 4.5 MPa exposed biofilms.
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FIGURE 5. Effect of HIFU on the entire biofilm surface. (A) Crystal violet absorbance at 550 nm for biofilms formed by PAO1 Gfp exposed to HIFU at various acoustic pressures. (B) Interfacial Resistance obtained by EIS and fit to an equivalent circuit and (C) Faradaic current characteristics at increasing bias potential for biofilms formed by PAO1 Gfp exposed to HIFU at various acoustic pressures. The results are statistically insignificant.




Effect of HIFU on cdrA Correlated c-di-GMP per Biovolume Ratio

To determine whether the loss in biovolume was a result of a purely physical effect or due to changes in gene regulation that controls biofilm formation, the response of the Gfp channel corresponding to the Cfp channel (seen in Figure 1) was analyzed using an indirect c-di-GMP quantification technique. Here, the cdrA-Gfp signal is a proxy for the intracellular c-di-GMP concentration. Quantitative image analysis (Figure 6) of the confocal images revealed the dependence of change in ratiometric signal on the loss of biofilm biomass. Figures 6A–F shows the scatter plot of Gfp/Cfp ratio with respect to remaining cell biovolume at six different acoustic pressure amplitudes. The increase in the ratio was evident in most samples (∼ 4 out of 7 samples) exposed at 4.5 and 5.5 MPa especially when the biovolume loss was above the 20% biovolume loss threshold. Statistical significance was not the best way to characterize the changes in these experiments as both cavitation and biofilm growth are subject to have levels of variability. To better understand the influence of acoustic pressure amplitude on the relationship between biovolume and Gfp/Cfp ratio, the data points were fit linearly at individual pressures. A negative correlation between biovolume and ratio was significant at 4.5 and 5.5 MPa whereas biofilms exposed to HIFU at pressure amplitudes below 4.5 MPa did not show any substantial change in Gfp signal per cell of the remaining cells in the biofilm. At p = 0.05, only the slope of 4.5 MPa response was statistically different from zero. All the p-values are shown in the respective plots along with the linear equation.
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FIGURE 6. The correlation of Gfp/Cfp ratio and biofilm biovolume at various pressure amplitudes normalized to the sham—(A) 0.5 MPa. (B) 1.5 MPa. (C) 2.5 MPa. (D) 3.5 MPa. (E) 4.5 MPa. (F) 5.5 MPa. The quantification established a linear relationship between Gfp/Cfp ratio (indicative of cdrA correlated c-di-GMP per unit cell biovolume) and cells biovolume. The linear equation, R2-value and p-value for individual regressions are indicated in the plots. Here p-value is the significance level at which the obtained slope is statistically different from zero.


Next, we compared the effect of HIFU induced biofilm removal at 4.5 MPa and subsequent effect on cdrA correlated c-di-GMP response in wild type-PAO1 PcdrA:Gfp and a ΔwspF mutant that overproduces c-di-GMP as a consequence of the mutation, i.e., PAO1 ΔwspF PcdrA:Gfp (Figure 7). It is to be noted that the ΔwspF biofilms were thicker than the ones formed by wild type strain (Supplementary Figure 3). Supplementary Figure 3 shows the comparison of biofilm growth by wild type and ΔwspF strains. Here, the ΔwspF biofilms both untreated (Supplementary Figure 3C) and HIFU-treated (Supplementary Figure 3D) were approximately four times thicker than the ones formed by wild type strain (Supplementary Figures 3A,B). The biovolume quantification (Supplementary Figure 3E) shows that HIFU exposure decreased the biovolume in both strains yet, contrary to wild type that removed cells from the base, in ΔwspF just layers of cells were removed from the top.
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FIGURE 7. Representative ratiometric images (i.e., images of Gfp channel per Cfp channel) of biofilms formed by (A) PAO1 PcdrA:Gfp exposed to HIFU at 0 MPa (Sham) and 4.5 MPa. (B) Representative ratiometric images of biofilms formed by c-di-GMP overproducing PAO1 ΔwspF PcdrA:Gfp exposed to HIFU at 0 MPa (Sham) and 4.5 MPa. The colorbar shows the graylevel value, i.e., the Gfp/Cfp ratio in the spatial plane. (C) The correlation of Gfp/Cfp ratio and biofilm biovolume for biofilms formed by PAO1 PcdrA:Gfp and PAO1 ΔwspF PcdrA:Gfp exposed to HIFU at 4.5 MPa and normalized to the sham. The linear equation and R2-value for individual regressions are indicated in the plots. (D) Variation in the slope of linear regression with increasing acoustic pressure amplitude for biofilms formed by PAO1 PcdrA:Gfp and PAO1 ΔwspF PcdrA:Gfp.


Figures 7A,B shows the qualitative analysis in the form of representative ratiometric images of Gfp per Cfp signal expressed by untreated biofilms and HIFU-treated biofilms for PAO1 PcdrA:Gfp and PAO1 ΔwspF PcdrA:Gfp, respectively. Inspection of images in Figure 7A indicated that the ratiometric signal in wild type biofilms gradually increased as HIFU acoustic pressures amplitude increased to 4.5 MPa. The ratiometric images of biofilms at other acoustic pressure amplitudes is shown in Supplementary Figure 2. In contrast, the qualitative image (Figure 7B) analysis of ΔwspF mutant biofilms at 4.5 MPa showed no increase in the ratiometric signal compared to wild type biofilms (Figure 7A). The same was reflected in the quantitative Gfp/Cfp ratio and biovolume relationship (Figure 7C). Here, the curve of PAO1 PcdrA:Gfp is the same as Figure 6E; it was added here for a better comparison.

Figure 7D shows the slope obtained from the linear regression for various acoustic pressure amplitudes. Here, the slope of linear regression was always less than zero indicating an increase in the Gfp/Cfp even at the lowest acoustic pressure. Nonetheless, a decreasing trend was observed as the pressure increased. Interestingly, the slope tracked back to zero for the biofilms formed by ΔwspF mutant.

To corroborate the changes in c-di-GMP, we further investigated the genotypic composition of the biofilms by colony morphology analysis. Specifically, we looked for the presence of wrinkled colony morphology variants indicative of high c-di-GMP production due to mutations in the wsp pathway (Figure 8A). A positive correlation between the percentage of wrinkled colonies (Figure 8B) and total CFU was observed for 4.5 MPa treated biofilms whereas, the slope of untreated biofilms was not significantly different from zero. This suggests that at the higher acoustic pressure, where loss of the biofilm was observed, the remaining biofilm appears to have a higher relative abundance of wrinkled variants that overproduce c-di-GMP. This may explain the observations above (Figure 7) where we observe an increase in relative c-di-GMP production after exposure to increased acoustic pressures.
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FIGURE 8. This analysis is related to emergence of wrinkled colonies (indicative of c-di-GMP overproduction) after HIFU exposure at 4.5 MPa. (A) Representative optical images of various colony variants found in the biofilms formed by PAO1 PcdrA:Gfp after exposure to HIFU at 4.5 MPa. (B) Linear relationship between total CFU and % of wrinkled colonies after sham and 4.5 MPa HIFU treatment. The linear equation and R2-value for individual regressions are indicated in the plots.




Role of HIFU Properties in Microstructural and Biological Changes

Since our aim was to determine the influence of ultrasound alone on the biofilm, we used HIFU to achieve the desired effects. Introducing a coupling cone to the experimental system exhibited more intense power at the focus (Supplementary Figure 4A) compared to free-field (Supplementary Figure 4B). This pressure distribution calibration in presence of coupling cone also shows that the HIFU focus is limited to ∼3 mm in the radial plane.

Furthermore, the changes in acoustic properties at the pressures with maximum microstructural and biological response was apparent. The cavitation properties were investigated using PSD curve. For the frequency content, the raw data obtained from the oscilloscope was post processed and converted to a PSD curve. Here, inertial cavitation response was observed at 3.5 MPa and higher, in the representative PSD (Supplementary Figure 5). It is to be noted that this analysis just described inertial cavitation and there was a possibility of non-inertial cavitation which was revealed in the frequency content of the unfiltered signal. Investigations of unfiltered data revealed sub-harmonic signal at higher pressures indicating stable cavitation (Supplementary Figure 6).

Emergence of a non-linear acoustic wave was also investigated as a possible mechanism for the changes in biofilm. In contrast to the wave propagation in free-field (Supplementary Figure 7A), the distortion of rarefactional acoustic waves above 4.5 MPa indicating non-linear wave propagation was evident in a coupling cone setup (Supplementary Figure 7B).



DISCUSSION

Using therapeutic ultrasound on bacterial biofilms is gaining momentum as an efficient treatment strategy. To observe any effects, the choice of acoustic parameters is crucial (Brayman et al., 2017). While low intensity ultrasound in combination with microbubbles and antibiotics is intended to kill bacteria, HIFU treatment specifically breaks down and disrupts the biofilm, but does not necessarily rely on killing to achieve these effects (Erriu et al., 2014). At low acoustic intensity, exposing P. aeruginosa biofilms to varying ultrasonic frequency did not show any significant change in biofilm viability (Qian et al., 1997). In contrast, previous studies at high intensity have shown that varying parameters such as duty cycle, burst period and exposure time of HIFU cause loss of biomass in P. aeruginosa and Enterococcus faecalis biofilms (Xu et al., 2012; Iqbal et al., 2013). All of these studies revealed a vital role of acoustic intensity in the disruption of biofilms. Since our aim was to determine the influence of ultrasound alone on the biofilm we used HIFU to achieve the desired effects.

Furthermore, the mechanical effects of HIFU such as cavitation and acoustic streaming that might drive the disruption process rely strongly on the peak negative pressure (Mo et al., 2012). However, further investigation is required in the role of varying acoustic pressure amplitude on biofilms (Vyas et al., 2019). A study on acoustic pressure variation on Escherichia coli biofilms showed a reduction in CFU at relatively high pressures (Bigelow et al., 2009). Our studies showed biovolume loss at higher pressures and were consistent with Bigelow et al. (2009). Additional volumetric parameters such as porosity and aspect ratio gave a better understanding of the mechanical changes in biofilms after HIFU exposure (Lewandowski and Beyenal, 2007). The increase in porosity evidenced by the 3D reconstructions and quantification of biofilms indicated that HIFU penetrated the biofilm and uprooted the cells from the base of the substratum. Furthermore, the change in the aspect ratio of the run lengths confirmed that HIFU distorted the microcolonies in z-direction (Beyenal et al., 2004a).

Once we established that HIFU influenced the biofilm cells, we investigated the contribution of viable/non-viable cells and EPS to the microstructural change. Our findings showed that HIFU was able to detach both live and dead cells from the ITO:PET surface especially at 4.5 MPa. The biofilm detachment by HIFU was in agreement with previous studies (Bigelow et al., 2009; Xu et al., 2012; Iqbal et al., 2013). Additionally, there was no drastic increase in the dead cells after HIFU exposure; cell death was not a primary consequence of HIFU in contrast to the effects observed in presence of external agents such as microbubbles and antibiotics (Erriu et al., 2014; Cai et al., 2017; Lattwein et al., 2020). Our results therefore suggest that acoustic intensity was linked to the physical disruption of biofilms.

Next, we investigated the effect of ultrasound on exopolysaccharides. In addition to the bacterial cells, the biofilm matrix forms a major part of a biofilm (Flemming and Wingender, 2010). Previously, it has been suggested that low intensity ultrasound significantly affected polysaccharide synthesis expression in Staphylococcus epidermidis and P. aeruginosa biofilms (Zhu et al., 2013; Zhang et al., 2019). A positive correlation between EPS (stained by con-A) and biomass loss after low intensity ultrasound exposure in presence of microbubbles has also been determined (Agarwal et al., 2014). However, the impact of HIFU on the biofilm matrix has not yet been well studied (Pinto et al., 2020). In our study, con-A and CWR stains were used to study the role of HIFU on biofilm exopolysaccharides (Baird et al., 2012). These are general lectin-based polysaccharide stains and have been previously used to study exopolysaccharides in both biofilms (Baird et al., 2012) and aerobic granules (Chen et al., 2007).

In principle, each monosaccharide unit in the biofilm carbohydrates consist of α and β glycosidic linkages that bond with another monosaccharide or molecule (for e.g., lectins). Here, α and β linkages are stereoisomers where, the α-glycosidic bond is formed when the binding carbons have the same stereochemistry and β-glycosidic bond occurs when the two carbons have different stereochemistry. The biofilm exopolysaccharides are rich in such α and β linkages that bind to con-A and CWR, respectively (Baird et al., 2012).

In P. aeruginosa, biofilms formed by the non-mucoid PAO1 strain primarily consist of two exopolysaccharides namely, Pel, a glucose rich polysaccharide and Psl, a pentasaccharide repeat structure consisting of mannose, glucose and galactose (Mann and Wozniak, 2012). Here, con-A has a binding specificity toward α-mannose and α-glucose (Strathmann et al., 2002). Similarly, P. aeruginosa consists of cellulose-resembling β-1,4 and β-1,3 glucose units that binds with CWR (Stewart et al., 1995). To this effect, con-A and CWR stains are not specific to Pel or Psl, rather they give a combined response of both the exopolysaccharides by bonding with α and β-glycosidic link in the structure of the sugar.

Our findings revealed that HIFU was able to remove the bacterial cells and the α-polysaccharides linked to them, whereas removal of β-polysaccharides located at the top of the biofilm did not depend on the biovolume removal. This indicated two possible effects of HIFU on α-polysaccharides: (i) HIFU interacted with biofilm exopolysaccharides and degraded them or (ii) they were simply removed from the surface along with the bacterial cells due to their strong linking as a result of active or passive dispersal; both resulting in destabilizing the biofilm microstructure (Kaplan, 2010; Agarwal et al., 2014). Based on the aforementioned indication, con-A bonded with two major glycosyl units in P. aeruginosa, i.e., mannose (formed ∼20% of Psl structure) and glucose (dominant in Pel and formed ∼13% of Psl) (Ma et al., 2007; Jennings et al., 2015). As a result, the disruption of α-polysaccharides suggested the ability of HIFU to affect both Pel and Psl exopolysaccharides in P. aeruginosa.

Although we investigated the effect of HIFU on cells and EPS sugars, these changes alone do not hint at total biofilm removal because the microstructure of a biofilm is dynamic and complex (Flemming and Wingender, 2010). Therefore, to further understand the relationship between HIFU and total biofilm dispersal, we used a common method for quantifying acoustic-biofilm interactions, crystal violet assay (He et al., 2011; Zhu et al., 2013; Dong et al., 2017; Koibuchi et al., 2018). Crystal violet is known to stain the entire biofilm, i.e., live cells, dead cells, and extracellular matrix (Merritt et al., 2005). We also utilized EIS to characterize changes in the biofilm biomass and structure as it has been found to be an efficient tool to detect the growth and disruption of biofilms on conductive surfaces (Dominguez-Benetton et al., 2012). The EIS response of P. aeruginosa biofilms grown on ITO:PET substrate suggested that interfacial resistance and current characteristics indirectly measure the viability of the biofilm (Bharatula et al., 2020). The current characteristics are also influenced by Psl in the EPS. The interfacial resistance agreed with the live/dead stain results. Based on the non-removal of β-polysaccharides in confocal analysis, crystal violet assay, and current at bias potential, no significant change in biofilms with respect to acoustic pressure indicated that biofilm matrix components remained on the substratum.

Another possibility for the insignificant changes in the crystal violet assay and electrochemical monitoring was that the microstructural effects were a localized phenomenon. The beam focus of a 0.5 MHz HIFU transducer is 3 mm in radial diameter (as observed by the pressure distribution map), resulting in an exposure area of ∼7 mm2 (Bazan-Peregrino et al., 2012). Although this is a relatively small area compared to the entire area covered by biofilm (225 mm2), it is easily visualized using confocal microscopy. Crystal violet assay and EIS, however, analyze an area that extends beyond the focus of the HIFU beam Thus, these sampling methods provide insight on the effects of HIFU on regions within and beyond the focus of the HIFU, and thus suggested that the results we observed were restricted to only biofilm within the acoustic focus of HIFU.

From the microstructural results, HIFU removed large regions of the biofilm, however, the biological mechanism behind such observation remains undefined. A previous study has suggested that changes in genetic factors such as quorum sensing, protein metabolism, and motility are possible after exposure to low intensity ultrasound (Zhang et al., 2019). We focused on the impact of HIFU on a key regulatory system that controls biofilm formation and dispersal and is known to be linked to cellular responses to environmental cues such as changes in oxygen, nutrient concentrations, as well as nitric oxide that lead to dispersal (Valentini and Filloux, 2016). C-di-GMP is a secondary messenger that plays a key role in regulating the shift between planktonic and biofilm bound cells (Ha and O’Toole, 2015). Moreover, c-di-GMP is crucial in regulating the stress response in P. aeruginosa (Chua et al., 2015b). The intracellular c-di-GMP was quantified using a reporter strain that responds to changes in c-di-GMP concentrations by inducing Gfp production from the promoter of the cdrA gene (Nair et al., 2017). The fluorescent bio-reporter used in this study was specifically developed for the indirect characterization of the c-di-GMP from planktonic bacteria and biofilms using confocal microscopy (Rybtke et al., 2012; Nair et al., 2017). Previous optimization of the bio-reporter strain showed that the data gathered from the confocal microscope correlated well with the chemical quantification (Nair et al., 2017). This correlation confirmed that the bio-reporter used was an efficient indicator of the c-di-GMP levels within the cells in different parts of the biofilms and at different time. Moreover, the c-di-GMP concentration may vary throughout the biofilm due to physiological heterogeneity. Therefore, this characterization technique provided information about the spatial and temporal distribution of c-di-GMP.

In principle, the amount of c-di-GMP per biovolume is independent to the amount of biomass loss due to HIFU if the removal of biofilm is truly non-specific. At low acoustic pressure amplitudes before 3.5 MPa, this principle held true. However, our findings revealed an increase in cdrA dependent c-di-GMP response per remaining biomass at acoustic pressure amplitudes at and above 4.5 MPa, which corresponded to more consistent biofilm removal. It was therefore possible that the biofilm had c-di-GMP hot-spots that were detectable when “weaker” portions of the biomass was removed.

One possible mechanism for this change entirely relies on mechanical disruption of either the matrix or cells to cause biofilm disaggregation. Alternatively, the cells actively respond to the acoustic stresses from ultrasound to disperse suggesting ultrasound may induce changes in gene expression that result in active dispersal of the bacterial cells from the biofilm (Kaplan, 2010). The mechanism of the changes was tested by treating biofilms formed by ΔwspF mutation that overproduce c-di-GMP. Such biofilms often contain spontaneous mutants that do not disperse as effectively as the wild-type cells and are characterized by small colony variants with wrinkled morphology (Hickman et al., 2005).

The response from biofilms formed by ΔwspF mutation did not show any change in c-di-GMP despite the removal of bacterial cells. Here, the lack of dispersal suggested that the genetic signal cascade that regulated the dispersal was blocked. In comparison, a clear change was observed in biofilms formed by wild type strain indicating the influence of a biological mechanism as opposed to a purely mechanical one. Moreover, the increase in c-di-GMP per biomass ratio (Gfp/Cfp ratio) in the wild type biofilms after HIFU treatment suggested a slow transition toward PAO1 ΔwspF biofilm condition. Hence, an understanding of the response of high c-di-GMP producing biofilms toward HIFU was necessary. The lack of c-di-GMP response in PAO1 ΔwspF biofilms indicated that biofilms may develop resilience to HIFU as they become stronger.

Furthermore, the colony morphology studies corroborated the confocal microscopy findings where an increase in c-di-GMP was observed in wild type biofilms. Our findings revealed the c-di-GMP response was a consequence of an increase in genotypic variants (in the form of wrinkled colonies) with naturally high c-di-GMP production. Here, it is possible that HIFU induced dispersal of wild type cells, leaving behind the wrinkled variants that overproduced c-di-GMP. Several consequences of changes in c-di-GMP concentration in a biofilm have been previously reported. In P. aeruginosa, changes in c-di-GMP resulted in functional changes in LapG, which then cleaved cdrA from the surface of the cell. Since Pel is also attached to cdrA, this polysaccharide is then released from the cell surface to enable dispersal (Rybtke et al., 2015). Moreover, increased c-di-GMP levels were also shown to inversely affect the quorum sensing regulated rhl and pqs systems (Chua et al., 2017). Thus, it is plausible that biofilms have a biological response to the mechanical stress from HIFU.

Our investigations also revealed that the mechanical stress by HIFU at higher pressures was probably due to two independent mechanisms: (i) non-linearity of the acoustic wave and (ii) inertial and stable cavitation leading to fluid streaming effects and acoustic radiation forces that exert shear stress on the biofilms (Nyborg, 2006; Stride and Coussios, 2019). Previously, the application of external shear in the form of fluid flow has shown increase in the c-di-GMP levels in planktonic P. aeruginosa and was associated with increased biofilm development (Rodesney et al., 2017). Thus, it is possible that HIFU was sensed through similar mechanosensing mechanisms. However, studies on bacterial mechanosensing are limited to the planktonic cells and its effect on biofilm is unknown (Gordon and Wang, 2019). It has been suggested that either changes in rotation of the flagella or the membrane protein PilYI may act as mechanosensors in P. aeruginosa and further work is needed to determine if these bacterial components are also involved in HIFU sensing (Siryaporn et al., 2014; Luo et al., 2015).

Although the results are promising, there are few limitations to our study. As the characterization techniques used were destructive, a before and after effect of ultrasound on the same sample was not possible. Instead, an untreated biofilm grown from the same overnight culture was considered as a control. This control may not exactly resemble the treated sample resulting in variability in our observations. Additionally, there were limitations for the transcriptomic and/or nucleotide analysis of the HIFU-treated biofilms (which may give more insight into the biological response) due to the amount of biomass available in the test system. HIFU is used in biological applications to focus sound waves to create a small volume of intense acoustic energy, thereby avoiding off-target side effects. Here, the focus is not a point in space but a small elliptical volume resembling a grain of rice with maximum intensity at the center. To reiterate, for a 0.5 MHz transducer, the focus has a 3 mm radial diameter (Bazan-Peregrino et al., 2012). Therefore, we believe that the microstructural and biological changes were localized to this area as was evident from the electrochemical and crystal violet data. Therefore, we are constrained to the volume of biofilm exposed to HIFU to study its effects. This localization amounted to a miniscule volume of bacteria extracted and post-processed for biological characterization thereby, limiting a direct quantification of c-di-GMP levels in the system. As a result, an indirect although efficient fluorescent bio-reporter was used. Future studies (beyond the scope of this report) will explore: (i) other acoustic parameters (duty cycle, HIFU frequency), (ii) different HIFU transducers (for e.g., multi-element transducers with focus of 6 mm radial diameter), (iii) introduction of cavitation agents (for e.g., polymeric nano-cups or multi-cavity shells) (Kwan et al., 2015; Su et al., 2019), and (iv) switching to a relatively dynamic flow-cell system for biofilm growth (Sternberg and Tolker-Nielsen, 2006) to address the limitations.



CONCLUSION

In summary, acoustic pressures equal to or greater than 4.5 MPa were optimal to observe HIFU-biofilm interactions. The cell viability studies showed that HIFU at 4.5 MPa removed bacteria from the surface although the complete removal was never achieved. Staining the exopolysaccharides revealed that HIFU penetrated the β-polysaccharides and was able to remove and/or degrade α-polysaccharides. Although, biofilm cells were removed from the surface, components of biofilm matrix still remained as observed from crystal violet and EIS studies. The most prominent observation was increase in the c-di-GMP signal after HIFU exposure suggesting that the remaining biofilms have a biological response to HIFU. Therefore, while investigating mechanical/physical approaches on biofilm, looking at the removal of biomass and change in microstructure is not sufficient. It is vital to track the transcriptomic response of the surviving biofilm in the future and our results are a first step toward showing the importance of such biological changes.
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Orthopedic device-related infections remain a serious challenge to treat. Central to these infections are bacterial biofilms that form on the orthopedic implant itself. These biofilms shield the bacteria from the host immune system and most common antibiotic drugs, which renders them essentially antibiotic-tolerant. There is an urgent clinical need for novel strategies to prevent these serious infections that do not involve conventional antibiotics. Recently, a novel antibiofilm coating for titanium surfaces was developed based on 5-(4-bromophenyl)-N-cyclopentyl-1-octyl-1H-imidazol-2-amine as an active biofilm inhibitor. In the current study we present an optimized coating protocol that allowed for a 5-fold higher load of this active compound, whilst shortening the manufacturing process. When applied to titanium disks, the newly optimized coating was resilient to the most common sterilization procedures and it induced a 1 log reduction in biofilm cells of a clinical Staphylococcus aureus isolate (JAR060131) in vitro, without affecting the planktonic phase. Moreover, the antibiofilm effect of the coating in combination with the antibiotic cefuroxime was higher than cefuroxime treatment alone. Furthermore, the coating was successfully applied to a human-scale fracture fixation device resulting in a loading that was comparable to the titanium disk model. Finally, an in vivo biocompatibility and healing study in a rabbit osteotomy model indicated that these coated implants did not negatively affect fracture healing or osteointegration. These findings put our technology one step closer to clinical trials, confirming its potential in fighting orthopedic infections without compromising healing.

Keywords: antibiofilm, titanium, implants, 2-aminoimidazole, coating, Staphylococcus aureus


INTRODUCTION

Implanted devices are extensively used in orthopedic and trauma surgery to restore function and aid healing of broken bones. These interventions offer more rapid and accurate restoration of function and greatly improve the quality of life for the affected patient. Nonetheless, orthopedic device-related infection (ODRI) represents a major threat to the success of these surgical interventions. The incidence of ODRI ranges from 1 or 2% in case of elective joint replacement (Tande and Patel, 2014) up to 30% in complex open fractures where the protective barrier of the skin is breached (Papakostidis et al., 2011). Staphylococcus aureus and Staphylococcus epidermidis are the major pathogens in ODRI, accounting for more than half of all ODRIs (Moriarty et al., 2016).

The surface of the implant in fact serves as a substrate for bacterial attachment and the formation of biofilms, which are significantly more tolerant to antibiotics. The bacteria within the biofilm produce an extracellular polymeric substance (EPS), which can serve as a matrix that limits the penetration of antimicrobials and host immune cells into the biofilm. Therefore, intravenous antibiotic therapy alone is rarely successful in treating biofilm infections. Furthermore, exposure to low antibiotic concentrations exerts selective pressure which can lead to resistance development (Liu et al., 2011; Stanton et al., 2020).

ODRI imposes a significant burden on patients and healthcare systems due to the need for surgical revisions, long duration of antibiotic therapy, functional loss, and, sometimes, even the need for salvage procedures such as amputation of the affected limb or establishment of a continuous fistula (Metsemakers et al., 2016a). As a result, there is clear clinical need for innovative infection prevention strategies that do not rely on conventional antibiotic therapy. In this context, local delivery systems, such as antibacterial coatings or antibiotic loaded biomaterials have emerged as attractive means to support improved infection prevention (Metsemakers et al., 2020). Currently, most orthopedic implants are made out of metals such as stainless steel or titanium alloys, which lack an active antimicrobial surface that can prevent biofilm formation (Zhang et al., 2014; Metsemakers et al., 2016b). In addition to containing antibacterial components that are effective in preventing bacterial colonization and biofilm formation, active antimicrobial coatings should be biocompatible and should not elicit a significant foreign-body response. Furthermore, such a coating should not interfere with bone healing, and should display sufficient mechanical stability, so that it does not detach from the surface when placed under mechanical stress, as may be experienced during implant placement (Zhang et al., 2014). Finally, in times where antibiotic resistance is acknowledged as a worldwide problem, the development of non-antibiotic coatings seems crucial (Metsemakers et al., 2021). Numerous coatings have been developed over the years containing various bactericidal materials and molecules, such as silver-coated implants, implants coated with disinfectants like chlorhexidine and iodine, and antibiotic-coated implants (Zhang et al., 2014; Kuehl et al., 2016). Nonetheless, novel strategies focusing on biofilm formation and dispersal are gaining attention as their integration with conventional antimicrobial therapies could potentially lower the risk of toxicity and resistance development (Qvortrup et al., 2019).

Recently, we reported a 5-aryl-2-aminoimidazole (2-AI)-based antibiofilm coating specifically targeting biofilm formation (Peeters et al., 2019). The in-house discovered compound 1-(8-aminooctyl)-5-(4-bromophenyl)-N-cyclopentyl-1H-imidazol-2-amine (LC0024-NH2) was successfully linked to a titanium surface resulting in a reduction in biofilm formation without affecting the planktonic phase. The mechanism of action has been partially elucidated in a study on Salmonella (Robijns et al., 2014) where 2-AIs strongly reduced the expression of genes (i.e., csgD, csgB, and adrA) involved in the production of the EPS. Inhibition of public goods such as EPS, without affecting cell viability, is less likely to impose a strong selective pressure for resistance (Allen et al., 2014). Consistently, our in vitro evolution and competition experiments showed that strains resistant to 2-AIs are counter selected, proving this strategy to be resilient to resistance development (Dieltjens et al., 2020). Since the ability to form mature biofilms is hindered in the presence of 2-AIs, perioperative contamination is less likely to result in biofilm formation on the surface of the coated device. Moreover, this strategy has the potential to prevent the life-long risk of hematogenous ODRI (Rakow et al., 2019), as the active compound is covalently bonded to the implant surface and is not released, like is the case for many other implant coatings.

In the present study, we aimed to optimize the 2-AI coating protocol to achieve a higher surface loading, a more efficient synthesis process and a higher coating stability, both for titanium disks and commercially available titanium fracture fixation devices. In addition, we evaluated the compatibility of the coating with the most common sterilization procedures and performed an in vivo safety study in a rabbit fracture model to determine the impact of the coating on fracture healing.



MATERIALS AND METHODS


Bacterial Strain and Chemicals

The bacterial strain S. aureus JAR060131, a clinical isolate originally cultured from a human patient with ODRI, was used in this study (culture collection of Switzerland number CCOS 890). Overnight cultures of S. aureus JAR060131 were grown in Lysogeny broth (LB), in test tubes at 37°C in shaking conditions. In vitro biofilm assays were performed using a 1/20 dilution of Tryptic Soy Broth (TSB 1/20). Phosphate-buffered saline (PBS) was prepared by combining 8.8 gL–1 NaCl, 1.24 gL–1 K2HPO4, and 0.39 gL–1 KH2PO4 (pH 7.4). LC0024-NH2 was prepared as previously reported (Peeters et al., 2019). All other chemicals were purchased from commercial sources and used without further purification.



2-AI Covalent Binding on Titanium Disks, Locking Compression Plates, and Screws


Coating Procedure

Round titanium disks (Ti6Al4V alloy, grade 5; height: 4 mm; diameter: 12 mm, total surface area: 3.77 cm2) were purchased from Salomon’s Metalen bv (Groningen, Netherlands) and used for coating optimization and in vitro activity testing. Prior to functionalization, the disks were roughened by bead blasting with high purity Al2O3 particles (Elysee Dental Belgium NV). The surface was cleaned and activated by chemical etching using a 20 wt% HNO3 and 4 wt% HF aqueous solution, followed by thorough washing with demineralized water and acetone. These disks without further functionalization are called control-Ti. To covalently bind the active compound, the surface was functionalized with amine groups by treatment with Fmoc-protected 3-aminopropyltriethoxy silane (Fmoc-APTES), followed by deprotection with tetrahydrofuran (THF)/piperidine (90:10) and thorough washing with THF. The silanization protocol was repeated three times. The hydrolysis solution was kept for the quantification of -NH2 groups via UV-Vis spectroscopy. After drying, the aminated disks were placed in a 15 ml falcon tube containing a n-hexane/hexamethylene diisocyanate (HMDI; 85:15) solution (1 mL/disk), agitated for 3 h at room temperature with the aid of a roller mixer and then rinsed with n-hexane. Next, the disks were transferred to a solution of LC0024-NH2 in DMSO, agitated for 16 h and rinsed with demineralized water and afterward with acetone. The rinsed samples were then dried at room temperature for 1 h. These disks are further referred to as LC0024-Ti. The titanium locking compression plates (LCPs) and screws, used in the in vivo study, were obtained from Depuy Synthes; Johnson & Johnson Co. Inc., NJ, United States. LCPs and screws were also etched and coated with LC0024-NH2, as described above. Control LCPs and screws did not receive any treatment.



Quantification of -NH2 Groups

The hydrolysis solutions from the Fmoc-deprotection procedure were used for quantification of the –NH2 groups by means of UV-Vis spectroscopy (Carey 5000, Varian, United States). To this end, the solution was diluted ten times with THF/piperidine (90:10) and the absorbance at 300 nm was measured against a pure THF/piperidine (90:10) solution.



LC0024-NH2 Loading Quantification

Quantification of the LC0024-NH2 loading was performed, as previously reported (Peeters et al., 2019), by hydrolysis and detachment from the linker followed by analysis of the hydrolysis solution via fluorescence spectroscopy. Briefly, the coated supports were fully immersed in the appropriate amount of hydrolysis solution composed of deionized water, isopropanol, and triethylamine in 1:0.5:1 volume ratio. The mixture was heated at 60°C for 1 h. Fluorescence absorbance of LC0024-NH2 of the hydrolysis solution was measured with a fluorescence spectrophotometer (FLS 920, Edinburgh Instruments, Photonics division) at excitation and emission wavelengths of 380 and 462 nm, respectively. The LC0024-NH2 loading was calculated according to a calibration curve obtained from serial dilutions of known standards in the hydrolysis solvent.




Sterilization Procedures

The coated and non-coated LCPs and screws were double packed in sterilization foil (Steriking, Wipac medical, Bomlitz, Germany) and steam sterilized in a steam autoclave (Vapofix 3-3-6 VS1, Belimed, Zug, Switzerland). The sterilization cycle used saturated steam generated from de-ionized water and maintained at 134°C for 6 min at 3,100 mbar. The same protocol was applied to the titanium disks. Ethylene oxide sterilization of titanium disks was performed by 2 h exposure at 55°C and negative pressure (at least 80 mbar below atmospheric pressure).



In vitro Biofilm Inhibition Assay and Antibiotic Co-Administration

To compare the in vitro antibiofilm activity of the LC0024-Ti disks with the control-Ti, the LC0024-Ti disks were inoculated with S. aureus for 24 h and the number of colony forming units (CFUs) on the surface of the disks (biofilm) and in the supernatant (planktonic) were determined. The disks were sterilized by immersion in ethanol solution for 10 min and dried under a laminar flow. Afterward, the disks were wrapped with Teflon tape and fitted snuggly into silicon rubber rings placed in the wells of a 12-well plate to prevent biofilm formation on the sides and bottoms. A first preconditioning step was performed by pouring 400 μL of bovine serum albumin (BSA, Sigma-Aldrich, Europe) in the wells, sealing the plate with a sterile semi-permeable membrane and wrapping it with parafilm to prevent evaporation, and incubating it overnight at 37°C in a closed plastic bag. Thereafter, the BSA solutions were removed, and the exposed surfaces washed with PBS. Overnight cultures of S. aureus were diluted in TSB 1/20 medium and 400 μL of a 1 × 104 cells/mL suspension was poured over each disk and the plate was covered with a semipermeable membrane. After static incubation for 24 h at 37°C, the supernatants were removed, diluted and plated on LB plates. The disks were carefully washed with sterile PBS to remove loose cells and transferred to falcon tubes filled with 2 mL PBS. The tubes with the disks were vigorously vortexed for 1 min, sonicated for 10 min at 45,000 Hz in a water bath sonicator (VWR USC 300-T) and vortexed again for 1 min. The resulting bacterial suspensions were passed through a 25G needle to disrupt any remaining aggregates, diluted, and plated on LB plates. After 24 h of incubation at 37°C, the numbers of CFU/ml were determined by plate counting. Finally, CFU/cm2 values were calculated accordingly by multiplying with the dispersion volume (2 ml) and dividing by the area of the exposed surface (1,13 cm2). The in vitro activity of steam sterilized disks was assessed using the same protocol.

Additional biofilm experiments were performed as mentioned above, except for the addition of cefuroxime to evaluate the impact of the coating in the presence of a conventionally used antibiotic. In these experiments, after a 24-h incubation period, the supernatant was replaced with a 0,004 μg/ml cefuroxime solution in TSB 1/20 for the treated samples and regular TSB 1/20 for the control disks. A second incubation period of 24 h followed and afterward the disks were handled as described above.



Visualization of Biofilm

Biofilms were grown onto control-Ti and LC0024-Ti disks as described above. The samples were prepared for scanning electron microscopy (SEM) by fixation with glutaraldehyde, as previously described (De Brucker et al., 2015). After removal of loosely attached cells by gentle immersion of the disks in PBS, the samples were fixed with 2.5% glutaraldehyde (2.5% glutaraldehyde in cacodylate buffer [0.1 M, pH 7.4]) for 30 min and rinsed 3 times with PBS. Dehydration was performed through a series of ethanol washes (30, 50, 70, and 90% ethanol for 20 min each) followed by soaking in 100% ethanol for 20 min – each three times – and drying. Finally, the surface of the samples was sputter-coated with Pt (Q150/S, Quorum Technologies) and analyzed by SEM, operated at standard high-vacuum settings, and using a 4.8-mm working distance and 5-keV accelerating voltage using back-scattered electron (BSE) imaging.



Evaluation of Fracture Healing in a Rabbit Model

The impact of the LC0024 coating on fracture healing was evaluated in vivo in a rabbit model. The study was approved by the ethical committee of the canton of Grisons in Switzerland (approval number TVB_ 07_19). All procedures were performed in an Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC)-approved facility and according to Swiss animal protection law and regulations.

The model involved the creation of a mid-diaphyseal osteotomy in a rabbit humerus with plate fixation as previously described (Arens et al., 2015). The osteotomy was performed using a 0.44 mm Gigly saw (RISystem, Switzerland) and fixed with a 7-hole (coated or uncoated) titanium LCP and (coated or uncoated) six locking screws (central plate hole was left empty).


Animals

Nine skeletally mature female New Zealand white rabbits (Charles River, Sulzfeld, Germany) were used in this study. All animals underwent clinical examination and were found healthy prior to inclusion in this study. The animals were divided in two groups and implanted with coated (6 animals) or uncoated (3 animals) fracture fixation devices (LCPs). After 8 weeks, the animals were euthanized using intravenously administered pentobarbital (200 mg/kg; Esconarkon).



Clinical Observations

An animal caretaker checked the rabbits three times a day for the first post-operative week. Thereafter, all animals were monitored daily. Their general and eating behavior as well as weight-bearing on the operated leg was scored. The surgical incision, respiration, eyes, fur and feces were also monitored and logged. Blood samples were taken preoperatively, at day 3 and day 7 postoperatively, and were continued once a week thereafter. Blood and serum were used to measure white blood cell count (VET ABC, Scil animal care, Viernheim, Germany) and C-reactive protein (CRP; rabbit CRP ELISA Kit, ICL Inc. Portland, OR, United States), respectively. The weight of each animal was determined at the same timepoints. Radiographs of the operated limbs were taken in anteroposterior and lateral views postoperatively and every 2 weeks until euthanasia.



Histopathology

A post-mortem high-resolution contact radiograph was taken of the humerus of each animal in two directions (caudocranial and lateromedial). All humeri were fixed for a minimum of 2 weeks in 70% methanol. After fixation, samples were dehydrated through an ascending series of ethanol (70%, 96%, absolute ethanol) with two changes for each step, every 4–7 days. Samples were transferred to xylene and finally to methylmethacrylate (MMA) for embedding. The polymerized samples were trimmed on a butcher saw and glued to beracryl holders and sectioned using a Leica 1600 saw microtome. A high-resolution contact radiograph was taken of the sectioned bones. Sections were then stained with Giemsa Eosin. Imaging of the Giemsa Eosin stained sections was performed using brightfield illumination. A veterinary histopathologist performed a semi-quantitative histopathological analysis using a six-point grading system (grade 0: change absent, grade 1: minimal change, grade 2: slight change; grade 3: moderate change; grade 4: marked change; and grade 5: massive change). Median grades were calculated per group (coated vs. uncoated). Due to the different number of animals per group, the severity and incidence of changes was calculated per animal.




Statistical Analysis

All in vitro experiments were carried out in technical triplicates and were independently repeated at least three times. Statistical significance of the in vitro data was determined by applying a two-sided ratio paired t-test using GraphPad Prism version 9 (GraphPad Software, United States).




RESULTS


Improved Coating Procedure and Loading Analysis

An optimized protocol for the attachment of the active compound LC0024-NH2 (Figure 1A) to titanium surfaces was developed. A schematic representation of the coating is presented in Figure 1B. The first step of the coating procedure consisted in functionalizing the titanium surface with Fmoc-APTES. When the reaction was carried out in an inert atmosphere the loading showed a slight increase compared to standard conditions. Nonetheless, higher surface loading could be obtained by multiple repetitions of the coating procedure. The graph in Figure 1C shows the increased loading following the increased number of repetitions. After cleavage of the Fmoc groups, LC0024-NH2 was covalently bonded to the aminated surface using HMDI as a linker. This shortened the synthetic protocol with one step as compared to our previous report (Peeters et al., 2019). The amount of LC0024-NH2 was measured by fluorescence spectroscopy as described in the Materials and Methods and resulted in a final loading of 50 nmol/cm2. The presence of LC0024-NH2 was also confirmed by scanning electron microscopy with associated energy-dispersive X-ray spectroscopy (SEM-EDX) (Supplementary Table 2). Stability of the coating was evaluated against two common sterilization procedures, steam sterilization and exposure to ethylene oxide. Therefore, the LC0024-Ti disks were sterilized using both techniques. After sterilization, the active compound was detached from the titanium surface by hydrolysis and the resultant solutions were analyzed via fluorescence spectroscopy. The fluorescence emission profiles of the two sterilization procedures did not show a significant difference compared to the profile of the control disks (Figure 1D).
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FIGURE 1. Optimized coating and chemical analyses. (A) Schematic structure of LC0024-NH2; (B) schematic representation of the coating sub-units; (C) results from the silanization step optimization; and (D) fluorescence emission profiles of the sterilized samples compared to the control disks.




In vitro Antibiofilm Activity Evaluation

After optimizing the coating procedure, we continued with in vitro evaluation of the antibiofilm activity. In order to provide relevant data for future in vivo studies, a clinical isolate of S. aureus (JAR06.01.31), was chosen. As shown in Figure 2A, biofilm formation after 24 h was significantly affected with an average decrease of biofilm cells with 1 log (92% reduction; remaining cells: 1,06 × 105 CFU/cm2) for LC0024-Ti compared to the control-Ti, whilst planktonic cells were not affected. Similarly, SEM pictures, of fixed biofilms showed a strong difference in biofilm growth (Figures 2D,E). The surface of LC0024-Ti disks was populated mainly by isolated cells whereas aggregates of biofilm cells were visible on the control-Ti disks (Figures 2D,E). This finding is in accordance with the described mechanism of action of 2-AI, i.e., inhibiting matrix production (Robijns et al., 2014; Peeters et al., 2019).
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FIGURE 2. Overview of in vitro activity evaluation. (A) In vitro characterization of planktonic growth and biofilm formation of S. aureus JAR060131 on LC0024-Ti disks. Data represent the mean of at least three independent experiments, the error bars show the standard error of the mean (SE). Statistical significance was determined by applying a two-sided ratio paired t-test using GraphPad Prism (ns, not significant; ****p < 0.0001), the average relative reduction compared to the untreated Control-Ti is reported as percentage; (B) In vitro evaluation of the effect of low concentration of cefuroxime (0.004 μg/ml) on biofilm cells present on the surface of the LC0024-Ti disks as compared to the control-Ti disks. Data represent the mean of three independent experiments, the error bars show the standard error of the mean (SE). Statistical significance was determined by applying two-sided ratio paired t-test using GraphPad Prism (*p < 0.05), the average relative reduction compared to the untreated Control-Ti is reported as percentage; (C) In vitro evaluation of the effect of steam sterilization on the LC0024-Ti disks as compared to the control-Ti disks and non-sterilized LC0024-Ti disks. Averages of biofilm cells from three technical replicates are reported. Data represent the mean of three independent experiments, the error bars show the standard error of the mean (SE). Statistical significance was determined by applying a two-sided ratio paired t-test using GraphPad Prism (ns, not significant), the average relative reduction compared to the untreated Control-Ti is reported as percentage; (D) Representative SEM-BSE images of a fixed biofilm grown on control-Ti disks; and (E) Representative SEM-BSE images of a fixed biofilm grown on LC0024-Ti disks.


A second set of experiments was carried out to evaluate the combined activity of the coating and a classic antibiotic. Biofilms were set to grow for 24 h on coated and uncoated titanium disks, after which the biofilms were submerged in a cefuroxime solution at 0.004 μg/ml in TSB 1/20 for an additional 24 h. For the untreated control group, the supernatant was replaced with fresh TSB 1/20. The treatment with cefuroxime alone caused a 80% reduction in biofilm cells (remaining cells: 8.28 × 104 CFU/cm2; Figure 2B) while the coating alone caused a 90% reduction (remaining cells: 3,64 × 104 CFU/cm2) demonstrating resilience to biofilm formation also after 48 h. The combined effect of the two treatments resulted in a significant (p = 0.0498) further reduction of 14% (-5.28 × 104 CFU/cm2) compared to cefuroxime alone and the remaining biofilm cells accounted for only ∼6% (94% reduction; remaining cells: 3.02 × 104 CFU/cm2) compared to the control. The activity of the antibiotic against cells on the Control-Ti surface [79.45% ± 6.17 (SE) reduction upon cefuroxime treatment] and the LC0024-Ti surface [24.81% ± 36.91 (SE) reduction upon cefuroxime treatment] did not significantly differ (p = 0.2182). Before attempting the in vivo experiments, activity retention after sterilization was tested in vitro using steam sterilized disks. The results showed that activity was retained (93 and 92% reduction for LC0024-Ti and steamed sterilized LC0024-Ti disks, respectively; Figure 2C).



Histopathological and Radiographical Evaluation

The contact radiographs of rabbits in the coated and uncoated groups 8 weeks after osteotomy are shown in Figure 3. In the uncoated group (Figure 3A), where rabbits received commercially available medical grade titanium LCPs, healing progressed well and there was bridging of the osteotomy and a physiological presence of periosteal callus at the osteotomy site. Similarly, rabbits in the coated group (Figure 3B) also displayed healing of the osteotomy and a similar periosteal callus appearance as the uncoated group. In both the coated and uncoated groups, healing was not yet totally completed, as revealed by sections through the bone (lower right-hand image in Figures 3A,B), and no differences were observed between the groups based on visual inspection of contact radiographs.
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FIGURE 3. Appearance of uncoated (A) and 2-AI-based coated (B) plates during placement and radiographic appearance of healing at time of study completion. Upper row, intra-operative pictures of the surgical site prior to wound closure showing LCPs being fixed to the bone. Skeletally mature rabbits received a 7-hole LCP and six screws. Note the position of the osteotomy beneath the empty screw hole on left hand side image (asterisk). The uncoated plates and screws are as purchased with coloring due to anodization. The color of the coated plates and screws match, due to the coating process that was applied. Lower row, post-mortem contact radiographs of the bone (left) or after sectioning (right), centered on the osteotomy (white bracket). Note the complete bridging of the osteotomy gap and the formation of periosteal callus at the osteotomy site. The osteotomy is still visible indicative of ongoing healing. Images were randomly selected as representative of the entire group.


The semi-quantitative histological evaluation of coated/non-coated plates and screws and the local tissues is shown in Figure 4. The data points from each evaluation showed a rather homogenous response among the different animals. The few scores that notably differ are due to inherent variability of the model as they are not attributable to the discordant response of one single animal. This variability can be associated with mechanical effects caused by minor differences in plate and screw placement, as well as intrinsic limitations in the sampling method whereby a three-dimensional object is scored on a single longitudinal section. In general, the score for fracture healing (Figure 4A) shows equivalent healing in both groups at both the cis and trans cortex, consistent with the radiographic appearance shown in Figure 3. Similarly, periosteal callus (Figure 4B) at both the cis and trans side were similar between groups, and at a moderate to high grade consistent with the radiographic signs. A moderate increase of cortical porosity near the osteotomy site and a minimal to moderate cortical thinning (attributed to stress-shielding) was found in both groups.
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FIGURE 4. Overview of histological evaluation of rabbits receiving coated and uncoated screws. (A) Fracture healing; (B) callus formation; (C) direct osteointegration; (D) inflammatory cell infiltration. Rabbits were euthanized 8 weeks after osteotomy and fixation with uncoated (gray bars [median/group], white dots [individual values]) or coated (blue bars, black dots) LCPs and screws. The entire operated bone was fixed, embedded in polymethylmethacrylate (PMMA), sectioned and stained with Giemsa Eosin. Semi-quantitative histological scores (0–5) were given by a blinded veterinary pathologist for a group of n = 6 rabbits receiving coated implants and n = 3 rabbits receiving uncoated implants. Features were scored for the entire section. Error bars represent the range. No statistical comparisons made.


Direct osteointegration (segments with direct bone-implant contact) was also comparable between both groups, with a relatively low score in both groups for both the plates and screws (Figure 4C). Microscopic images of the Giemsa Eosin-stained sections show the osteointegration of plates and screws in the uncoated group [Figure 5A (magnified in B) and C, respectively] and in the coated group [Figure 5E (magnified in F) and G]. There was greater direct bone-implant contact around the screws compared to the plates, without any marked differences between the coated and uncoated groups.
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FIGURE 5. Histological images of rabbits receiving Left, uncoated, or Right, coated LCPs and screws. At euthanasia, 8 weeks after surgery, rabbits were submitted for histopathological processing and evaluation. Giemsa Eosin-stained sections of the plate (A,E) and screws (C,G) are shown that are indicative of typical findings. (B,F) show higher magnification images of (A,E), respectively. Note the greater bone-implant contact for the screws relative to the plates and a lack of significant differences between the groups. Low to moderate grade infiltration with inflammatory cells was also observed (uncoated, D and coated H) again without marked differences between the groups. Images were selected as representative of features observed.


The severity of the inflammatory cell infiltration was also scored (Figure 4D) and microscopic images are shown in Figures 5D,H for the uncoated and coated groups, respectively). Any observed inflammation was either serous (formation of fluid- and cell-filled space) and/or mononuclear (lymphoplasmacellular cell infiltration). Generally, it was relatively low and broadly equivalent between both groups. No inflammatory cell infiltration was recorded in the osteotomy gap or bone marrow (not shown).




DISCUSSION

The eradication of ODRI is challenging due to the presence of a biofilm that forms a physical and chemical barrier, thereby protecting bacteria from antibiotics and host defenses. Moreover, reduced metabolic activity of bacteria within the biofilm further reduces the activity of certain antibiotics. Biofilms also offer protection against phagocytes by offering mechanical protection and preventing the engulfment process as described for S. aureus (Thurlow et al., 2011). In addition, treatment of ODRI becomes challenging when compromised vascularization at the surgical site hampers the penetration of antibiotics and vital components of the immune system. Therefore, biofilm formation should be considered the key target in tackling ODRI. As an example, surface modification by covalent attachment of an antibiofilm-specific compound has shown to prevent ODRI by inhibiting bacterial colonization while on the other hand allowing tissue integration (Seebach and Kubatzky, 2019).

This study presents our latest progress regarding the development of an antibiofilm coating for titanium implants via covalent binding of 2-AI LC0024-NH2. Recently, we reported our first results regarding the application of 2-AI in the prevention of S. aureus biofilm formation on titanium surfaces (Peeters et al., 2019). In vitro experiments and in vivo data in a biomaterial-associated murine infection model proved the retention of activity of the LC0024-NH2 when covalently bonded onto titanium. In the present work we have optimized the coating procedure by shortening the synthetic route by one step, and achieved a 5-fold increase in surface density as compared to our earlier results. The previously adopted procedure for covalent binding LC0024-NH2 onto the titanium surface consisted of functionalization with carboxylic moieties followed by amide coupling with LC0024-NH2 via a four step synthesis (Peeters et al., 2019). Specifically, amination of the titanium oxide layer was performed via a single step of silanization using APTES. The aminated surface was then reacted with HMDI, followed by reaction with a 6-aminohexanoic acid solution for 16 h. HMDI hereby acted as a linker between aminopropyl silane and 6-aminohexanoic acid. Finally, LC0024-NH2 was bonded via amide synthesis to the carboxylic moieties hanging from the surface. This resulted in a LC0024-NH2 loading of 10.1 nmol/cm2. In the present study, we attempted to improve several steps in this coating procedure and increase the loading. We started with the optimization of the silanization step. Literature studies suggested that an inert atmosphere could have a positive effect on the attachment of silanes onto surfaces (Zhu et al., 2012). Degassing and purging nitrogen gas into the Fmoc-APTES solution indeed caused a slight increase in loading (Figure 1C). Nonetheless, simple repetition of the standard procedure without use of an inert atmosphere resulted in an even higher surface density. To simplify later upscaling of the coating procedure, the inert atmosphere option was not further adopted. Furthermore, since LC0024-NH2 could potentially react directly with HMDI without the need for adding the aminoacidic linker, we speculated that this lengthy step could be avoided. This was indeed confirmed by the observed increase in overall yield. Moreover, the absence of the hydrolysable amide bond associated with the aminoacidic linker can have the additional benefit of making the coating more resistant to deactivation processes (i.e. chemical or enzymatic hydrolysis) and thus retaining activity for a longer period. Nonetheless, reduction in the chain length, and possibly flexibility, could have an effect on the biological activity. Therefore, in vitro experiments were carried out to ensure retention of activity.

In vitro antibiofilm activity of the newly optimized LC0024-Ti disks was assessed against the clinical S. aureus isolate JAR06.01.31. The number of biofilm cells onto LC0024-Ti disks surface was reduced on average with more than 90% compared to the uncoated control-Ti disks. In our previous report, LC0024-NH2 coating led to a 47% reduction in biofilm cells (Peeters et al., 2019). These results also confirmed that the reduction in length of the chain was not detrimental to activity. As the viability of planktonic cells was not significantly affected, this enhanced activity solely targeted biofilm formation. To gain further insights in our strategy, we compared the effect of antibiotic treatment on biofilms grown onto LC0024-Ti and control-Ti disks. Since 2-AIs target EPS production, the integrity of the biofilm matrix is expected to be compromised (Mongkolrob et al., 2015). Consequently, antibiotic treatment might show a stronger effect in the presence of the coating. This would have a beneficial impact on the resolution of ODRIs allowing for shorter antibiotic therapies at lower concentrations. Cefuroxime was the antibiotic of choice in this study as it is commonly employed in daily clinical practice and well tolerated by rabbits. We selected a cefuroxime concentration of 0.004 μg/ml that is much lower than the MBC and MBEC (Supplementary Table 3), because at such suboptimal antibiotic concentration the tolerance effects of the biofilm, and thus potential effects of the antibiofilm coating on antibiotic efficacy, are expected to be most pronounced. We observed a similar activity of the antibiotic against bacterial cells on the antibiofilm coated and uncoated surface. The combined effect of cefuroxime with the coating (94% reduction compared control-Ti) was therefore higher than that of cefuroxime alone (80% reduction compared to control-Ti). The anticipated higher efficacy of the antibiotic against cells on the anti-biofilm surface, which we previously reported for Salmonella (Dieltjens et al., 2020), was, however, not observed. This might be related to the difference in bacterial target species, but also to the longer antibiotic treatment period in the current experiment [24 h vs 1 h in our previous report (Dieltjens et al., 2020)] which might have introduced additional effects such as partial antibiotic degradation, re-attachment of dispersed bacterial cells and/or antibiotic resistance. The current study focused on effects of the coating on early colonization and early stage biofilm formation (up to 48 h). In future studies we plan to implement flow-cell devices for biofilm formation and monitoring. Continuous flow of fresh medium ensures the constant supply of nutrients for prolonged periods of time. This will allow us to study the effect of the coating on biofilm maturation. Moreover, we aim to extend our focus on other clinically relevant strains and species (e.g., S. epidermidis).

Before proceeding with the preparation of the LCPs for the in vivo evaluation, stability of the coating to conventional sterilization procedures was assessed. Heat treatment as well as chemical sterilization can affect coating activity by hydrolysis of the active compound or the linker (Duncan et al., 1998; Preem et al., 2019). Other undesired reactions such as oxidation or radical formation can also compromise the coating activity. The coating was therefore challenged with steam sterilization and exposure to ethylene oxide, two commonly used procedures for implant sterilization. Analysis of the hydrolysis solutions from sterilized samples did not show significant variations compared to the untreated LC0024-Ti disks. Moreover, antibiofilm activity of steam sterilized LC0024-Ti disks was confirmed in vitro. These results are of crucial importance prior to preclinical validation in living animals. Finally, the coating procedure was applied to LCPs and screws and the presence of the active compound on the surface was confirmed by fluorescence spectrophotometry.

Implant biocompatibility is of crucial importance for the success of orthopedic procedures and patient outcome. Although it is true that fracture fixation devices may be removed after fracture healing, which makes direct osteointegration less important, biomechanical stability of the implant plays a crucial role in fracture healing. Moreover, stability is an important aspect with respect to prevention and treatment of infection, due to a vicious cycle between instability, ongoing soft tissue trauma and osteolysis (Foster et al., 2021). Stability of the fractured bone, that is provided by fracture fixation devices (e.g., plates and screws), requires a biocompatible surface that does not lead to inflammation or loss of local bone (i.e., osteolysis) at the bone-implant interface. The interaction of host and implant is significantly impacted by the surface of the implant and is first of all influenced by an initial conditioning layer of host proteins, followed later by fibroblast adhesion and later bone forming cells (osteoprogenitor cells and osteoblasts; Nuss and Rechenberg, 2008). Interference with any of these phases due to physicochemical properties of the implant surface can undermine the success of the surgery, and, therefore, needs careful evaluation. In our previous study, evaluation of the in vitro osteointegration potential [use of human bone marrow-derived stromal cells (MSC) and human microvascular endothelial cells (HMVEC)] and in vivo osteointegration in a rat model showed a positive outcome (Peeters et al., 2019). To further validate the applicability, the current study provides evidence for the biocompatibility of the coating in a rabbit fracture model. Histological evaluation showed that the grade of osteotomy gap closure and of periosteal callus formation were high and comparable for both groups. This confirms that the 2-AI coating does not interfere with fracture healing. Furthermore, both groups showed a low and similar amount of inflammatory cell infiltration.

In conclusion, this study reported on an optimized coating procedure to covalently bind the antibiofilm compound LC0024-NH2 on titanium surfaces. This resulted in higher loading and an enhanced activity in vitro. When applied to fracture fixation devices the coating did not negatively affect fracture healing in a rabbit fracture model. These positive results pave the way for future translational studies where we aim to confirm the effectiveness of the optimized coating against infection in vivo. Furthermore, they put our technology one step closer to clinical trials, confirming its potential in fighting ODRI without inducing local toxicity.
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Pseudomonas aeruginosa forms biofilms in the lungs of chronically infected cystic fibrosis patients, which are tolerant to both the treatment of antibiotics and the host immune system. Normally, antibiotics are less effective against bacteria growing in biofilms; azithromycin has shown a potent efficacy in cystic fibrosis patients chronically infected with P. aeruginosa and improved their lung function. The present study was conducted to evaluate the effect of azithromycin on P. aeruginosa biofilm. We show that azithromycin exhibited a potent activity against P. aeruginosa biofilm, and microscopic observation revealed that azithromycin substantially inhibited the formation of solid surface biofilms. Interestingly, we observed that azithromycin restricted P. aeruginosa biofilm formation by inhibiting the expression of pel genes, which has been previously shown to play an essential role in bacterial attachment to solid-surface biofilm. In a rat model of chronic P. aeruginosa lung infection, we show that azithromycin treatment resulted in the suppression of quorum sensing-regulated virulence factors, significantly improving the clearance of P. aeruginosa biofilms compared to that in the placebo control. We conclude that azithromycin attenuates P. aeruginosa biofilm formation, impairs its ability to produce extracellular biofilm matrix, and increases its sensitivity to the immune system, which may explain the clinical efficacy of azithromycin in cystic fibrosis patients.
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INTRODUCTION

Pseudomonas aeruginosa is the most common bacterial pathogen that causes biofilm-mediated chronic lung infections among cystic fibrosis (CF) patients (Faure et al., 2018; Maurice et al., 2018). P. aeruginosa has an innate propensity to attach to different solid surfaces and form biofilms, which enables the bacteria to resist both the host’s innate immune system and treatments with antibiotics (Mulcahy et al., 2014). The treatment options for nosocomial Gram-negative infections are very limited. The antibiotics of choice for Gram-negative pathogens are parenteral carbapenems, such asimipenem and meropenemor quinolones (Bassetti et al., 2018). However, the poor activities of these antibiotics on bacterial biofilms and the increasing prevalence of multidrug-resistant P. aeruginosa (Cabot et al., 2012; Ciofu and Tolker-Nielsen, 2019; Kumar et al., 2019) leave the physicians with very limited choices to effectively treat these patients.

Although macrolides are commonly used for Gram-positive pathogens, azithromycin is being extensively used to treat chronic respiratory tract infections caused by P. aeruginosa especially in cystic fibrosis patients (Hansen et al., 2005; Wagner et al., 2005). In addition to the direct anti-pseudomonas effects (Tateda et al., 1996; Marvig et al., 2012), multiple clinical studies have highlighted the beneficial non-antibiotic effects of azithromycin, including modulation of the aberrant immune response and improving lung function in CF patients (Equi et al., 2002; Saiman et al., 2003; Clement et al., 2006; Principi et al., 2015; Cogen et al., 2018). Taken together, multiple mechanisms of azithromycin have been suggested, such as inhibiting biofilm formation by modulating the synthesis of quorum sensing (QS) molecules (Nalca et al., 2006; Swatton et al., 2016) or stimulating the anti-inflammatory effect during prolonged exposure (Zimmermann et al., 2018).

P. aeruginosa poses different QS signaling systems (LasI/LasR and Rh1I/Th1R)that regulate different cellular processes, including cell-to-cell communication, extracellular matrix synthesis, and biofilm formation (de Kievit and Iglewski, 2000; Smith and Iglewski, 2003). A large number of genes, including those involved in virulence and biofilm formation, are modulated by two acyl-homoserine lactone molecules synthesized by QS systems, namely, 3-O-C12homoserine lactone (HSL) synthesized by lasI and C4-HSL synthesized by Rh1I (Ding et al., 2018). The QS signaling molecule 3-O-C12 HSL has been shown to be essential for extracellular matrix modulation and biofilm formation since the lasI mutant was found to be defective in extracellular biofilm matrix and biofilm formation (Sakuragi and Kolter, 2007). In contrast, the Rh1I/Rh1R signaling system was found to be important for the survival of bacterial cells during anaerobic conditions in biofilms (Yoon et al., 2002; Sakuragi and Kolter, 2007). Interestingly, an increasing level of 3-O-C12 HSL has been reported in both P. aeruginosa biofilm formed in vitro and in CF patients chronically infected with P. aeruginosa (Geisenberger et al., 2000; Singh et al., 2000; Barr et al., 2015). Azithromycin has been shown to inhibit the synthesis of 3-O-C12 HSL signaling QS molecules (Favre-Bonte et al., 2003) without influencing the growth of planktonic cells (Chalmers, 2017).

However, data concerning the mechanism of biofilm inhibition by azithromycin and in vivo efficacy in chronic pulmonary infection, to support the clinical utilities of azithromycin in CF patients, are scarce. In this study, we evaluated the efficacy of azithromycin against in vitro and in vivo P. aeruginosa biofilm formation in a chronic pulmonary rat infection model at a human-equivalent dose. Our study revealed the potential mechanism of biofilm inhibition by azithromycin.



MATERIALS AND METHODS


Bacterial Strains and Antibiotics

P. aeruginosa strain PAO1, PA-14 (highly virulent clinical isolate), and ATCC 700829 (standard strain for biofilm formation) were used for all in vitro and in vivo biofilm experiments. A recombinant P. aeruginosa G2 strain having a single chromosomal copy of promoterless lacZ gene, under promoter control of the pelA gene, was used for the mechanism of action studies. The bacterial isolates were obtained from the American Type Culture Collection (Manassas, VA, United States) or from our proprietary collection of clinical isolates. Levofloxacin was synthesized at Daiichi Sankyo Co., Tokyo. Azithromycin and clindamycin were obtained from a commercial source. All strains were stored at −80°C in 20% glycerol in trypticase soy broth (TSB) (Becton, Dickinson, and Company, Cockeysville, MD). All bacteriological media were procured from Becton Dickinson and Company; the reagents and chemicals were purchased from Sigma-Aldrich Co., LLC, United States.



In vitro Biofilm Activity

The effect of azithromycin and clindamycin on P. aeruginosa biofilm formation was assessed as described previously (Sharma et al., 2009; Barman et al., 2016; Kumar et al., 2019). Briefly, the overnight-grown culture of P. aeruginosa PAO1 in TSB was pelleted and resuspended in Luria–Bertani broth containing 0.2% glucose (107 CFU/ml). The bacterial suspension was spiked with different concentrations (16–0.015 μg/ml) of azithromycin or clindamycin in 96-well plates and incubated at 26 ± 2°C. The effects of azithromycin and clindamycin on inhibition of biofilm formation were assayed after 24 h of exposure. The wells were emptied and washed three times with phosphate-buffered saline (PBS; pH 7.3), and the adherent biofilm was stained with 200 μl of 1% crystal violet for 30 min and rinsed with distilled water. The adherent biofilm in the wells was solubilized with 200 μl of 30% acetic acid, and the optical density at 600 nm (OD600) was measured to quantify the formed biofilms. Each experiment was performed thrice, and the mean percent inhibition and standard deviations were calculated. The relative inhibition of biofilms, expressed as a mean percentage, was determined using the following formula:
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The efficacy of azithromycin was also evaluated on a pre-formed biofilm of P. aeruginosa PAO1 to assess the therapeutic or eradicative effect of azithromycin as described earlier (Macia et al., 2014). The bacterial suspension was prepared as described above and inoculated at 200 μl/well in a 96-well plate. After 24 h of incubation, the wells were emptied and washed with PBS and then spiked with different concentrations (16–0.015 μg/ml) of azithromycin prepared in LB broth containing 0.2% glucose. The plate was further incubated for 24 h, and the effect of azithromycin was assessed as described above.

To further evaluate the effect of azithromycin on planktonic cells and biofilm formation, a time-kill kinetic study was performed. Briefly, 10 ml of LB broth containing 0.2% glucose and a sterile 2-cm-long piece of the catheter were pre-warmed at 26 ± 2°C in reaction tubes, and the different concentrations of azithromycin (2 or 16 μg/ml) were added to tubes. The bacterial inoculum of P. aeruginosa PA-14 was prepared as described above and added to the tubes to achieve a final inoculum of ∼1 × 105 CFU/ml. The tubes were incubated at 26 ± 2°C. The planktonic cell counts were determined at various time-points by serial dilution plating onto a trypticase soy agar plate. After 24 h of incubation, the catheter pieces from each tube were removed, non-adherent bacteria were washed from the catheter pieces, and the number of CFU embedded in biofilm per catheter was determined as described earlier (Kumar et al., 2016, 2019). The experiment was performed in triplicate, and the mean log10 killing of planktonic cells and biofilm inhibition were calculated for each concentration. To further assess biofilm formation in the absence (drug-free control) or presence of azithromycin, the catheter pieces were also sectioned and processed for scanning electron microscopy (SEM).



β-Galactosidase Activity

To understand the molecular mechanism of biofilm inhibition, a recombinant mutant P. aeruginosa G2-containing promoterless lacZ gene under promoter control of pelA was gifted to us by Prof. Kilter (Sakuragi and Kolter, 2007). The β-galactosidase activity was performed in the absence and presence of different concentrations of azithromycin and levofloxacin, as described earlier (Sakuragi and Kolter, 2007).



In vivo Studies

Specific pathogen-free female Sprague–Dawley (SD) rats, weighing 200 ± 20 g (age 8 weeks), were used for the study. The rats were procured from Vivo Biotech Pvt. Ltd., Hyderabad, India. The animals were housed in a pathogen-free animal facility and allowed 5 days of acclimatization in the study room before initiating the experiment. Feed and water were provided ad libitum during acclimatization and the study periods. All animal studies were approved by the institutional animal ethics committee. The animal studies were conducted under the strict guidelines of the committee for the Purpose of Control and Supervision of Experiments on Animals, Ministry of Environment, Forests and Climate Change, New Delhi, Government of India, and under the supervision of the institutional committee.

To determine the in vivo efficacy of azithromycin, a chronic biofilm model of P. aeruginosa was established in SD rats, which mimic the human chronic infection (Hoover et al., 2017; Chawanpaiboon et al., 2019). A semisolid 0.25% w/v agar beads suspension was prepared and autoclaved a day before the in vivo experiment and stored overnight at 4°C. To cause a chronic biofilm infection, P. aeruginosa PA-14 was grown overnight on Mueller–Hinton agar (MHA; Becton, Dickinson and Company), and three to four isolated bacterial colonies were picked and suspended in PBS buffer to prepare the bacterial suspension. The turbidity of bacterial suspension was adjusted to 1 McFarland, diluted 1:10 with PBS. To prepare the inoculum, bacterial suspension was embedded in agar beads as detailed in a previously described method, which yield beads of mean size approximately 200–300 μm and a bead suspension of 2.5 × 107 CFU/ml (Hraiech et al., 2012). The animals were anesthetized by injecting 100 μl of xylazine (5 mg/kg) and ketamine (100 mg/kg) mixture intramuscularly. Using an 18-gauge blunt needle, 150 μl of bead suspension was injected intratracheally as described earlier (Barman et al., 2011). To cause a chronic biofilm infection, the animals were kept untreated for 3 days. Before starting the treatment, the animals were randomized using their body weight, and n = 6 animals were kept in each group. Azithromycin was administered orally using agavage at 75 mg/kg, q24h for 4 days. The rats were then euthanized 22 h after the last dose, and the lungs’ bacterial load was determined by plating diluted lung homogenates on MHA.



Pharmacokinetics Studies of Azithromycin in P. aeruginosa-Infected Rats

The concentrations of azithromycin were assessed in the plasma and lung epithelial lining fluid (ELF) of the rats infected with P. aeruginosa PA-14. Intratracheal infection in rats was performed as described above. A single dose of 75 mg/kg of azithromycin was administered orally through gavage. Blood and broncho-alveolar lavage (BAL) fluid (with 2 ml of normal saline wash) were collected at different time-points up to 24 h post-dose from each animal by gross dissection. For the collection of BAL, 2 ml of sterile cold PBS was infused into the animal through the trachea and into the bronchial cavity and aspirated out. Plasma was harvested from blood samples by centrifugation. The azithromycin concentrations in plasma and BAL samples were determined using liquid chromatography with tandem mass spectrometry. The apparent volume of ELF (VELF) in BAL fluid was determined by the urea dilution method using the urea assay kit from BioChain (Hayward, CA). The concentration of azithromycin in ELF (CELF) was determined as
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where CBAL is the measured concentration of azithromycin in BAL fluid.



Statistical Analysis

All data were analyzed using GraphPad Prism (version 8; GraphPad Software, San Diego, CA, United States). The statistical significance of the difference between the numbers of viable organisms recovered from the lungs of the treated group and those for the untreated control group or biofilm inhibition as compared to control (no drug control) was evaluated by non-parametric Mann–Whitney analysis. A difference between the treated group and the untreated control group was considered to be statistically significant if the P < 0.05.



RESULTS


In vitro Biofilm Activity

Azithromycin exhibited a potent activity against biofilms produced by different isolates of P. aeruginosa. Azithromycin showed a strong biofilm inhibition as compared to the drug-free control and clindamycin with a biofilm preventive concentration (BPC50) value of 0.122 μg/ml against P. aeruginosa PAO1 (Figure 1) and also exhibited a similar biofilm activity against P. aeruginosa ATCC 700829 (standard strain used for biofilm formation) (Supplementary Figure 1). In contrast, azithromycin exhibited a comparatively reduced activity against the pre-formed biofilm with a minimum biofilm eradication concentration (MBEC50) value of 7.49 μg/ml against P. aeruginosa PAO1 (Supplementary Figure 2).
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FIGURE 1. Activity of azithromycin and clarithromycin against biofilm of P. aeruginosa PAO1 The adherent biofilm in presence of azithromycin, clindamycin or in control well (drug free) was stained with 1% crystal violet and measured by OD600 after dissolving in 30% acetic acid. The inhibition of biofilm in presence of antibiotics was calculated by comparing the biofilm formation in control well. Values shown in the figure are average of three independent experiments.


To further determine the effect of azithromycin against planktonic cells and biofilm formation on a solid surface, we performed a time-kill kinetic study using a catheter piece as a solid surface objective, as described earlier (Kumar et al., 2019), although azithromycin showed a substantial 1.86 log10 reduction in planktonic cell counts at 6 h as compared to the drug-free control and but no effect at 24 h post-incubation (Figure 2A and Supplementary Figure 3). Possibly, over-expression of multidrug efflux pumps could be the reason of its poor activity against P. aeruginosa in LB media, as potent-activity of azithromycin has been observed in the presence of known efflux pump inhibitors or eukaryotic media (RPMI 1640) (Buyck et al., 2012). Despite the high bacterial cell counts in LB media (Figure 2A), azithromycin exhibited a strong activity against P. aeruginosa PA-14 biofilm (Figure 2B). A simple macroscopic and quantitative analysis 24 h after incubation revealed that P. aeruginosa PA-14 formed a strong solid-surface biofilm on catheter pieces (Figures 2C,D), whereas in the presence of azithromycin, no solid-surface biofilm formed, suggesting that, despite having a limited activity against the planktonic cells of P. aeruginosa in LB media, azithromycin efficiently impeded the planktonic cells from leading to biofilm formation, possibly by inhibiting the synthesis of the extracellular biofilm matrix required for solid-surface biofilm formation. To confirm our hypothesis, we used SEM to visualize biofilm formation at the cellular level in a drug-free control and the presence of azithromycin. As shown in Figure 2C, P. aeruginosa cells were embedded in an extracellular matrix to form a solid-surface biofilm in a drug-free control, whereas no extracellular matrix was observed in the presence of azithromycin (Figure 2D). Hence, biofilm formation was significantly inhibited. These lines of evidence support the hypothesis that azithromycin inhibits biofilm formation by impairing the ability of P. aeruginosa to produce its biofilm matrix.
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FIGURE 2. Activity of azithromycin against planktonic cells of P. aeruginosa PA14 (A), and biofilm formation (B) at 24 h. Scanning electron micrographs revealing biofilm formation at 24 h in absence of drug (C) or in presence of azithromycin (D). The catheter piece in drug-free control well shows production of extracellular matrix and biofilm formation, while no extracellular biofilm matrix and biofilm formation observed in presence of azithromycin. Each value is the average of triplicate assay where presented data is mean ± SD. Statistical analysis were calculated using one way ANOVA and ****p < 0.0001 (n = 3).


Development of the solid-surface-associated biofilm is controlled by pel genes in P. aeruginosa, as a pel gene mutant was found defective in synthesizing an extracellular biofilm matrix and biofilm formation (Sakuragi and Kolter, 2007), and the expression of pel genes is regulated by 3-O-C12 homoserine lactone (autoinducer of the las QS signaling system, synthesized by lasI) (Sakuragi and Kolter, 2007).

To understand the biofilm inhibition mechanism of azithromycin, we evaluated the β-galactosidase activity of a recombinant mutant containing a promoter less lacZ gene under promoter control of pel gene (Sakuragi and Kolter, 2007), in the absence and presence of different azithromycin concentrations. Azithromycin showed a dose-dependent inhibition of β-galactosidase activity with IC50 0.170 μg/ml (Figure 3). In addition, to confirm the selectively of azithromycin from the Las QS system, we also evaluated the sub-MIC concentrations of levofloxacin. As expected, levofloxacin did not influence the β-galactosidase activity of mutant (Figure 3A). Taken together, these results indicate that azithromycin inhibits pel gene transcription by inhibiting the las QR signaling system (Figures 3B,C), resulting in the inhibition of P. aeruginosa biofilm formation.
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FIGURE 3. p-galactosidase activity of P. aeruginosaG2 recombinant construct containing pel promoter-lacZ transcriptional fusion in presence of different concentration of azithromycin, levofloxacin or no-drug control (A). The MIC of azithromycin and levofloxacin was > 32 and 1 ng/mL, respectively, against P. aeruginosaG2. Proposed mechanism of biofilm and pel genes inhibition by azithromycin (B).Genetic structure of pel genes in P. aeruginosa (C).




In vivo Efficacy Against P. aeruginosa in a Rat Biofilm Model

The experimental plan used for testing the efficacy of azithromycin at a human-equivalent dose is shown in Figure 4. The treatment was implemented 3 days post-infection and given once daily for a period of 4 days (Figure 4A). All the infected animals in the control group exhibited consistent bacterial counts. At 4 days, the placebo treatment resulted in no significant change in bacterial load, whereas treatment with azithromycin at 75 mg/kg, q24h resulted in a significant 1.67 log10 reduction in bacterial counts as compared to the placebo control (Figure 4B).
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FIGURE 4. Efficacy of azithromycin in chronic rat pulmonary infection model of P. aeruginosa PA-14.Chronic pulmonary was caused using P aeruginosaPA-14 in rats via the intratracheally route and treatment was started 3 days post infection with azithromycin by PO route (A). Bacterial lungs loads were determined post 22 h of last dose and compared with those of placebo treated (B). Stimulated plasma and ELF concentration of azithromycin at 75 mg/kg, PO for 4 days was calculated using WinNonlin (C). The asterisks indicates a significant difference compared with those of control group (**P < 0.01, ***P < 0.001). CFU, Colony Forming Unit; OD, Once a Day; PO, Per Orem (Oral administration); ELF, Epithelial Lining Fluid; BPC, Biofilm Preventive Concentration; MBEC, Minimal Biofilm Eradication Concentration.




Pharmacokinetics of Azithromycin in P. aeruginosa-Infected Rats

The plasma and lung tissue kinetics of azithromycin in the SD rats infected with P. aeruginosa PA-14 are presented in Figure 4C and Table 1. The plasma and lung tissues were harvested from infected animals at different time-points of up to 24 h post-dosing, and the stimulated plasma and lung tissue (EFL) profile was prepared to understand the pharmacokinetics of azithromycin in infected animals. Although Cmax in plasma and lung tissues was observed 2 h after administration, azithromycin showed comparatively higher concentrations in lung tissues. The lung ELF/plasma ratios of Cmax and AUCinf were 81.05 and 85.96, respectively. The graph shows that the simulated lung concentrations of azithromycin at 75 mg/kg, q24h dose were substantially higher than the BPC and MBEC values of P. aeruginosa biofilms throughout the treatment (Figure 4C).


TABLE 1. Pharmacokinetic parameters of azithromycin at 75 mg/kg, PO dose in Wister rats infected with P. aeruginosa PA-14.
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DISCUSSION

Biofilm formation within the lungs of CF patients is the hallmark of P. aeruginosa pathogenesis (Singh et al., 2000), as it substantially reduced the bacterial susceptibility to antimicrobial agents and the host immune system compared to planktonic cells (Smith and Iglewski, 2003; Mulcahy et al., 2014). Biofilm infections (including CF infections) tend to be chronic and difficult to eradicate and remain a matter of great concern, which has generated the need for alternative treatment strategies. The most striking findings with azithromycin in the present investigation were its capacity to inhibit P. aeruginosa biofilm formation and reduce the solid-surface biofilm attachment almost to a lower detection limit. Interestingly, the SEM of solid-surface biofilm in the presence of azithromycin shows a substantially reduced extracellular biofilm matrix and attachment to a solid surface to form a biofilm, which is in accordance with the findings of other studies (Mizukane et al., 1994; Ichimiya et al., 1996). Although azithromycin is well known to show a potent activity against P. aeruginosa biofilm, its evaluation in chronic respiratory P. aeruginosa biofilm infection model has been relatively understudied. There is a pressing need to determine its bactericidal activity on biofilms to facilitate its clinical use.

To evaluate the potential mechanism of azithromycin to inhibit biofilm formation, we developed a refined and chronic lung rat model of P. aeruginosa to mimic the clinical and chronic P. aeruginosa infection conditions in patients (Hraiech et al., 2012; Chawanpaiboon et al., 2019). The most important features of the rat chronic P. aeruginosa infection model were consistent and reproducible bacterial lung counts in infected animals with no acute morbidity but only delayed mortality of infected rats within 7–14 days if left untreated (data not shown), which makes it ideal to evaluate efficacy against chronic disease. These findings align with those of CF patients who suffer from chronic P. aeruginosa infections and show high mortalities. In this study, we evaluated the efficacy of azithromycin at 75 mg/kg, once daily, which was equivalent to 500 mg every 24 h in humans (Beringer et al., 2005; Cipolli et al., 2012; Dalhoff, 2014). To mimic the clinical chronic infection conditions, the treatment was initiated 3 days post-infection with 75 mg/kg, q24h of azithromycin for 4 days by the PO route. This treatment regimen resulted in a significant reduction in the lungs’ bacterial counts compared to the placebo-treated control.

To understand the pharmacodynamics of potent in vivo activity of azithromycin, we performed pharmacokinetics of azithromycin in the SD rats infected with P. aeruginosa. Interestingly, we observed a significantly higher concentration of azithromycin in the lungs of the infected animals, which was found to be well above the BPC and MBEC values of azithromycin. This explains the potent in vivo efficacy of azithromycin in treating the chronic lung infection model of P. aeruginosa. Our data are in accordance with the clinical findings that azithromycin treatment improves lung function in CF patients chronically infected with P. aeruginosa either by inhibiting biofilm formation (Saiman et al., 2003; Hansen et al., 2005) or suppressing the growth of susceptible bacteria.

The bacterial biofilm matrix is generally composed of exopolysaccharides, proteins (Sutherland, 2001), and e-DNA (Cherny and Sauer, 2019), which is required for both structural integrity and protective barrier to the harsh environment (Mulcahy et al., 2014). Three main exopolysaccharides (psl, pel, and alginate) have been identified in P. aeruginosa (Sutherland, 2001). Among these, pel gene cluster regulated by LasI/LasR (3-O-C12 HSL molecule synthesized by lasI) was found important for bacterial attachment to solid surfaces and biofilm formation (Sakuragi and Kolter, 2007). A dose-dependent inhibition of the pel promoter by azithromycin in our study suggests that azithromycin affects biofilm formation by inhibiting the synthesis of the QS molecule (3-O-C12). In addition to the regulation of in vitro biofilm, the QS molecules are also critical for the infectivity of P. aeruginosa, as QS mutant showed impaired chronic infectivity compared to wild-type P. aeruginosa (Willcox et al., 2008). Interestingly, a comparatively reduced level of QS molecules (a marker of biofilm formation) in the ELF of animals treated with azithromycin further suggests the important role of the QS system during chronic P. aeruginosa infection (Figure 5) and indicates that azithromycin modulates the biofilm by inhibiting the synthesis of 3-O-C12 HSL, a known marker of biofilm formation (Barr et al., 2015). Our results with rats with chronic P. aeruginosa infection demonstrated that azithromycin significantly improved the pulmonary P. aeruginosa clearance, possibly by interfering with QS systems and crippling of the exopolysaccharides of the biofilm synthesized by the pel proteins. Besides inhibiting the virulence factors, azithromycin is known to have multiple effects against P. aeruginosa: (a) enhanced activity in the presence of serum, which could contribute to bacterial killing during chronic pulmonary infection (Lucchi et al., 2008), (b) anti-inflammatory activity that could help to reduce the inflammation at infection sites (Zeng et al., 2016; Zimmermann et al., 2018), (c) biofilm inhibitory or eradicative activity by modulating the synthesis of signaling molecules, such as the QS system, ci-di-GMP, and AHL (Favre-Bonte et al., 2003; Nalca et al., 2006; Barr et al., 2015; Ghosh et al., 2020), and (d) anti-virulence activity that could impair P. aeruginosa cells to produce extracellular biofilm matrix. These multiple effects of azithromycin could together be important mediators for its potent in vivo efficacy, or is there something else that drives the efficacy against P. aeruginosa in chronic CF patients? Could it be that host immune modulation leads to killing of bacterial cells or inhibition/eradication of biofilm and exposing the bacterial cells to an accumulated azithromycin concentration in the lung? These could be interesting avenues for investigation for future research.


[image: image]

FIGURE 5. Detection of QS molecule in the epithelial lining fluid (ELF) of infected rats. QS molecule was determined 3 days post-infection, when the treatment was started and at 7 days post-infection in the placebo control and azithromycin treated rats (A). Representative lungs photos of 3D, 7D and azithromycin treated rats (B). The asterisks indicates a significant difference compared with those of 7D control group (**P < 0.01, ***P < 0.001).


In the present study, we reported the detailed biofilm preventive effect of azithromycin. However, our study has several limitations. First, the in vitro biofilm assays revealed that azithromycin shows better BPC than the MPEC, which was also supported by the reduced production of extracellular biofilm matrix in the presence of azithromycin, while the in vivo efficacy of azithromycin was evaluated against chronic P. aeruginosa infection (preformed biofilms). Second, the in vivo study was performed only at a single human-equivalent dose. Therefore, further detailed studies are required to access the preventive and eradicative biofilm effect of azithromycin at multiple doses to understand its clinical utilities in CF patients.

In summary, we demonstrated that azithromycin repressed the expression of 3-O-C12 (QS system) and inhibits biofilm matrix production by influencing the expression of pel genes. Furthermore, azithromycin treatment of rats with chronic P. aeruginosa infection significantly improved the bacterial clearance from chronic infection compared to placebo controls. Taken together, the repression of bacterial virulence, the bactericidal effect on biofilm formation, and the enhanced serum sensitivity after a prolonged exposure to azithromycin may be responsible for the potent efficacy observed in our rats with chronic infection and in patients with CF.
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Biofilms are typically studied in bacterial media that allow the study of important properties such as bacterial growth. However, the results obtained in such media cannot take into account the bacterial localization/clustering caused by bacteria–protein interactions in vivo and the accompanying alterations in phenotype, virulence factor production, and ultimately antibiotic tolerance. We and others have reported that methicillin-resistant or methicillin-susceptible Staphylococcus aureus (MRSA or MSSA, respectively) and other pathogens assemble a proteinaceous matrix in synovial fluid. This proteinaceous bacterial aggregate is coated by a polysaccharide matrix as is characteristic of biofilms. In this study, we identify proteins important for this aggregation and determine the concentration ranges of these proteins that can reproduce bacterial aggregation. We then test this protein combination for its ability to cause marked aggregation, antibacterial tolerance, preservation of morphology, and expression of the phenol-soluble modulin (PSM) virulence factors. In the process, we create a viscous fluid that models bacterial behavior in synovial fluid. We suggest that our findings and, by extension, use of this fluid can help to better model bacterial behavior of new antimicrobial therapies, as well as serve as a starting point to study host protein–bacteria interactions characteristic of physiological fluids.
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INTRODUCTION

Despite aggressive treatment and the use of local supratherapeutic concentration of antimicrobials, joint infections can persist (Kunutsor et al., 2018), even in the absence of implants. The presence of synovial fluid in the joint fosters the formation of dense, proteinaceous, free-floating biofilm aggregates (Dastgheyb et al., 2015a,b; Crosby et al., 2016; Gilbertie et al., 2019; Pestrak et al., 2020), the removal of which is required for successful treatment of infection. The bacteria–protein interactions in these aggregates induce alterations in phenotype, virulence factor production, and ultimately marked antibiotic tolerance (Dastgheyb et al., 2015a,b,c), akin to what has been described for adherent biofilms.

Under conditions that mimic the physiological environment, bacterial aggregation also occurs in vitro, where microscopic clusters are seen in serum and microscopic and macroscopic clusters are visible in synovial fluid (Dastgheyb et al., 2015a; Crosby et al., 2016). We and others have reported that in synovial fluid, methicillin-resistant or methicillin-susceptible Staphylococcus aureus (MRSA or MSSA, respectively) and other pathogens assemble a proteinaceous matrix that is coated by polysaccharides as is characteristic of biofilms (Dastgheyb et al., 2015b; Perez and Patel, 2015; Gilbertie et al., 2019). Aggregation depends on microbial surface components recognizing adhesive matrix molecules (MSCRAMMs) and the master biofilm regulator accessory gene regulator (Agr) (Dastgheyb et al., 2015b). Agr-regulated virulence factors, specifically phenol-soluble modulins (PSMs), are downregulated in synovial fluid. This downregulation appears to have consequences on bacterial aggregation, as we found that overexpression of any type of PSM (PSMα, PSMβ, and delta toxin) abrogated synovial fluid-induced aggregation. These findings support the notion that suppression of Agr and the concomitant strong suppression of PSM production are critical for MRSA aggregation (Dastgheyb et al., 2015c). Thus, these reports challenge whether drugs that act through inhibition of agr-mediated gene expression, such as production of proteins important for quorum sensing, will result in a benefit to the host during periprosthetic joint infection (PJI) (Piewngam et al., 2020). In light of these findings, we reasoned that it would be important to begin mapping the components of these aggregates to allow better modeling both for implant development as well as for combatting joint infection.

Synovial fluid is central to aggregation and is a protein-rich viscous fluid composed of proteins filtered from blood and secreted proteins/proteoglycans from cells (predominantly synovium and cartilage). In our studies, we have recognized that synovial fluid shows donor variability, perhaps where composition reflects disease state (Mateos et al., 2012; Noh et al., 2014). To circumvent this limitation, we have established equine or porcine synovial fluid as a readily available source of “normal” synovial fluid that reproduces the reported aggregatory behavior and phenotype over multiple bacterial species (Gilbertie et al., 2019).

In this study, we set out to determine which proteins in synovial fluid were predominantly responsible for staphylococcal aggregation. To do that, the abundant proteins sequestered in synovial fluid bacterial aggregates were identified and their roles were investigated. Based on these determinations, we next evaluated if the presence of these proteins/proteoglycans could reproduce the phenotype of synovial fluid bacterial aggregates, where our criteria were (1) morphology, (2) composition, (3) antimicrobial tolerance, and (4) virulence factor production. As a consequence of these studies, we have developed a “pseudo” synovial fluid (pSynF) that embodies many of the characteristics of native synovial fluid and serves as a readily accessible means to study bacterial behavior in fluids that more closely approximate in vivo biofilm characteristics.



MATERIALS AND METHODS


Ethics Statement

Human synovial fluid and other surgical waste were obtained from therapeutically necessary joint aspirations or operations. This material, designated as “waste” (no identifiers), was retrieved and designated as “not human research” by the Thomas Jefferson University Office of Human Research Protections in keeping with the revised Federal Policy for the Protection of Human Subjects (revised Common Rule, 2018).



Bacterial Strains and Growth

MSSA ATCC ®25923TM and MRSA LAC USA300 [parent strain, giving rise to LAC psmα-lux, LAC psmβ-lux, or LAC P3-lux strains (Dastgheyb et al., 2015c)] were grown from a single colony in Trypticase Soy Broth (TSB; Becton-Dickinson, Sparks, MD) overnight (ON), 37°C, 180 rpm. ON cultures were diluted by comparison to a 0.5 McFarland standard [∼108 colony-forming unit (CFU)/ml for S. aureus].



Clinical Samples

Except for the PJI samples, synovial fluid used in this manuscript was collected as discarded material from routine office aspirations from patients with sterile fluid excess. Eight of those were used without pooling for determination of MSSA aggregate characteristics by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting. Otherwise, 2–5 samples were pooled to allow volumes large enough to perform the various activity/expression assays throughout the rest of the manuscript. The infected samples were collected as waste from revision surgeries for treatment of confirmed PJI and represented implant-adherent biofilm and non-attached biofilm. A small sample was scraped from the implant (biofilm sample), and another sample was retrieved from the discarded fluid material that was flushed from the bone cavity (floating aggregate). Material was placed into labeled 50-ml conical tubes, fixed by incubation in formalin, and, after rinsing, prepared for imaging by scanning electron microscopy (SEM). The identity of the bacterial strain causing PJI was not supplied with the fixed samples.



Biofilm Formation

To form biofilms in vitro, MSSA (105 CFU/ml) were incubated in TSB or human synovial fluid for 24 h, 37°C, without agitation using 1 cm × 2 mm Ti6Al4V coupons (kind gift of Zimmer). Surfaces were gently rinsed 3 × with phosphate buffered saline (PBS) and fixed with 4% paraformaldehyde, ON, 4°C. Samples were then prepared for SEM. Clinical examples were composed of samples of infected reamings from a PJI patient as well as several scrapings from the implant removed during the patient’s treatment. From this formalin-fixed material, at least three samples were removed and rinsed and solid material was affixed to a slide followed by dehydration, sputter coating, and SEM analysis. Micrographs were compared for fibrous material, presence of blood cells, and apparent biofilm-like structures that could be attributed to bacteria. Images representative of these are shown.



Determination of Interplay of Synovial Fluid Components on Methicillin-Susceptible Staphylococcus aureus Aggregation and Formation of Pseudo Synovial Fluid

Hyaluronic acid (HA; Streptococcus equi, 91% high molecular weight (MW); Alfar Aesar, Tewksbury, MA) was dissolved (ON, 4°C) to 4.05 mg/ml in sterile TSB. Fibrinogen (Fg; Alfa Aesar, Tewksbury, MA, United States) was dissolved to 60, 90, and 120 mg/ml in PBS, pH 8.5, by incubation at 37°C, 3 min, followed by vortexing. Albumin (Alb; Fisher Scientific, Pittsburgh, PA, United States) was dissolved to 60, 120, and 180 mg/ml in PBS, pH 8.5. All stocks were sterile filtered (0.2 μm filter) and stored at 4°C for up to 2 days.

A concentration matrix of Fg, Alb, and HA was created in 96-well plates. TSB (140 μl) containing 0, 1.5, or 3.0 mg/ml HA was added to each well; 20 μl of Fg stocks were added to give 0, 6, 9, or 12 mg/ml and 20 μl of Alb stocks to yield 0, 6, 12, and 18 mg/ml. Lastly, 20 μl of 108 CFU/ml MSSA in sterile PBS were added into each well to yield 107 CFU/ml. Plates were incubated, 37°C, 180 rpm, 90 min to allow bacterial aggregation. Samples were serially diluted, followed by plating on Petrifilms; reduced bacterial counts were considered aggregation events (1 CFU would equal one aggregate in that instance). Each individual condition was determined in triplicate, with three independent experiments to yield an n = 8 or 9 for each condition. The combination of 3.0 mg/ml HA, 9 mg/ml Fg, and 10 mg/ml Alb in TSB was referred to as pSynF.



Bacterial Aggregate Formation and Antibiotic Treatment

Pooled synovial fluid was formed by combining 2–5 samples from individual donors to better allow reproducibility. Here, 0.2, 1.0, or 3.0 ml of human synovial fluid (≥90% final volume), pSynF, human serum (Sigma, not heat inactivated) or TSB in 6-, 24-, or 96-well tissue culture plates (Med Supply Partners, Atlanta, GA), respectively, were inoculated with 107 or 108 CFU/ml MSSA or MRSA and incubated for a minimum of 90 min, 37°C, 125 rpm. Either during or after aggregation, amikacin (AMK) was added (0–200 μg/ml) and incubated for 6 h. At 6 h, bacteria were pelleted and washed [when aggregate dispersal was used, the resulting pellet was treated with 1 ml of 0.25% trypsin (Corning), 37°C, 180 rpm, 20 min, and pelleted again]. All pellets were then washed with PBS, resuspended by pipetting/vortexing and, after serial dilution, plated on 3MTM PetrifilmTM aerobic count plates (3M Corporation, St. Paul, MN), followed by direct counting (countable range, 30–300 CFU/spot). This dispersal method was validated by the (1) disappearance of visible aggregates and (2) equivalence of CFU (after Trypsin) with CFU recovered from TSB using an equal bacterial inoculum.



Scanning Electron Microscopy

Bacterial aggregates were fixed with 4% paraformaldehyde, room temperature (RT), 10 min, and dehydrated by sequential incubation (RT, 10 min) with 10, 30, 50, 70, 90, and 100% ethanol in PBS. Samples were dried ON, sputter-coated with gold, and imaged using a Hitachi TM-1000 SEM.



Fractionation by Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis: Pseudo Synovial Fluid or Human Synovial Fluid

Synovial fluid samples were obtained from individual donors (n = 8), each separately labeled with a different number. Before fractionation, samples were diluted to 3% with sterile PBS. Aggregates formed as above were pelleted at 13,000 × g, 3 min, washed, and resuspended in 1 ml PBS by repeated vortexing and pipetting. Laemmli sample buffer with β-mercaptoethanol was added (1:1), samples heated at 70°C for 10 min, placed on ice, and fractionated (105 V, ∼70 min) on an SDS-polyacrylamide gel (7.5%), using the discontinuous buffer system of Laemmli (1970). MW standards (10–250 kDa; Precision Plus ProteinTM Dual Color Standards, Bio-Rad, Hercules, CA, United States) were run on the same gel, as were serum, Fg (Alfa Aesar), and Alb (Thermo Fisher Scientific).



Western Blotting

Following fractionation, protein bands were transferred (1.3 A, 25V, 7 min) to nitrocellulose membranes (Bio-Rad) using the Trans Blot Turbo Transfer System (BioRad) with Turbo transfer buffer. Membranes were blocked by incubation in 10% nonfat milk (BioRad) in Tris-Buffered Saline (1×) containing 0.5% Tween-20 (10% TTBS), 60 min, followed by incubation with mouse anti-Fg (1:1,000; Sigma-Aldrich F9902) or rabbit anti-Alb (1:1,000; Sigma-Aldrich, SAB4200656) antibody, in 5% TTBS, 4°C, ON, with shaking. The blot was then washed 3× with 10% TTBS, incubated in horseradish peroxidase (HRP)-linked goat anti-mouse (Bio-Rad; 1:10,000) or HRP-linked goat anti-rabbit antibody (Abcam, Cambridge, MA; 1:20,000), RT, 2 h, washed 3×, followed by visualization using PierceTM ECL Western Blotting Substrate (Thermo Fisher Scientific, Rockford, IL, United States). In all gels and blots, results were repeated using additional aggregates formed in the same or different synovial fluid sample with similar appearances. Densitometry was performed using three different exposures of each blot. The amount of Fg in samples was calculated by comparison to the band area in 100 μg Fg control for each of the exposures.



Synovial Fluid Fractionation

Pooled synovial fluid was formed by combining 2–5 samples from individual donors to better allow reproducibility. Protein was precipitated from pooled human synovial fluid (Qiu et al., 2003) by addition of 200 proof (100%) absolute ethanol, 4°C, to a final concentration of 10%, followed by ON incubation, 4°C. Protein precipitates were collected, 1,100 × g, 5 min, 4°C, where the pellet represented a Fg-enriched fraction (ppt) and the supernatant, a Fg-depleted synovial fluid (depSynF). SDS-PAGE and Western blotting were used to determine the extent of Fg depletion. Upon Fg re-addition, the concentrations added were 6, 9, and 12 mg/ml.



Viscosity Determination

The viscosity of pooled synovial fluid and pSynF was measured by a homemade viscometer (Tang, 2016) using the following equation:
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T = time (s) for a 2-mm diameter (d) ball bearing to traverse 0.1 m (L) of liquid in a 2-ml serological pipette. η = viscosity, ρb = 5156.6 kg/m3 = ball density; ρl = 1,000, 1,002, or 1,034 kg/m3, which are the density of water, synovial fluid, or pSynF, respectively; g = 9.8 m/s2 = gravitational acceleration; θ = π/3 radians = angle of the pipette with respect to the horizontal. Finally, all values were adjusted by multiplied by the ratio of the established viscosity of water over the viscosity of water in this experiment (Tang, 2016).



Wheat Germ Agglutinin Staining

Bacterial aggregates were rinsed three times with sterile PBS, fixed with 4% paraformaldehyde, 37°C, 15 min, rinsed three times with sterile PBS, and stained with 5 μg/ml AlexaFluor ®488 conjugated wheat germ agglutinin (WGA; Invitrogen), 10 min, RT. Stained aggregates were rinsed three times with sterile PBS and imaged at 488 nm using a confocal laser scanning microscope (Zeiss LSM800).



Phenol-Soluble Modulin Luminescence Assay

LAC psmα-lux, LAC psmβ-lux, or LAC P3-lux strains of USA300 MRSA were inoculated (Cf ∼106 CFU/ml) in TSB, human serum, pooled synovial fluid, or pSynF to a final volume of 5.0 ml, followed by incubation for up to 24 h (225 rpm, 37°C). Every 2 h, while maintaining temperature, samples were vortexed, 2 × 100 μl were removed and placed in clear bottom white plates, and luminescence was measured using a VeritasTM microplate luminometer (Turner Biosystems, Sunnyvale, CA, United States). In parallel, absorbance (λ = 600 nm) was measured on the same samples to determine bacterial growth (Tecan Infinite M1000 plate reader). Luminescent values were normalized to the absorbance at 600 nm and expressed as relative luminescent units (RLUs). Each point was determined in duplicate in a minimum of three independent experiments.



Statistics

Statistical significance was determined using the Student’s t-test or the Mann–Whitney U-test for simple comparisons. More complex comparisons were analyzed by one-way or two-way ANOVA with a Tukey’s post hoc test. Alpha values were set to 0.05, and the statistical analyses were performed using SPSS IBM ®SPSS ® Statistics Version 26 or Prism GraphPad 9.0.1.



RESULTS


Staphylococcus aureus Aggregates in Human Synovial Fluid Are Rich in Fibrinogen and Albumin

We started our investigation by asking if the aggregates and biofilms formed in vitro in human synovial fluid approximated the aggregates formed in an infected joint. By SEM (Figure 1A; all in vitro images are representative of at least three samples), the adherent biofilm retrieved from an implant in a case of clinically confirmed PJI was rich in proteins and even showed the presence of red blood cells. In vitro, MSSA biofilm formed in human synovial fluid on smooth titanium alloy (Ti6Al4V) was relatively sparse and much simpler than the PJI biofilm. The major similarity was that bacteria/biofilm showed clear fibers within and between biofilm clusters. In TSB, MSSA was largely clustered and covered by biofilm; any underlying fibrils were not as apparent as on Ti6Al4V. The non-adherent aggregate retrieved from the PJI fluid (clinical aggregate) showed large globular bacterial aggregates immobilized on a fibrous matrix and encased in biofilm. Like the PJI aggregate, large, globular, floating MSSA aggregates were formed in vitro in human synovial fluid from a single donor; individual bacteria were also visible and many of these were obscured by biofilm coating (Figure 1A). Because MSSA does not aggregate in TSB, no clear picture was able to be taken.
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FIGURE 1. Synovial fluid aggregate morphology and composition. (A) (Top) Using SEM, biofilm morphology in samples retrieved from an infected knee replacement [periprosthetic joint infection (PJI)] or formed on titanium using methicillin-susceptible Staphylococcus aureus (MSSA) in human synovial fluid (SynF) or Trypticase Soy Broth (TSB). (Bottom) Floating aggregates retrieved from an infected knee replacement or floating aggregates formed with MSSA in human synovial fluid. (B) Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) gel stained with Coomassie Blue. The gel shows the composition of human synovial fluid and of synovial fluid MSSA aggregates from three separate samples of synovial fluid, as compared to fibronectin (Fn), fibrinogen (Fg), albumin (Alb), and serum controls. (C) Western blot analysis of MSSA aggregates from synovial fluid for Alb (left) and for Fg (right). The γ−γ dimer and α chain are indicated, as compared with human synovial fluid, Fg, and Alb standards. Lanes represent human synovial fluid samples and resulting aggregates from different samples. (D) MSSA aggregates stained for Alb, Fg, or secondary antibody alone (Control). All images are representative images of at least three samples.


Based on our previous work (Dastgheyb et al., 2015b,c; Gilbertie et al., 2019), the abundant serum protein Fg was likely an important component of aggregates. We asked if we could identify the most abundant proteins in the aggregate, if they included Fg among other proteins, and if protein abundance was similar to the parent synovial fluid. Based on electrophoretic fractionation, the size distribution and relative amounts of human synovial fluid proteins from individual donors (SynF1, 2, 3) largely mirrored those found in human serum (Figure 1B; aggregates from the samples were fractionated on at least three gels). Proteins in the 50–75 kDa were most abundant in all samples, whereas high-MW components, which would include fibronectin (Fn), were not sufficiently abundant to be apparent with Coomassie staining of these gels. Based on staining intensity, bacterial aggregates formed in synovial fluid appeared to be composed predominantly of the same abundant proteins found in the parent synovial fluid.

Fg and Alb are both abundant in osteoarthritic synovial fluid (Fitowska et al., 2012; Mateos et al., 2012; Ritter et al., 2013). Thus, we investigated if the intense bands noted in the bacterial aggregates in Figure 1B could be associated with Fg and Alb. Both synovial fluid and their corresponding bacterial aggregates showed clear presence of Fg and Alb by Western blotting (Figure 1C). In the left-hand blot, the Alb content of three different synovial fluid samples (SynF 6, 7, 8) and their corresponding macroscopic aggregates are shown. In the right-hand blot, the Fg content of three additional human synovial fluid samples (SynF 3, 4, 5), along with the Fg content of aggregates formed in those synovial fluids, are shown. Both blots demonstrated that Alb and Fg were components of the bacterial synovial fluid aggregate. We also confirmed the presence of Fg and Alb in bacterial aggregates formed in pooled synovial fluid by immunostaining (Figure 1D). Using antibodies to the two proteins, Fg or Alb staining was clearly visible on the outside of the aggregates (in contrast to the control staining with secondary antibody; confirmed by microscopy of three aggregates). Collectively, these results established the basic components of bacterial aggregates, guiding our development of a viscous fluid for modeling bacterial behavior in synovial fluid.



Fibrinogen Is Necessary for Bacterial Aggregation in Human Synovial Fluid

We next sought to explore the involvement of Fg in bacterial aggregation. To test its role, we ethanol-precipitated proteins from pooled human synovial fluid to deplete Fg (among other proteins; n = 3) (Qiu et al., 2003). By Western blotting (Figure 2A), the Fg content of ethanol-precipitated human synovial fluid (depSynF) was reduced compared with the parent pooled synovial fluid; the precipitate (Ppt) had faint bands corresponding to Fg. Approximate Fg concentrations were determined by densitometric comparisons of band intensities for Fg standards with experimental bands. Precipitation depleted the Fg content of synovial fluid by ∼50%, depending on the experiment.
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FIGURE 2. Effects of fibrinogen (Fg) on aggregation. (A) Western blot showing Fg standards, amount of Fg detected in pooled human synovial fluid (equal amounts added; percentage of synovial fluid in solution indicated), and amount remaining in synovial fluid after ethanol depletion of proteins including Fg (depSynF) and amount in the Fg-enriched precipitate (ppt) (>3 blots with similar results). Densitometry of this Western blot is shown on the right using varying exposures. Fg standards are plotted in the first graph and used to calculate Fg contained in the 5% samples. Areas associated with the experimental Fg samples were determined and normalized to the 100-μg sample. (B) Effects of aggregation in pooled synovial fluid on colony-forming units (CFUs)/ml. Minus indicates no dispersion and reflects counts obtained by dilution and counting. Plus indicates the counts after treatment of the cultures with trypsin to disperse aggregates. Values graphed are means ± SD {*p ≤ 0.05; n = 9 [Trypticase Soy Broth (TSB)], 12–13 (Synovial fluid)}. (C) Re-addition of Fg to depSynF causes reacquisition of aggregation at 90 min, as demonstrated by decreased CFU/ml. Red dashed line indicates the initial inoculum. Values graphed are means ± SD (*p ≤ 0.05; **p ≤ 0.01; n = 6 for each condition; representative experiment of three with similar results for each).


To be able to determine the effect of altered Fg content on bacterial aggregation, we set up a trypsin dispersal assay. Specifically, we tested the ability of trypsin to digest surface proteins and other proteinaceous components that facilitate bacterial clustering in TSB and aggregation in pooled synovial fluid [Figure 2B; n = 9 (TSB), 12–13 (SynF)]. MSSA that typically exists in small clusters within TSB showed no significant increase in CFU after trypsin treatment. In synovial fluid, CFU were ∼1 log lower than the measured inoculum; trypsin treatment resulted in an ∼1.5 log increase in CFU. Thus, (1) synovial fluid aggregation reduced the number of retrieved CFU by counting one large cluster as one colony, and (2) trypsin treatment dispersed the aggregates to release the bacteria from the aggregates. This trypsin dispersal resulted in numbers of CFU consistent with those measured for the same inoculum in TSB.

We asked if the Fg-depleted synovial fluid (depSynF) supported MSSA aggregation (Figure 2C). No visible aggregation was observed with depSynF, and the CFUs were approximately equal to the initial inoculum (red dashed line). Addition of 6, 9, or 12 mg/ml of Fg caused a decrease in CFU, consistent with increased aggregation. Notably, 9 and 12 mg/ml Fg caused the largest decreases. In summary, we have demonstrated that Fg is crucial for visible (macroscopic) S. aureus aggregation in synovial fluid.



Combinations of Albumin, Fibrinogen, and Hyaluronic Acid Can Recreate the Aggregatory Phenotype

In keeping with the presence of Fg and Alb in MSSA/MRSA aggregates, we investigated if both Fg and Alb contributed to the aggregatory antimicrobial-tolerant bacterial phenotype. Because HA contributes to the viscosity of synovial fluid (Park et al., 2014), HA was also tested. A matrix of Alb, Fg, and HA concentrations was created (Figure 3).
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FIGURE 3. Protein addition assay. Methicillin-susceptible Staphylococcus aureus (MSSA) CFU/ml after growth in Trypticase Soy Broth (TSB) containing 0, 6, 12, or 18 mg/ml albumin (Alb). Increasing concentrations of hyaluronic acid (HA) and fibrinogen (Fg) are indicated in each panel. Decreased CFU/ml is a marker of increased aggregation. Values graphed are means ± SD. Statistical analyses are included in the Supplementary Material A1 (n = 8–9/condition).


To measure aggregation, we looked at the dependence of component concentration on total CFU, where decreases in CFU were interpreted as increased aggregation. The addition of HA visibly increased viscosity and aggregation for all Alb, Fg concentrations/combinations. However, only 6 and 12 mg/ml Alb contained HA concentrations that were statistically different from 0 mg/ml HA (see statistical analysis in Supplementary Material A1). Among the conditions containing 6 mg/ml Alb, only 3.0 mg/ml HA (n = 36) resulted in lower CFU when compared to 0 mg/ml HA (n = 35; p < 0.05). When the Alb concentration was increased to 12 mg/ml, both 1.5 mg/ml (n = 34; p < 0.001) and 3.0 mg/ml HA (n = 36; p < 0.0001) resulted in greater aggregation, as manifested by lower CFU. Significantly greater aggregation occurred with (a) 12 mg/ml Alb in the presence of 1.5 or 3.0 mg/ml HA or (b) 3.0 mg/ml HA in the presence of 6 or 12 mg/ml Alb. We focused on the combination that formed the intersection of the two groups, 12 mg/ml Alb and 3.0 mg/ml HA. Addition of Fg caused some MSSA aggregation (n = 9; p < 0.001), as measured by decreased CFU. While addition of Fg always increased bacterial aggregation, a clear demarcation between the different Fg concentrations was not consistent. Ultimately, based on similarities to synovial fluid, we chose 12 mg/ml of Alb, 3 mg/ml HA, 10 mg/ml of Fg dissolved in TSB for the final concentrations. This choice was based on (a) 12 mg/ml Fg was not suitable, as it caused acquisition of a gel-like consistency to the bacteria-containing fluid (data not shown); (b) there was no difference in bacterial aggregation between 6 and 9 mg/ml Fg; and (c) known range of Fg concentrations in synovial fluid (Kushner and Somerville, 1971; Mateos et al., 2012; Bennike et al., 2014). Statistical analyses are in table form (Supplementary Material A1). We referred to this fluid as pSynF and asked if it could model bacterial behavior in human native synovial fluid.



Methicillin-Susceptible Staphylococcus aureus in Pseudo Synovial Fluid Aggregate and Display Amikacin Tolerance

To determine if the proteins contained within pSynF were able to reproduce the known characteristics of synovial fluid, we first examined the morphology of a synovial fluid aggregate compared to that of pSynF (Figure 4A). By SEM, large floating aggregates were formed in pooled synovial fluid and in pSynF. These aggregates were partially covered with a biofilm layer that obscured the finer details of the underlying aggregate; distinct fibers were only occasionally visible for either aggregate. By Western blotting, pSynF aggregates showed the presence of Fg and Alb (Figure 4B; independent replicates are shown on the blot), as was observed in the synovial fluid aggregates. The α, β, and γ Fg monomers were present in pSynF. γ-γ dimers, which were abundant in synovial fluid and synovial fluid aggregates, were sparse in the pSynF aggregates.
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FIGURE 4. Effects of pseudo synovial fluid (pSynF) on methicillin-susceptible Staphylococcus aureus (MSSA). (A) Comparison of MSSA aggregates in human synovial fluid (SynF) vs. pSynF using SEM. Magnification: scale bar = 15 μm. (B) Fibrinogen (Fg) (left) and albumin (Alb) (right) content of pSynF and pSynF aggregates compared to aggregates formed in synovial fluid by Western blotting. (C) Graphs showing CFU/ml in Trypticase Soy Broth (TSB) and pSynF before trypsin dispersion vs. CFU/ml after trypsin dispersion [(“after Tryp” in subsequent graphs) n = 12 for each condition]. (D) Effects of amikacin (AMK) on fluids containing protein/proteoglycan concentrations found in pSynF. Controls are TSB alone and complete pSynF (n = 8–9 for each condition). All components were dissolved in TSB. (E) Dose response of MSSA to AMK in TSB vs. synovial fluid (left; n = 9/condition) and of TSB vs. pSynF (right; n = 12/condition). (F) Viscosity of pSynF compared to that of synovial fluid and H2O using a ball velocity method (n = 10/condition). Values graphed are means ± SD. Viscosity is expressed as centiPoise (cP). In panels (A–F), *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.


We next wanted to test the effects of each of the components apart and together on the antibiotic tolerance of bacteria. First, we established that, like synovial fluid, aggregation resulted in a decrease in CFU (Figure 4C; n = 12). Similarly, trypsin treatment caused release of MSSA from the aggregates to reach levels indistinguishable from those measured for the same inoculum in TSB.

We then tested the effect of each of the different components of pSynF when added to TSB on MSSA tolerance to AMK, an aminoglycoside antibiotic important for severe infections (Figure 4D; n = 8–9). In this experiment, all aggregates were dispersed by trypsin before enumeration [CFU (after Tryp)]. In TSB, 30 μg/ml of AMK eradicated MSSA (∼9 log decrease). In 12 mg/ml Alb + TSB, or 3 mg/ml HA +TSB, AMK tolerance increased so that there was only an ∼5–5.5 log decrease. It is notable that MSSA in Fg + TSB exhibited full sensitivity to AMK. MSSA in either Alb + HA + TSB or Fg + Alb + TSB showed intermediate tolerance (∼3 log decrease). MSSA exhibited the greatest tolerance to AMK in Fg + HA + TSB and the complete pSynF (HA + Fg + Alb + TSB) where 30 μg/ml AMK could only decrease MSSA levels by ∼1.5 log.

We then compared MSSA antibiotic responsiveness in pooled synovial fluid to that in pSynF (Figure 4E). In TSB, MSSA was eradicated at all doses of AMK tested. In synovial fluid, 2–3 log decreases were measured with increasing doses of AMK, although no differences were significant presumably due to incomplete dispersion of the fibrous aggregates resulting in a large variance. Increasing AMK levels in pSynF caused dose-dependent 1.5–2.5 log decreases in MSSA CFU/ml (p < 0.001).

To complete these analyses, we measured the viscosity of pSynF, an important property of the proteoglycan-rich synovial fluid. While the viscosity of the pSynF (∼7.5 cP) was much greater than that of water (∼1 cP), it was lower than the viscosity of human synovial fluid, which was measured as ∼40 cP in our system (Figure 4F). Collectively, these results indicate that pSynF manifests similar bacterial aggregation and antibiotic tolerance abilities to those seen in human synovial fluid.



Virulence Factor Expression in Pseudo Synovial Fluid and Synovial Fluid

Previously, we showed that both MSSA and MRSA aggregates, i.e., floating biofilms, formed in synovial fluid were covered with a polysaccharide intercellular adhesin (PIA) matrix (Dastgheyb et al., 2015a,b,c; Gilbertie et al., 2019). We thus examined WGA staining of the biofilm matrix (Figure 5A). Staining was sparse in bacteria grown in TSB. WGA staining was more intense in both synovial fluid (pooled) and pSynF and similar in intensity, suggesting similar levels of PIA production.
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FIGURE 5. Biofilm and virulence factor expression as a function of medium. (A) Comparison of wheat germ agglutinen staining of polysaccharide intercellular adhesin (PIA) in methicillin-susceptible Staphylococcus aureus (MSSA) grown in Trypticase Soy Broth (TSB), pooled synovial fluid, or pseudo synovial fluid (pSynF). (B) Expression of luciferase under control of P3, psmα, or psmβ promoters using MRSA LAC300 strains in TSB, serum, pooled synovial fluid, and pSynF. Each line represents the average of three independent experiments performed in duplicate. Values graphed are means ± SD. Statistics are available in Supplementary Material A2.


S. aureus virulence factor expression, which is under the control of the agr operon, is also highly influenced by the microenvironment. We have previously shown that virulence factor production in S. aureus is downregulated in synovial fluid (Dastgheyb et al., 2015c). We therefore sought to measure expression levels of virulence factors under the control of agr, PSMs alpha and beta, as well as the P3 promoter. The RLUs of MRSA LAC USA300 strains that expressed luciferase under control of psmα, psmβ, or P3 were determined by normalization of the measured luminescence with the corresponding OD of the growing cultures in TSB, serum, pooled synovial fluid, and pSynF (Figure 5B; n = 6). P3 luc expression in TSB showed a rapid and marked rise over time, whereas the expression in serum and synovial fluid was only minimally detectable. However, P3 luc expression in pSynF fell between that of synovial fluid and TSB, despite the presence of aggregation. For both psmα and psmβ, luc expression in TSB showed a marked steep rise over time, similar to the expression patterns of P3 in TSB. As we had observed previously, both serum and synovial fluid showed very low levels of psmα and psmβ luc activity. Importantly, psmα and psmβ luc expression patterns in pSynF were very similar to those measured for serum and synovial fluid.



DISCUSSION

We have suggested that the phenotype of bacteria in the joint directly impacts the ability of antimicrobials to combat PJI, a devastating complication of joint replacements. In previous work, we showed that synovial fluid, the lubricious fluid within the joint space, causes aggregation of many bacterial species, including MSSA and MRSA. Furthermore, we established that proteinase K and tissue plasminogen activator (tPA), presumably through activation of the serine protease plasmin, can inhibit aggregate formation, disperse the floating MSSA or MRSA aggregates formed in synovial fluid, and restore antibiotic sensitivity (Dastgheyb et al., 2015a,b; Gilbertie et al., 2019). These observations were given further rigor by examining MRSA USA300 strains from the Nebraska transposon bank, with which we previously showed (Dastgheyb et al., 2015b) that macroscopic aggregation could be abrogated in strains that had insertions in fibronectin-binding proteins A and B (FnbA and FnbB), the fibrinogen-binding Clumping factor A and B (ClfA and ClfB), and RsbU and TRAP, which are regulatory proteins (Dastgheyb et al., 2015c). Others have suggested a role for Fg and Fn in this aggregation (Walker et al., 2013; Pestrak et al., 2020). In this study, we characterized the protein content of these aggregates and set about testing which components of these aggregates were critical for this bacterial association. MSSA aggregation was dependent on increased viscosity, Alb, and Fg. We used both MSSA and MRSA strains in this work as their aggregation behavior is similar and importantly, so that our measurements of virulence factor production could be compared with our previously published work in synovial fluid (Dastgheyb et al., 2015c). Ultimately, we formulated a pSynF that could be used to study this aggregation and its effects on bacterial virulence factor production.

In the infected joint, macroscopic mucinous aggregates are routinely present and have morphological similarities to the aggregates formed in vitro in synovial fluid. While these aggregates show many normal components of a biofilm, based on our earlier work, the degradation of PIA or extracellular DNA is insufficient to disrupt the aggregates – a proteinase is required (Dastgheyb et al., 2015b). We thus set out to examine the components of synovial fluid aggregates. Synovial fluid is a filtrate of human serum and is enriched with proteoglycans produced by synoviocytes and chondrocytes. We used both individual and pooled samples of human synovial fluid, with similar results on aggregation, protein composition, and antibiotic tolerance. Unlike synovial fluid, serum aggregates tend to be small except in end-stage sepsis (Iskander et al., 2013). In vitro, aggregation in serum, albeit microscopic, does occur (Walker et al., 2013; Dastgheyb et al., 2015a), but it is worth noting that laboratory serum has had Fg precipitated or cross-linking inhibited during the process of collection and isolation. Taken together, we thought that Fg and perhaps proteoglycans, specifically HA, would be necessary for recapitulating the aggregatory phenotype. In fact, others have shown that Fg and Fn can cause bacterial aggregation when added to ideal media (Pestrak et al., 2020), which is consistent with our earlier experiments with aggregate dispersion.

Using aggregates from three independent human synovial fluid samples, the aggregate protein content and concentrations were determined to be similar to those of the parent synovial fluid by SDS-PAGE. Furthermore, the apparent protein distribution mirrored the pattern of human serum (within the limits of Coomassie blue staining) (Lyngbye and Krøll, 1971). Based on known proteins in serum and synovial fluid and their relative abundance (Ritter et al., 2013; Bennike et al., 2014), we identified Alb and Fg as major components of the aggregate, with a number of minor components that we did not identify. While our previous work and that of others using tPA suggested a critical role for Fg (Dastgheyb et al., 2015a,b; Gilbertie et al., 2019; Pestrak et al., 2020), only through Fg complementation could its role be established. Thus, we depleted pooled synovial fluid of Fg by ethanol precipitation of proteins. Nevertheless, the ethanol precipitation, while enriching the precipitate for Fg, precipitated other proteins that could also play a role in the bacterial response to synovial fluid, e.g., aggregation. However, addition of Fg back to the ethanol-precipitated synovial fluid restored visible aggregation and supported its proposed role, in keeping with our published work and work by others (Walker et al., 2013; Dastgheyb et al., 2015a,b,c; Pestrak et al., 2020). Bacterial binding to these proteins would use the MSCRAMMs that, through use of MRSA USA300 strains from the Nebraska transposon bank, we previously showed moderated macroscopic aggregation (Dastgheyb et al., 2015b). Specifically, aggregation could be abrogated in strains that had insertion mutations in FnbA and FnbB, the ClfA and ClfB, prominent MSCRAMMs, and RsbU and TRAP, which are regulatory proteins (Dastgheyb et al., 2015c).

Interestingly, Alb and HA were also important for aggregation, as demonstrated in the combinatorial addition experiments. Within the range of 1.5–3.0 mg/ml HA, 6–12 mg/ml Alb, and 6–12 mg/ml Fg, MSSA and MRSA aggregated, as evidenced by decreased CFU. Furthermore, if only one of the components was present, the ability to reproduce the characteristic antibiotic tolerance was attenuated. Interestingly, antibiotic tolerance measured in HA + Fg + TSB was similar to that in pSynF, despite the dependence on Alb that aggregation was shown to have. It is interesting that the Fg concentration showed an upper limit as the 12 mg/ml Fg concentrations started to become more gel-like (rather than distinct aggregates) in the presence of MSSA. Importantly, we chose the concentrations of the different components based on statistical tests using aggregation, antibiotic tolerance, and ultimately literature values for human synovial fluid (which fell within the ranges we had determined) (Mateos et al., 2012; Bennike et al., 2014).

The proteins sequestered within the MSSA aggregates formed in pSynF approximated the protein composition of that in human synovial fluid, although individual and cross-linked chains of Fg were not always equivalent in the pSynF vs. synovial fluid aggregates, perhaps pointing to the absence of the Fg cross-linking cascade in pSynF. When aggregates were viewed without magnification, the pSynF aggregates were uniformly smaller than those formed in synovial fluid and in clinical cases where we have observed retrieval of more mucinous aggregates. It is of course probable that other proteins will have roles in subtly modifying the stability, antibiotic sensitivity, and morphology of the aggregates. We would suggest either the localization of additional proteoglycans found in synovial fluid or greater production of PIA, as well as perhaps additional proteins, that modifies the density of the aggregate. Possibilities would include collagen that binds to the same MSCRAMMs previously identified and Fn, a protein that decorates most extracellular matrices; all are present in synovial fluid. Interestingly, the Fg and Alb content of synovial fluid increases in the osteoarthritic joint (Mateos et al., 2012; Bennike et al., 2014). We similarly expect an increase in the infected joint, making them more available for bacterial aggregation. Nevertheless, both human synovial fluid and pSynF conferred marked antibiotic tolerance to MSSA aggregates, with similar decreases when compared to the untreated control.

While clinically relevant joint-lubricating fluids (Adams et al., 1995; Neustadt et al., 2005; Mathies, 2006; Petterson and Plancher, 2019), as well as those for the study of rheology (Radin et al., 1971; Takadama and Mizuno, 2006; Bortel et al., 2015), have been formulated, our goal was to study bacterial responses to synovial fluid proteins. Interestingly, the viscosity of pSynF, while ∼7× that of water, was still lower than that which we measured for native synovial fluid, even though the concentrations of HA tested were informed by known amounts of HA in synovial fluid. A number of proteoglycans produced in the joint capsule contribute to this viscosity, including the MW of the HA itself and an important role played by the lubricin macromolecule (Jay et al., 2007). Importantly, despite the difference in viscosity, both pSynF and synovial fluid caused marked antibiotic tolerance. An important role for viscosity/polarity of the medium was indicated by the requirement for HA to obtain the full antibiotic tolerance associated with Fg or Fg + Alb. The importance, however, of understanding the underpinnings of this antibiotic tolerance remains focused on restoring antibiotic susceptibility, especially as the mechanism is likely to be the same poorly defined bacterial metabolism and protein expression changes that characterize the biofilm phenotype. By defining the importance of the three components within pSynF, we also define targets for therapeutic interventions. One such possibility already exists with our reports of tPA dispersal (and restoration of antibiotic susceptibility) to the MSSA aggregates.

Further emphasizing the similarity of these aggregates to biofilms, both synovial fluid and pSynF formed PIA-encased aggregates that were similar in morphology and apparent intensity of WGA staining. Furthermore, expression levels of PSM-α and -β reporter plasmids suggested that Fg, Alb, and HA are key mediators of bacterial behavior in synovial fluid, especially as similar magnitudes and kinetics of expression were noted in serum, synovial fluid, and pSynF. However, it is not clear if the lower viscosity, or perhaps the use of TSB as the reconstituting medium, led to a difference in P3 expression by MRSA USA300. Finally, we used P3 expression as a readout of Agr regulation. As Agr regulates quorum sensing, as well as the expression of a subset of virulence factors (Dastgheyb and Otto, 2015), it becomes important to elucidate the additional components that suppress P3 expression and, by implication, Agr activity in human physiological fluid. Finally, we would suggest that the overall reproduction of aggregation, biofilm slime, antibiotic resistance, and PSM expression suggests that these three components are critical mediators of bacterial phenotype and in the process furnish an important tool to determine bacterial/biomaterial interactions in a system that more faithfully reproduces the in vivo environment.

In summary, we have identified Fg, Alb, and HA as critical components responsible for bacterial aggregation in synovial fluid and that together, as presented in pSynF, these proteins interact with MSSA and MRSA to recapitulate the majority of the properties of MSSA or MRSA in synovial fluid aggregates. Importantly, as we have previously shown, both serum and synovial fluid cause marked decreases in virulence factor expression, in contrast to many studies suggesting an apparent increase in Agr-controlled genes associated with infections (Le and Otto, 2015). Our studies emphasize the importance of using physiological and model physiological fluids such as this pSynF in studying bacteria–biomaterial interactions. This formulated pSynF can, in fact, be used as a reasonable alternative for studying in vitro models of PJI and septic arthritis, as well as providing a more realistic medium for the development of antimicrobial strategies/materials for implants.
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The treatment of acute and chronic infected wounds with residing biofilm still poses a major challenge in medical care. Interactions of antimicrobial dressings with bacterial load, biofilm matrix and the overall protein-rich wound microenvironment remain insufficiently studied. This analysis aimed to extend the investigation on the efficacy of a variety of antimicrobial dressings using an in vitro biofilm model (lhBIOM) mimicking the specific biofilm-environment in human wounds. Four wound dressings containing polyhexanide (PHMB), octendine di-hydrochloride (OCT), cadexomer-iodine (C-IOD) or ionic silver (AG) were compared regarding their antimicrobial efficacy. Quantitative analysis was performed using a quantitative suspension method, separately assessing remaining microbial counts within the solid biofilm as well as the dressing eluate (representing the absorbed wound exudate). Dressing performance was tested against P. aeruginosa biofilms over the course of 6 days. Scanning electron microscopy (SEM) was used to obtain qualitative visualization on changes in biofilm structure. C-IOD demonstrated superior bacterial reduction. In comparison it was the only dressing achieving a significant reduction of more than 7 log10 steps within 3 days. Neither the OCT- nor the AG-containing dressing exerted a distinct and sustained antimicrobial effect. PHMB achieved a non-significant microbicidal effect (1.71 ± 0.31 log10 steps) at day 1. Over the remaining course (6 days) it demonstrated a significant microbistatic effect compared to OCT, AG and the control. Quantitative results in the dressing eluate correlate with those of the solid biofilm model. Overall, AG- and OCT-containing dressings did not achieve the expected anti-biofilm efficacy, while C-IOD performed best. Chemical interaction with the biofilms extrapolymeric substance (EPS), visualized in the SEM, and dressing configuration (agent concentration and release pattern) are suspected to be responsible. The unexpected low and diverse results of the tested antimicrobial dressings indicate a necessity to rethink non-debridement anti-biofilm therapy. Focussing on the combination of biofilm-disruptive (for EPS structure) and antimicrobial (for residing microorganisms) features, as with C-IOD, using dehydration and iodine, appears reasonably complementary and an optimal solution, as suggested by the here presented in vitro data.

Keywords: wound biofilm, wound dressing, antimicrobials, wound infection, PHMB, silver, octenidine dihydrochloride, iodine


INTRODUCTION

Infected wounds, especially chronic wounds populated with biofilm, are one of the greatest challenges in modern wound care (Bowler et al., 2001; James et al., 2008; Demidova-Rice et al., 2012; Magill et al., 2014). Antimicrobial agents often fail in effective biofilm eradication (Percival et al., 2019b; Besser et al., 2020). This results from the symbiotic, multi-species society formed in biofilms by microorganisms, encasing themselves in a protective extrapolymeric substance (EPS), which acts as a shield against biochemical penetration by antimicrobial agents. Lateral resistance gene transfer between species and sub-species, dorment persister cells in the depth of biofilm and tissue as well as an effective biochemical diffusion barrier for active agents are further aspects contributing to the high resilience of microbial biofilms (Percival et al., 2015; Kirketerp-Møller et al., 2020). Even if an antimicrobial substance is capable of effectively eradicating a bacterial strain in its planctonic state, a deep enough penetration to achieve the same reductive efficacy, cannot be ensured in a complex biofilm scenario (Rembe et al., 2020).

Dressings and solutions containing silver, PHMB, octenidine or iodine have demonstrated favorable antimicrobial activity in several in vitro and clinical studies (Koburger et al., 2010; Storm-Versloot et al., 2010; Sibbald et al., 2011; Daeschlein, 2013; To et al., 2016; Dissemond et al., 2017). Anti-biofilm effects are often postulated alongside or were investigated in simple in vitro models, but are lacking validation in more complex test settings or clinical studies (O’Meara et al., 2000, 2013). To reduce the individual patient’s burden caused by chronic and infected wounds, prevention and treatment of pathogenic biofilm formation in wounds is a serious and relevant challenge in everyday clinical practice (Guest et al., 2017; Guest et al., 2018). Modern antimicrobial wound dressings represent promising therapeutic options in aiding to master this challenge (Daeschlein, 2013).

Mostly, in vitro evaluation of anti-biofilm activity is performed in models and settings less suited to sufficiently mimic a wound biofilm and the interactions with the human wound microenvironment. Such models and settings include simple single-species-biofilms, lower protein challenge than in clinical wounds, non-human matrix material (e.g., plastic or stainless steel surface) and one-dimensional biofilm structures (Brackman and Coenye, 2016; Shukla et al., 2020). In addition, most studies are not performed with dressings, but with antimicrobial solutions to prove the efficacy of a compound. However, solutions exhibit an entirely different biochemical and biophysical pattern of distribution, penetration and concentration in contact with a wounds micro-environment and biofilm residing in this environment, compared to wound dressings.

Thus, it is currently unclear whether the anti-biofilm activity of antimicrobial agents embedded in wound dressings is comparable to its antimicrobial liquid counterpart in the wound microenvironment. The presented work addresses this question in vitro using a modified human plasma-based biofilm model (lhBIOM) developed and described earlier by the authors (Besser et al., 2020; Rembe et al., 2020; Stuermer et al., 2021). The model mimics the condition of a wound biofilm by consisting of a bacteria-incorporating, matured, three-dimensional (3D) gel-like biofilm structure surrounded by bacteria-rich human plasma, which is similar to the composition of wound exudate in terms of protein content, carbohydrates, enzymes and bacterial breakdown products (Demidova-Rice et al., 2012; Stuermer et al., 2021).



MATERIALS AND METHODS


Test Organism and Nutrient Solutions

Pseudomonas aeruginosa (DSM-939) was cultivated on casein/soy peptone agar plates (CSA) following standard procedures (DIN EN 13727). The first subculture was used for testing. The bacterial suspension was adjusted to a 0.5 McFarland standard (approx. 1.5 × 108 cfu/mL) using a densitometer (Grant BioTM DEN-1B, Grant Instruments Ltd.; Cambs SG8 6GB, England). Bacterial counts were determined by spreading untreated controls of each experiment onto agar plates allowing exact calculations of surviving microorganisms as well as reduction rates.



Test Wound Dressings and Preparation of Specimen

Five commercial dressings were investigated, four antimicrobial dressings containing either octenidine di-hydochloride (OCT), polyhexanide (PHMB), cadexomer-iodine (C-IOD) or ionic silver (AG) and an agent-free control dressing. Detailed data on dressing composition, contained active agent and concentration are displayed in Table 1. For all dressings, round pieces with a diameter of 2.2 cm (A = 3.8 cm2) were prepared in an aseptic manner fitting press-fit in one well of a standard 12-well-plate (Sarstedt, Nuembrecht, Germany). For analyses, pieces of each dressing were placed in 12-well plates containing the lhBIOM and surrounding bacteria-rich serum, to create a wound-like scenario with direct contact to the biofilm.


TABLE 1. Investigated dressings.
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Preparation of Leucocyte Rich Human Plasma Biofilm Model (lhBIOM)

The preparation of the lhBIOM was performed as described previously (Besser et al., 2020; Stuermer et al., 2021). In brief, fresh frozen plasma (FFP) of blood type AB (citrate buffered) and one LRS® chamber of leukocyte apheresis (Trima Accel®; Terumo BCT Inc., Lakewood, United States) were obtained from the Institute for Transfusion Medicine (University Medical Center Hamburg-Eppendorf, Germany). Preparation of the lhBIOM was initiated on the same day of blood product donation. In brief, FFP was thawed, adjusted to 250 mL and the “immunocompetence” in form of leukocytes from the LRS® chamber was added. The immune cells were obtained by using a special automated blood collection system for apheresis (Terumo BCT design, Trima Accel® LRS® Platelet, Plasma Set, REF number 82300; Terumo BCT Inc., Lakewood, United States), which removes nearly all leukocytes of the donor from the platelet sample, so that its concentration is equivalent to about 40 × 103 leukocytes/μL. The content of one LRS® chamber was placed in a tube, washed out with 3 mL of the FFP to remove any residual leukocytes, the wash-out added to the tube and centrifuged at 1,610 g. The layer of erythrocytes was gently removed and the remaining plasma-leukocyte mix added to the remaining FFP at room temperature. After gentle mixing, the bacterial suspension was added resulting in a final concentration of 1.5 × 106 cfu/model. Next 18.26 μL CaCl2 (500 mM) per mL plasma was added to the bacteria-plasma-mix to induce coagulation. The resulting biofilm mixture was immediately transferred into 12-well plates (1.5 mL per model/well). Well plates were placed on a rotation shaker and incubated for 12 h at 60 rpm and 37.0°C to polymerize and form an extracellular matrix. After this period, stable biofilm discs with integrated test organisms resulted. Procedures of blood product collection are in accordance with “good clinical practice” standards and all donors gave their informed and written consent for the use of their blood products.



Dressing Performance on P. aeruginosa Biofilm and Quantification of Bacterial Load

After 12 h of biofilm maturation in the lhBIOM (Figure 1), the test dressings were placed on the models as described above under “specimen preparation.” Treatment with dressings was performed for 1, 3, or 6 days without dressing change. After the specified treatment periods, wound dressings were carefully removed so that neither residues of the dressing remained on the model, nor biofilm substance was lost. Plastic beakers (50 mL) were filled with glass beads (D = 3–4 mm), so that the bottom was slightly covered. 10 mL neutralizer solution TLSNt-SDS (6% polysorbate 80, 6% saponin, 0.8% lecithin, 2% sodium dodecyl sulfat, 0.6% sodium thiosulfat in Aqua dest.) was added. The wound dressings were placed in the neutralizer solution. After shaking for 10 min at 200 rpm, extracts were plated out in 10-fold dilutions on CSA and incubated at 37°C under aerobic conditions for 48 h before quantification of colony forming units using a digital colony counter (NSCA 436000, VWR International GmbH; Germany).
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FIGURE 1. Immunohistochemical carbohydrates-staining of the glycocalyx of 24 h maturated biofilm produced by P. aeruginosa. Carbohydrates were detected with FITC-conjugated Con A, cellular and bacterial nucleic acids with SYTO Red staining (scale bar: 100 μm).


Antimicrobial activity in the wells was neutralized by adding 300 μL of the neutralizing solution TLSNt-SDS to each well. Plates were subsequently placed on a rotation shaker for 5 min at room temperature for incubation of neutralizing agent. Subsequently, biofilm models were dissolved using bromelain (Bromelain from pineapple, Serva Electrophoresis GmbH; Heidelberg, Germany). Bromelain solution was prepared using 2.1 g powder, dissolved in 100 mL phosphate buffered saline (PBS) and 1.5 mL was added to each well containing a biofilm model. The biofilms were punctured with sterile pipette tips several times to ensure and accelerate complete dissolution of the model. After 3 h incubation (37°C; aerobic conditions) the biofilm models were completely dissolved with the exception of the iodine wound dressing models. These left insoluble residues. The microbial counts in the dissolved models were quantified in the same manner as the dressing eluates.



Qualitative Evaluation by Scanning Electron Microscopy (SEM)

To visualize the antimicrobial effects of the wound dressings on biofilm morphology and structure, scanning electron microscopy (SEM) was performed. All dressings were carefully removed prior to further preparation of the models and antimicrobial activity were neutralized using the TLSNt-SDS neutralizing solution. Biofilm models were fixed with a glutaraldehyde/PVP-solution containing 2.5% glutaraldehyde, 2% polyvinylpyrrolidone (PVP) and 0.5% NaNO2 in 0.1 M cacodylate buffer for 1 h at 4°C. After washing three times (0.1M cacodylate buffer) they were prepared with liquid nitrogen to get freeze fracture fragments and stored in 0.1M cacodylate buffer. In order to stain the glycoxalyx, the samples were incubated for 18 h at RT in an arginine-HCl solution (solution with 2% arginine-HCL, glycine, sucrose and sodium glutamate). Next samples were rinsed again three times for 5 min with aqua dest. and subsequently stored for 5.5 h at RT in a mixture of 2% tannic acid and guanidine-HCL. After storage, samples were again rinsed once with aqua dest (5 min incubation) and three times with 0.1M cacodylate buffer (5 min incubation) and incubated overnight at 4°C. After overnight incubation, samples were placed in a 1% OsO4 solution for 30 min at RT followed by three rinsing steps with 0.1 M cacodylate buffer (10 min incubation) and stored again over night at 4°C. Last, samples were dehydrated in an isopropanol series (50, 70, 90, and 100%) for 15 min each followed by an acetone series (50, 75, and 100%) also each for 15 min. The drying step was completed by a final treatment in the critical point dryer (BAL-TEC AG, Balzers, Liechtenstein). With a sputter coater (BAL-TEC AG, Balzers, Liechtenstein), samples were sputtered with gold palladium and afterward analyzed by Zeiss Sigma VP SEM (Zeiss, Oberkochen, Germany) at 2 kV acceleration voltages using the in-lens and SE detectors.



Statistical Analysis

Data is expressed as means ± standard error of the mean (SEM) based on triplicates derived from six different anonymous blood donors (FFP and leukocytes) at different time-points. Microbial reduction rates (in Δlog10 cfu/mL) were calculated and analyzed using the statistics program GraphPad PRISM (Version 9.0; GraphPad Software Inc., La Jolla, United States). For analysis of statistical significance a two-way repeated-measures ANOVA, followed by Tukey post hoc test for evaluation of multiple comparisons was applied. A p-value of p ≤ 0.05 was considered statistically significant.



RESULTS


Quantitative Microbial Load in Wound Dressing Eluate

Over the examined treatment course of a total of 6 days, the microbial counts in the wound dressing eluate followed a directly proportional pattern to the microbial load in the solid biofilm itself. Under treatment with octenidine di-hydrochloride (OCT) and ionic silver (AG), a gradual increase of microbial counts on days 1, 3 and 6 were observed (Figure 2). Such increasing microbial counts also occurred in the control dressing (CTRL) with no antimicrobial agent, consequently showing no anti-biofilm activity of OCT and AG on the wound dressing eluate. PHMB demonstrated a statistically non-significant decrease in microbial counts of the eluate on day 1 (0.62 ± 0.16 log10 steps) compared to initial counts. Subsequently, the PHMB dressing maintained the level of microbial counts over the remaining course of 6 days compared to the increasing counts in the control dressing (Figure 2), demonstrating a bacteriostatic effect.
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FIGURE 2. Comparison of the antimicrobial efficacy of wound dressings containing antimicrobial agents in the P. aerugionosa biofilm model lhBIOM. Reduction rates of bacteria (in log10 cfu/mL) are outlined after 1, 3, and 6 days of treatment with agent-free wound dressings (CTRL) and dressings containing octenidine (OCT), polyhexanide (PHMB), cadexomer-iodine (C-IOD), or ionic silver (AG). Bacterial content of the biofilm (solid bars) and in the dressing eluate (striped bars) are shown (values expressed as mean ± SEM. *p ≤ 0.05 vs. CTRL; **p ≤ 0.01 vs. CTRL, ***p ≤ 0.001 vs. CTRL, and ****p ≤ 0.0001 vs. CTRL).


On day 1, treatment with the C-IOD dressing resulted in a statistically non-significant reduction of 1.51 ± 0.41 log10 steps compared to initial bacterial counts in the dressing eluate. After 3 and 6 days of treatment, C-IOD achieved a significant reduction of microbial counts in the eluate compared to initial counts of 2.93 ± 0.29 log10 steps (p = 0.0207) and 6.92 ± 0.58 log10 steps (p = 0.0154), respectively. Compared to the control dressing this accounts for a significantly reduced bacterial burden of 1.41 ± 0.24 log10 steps on day 1 (p = 0.0254), 3.51 ± 0.42 log10 steps on day 3 (p = 0.0069) and 7.62 ± 0.60 log10 steps on day 6 (p = 0.0077; Figure 2).



Anti-biofilm Activity of Antimicrobial Wound Dressings on the lhBIOM

Regarding the antimicrobial effect on bacteria within the biofilm model, the results demonstrated an overall similar trend for wound dressings and dressing eluate (Figure 2). Treated with an OCT-containing dressing over a 6-day-period, microbial counts within the lhBIOM showed a continued increase with no observable antimicrobial effect. The AG-containing dressing demonstrated similar results, with the exception of an initial significant decrease in microbial counts on day 1 of 3.33 ± 1.50 log10 steps (p = 0.013) compared to initial counts. On day 3 however the initial reductive effect had worn off and microbial re-growth above initial counts had occurred.

After an initial non-significant reduction on day 1, the PHMB-impregnated dressing maintained a prolonged bacteriostatic effect. This was observed for the biofilm itself as well as in the dressing eluate. PHMB reduced the initial bacterial counts by 1.71 ± 0.31 log10 steps, subsequently keeping it at the reduced level over the course of 6 days without occurring re-growth (Figure 2). Compared to the control dressing, PHMB obtained a significant reduction in bioburden of 2.36 ± 0.12 log10 steps on day 3 (p = 0.0028) and 2.66 ± 0.19 log10 steps on day 6 (p = 0.0010) in the lhBIOM. The reduction on day 1 compared to the control dressing, however, was not statistically significant.

The C-IOD containing dressing showed the highest anti-biofilm activity. On day 1, bacterial counts in the biofilm were significantly reduced by 7.37 ± 0.99 log10 steps (p = 0.0387) compared to initial counts. On day 3 the initial bacterial load was reduced by 9.03 ± 0.45 log10 steps (p = 0.0054) and on day 6 no quantifiable microrganisms were retrieved, representing a complete reduction of initial microbial counts (9.28 ± 0.24 log10 steps; p = 0.0015; Figure 2).



Visual Analysis of Dressing Effects on the lhBIOM Using Scanning Electron Microscopy (SEM)

SEM analysis of P. aeruginosa biofilm treated with wound dressings for 3 days (Figure 3) showed a distinct modification of the biofilm surface for all models compared to the untreated biofilm (Figure 3A). Whereas with drug-free wound dressings only an undulating fissuring with an almost intact surface was visible (Figure 3B), those containing antimicrobials induced an increased porosity. This was most prominent in the cadexomer-iodine dressing (Figure 3E). The former induced a shotgun-like change in the biofilm surface reflecting the penetration of iodine from the cadexomer beads into deeper layers. The OCT- (Figure 3C) and PHMB-containing wound dressings (Figure 3D) showed a smooth surface with multiple isolated but rather big holes and their structural appearances were quite similar. The AG-containing dressing seemed to induce a more pronounced roughening of the biofilm surface with, however, fewer entry holes and an overall lower porosity (Figure 3F).
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FIGURE 3. Scanning electron microscopy (SEM) visualization of P. aerugionosa biofilm surface (lhBIOM) after 3 days under control conditions (A) and after treatment with commercial wound dressings: (B) polyurethane dressing with no active agent; (C) with octenidin (OCT); (D) with polyhexanide (PHMB); (E) with cadexomer-iodine (C-IOD) and (F) ionic silver. The untreated biofilm model (A) shows a densely connected surface structure. After treatment with cadexomer-iodine (E), surface structure appears rugged and “broken-open” with several holes as potential new entry points for iodine. After treatment with OCT (C) and PHMB (D) biofilm surface remains more dense though several holes are visible. Silver (F) induced the least changes.




DISCUSSION

In guidelines, local antimicrobials such as different silver formulations, polyhexanide (PHMB), octenidine, dihydrochloride or iodine are rated as equally efficient (AWMF, 2012). Consensus about advantages and disadvantages in direct comparison, recommendations and independent analyses of efficacies in complex test scenarios or clinical conditions are, however, rare (Kramer et al., 2018). Even though several studies addressed this issue, most concluded that further analyses are mandatory to gain evidence-based recommendations for the daily use of antimicrobial dressings (Storm-Versloot et al., 2010; Daeschlein, 2013; Forster and Pagnamenta, 2015; Wu et al., 2015; Norman et al., 2016). Using a complex 3D model designed to mimic the micro-environment of a human wound biofilm (lhBIOM), composed of human material (plasma, platelets and leukocytes), this study aimed to extend the knowledge-base on efficacy profiles of antimicrobial wound dressings in a more transferable, “closer-to-reality” test scenario (Besser et al., 2020; Rembe et al., 2020; Stuermer et al., 2021). In this model, the incorporated bacteria encounter not only a milieu similar to the wound exudate (Loeffler et al., 2013), but also a certain immunological competence represented by leukocytes, so a biofilm matrix has to be produced under the challenge of a donor’s immunocompetence (Figure 1).

The obtained results of the investigated wound dressings regarding antimicrobial efficacy partly contrast what is currently considered best-practice knowledge and has been previously reported. In case of the iodine-containing product (C-IOD), a distinct and continuous antimicrobial effect was observed in this study with a successive microbial reduction within 3 days (Figure 2), confirming previous in vitro and clinical studies (Phillips et al., 2015; Fitzgerald et al., 2017; Roche et al., 2019). It should be emphasized, however, that under treatment with the cadexomer-iodine dressing, the biofilm model was not completely dissolved in bromelain. This most likely arises from the proposed dehydrative effect caused by the cadoxmer agent (Akiyama et al., 2004; Fitzgerald et al., 2017). Judging by the reductive pattern in the solid biofilm model (lhBIOM), it seems, that the cadexomer-proportion of the dressing degrades and increases the porosity of the biofilm structure. Combined with iodine it acts partly lethal on exposed bacteria, while partly binding microorganisms within the dressing. This offers an explanation for the higher remaining microbial counts within the eluate on day 1 (Figure 2): Released microorganisms from the degraded biofilm structure are initially bound and subsequently reduced by the continued release of iodine. The simultaneous continued, slow release of iodine molecules into the degraded biofilm also reaches deeper structures and works against dorment bacteria. This approach is also supported by the SEM images, showing a failure of the closed protective EPS shield due to the impact of cadexomer-iodine.

Evaluations regarding the anti-biofilm activity of polyhexanide-containing wound dressings (PHMB) are rarely found in the literature (Huebner and Kramer, 2010; Huebner et al., 2010; Lenselink and Andriessen, 2011; Davis et al., 2017; Kramer et al., 2018); for the octenidine-containing wound dressing (OCT) no data at all could be found. Most efficacy assumptions and statements are transferred from analyses performed on microorganisms in a planktonic state or from evaluations of the antiseptic solution counterparts. Regarding the PHMB dressing, a reductive efficacy (~2 log10 steps) with a subsequent bacteriostatic effect could be demonstrated in this work, presumably due to the comparably high concentration of PHMB (0.65 mg/cm2) embedded in and released by the wound dressing (Figure 2 and Table 1). These results are in accordance with the results of earlier analyses of our working group, demonstrating a good efficacy for PHMB-containing antiseptics and antimicrobial irrigation solutions (Brackman and Coenye, 2016; Rembe et al., 2020). However, this positive quantitative effect is not reflected in the SEM images, since only slightly changes to the surface of the biofilm can be observed.

For the here tested silver-containing wound dressing (AG), the expected high antimicrobial efficacy could not be verified. While several in vitro evaluations in planktonic or simpler biofilm models demonstrated a good antimicrobial and anti-biofilm efficacy (O’Meara et al., 2000; Desroche et al., 2016; Percival et al., 2019b), these results could not be reproduced in a more complex in vitro biofilm scenario used here (Figure 2). Similar discrepancies and debates arise from various previous clinical studies of critically colonized or infected wounds, resulting in the necessity for further investigations (Lo et al., 2009; O’Meara et al., 2013; Dissemond et al., 2017). Even though a initial bacterial reduction was observed after 1 day of treatment, re-growth occurred over the following course of 6 days treatment, ultimately displaying similar microbial counts as the control dressing. Analyzing the eluate of the silver dressing, as a surrogate for the absorbed microorganism-containing wound exudate, there was also no reduction of the microbial load. These findings are contrary to previous descriptions by Desroche et al. (2016), stating that it “reduces the bacterial population and the biofilm of P. aeruginosa and MRSA up to 4 log steps within 24 h for 7 days” (collagen I-coated surface with no human components). The AG-impregnated wound dressing contains ionic silver coated to the specific surface matrix in a comparably low concentration (0.50 mg/cm2; Table 1). Besides the low concentration of the active agent, the composition of the milieu seemed to impede silver to exert its full antimicrobial effect. The relevance of its chemical structure has already been proven in previous studies. The loss of efficacy was pointed out for nanocrystalline silver (Gnanadhas et al., 2013; Rembe et al., 2018) more than for ionic silver, however, interactions with the wound microenvironment such as pH value or protein content have been described for both several times (Hirsch et al., 2011; Kapalschinski et al., 2013; Wiegand et al., 2015; Rembe et al., 2018). This emphasizes the need for human-adapted analyses in vitro, as the here tested dressing containing ionic silver demonstrates an overall loss of antimicrobial efficacy in a complex, protein-rich, human-adapted microenvironment.

Surprisingly, the octenidine-impregnated dressing showed no antimicrobial or anti-biofilm efficacy in the performed experiments, while the antiseptic solution tested in a similar complex model (hpBIOM) in previous studies, demonstrated the highest efficacy compared to other antimicrobial solutions (Besser et al., 2020; Rembe et al., 2020). In many previous studies, both against planktonic bacteria as well as biofilm, the active agent of the disinfectant Octenisept® has repeatedly proven to be highly effective (Brackman and Coenye, 2016; Rembe et al., 2020), even though the onset of its full efficacy was shown to be delayed in complex biofilm scenarios (up to 48 h). The missing antimicrobial activity of the OCT dressing might therefore be attributed to the dressing configuration with a retained release of the active agent into the wound (here biofilm model) or an insufficient amount of active agent embedded and released to achieve an impact. Unfortunately, the exact amount of octenidine di-hydrochloride in the dressing is not provided in the literature or by the manufacturer. However, the question of substance concentration has shown differences in antimicrobial dressing performance in previous studies, with lower concentrations yielding lower reduction rates (Rembe et al., 2018). Another restrictive factor of the dressing configuration might be the combination of octenidine, dihydrochloride and hyaluronic acid in the wound contact layer, which upon contact with wound exudate forms a gelling structure. This can lead to an “entrapment” of the active agent OCT in the gelling layer with the main antimicrobial activity exerted on microorganisms absorbed with the wound exudate into this layer and therefore low release of the agent into the wound and biofilm. Additionally, in the here tested dressing, only octenidine di-hydrochloride is embedded, in contrast to the highly effective liquid antiseptic Octenisept®, which contains a combination of octenidine di-hydrochloride and phenoxyethanol. The additive phenoxyethanol, however, exerts additional antimicrobial effects and further contained additives as well as alcohols have been specifically attributed with biofilm degrading properties (Percival et al., 2017a,b, 2019a), therefore offering another explanatory factor for the missing antimicrobial and anti-biofilm efficacy in the presented results. The question whether a daily or 2-day dressing change, would enhance the performance of the less effective test dressings (AG and OCT) cannot be conclusively answered herein. In relation, however, the more effective dressings (PHMB and C-IOD) would expectedly also profit from a more frequent change regimen, therefore not altering the comparative performance.

The aspects regarding active substance concentration and physicochemical release patterns as well as specific interactions due to dressing and microenvironment composition are transferable and applicable to all here tested wound dressings. Supposedly, the specific constellation of such factors for individual dressings dictate the overall antimicrobial and anti-biofilm efficacy observed in the presented results. Here, the polyhexanide-containing (PHMB) and especially the cadexomer-iodine containing dressing (C-IOD) proved to be most active against P. aeruginosa biofilm compared to other antimicrobial wound dressing formulations. However, only cadexomer-iodine achieved an actual relevant bactericidal effect. This is also reflected in the SEM showing an increased porosity and a distinct alteration of the biofilm surface pattern. Similar results were observed in earlier research approaches regarding its anti-biofilm activity (Phillips et al., 2015). As mentioned earlier, the combined cadexomer-iodine dressing exerts its effect by two main aspects: Cadexomer directly destroys biofilm structures by collapsing the bacterial glycocalyx (EPS) which is composed of 99% water (Lapping-Scott et al., 2014) by dehydration through water absorbtion, while iodine as an antimicrobial agent can subsequently eliminate bacteria (here P. aeruginosa) released and exposed from the damaged biofilm structure (Akiyama et al., 2004).

Naturally, the presented results are limited as to the fact that they are in vitro results, calling for a careful consideration in terms of translation to clinical situations. Due to the experimental setup using a complex, human material based approach, the evaluations have been moved one step closer to clinical reality, however, still need to be interpreted with caution and in relation. The here used model allows for far more precise interpretations of results in terms of transferability into reality than simpler models. Still, even more complex test settings (incorporating human cell lines and three-dimensional tissue structures) will be required in the future to even better interpret complex efficacy interactions of antimicrobial products. The same goes for well-designed, sufficiently powered randomized controlled clinical trial to back in vitro findings and establish long-sought evidence-based clinical guidelines. The present results, however, show that these are urgently needed to clarify indications and support correct choice of wound care products.

Further limitations include the intentional disregard of the negative aspect of cytotoxicity potentially caused to the regenerating wound by excessive release of antimicrobial substances from wound dressings, as well as the evaluation of only one dressing per agent group with only a single combination of substance concentration and dressing formation per group investigated. Cytotoxic aspects were intentionally not addressed in this work due to focus being placed on bactericidal effects against biofilms, which untreated would exert potentially more harm to the healing wound than a confined cytotoxic impact derived from an antimicrobial treatment.

Finally, questions regarding the relevance of physicochemical release patterns and the specific composition and placement of the active agent within the dressing would be better addressed comparing differently manufactured dressings. However, in most cases (OCT, C-IOD, and PHMB) only very limited or even no further dressings containing the specific antimicrobial agents are commercially available and therefore need to be specifically manufactured as prototypes. This represents a continuous future endeavor in the field of material science, to identify and reliably validate the best combination of wound dressing material and active antimicrobial agent.



CONCLUSION

In this in vitro study the challenge a wound biofilm poses for antimicrobial agents becomes evident once again. The iodine- and polyhexanide-containing dressings perform as expected with a high bactericidal effect of C-IOD and a sustained bacteriostatic effect of PHMB over the course of 6 days even though not all surviving bacteria were counted due to incomplete lysis of the biofilm under C-IOD. The silver- and octenidine-containing wound dressings on the contrary did not show a bactericidal or bacteriostatic activity in the employed complex biofilm model (lhBIOM). In all wound dressings, the overall composition of the dressing, the concentration of the active substance and the form of interaction with the microenvironment are postulated to be crucial factors. For future anti-biofilm treatment strategies, especially dressings should be sought out, that exhibit biofilm/EPS degrading as well as antimicrobial properties, either in a single active substance or combinations. Therefore, biocompatible active agents or additives, that are readily and continuously released into the wound to interact with the biofilm need to be further investigated.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

ES, FB, and RS designed the study. IP, VW, AU, MD, and MG carried out the experiments. ES, J-DR, AK, and RS analyzed the results and performed statistical analysis. IP, MD, and EN made the REM pictures and figures. ES, J-DR, SD, and RS drafted the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

The presented work was funded by the German Initiative Chronische Wunden e.V. (ICW).



ACKNOWLEDGMENTS

We would like to thank Mrs. A. Borger for her support in generating the blood agents, and B. Hauβmann for preparation of the biofilm models for SEM analyzes.



REFERENCES

Akiyama, H., Oono, T., Saito, M., and Iwatsuki, K. (2004). Assessment of cadexomer iodine against Staphylococcus aureus biofilm in vivo and in vitro using confocal laser scanning microscopy. J. Dermatol. 31, 529–534. doi: 10.1111/j.1346-8138.2004.tb00549.x

AWMF. (2012). Local therapy of chronic wounds in patients with the risk of peripheral arterial disease, diabetes or chronic venous insufficiency. Reg.-No. 091-001. Available Online at: www.awmf.org/leitlinien/detail/ll/091-001. html

Besser, M., Dietrich, M., Weber, L., Rembe, J. D., and Stuermer, E. K. (2020). Efficiency of antiseptics in a novel 3-dimensional human plasma biofilm model (hpBIOM). Sci. Rep. Nat. Res. 10:4792. doi: 10.1038/s41598-020-61728-2

Bowler, P. G., Duerden, B. I., and Armstrong, D. G. (2001). Wound microbiology and associated approaches to wound management. Clin. Microbiol. Rev. 14, 244–269.

Brackman, G., and Coenye, T. (2016). In vitro and in vivo biofilm wound models and their application. Adv. Exp. Med. Biol. 897, 15–32.

Daeschlein, G. (2013). Antimicrobial and antiseptic strategies in wound management. Int. Wound J. 10, 9–14.

Davis, S. C., Harding, A., Gil, J., Parajon, F., Valdes, J., Solis, M., et al. (2017). Effectiveness of a polyhexanide irrigation solution on methicillin-resistant Staphylococcus aureus biofilms in a porcine wound model. Int. Wound J. 14, 937–944. doi: 10.1111/iwj.12734

Demidova-Rice, T. N., Hamblin, M. R., and Herman, I. M. (2012). Acute and impaired wound healing: pathophysiology and current methods for drug delivery, part 1: normal and chronic wounds: biology, causes, and approaches to care. Adv. Skin Wound Care 25, 304–314. doi: 10.1097/01.ASW.0000416006.55218.d0

Desroche, N., Dropet, C., Janod, P., and Guzzo, J. (2016). Antibacterial properties and reduction of MRSA biofilm with a dressing combining polyabsorbent fibres and a silver matrix. J. Wound Care. 25, 577–584. doi: 10.12968/jowc.2016.25.10.577

Dissemond, J., Boettrich, J. G., Braunwarth, H., Hilt, J., Wilken, P., and Münter, K. C. (2017). Evidence for silver in wound care - meta-analysis of clinical studies from 2000-2015. J. Dtsch. Dermatol. Ges. 15, 524–535. doi: 10.1111/ddg.13233

Fitzgerald, D. J., Renick, P. J., Forrest, E. C., Tetens, S. P., Earnest, D. N., and McMillan, J. (2017). Cadexomer iodine provides superior efficacy against bacterial wound biofilms in vitro and in vivo. Wound Repair. Regen. 25, 13–24. doi: 10.1111/wrr.12497

Forster, R., and Pagnamenta, F. (2015). Dressings and topical agents for arterial leg ulcers. Cochrane Database Syst. Rev. 6:CD001836.

Gnanadhas, D. P., Thomas, M., Thomas, R., Raichur, A. M., and Chakravortty, D. (2013). Interaction of silver nanoparticles with serum proteins affects their antimicrobial activity in vivo. Antimicrob. Agent. Chemother. 57, 4945–4955. doi: 10.1128/AAC.00152-13

Guest, J. F., Ayoub, N., McIlwraith, T., Uchegbu, I., Gerrish, A., Weidlich, D., et al. (2017). Health economic burden that different wound types impose on the UK’s national health service. Int. Wound J. 14, 322–330. doi: 10.1111/iwj.12603

Guest, J. F., Fuller, G. W., and Vowden, P. (2018). Diabetic foot ulcer management in clinical practice in the UK: costs and outcomes. Int. Wound J. 5, 43–52.

Hirsch, T., Limoochi-Deli, S., Lahmer, A., Jacobsen, F., Goertz, O., Steinau, H. U., et al. (2011). Antimicrobial activity of clinically used antiseptics and wound irrigating agents in combination with wound dressings. Plast. Reconstr. Surg. 127, 1539–1545. doi: 10.1097/PRS.0b013e318208d00f

Huebner, N. O., and Kramer, A. (2010). Review on the efficacy, safety and clinical applications of polihexanide, a modern wound antiseptic. Skin Pharmacol. Physiol. 23, 17–27. doi: 10.1159/000318264

Huebner, N. O., Matthes, R., Koban, I., Raendler, C., Mueller, G., Bender, C., et al. (2010). Efficacy of chlorhexidine, polihexanide and tissue-tolerable plasma against Pseudomonas aeruginosa biofilms grown on polystyrene and silicone materials. Skin. Pharmacol. Physiol. 23, 28–34. doi: 10.1159/000318265

James, G. A., Swogger, E., Wolcott, R., Pulcini, E., Secor, P., Sestrich, J., et al. (2008). Biofilms in chronic wounds. Wound Repair. Regen. 16, 37–44.

Kapalschinski, N., Seipp, H. M., Onderdonk, A. B., Goertz, O., Daigeler, A., Lahmer, A., et al. (2013). Albumin reduces the antibacterial activity of polyhexanide-biguanide-based antiseptics against Staphylococcus aureus and MRSA. Burns 39, 1221–1225. doi: 10.1016/j.burns.2013.03.003

Kirketerp-Møller, K., Stewart, P. S., and Bjarnsholt, T. (2020). The zone model: a conceptual model for understanding the microenvironment of chronic wound infection. Wound Repair. Regen. 28, 593–599. doi: 10.1111/wrr.12841

Koburger, T., Hubner, N. O., Braun, M., Siebert, J., and Kramer, A. (2010). Standardized comparison of antiseptic efficacy of triclosan, PVP-iodine, octenidine dihydrochloride, polyhexanide and chlorhexidine digluconate. J. Antimicrob. Chemother. 65, 1712–1719.

Kramer, A., Dissemond, J., Kim, S., Willy, C., Mayer, D., Papke, R., et al. (2018). Consensus on wound antisepsis: update 2018 skin pharmacol. Physiology 31, 28–58. doi: 10.1159/000481545

Lapping-Scott, H., Burton, S., and Stoodley, P. (2014). Revealing a world of biofilms–the pioneering research of bill costerton. Nat. Rev. Microbiol. 12, 781–787. doi: 10.1038/nrmicro3343

Lenselink, E., and Andriessen, A. (2011). A cohort study on the efficacy of a polyhexanide-containing biocellulose dressing in the treatment of biofilms in wounds. J. Wound Care. 20, 534–536. doi: 10.12968/jowc.2011.20.11.534

Lo, S. F., Chang, C. J., Hu, W. Y., Hayter, M., and Chang, Y. T. (2009). The effectiveness of silver-releasing dressings in the management of non-healing chronic wounds: a meta-analysis. J. Clin. Nurs. 18, 716–728. doi: 10.1111/j.1365-2702.2008.02534.x

Loeffler, M. W., Schuster, H., Bühler, S., and Beckert, S. (2013). Wound fluid in diabetic foot ulceration: more than just an undefined soup? Int. J. Low Extrem. Wounds. 12, 113–129. doi: 10.1177/1534734613489989

Magill, S. S., Edwards, J. R., Bamberg, W., Beldavs, Z. G., Dumyati, G., Kainer, M. A., et al. (2014). Multistate point-prevalence survey of health care-associated infections. N. Engl. J. Med. 370, 1198–1208.

Norman, G., Dumville, J. C., Moore, Z. E., Tanner, J., Christie, J., and Goto, S. (2016). Antibiotics and antiseptics for pressure ulcers. Cochrane Database Syst. Rev. 4, CD011586.

O’Meara, S., Al-Kurdi, D., Ologun, Y., Ovington, L. G., Martyn-St James, M., and Richardson, R. (2013). Antibiotics and antiseptics for venous leg ulcers. Cochrane Database Syst. Rev. 23:CD003557. doi: 10.1002/14651858.CD003557

O’Meara, S., Cullum, N., Majid, M., and Sheldon, T. (2000). Systematic reviews of wound care management: (3) antimicrobial agents for chronic wounds; (4) diabetic foot ulceration. Health Technol. Assess. 4, 1–237.

Percival, S. L., Mayer, D., Kirsner, R. S., Schultz, G., Weir, D., Roy, S., et al. (2019a). Surfactants: role in biofilm management and cellular behaviour. Int. Wound J. 16, 753–760. doi: 10.1111/iwj.13093

Percival, S. L., Mayer, D., Malone, M., Swanson, T., Gibson, D., and Schultz, G. (2017a). Surfactants and their role in wound cleansing and biofilm management. J. Wound Care. 26, 680–690. doi: 10.12968/jowc.2017.26.11.680

Percival, S. L., Mayer, D., and Salisbury, A. M. (2017b). Efficacy of a surfactant-based wound dressing on biofilm control. Wound Repair. Regen. 25, 767–773. doi: 10.1111/wrr.12581

Percival, S. L., McCarty, S. M., and Lipsky, B. (2015). Biofilms and wounds: an overview of the evidence. Adv. Wound Care 4, 373–381. doi: 10.1089/wound.2014.0557

Percival, S. L., Salisbury, A. M., and Chen, R. (2019b). Silver, biofilms and wounds: resistance revisited. Crit. Rev. Microbiol. 45, 223–237. doi: 10.1080/1040841X.2019.1573803

Phillips, P. L., Yang, Q., Davis, S., Sampson, E. M., Azeke, J. I., Hamad, A., et al. (2015). Antimicrobial dressing efficacy against mature Pseudomonas aeruginosa biofilm on porcine skin explants. Int. Wound J. 12, 469–483. doi: 10.1111/iwj.12142

Rembe, J. D., Fromm-Dornieden, C., Böhm, J. K., and Stuermer, E. K. (2018). The influence of human acute wound fluid (AWF) on the antibacterial efficacy of different antiseptic polyurethane foam dressings: an in-vitro analysis. Wound Repair. Regen. 26, 27–35. doi: 10.1111/wrr.12612

Rembe, J. D., Huelsboemer, L., Besser, M., and Stuermer, E. K. (2020). Anti-biofilm activity of antimicrobial hypochlorous wound irrigation solutions compared to common wound antiseptics and bacterial resilience in a novel in-vitro human plasma biofilm model (hpBIOM). Front. Microbiol. 11:564513. doi: 10.3389/fmicb.2020.564513

Roche, E. D., Woodmansey, E. J., Yang, Q., Gibson, D. J., Zhang, H., and Schultz, G. S. (2019). Cadexomer iodine effectively reduces bacterial biofilm in porcine wounds ex vivo and in vivo. Int. Wound J. 16, 674–683.

Shukla, S. K., Sharma, A. K., Gupta, V., Kalonia, A., and Shaw, P. (2020). Challenges with wound infection models in drug development. Curr. Drug Targets 21, 1301–1312. doi: 10.2174/1389450121666200302093312

Sibbald, R. G., Coutts, P., and Woo, K. Y. (2011). Reduction of bacterial burden and pain in chronic wounds using a new polyhexamethylene biguanide antimicrobial foam dressing-clinical trial results. Adv. Skin. Wound Care. 24, 78–84. doi: 10.1097/01.ASW.0000394027.82702.16

Storm-Versloot, M. N., Vos, C. G., Ubbink, D. T., and Vermeulen, H. (2010). Topical silver for preventing wound infection. Cochrane Database Syst. Rev. 3:CD006478.

Stuermer, E. K., Besser, M., Brill, F. H. H., Geffken, M., Plattfaut, I., Severing, A. L., et al. (2021). Comparative analysis of biofilm models to determine the efficacy of antimicrobials. J. Hyg. Environ. Health. 234:113744.

To, E., Dyck, R., Gerber, S., Kadavil, S., and Woo, K. Y. (2016). The effectiveness of topical polyhexamethylene biguanide (PHMB) agents for the treatment of chronic wounds: a systematic review. Surg. Technol. Int. 29, 45–51.

Wiegand, C., Abel, M., Ruth, P., Elsner, P., and Hipler, U. C. (2015). pH influence on antibacterial efficacy of common antiseptic substances. Skin Pharmacol. Physiol. 28, 147–158. doi: 10.1159/000367632

Wu, L., Norman, G., Dumville, J. C., O’Meara, S., and Bell-Syer, S. E. (2015). Dressings for treating foot ulcers in people with diabetes: an overview of systematic reviews. Cochrane Database Syst. Rev. 7: CD010471.


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Stuermer, Plattfaut, Dietrich, Brill, Kampe, Wiencke, Ulatowski, Geffken, Rembe, Naumova, Debus and Smeets. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 19 May 2021
doi: 10.3389/fmicb.2021.658373





[image: image]

Understanding How Staphylococcal Autolysin Domains Interact With Polystyrene Surfaces

Radha P. Somarathne1, Emily R. Chappell1, Y. Randika Perera2, Rahul Yadav1, Joo Youn Park3 and Nicholas C. Fitzkee1*

1Department of Chemistry, Mississippi State University, Mississippi State, MS, United States

2Department of Biochemistry, Chemistry, and Center for Structural Biology, Vanderbilt University, Nashville, TN, United States

3Department of Comparative Biomedical Sciences, College of Veterinary Medicine, Mississippi State University, Mississippi State, MS, United States

Edited by:
Mark Smeltzer, University of Arkansas for Medical Sciences, United States

Reviewed by:
Jeffrey Lee Bose, University of Kansas Medical Center, United States
Lichong Xu, Pennsylvania State University, United States
Carla Renata Arciola, Rizzoli Orthopedic Institute (IRCCS), Italy

*Correspondence: Nicholas C. Fitzkee, nfitzkee@chemistry.msstate.edu orcid.org/0000-0002-8993-2140

Specialty section: This article was submitted to Antimicrobials, Resistance and Chemotherapy, a section of the journal Frontiers in Microbiology

Received: 25 January 2021
Accepted: 19 April 2021
Published: 19 May 2021

Citation: Somarathne RP, Chappell ER, Perera YR, Yadav R, Park JY and Fitzkee NC (2021) Understanding How Staphylococcal Autolysin Domains Interact With Polystyrene Surfaces. Front. Microbiol. 12:658373. doi: 10.3389/fmicb.2021.658373

Biofilms, when formed on medical devices, can cause malfunctions and reduce the efficiency of these devices, thus complicating treatments and serving as a source of infection. The autolysin protein of Staphylococcus epidermidis contributes to its biofilm forming ability, especially on polystyrene surfaces. R2ab and amidase are autolysin protein domains thought to have high affinity to polystyrene surfaces, and they are involved in initial bacterial attachment in S. epidermidis biofilm formation. However, the structural details of R2ab and amidase binding to surfaces are poorly understood. In this study, we have investigated how R2ab and amidase influence biofilm formation on polystyrene surfaces. We have also studied how these proteins interact with polystyrene nanoparticles (PSNPs) using biophysical techniques. Pretreating polystyrene plates with R2ab and amidase domains inhibits biofilm growth relative to a control protein, indicating that these domains bind tightly to polystyrene surfaces and can block bacterial attachment. Correspondingly, we find that both domains interact strongly with anionic, carboxylate-functionalized as well as neutral, non-functionalized PSNPs, suggesting a similar binding interaction for nanoparticles and macroscopic surfaces. Both anionic and neutral PSNPs induce changes to the secondary structure of both R2ab and amidase as monitored by circular dichroism (CD) spectroscopy. These changes are very similar, though not identical, for both types of PSNPs, suggesting that carboxylate functionalization is only a small perturbation for R2ab and amidase binding. This structural change is also seen in limited proteolysis experiments, which exhibit substantial differences for both proteins when in the presence of carboxylate PSNPs. Overall, our results demonstrate that the R2ab and amidase domains strongly favor adsorption to polystyrene surfaces, and that surface adsorption destabilizes the secondary structure of these domains. Bacterial attachment to polystyrene surfaces during the initial phases of biofilm formation, therefore, may be mediated by aromatic residues, since these residues are known to drive adsorption to PSNPs. Together, these experiments can be used to develop new strategies for biofilm eradication, ensuring the proper long-lived functioning of medical devices.
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INTRODUCTION

Staphylococcus epidermidis is a very common pathogen known to cause a variety of infections, including those involving medical implants and devices (McCann et al., 2008; Büttner et al., 2015; Zheng et al., 2018). The cell wall of S. epidermidis contains protein, nucleic acid, and peptidoglycan components (Büttner et al., 2015), and a major protein component of the cell wall is the peptidoglycan hydrolase, autolysin (AtlE). The AtlE protein plays an essential role in bacterial cell wall cleavage and is therefore critical during cell division (Nega et al., 2020). The R2ab and amidase domains in AtlE are responsible for enzyme targeting in the septum region (Yamada et al., 1996). AtlE is post-translationally cleaved between the R2 and R3 domains, resulting in a construct containing the amidase enzyme and the R1 and R2 repeats (Amidase-R1-R2). The protein is non-covalently associated with the cell wall through interactions between the R1 and R2 repeats and lipoteichoic acid (LTA) (Zoll et al., 2012). The native structures of both R2ab and amidase have been solved by Zoll et al. (2010, 2012) but the structure of the LTA-complexed protein is not currently known. In addition, AtlE is known to take part in its primary attachment to surfaces, especially to polystyrene surfaces (Houston et al., 2011). Both amidase and R2ab are required for S. epidermidis to be biofilm positive on polystyrene surfaces (Heilmann et al., 1997; Zoll et al., 2012).

Biofilms are assemblies of microbial cells present in a highly structured community, with the ability to attach to surfaces and form colonies that are associated with a extracellular polymeric matrix (Sandal et al., 2007). Biofilm formation occurs in three steps – attachment, maturation and dispersion (Crouzet et al., 2014). In the attachment stage, microorganisms adhere on to non-biological surfaces by non-specific hydrophobic interactions (Dunne, 2002). Biofilms have many unfavorable effects on public health, especially since they infect medical implants in the body such as heart valves and catheters (Trautner and Darouiche, 2004). In fact, they account for more than half of microbial infections (Jamal et al., 2018). They can also form on a variety of biological surfaces such as the urinary tract, skin, and most commonly on teeth (Saini et al., 2011). S. epidermidis, being an opportunistic pathogen, can attach onto polymeric devices and cause harm to both healthy and immunocompromised patients. There are three basic components that are basic, vital components in biofilm formation – microbes, extracellular matrix, and a surface (Donlan, 2002). If any of these components are removed, biofilm formation would not happen. However, biofilm formation is a fairly complex process that cannot be restricted to merely these three main components. Many other factors such as the type of organism, surface, genetic variations, and other environmental factors serve a purpose in biofilm formation (Steenackers et al., 2016; Ponomareva et al., 2018).

Preventing biofilm formation is imperative for the optimum function of biomedical implants and diagnostic equipment. Polystyrene is an important surface for these applications, because it is abundant in the medical field, and because it is amenable to surface modification. While polystyrene is not currently used in implantable medical devices (Sastri, 2010), it is a common component of medical diagnostic equipment (Loos et al., 2014), and biofilms are observed to form readily on untreated polystyrene surfaces (Kaplan et al., 2004). These biofilms can lead to complications associated with device failure (Gominet et al., 2017). Primary adhesion of bacteria to abiotic surfaces is usually facilitated by non-specific interactions. Polystyrene is amenable to surface conditioning, an approach that can be used to alter these interactions, reducing biofilm formation through surface pretreatment (Lorite et al., 2011). However, conditioning remains challenging because it requires an understanding of the molecular interactions involved in surface adhesion. Some conditioners tend to hinder biofilm growth by killing bacterial cells (Zhang et al., 2013; Percival et al., 2014), emphasizing the importance of understanding adsorption to abiotic surfaces. Therefore, it is of high interest to understand how molecules interact with polystyrene surfaces: not only is this knowledge relevant for understanding biofilm formation on many medical diagnostic tools, it is also important for preventing biofilms through surface conditioning.

In this study, we explore the behavior of the R2ab and amidase domains on polystyrene surfaces. In addition to examining these proteins’ behavior with macroscopic surfaces, such as cell plates, we explore how these protein domains interact with carboxylate functionalized, polystyrene nanoparticles (PSNPs). Nanoparticles have a large surface-to-volume ratio, and they can be functionalized to remain suspended in solution at high concentrations (Fang et al., 2009). Moreover, nanoparticles of diameter 15 nm and larger are several orders of magnitude larger than small protein domains like R2ab and amidase, making them a fair approximation for a flat surface. Our group (Wang et al., 2014; Woods et al., 2016), and others (Lacerda et al., 2010; Gunawan et al., 2014; Satzer et al., 2016) have found that protein binding occurs independently of nanoparticle curvature for nanoparticles larger than 15 nm. However, surface functionalization and protein identity can lead to curvature-dependent effects (Gagner et al., 2011; Perera et al., 2019; Visalakshan et al., 2020), and this remains an area of active investigation. By studying both R2ab and amidase on a nanoparticles and flat surfaces, we aim to understand the structural behavior of these proteins when adsorbed to surfaces and to understand the broader principles of protein-surface interactions. Ultimately, we have analyzed the interaction of the autolysin proteins R2ab and amidase with both polystyrene surfaces and nanoparticles to achieve a better understanding of these interactions and how they compare. In the long term, this could lead to novel potential solutions for eradicating biofilms formed on medical devices.



MATERIALS AND METHODS


Protein Expression and Purification

Plasmids encoding the sequence for R2ab and amidase domains were synthesized by Life Technologies, Inc. (Carlsbad, CA, United States) and transformed into a pET-15b vector; these sequences were identical to the sequences used previously (Zoll et al., 2010, 2012; Büttner et al., 2014). Both vectors were transformed into Escherichia coli BL21(DE3) cell. Transformed cells containing the R2ab plasmid were grown overnight at 37°C for 16 h in LB media. This starter culture was then used to inoculate 1L of LB media, at an initial OD600 of 0.05. When this larger culture reached an OD600 of 0.5–0.7, it was induced using 0.5 mM isopropyl β-d-1-thiogalactopyranoside (IPTG), and the culture was allowed to incubate overnight at 25°C. The cells were then harvested by spinning them for 30 min at 8,000 × g and the pellets were resuspended in lysis buffer (150 mM NaCl, 20 mM HEPES pH 7.5, 40 mM imidazole). The resuspended cells were sonicated at 45% power, thrice with 2 min continuous pulsing, followed by 2 min rest, for a total process time of 6 min. The resulting lysate was centrifuged at 32,000 × g for 30 min at 4°C. R2ab was collected from the soluble fraction and purified through a 5 mL Nickel HisTrap FF column (Cytiva Life Sciences, Marlborough, MA, United States) that was equilibrated with lysis buffer. The bound protein was eluted using a gradient of elution buffer (150 mM NaCl, 20 mM HEPES pH 7.5, 800 mM Imidazole). Thrombin was added to the protein after quantification to remove the histidine tag, and then dialyzed in dialysis buffer (150 mM NaCl, 20 mM HEPES pH 7.5, 20 mM Imidazole) overnight. Thrombin was removed from the protein using benzamidine beads (Cytiva Life Sciences). After centrifuging and filtering the beads, the supernatant was run once more through a 5 mL Nickel HisTrap FF column to obtain tag-free protein. Finally, the purified protein was run through a Superdex 26/600 75 column, equilibrated using gel filtration buffer (50 mM NaCl, 20 mM sodium phosphate pH 6.5). Purified R2ab protein was lyophilized and stored at −80°C. Purification of amidase was performed similarly, except that the lysis buffer used, contained 50 mM sodium phosphate, pH 7.4, 300 mM NaCl and 25 mM imidazole, and the protein was eluted using 50 mM sodium phosphate, pH 7.4, 300 mM NaCl 400 mM imidazole.



Nanoparticle Preparation and Characterization

Carboxyl-functionalized polystyrene nanoparticles with a nominal diameter of 20 nm were purchased from Thermo Fisher (catalog #C37261, lot #1688129; Eugene, OR, United States). The manufacturer-listed nanoparticle diameter is 28 ± 6 nm by transmission electron microscopy (TEM); this was confirmed by dynamic light scattering (DLS) using an Anton Paar Litesizer 500, where the hydrodynamic diameter was observed to be 40 nm. The stock solution concentration was 4% (w/v) total solids. The number of carboxyl groups per nanoparticle (59 COOH groups per particle), determined by titration, was taken from the manufacturer’s certificate of analysis for this lot. Neutral, non-functionalized polystyrene nanospheres were obtained from Polysciences (catalog #08691-10, lot #A774113; Warrington, PA, United States). According to manufacturer’s specification, these non-functionalized spheres contain a slight anionic charge from the presence of sulfate esters. Prior to mixing with proteins, all nanoparticles were dialyzed against 1 L of buffered solution, and the pH of PSNP solutions was confirmed after dialysis.



Biofilm Assays

To determine the effects of the R2ab and amidase domains on biofilm formation of S. epidermidis, biofilm assays were performed as described previously and outlined below (Merritt et al., 2005; Billings et al., 2013). Briefly, different wells in a flat-bottomed 96-well polystyrene plate (Thermo Fisher, catalog #15041), were coated with 100 μL 0.1 mg/ml of either R2ab, amidase, or bovine serum albumin (BSA) (negative control). For protein coating, each of these proteins in gel filtration buffer (specified above) was added to a well to incubate overnight at 4°C. After incubation, the protein solution was removed by pipetting. To prepare the bacterium inoculum, S. epidermidis strain 1301 (available on request), a biofilm producing strain, was inoculated from a stab culture in 1 mL of Brain Heart Infusion (BHI) media at 37°C, overnight with shaking (Harris et al., 2016). To each coated well, 100 μL of fresh BHI media was added, followed by 2 μL of the overnight seed culture. The plate was allowed to incubate statically at 37°C for 72 h, allowing biofilms to form. Following the incubation and removal of the excess cells with three washings of 100 μL of PBS buffer (removed by pipetting), the biofilms were fixed with 100 μL of 100% methanol at room temperature for 10 min and stained with 100 μL 0.1% w/v crystal violet stain in water (B12525, Thermo Fisher Scientific). The biofilms were washed three times with PBS buffer as above to remove excess crystal violet stain, and 100 μL of 30% acetic acid was used to solubilize the cell bound crystal violet. Biofilm formation was monitored by measuring optical density of each well using a SpectraMax 4 plate reader at 570 nm.



Antimicrobial Assay

To determine the antimicrobial properties of the R2ab and amidase and amidase domains, R2ab and amidase were added to cultures of S. epidermidis in 96 well polystyrene plates. An overnight seed culture of S. epidermidis strain 1301 was prepared in BHI media as described above. Then, 2 μL of this seed culture was added to 100 μL of fresh BHI media in the 96-well plate. R2ab and amidase (stock concentration of 100 μM) in gel filtration buffer were then added to the culture, followed by pipette mixing. The bacterial culture was monitored for a period of 24 h by measuring the OD600 every hour, at a temperature of 37°C, using a Cytation5 plate reader.



Dynamic Light Scattering and Zeta Potential Measurements

Varying concentrations of proteins, starting from 1 μM, were added to 40 nM of nanoparticles, to a final volume of 50 μL. After nanoparticle – protein mixture was incubated at room temperature for 1 h, the samples were centrifuged at 15,000 × g for 10 min. The supernatant was discarded, and the sample pellet was washed three times with 10 mM sodium phosphate (pH 7.0), to remove any free protein in the solution. The pellet was then resuspended in the same buffer and the sample was transferred to a Low Volume Univette (Anton Paar). All measurements were obtained using an Anton Paar Litesizer 500 DLS at 25°C, and the data was processed using the Kalliope software.



Circular Dichroism Spectropolarimetry

The circular dichroism (CD) measurements were carried out using a Jasco 1500 CD spectrometer at 25°C. The measurements were performed at a path length of 1 mm using a quartz cuvette. In order to determine how the secondary structure of both the proteins change in the presence of nanoparticles, all the protein solutions were made containing the same concentration of R2ab and amidase (3 μM) with increasing concentrations of nanoparticles present in the mixture. A lower concentration (0.6 μM) was used for BSA; this concentration was reduced because fewer BSA molecules are predicted to bind to PSNPs, and saturation of the surface is expected to occur at a lower concentration. Similarly, while the total number of proteins per nanoparticle monolayer changes dramatically with protein size, the total mass of protein in a monolayer remains roughly the same, justifying a lower molar concentration of BSA (Supplementary Table 1). A BSA concentration of 0.6 μM (or 0.04 mg/mL) is approximately the same in mg/mL as the 3 μM used for R2ab and Amidase (0.05 and 0.08 mg/mL, respectively). The buffer for all solutions was 10 mM sodium phosphate (pH 7.0). Between each sample measurement, the cuvette was carefully cleaned. Far-UV spectra were collected between 180 and 260 nm, with the scan rate set at 10 nm min–1 at a bandwidth of 1 nm using 4 s as the integration time. Spectra were smoothed using Savitzky-Golay filter set to a window size of 17. The data was analyzed, and the decomposition process was carried out using Jasco’s Spectra Manager software suite.



Limited Proteolysis

The pattern of proteolytic digestion was tested on both R2ab and amidase in the presence and absence of polystyrene nanoparticles. In the experiments without nanoparticles, 0.5 mg/ml of proteins were incubated with 0.01 mg/ml of chymotrypsin (Amresco) (chymotrypsin: protein ratio 1:50) for 30 min at 22°C. Mixtures of proteins and nanoparticles were generated by adding PSNPs to a final (molar) nanoparticle to protein ratio of 1:190 for R2ab and 1:170 for amidase. These ratios were determined based on previous calculations of surface coverage (Wang et al., 2014). For digests containing PSNPs, chymotrypsin was added after mixing the proteins and nanoparticles, and allowing it to incubate for 1 h. The reactions were stopped by adding SDS-PAGE sample buffer (Bio-Rad) and heating the samples for 5 min at 95°C. For each experiment, a control sample of chymotrypsin was used, and a parallel sample of proteins without any chymotrypsin was analyzed and compared on 16.5% Tris–Tricine gels (Bio-Rad). The proteolytic products were visualized via silver staining due to low intensity of fragments.



RESULTS


R2ab and Amidase on Surfaces Hinders Biofilm Formation but Not Bacterial Growth

To examine the effects of the R2ab and amidase domains on biofilm formation, we tested their effect on biofilm formation on polystyrene plates. We used S. epidermidis strain 1301, which is able to form dense biofilms on polystyrene surfaces. After treating the 96-well plates with either R2ab and amidase, a significant reduction in biofilm was observed, as monitored by crystal violet staining (Figure 1) (O’Toole, 2011). The absorbance at 570 nm reflects the amount of biofilm present prior to fixation and staining. As expected, the highest absorbance was obtained for the untreated wells, where cells grew unhindered in BHI media. All treatments produced a statistically significant decrease in biofilm formation, including treatment with the negative control, BSA (p = 0.0047). This decrease occurs because protein adsorption is a general phenomenon (Andrade and Hlady, 1986). However, in wells that had been pre-treated with either R2ab or amidase, the growth of biofilms was reduced by a substantially larger amount, a nearly three-fold reduction (p < 0.0001). This suggests that R2ab and amidase are far more effective than typical proteins in adsorbing to a polystyrene surface, preventing bacterial attachment and subsequent biofilm formation.


[image: image]

FIGURE 1. The effect of protein treatment on biofilm formation. Wells were pre-coated with either no protein (control), amidase, R2ab, or BSA, followed by growth conditions favoring biofilm formation, which was monitored by crystal violet staining and measurement of absorbance at 570 nm. The BSA-coated plate showed only a slight reduction in biofilm growth relative to no treatment, but plates treated with amidase and R2ab domains show a much larger reduction. A typical row from a stained, 96-well plate is shown above each corresponding column to display the results of crystal violet staining. The error bars for each data point represent the standard error of the mean for N = 8 samples. A one-way ANOVA test [F(3,28) = 217.2, p < 0.0001] with Tukey’s post hoc analysis was performed to determine the levels of significance (**p < 0.005, ****p < 0.0001).


While R2ab and amidase may hinder biofilm formation, it is also possible that they slow bacterial growth. To determine whether this is the case, we added R2ab and amidase to the growth media of S. epidermidis strain 1301 and monitored the bacterial growth curves, measuring the OD600 at fixed intervals. Over a period of 24 h the growth curve of S. epidermidis was monitored in BHI media containing increasing protein concentrations for both R2ab and amidase domains. These curves were compared to curves where no proteins were added to the media (Figure 2). Some differences in growth curves were observed between cells treated with proteins and those without; however, this likely reflects small changes in the number of initial cells used to inoculate each well. Indeed, significant variability was observed for when each well reached log phase. In no case did the added R2ab or amidase lower the final OD600 for the cultures, and in several cases, the final cell density was increased. Moreover, as indicated by representative growth curves (Figures 2A,C), the doubling time did not appear to be affected by the addition of increasing concentrations of R2ab or amidase. At 18 h, differences between the OD600 values for each cultures were all statistically significant (Figures 2B,D, measured using one-way ANOVA). However, there was no apparent dose-response for treatment with either R2ab or amidase, and in many cases the treated cells grew to a higher OD600. These data indicate that R2ab and amidase have no antimicrobial properties that could contribute to the stunted biofilm formation observed in Figure 1.
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FIGURE 2. Representative microbial growth curves in the presence of R2ab (A) and amidase (C). Growth curves are shown for S. epidermidis when the media was mixed with (A,B) R2ab or (C,D) amidase. Concentrations added for each protein domain are 0 μM (red), 2 μM (orange), 4 μM (yellow), 6 μM (green), 8 μM (blue), and 10 μM (purple). The black curve shows a control with no bacteria added. Panels (B,D) show the average and standard deviation of OD600 at 18 h for R2ab and amidase, respectively, for the different treatments (N = 8). A one-way ANOVA test [(B): F(5, 42) = 120.4, p < 0.0001 and (D): F(5, 41) = 77.51, p < 0.0001] with Tukey’s post hoc analysis was performed to determine the levels of significance between groups (n.s. is not significant; **p < 0.005 and ****p < 0.0001).


In the pre-treatment experiments, the R2ab and amidase domains were removed from each well, leaving only the proteins that had adsorbed to the polystyrene surface. The concentration of proteins in solution if desorption occurred is therefore expected to be much less than 10 μM. However, our bacterial growth experiments show no consistent effect on cell division for concentrations of protein in solution up to 10 μM. Together, these results strongly suggest a mechanism whereby biofilm formation is blocked by adsorption of R2ab and amidase to the polystyrene surface, and not a mechanism where cell density is reduced by the presence of these domains in solution.



R2ab and Amidase Domains Strongly Interact With Polystyrene Nanoparticles

Performing biophysical experiments of proteins on macroscopic, flat polystyrene surfaces is extremely challenging because of the low surface-volume ratio of flat surfaces and the corresponding small number of proteins adsorbed. Nanoparticles have a very high surface to volume ratio, and titration of nanoparticles into solution allows for the controlled addition of surface binding sites in an experiment. While the effects of curvature (Gagner et al., 2011; Woods et al., 2016) and surface functionalization (Dominguez-Medina et al., 2016) play a significant role in nanoparticle-surface interactions, these effects can be minimized by using proteins that are much smaller than the nanoparticles in question and by minimizing surface functionalization. To explore the structural consequences of adsorption for the R2ab and amidase domains, we examined their behavior in the presence of spherical 20 nm (nominal diameter) carboxylate functionalized polystyrene nanoparticles (PSNPs). When protein solubility conditions permitted, we also examined protein adsorption to neutral, non-functionalized PSNPs. These nanoparticles are substantially larger than either protein domain, and hundreds of copies of each protein could fit in a monolayer on each nanoparticle (138 and 150 proteins per nanoparticle for R2ab and amidase, respectively; see Supplementary Table 1) (Wang et al., 2014), suggesting that, from the perspective of each protein domain, the surface is effectively flat. PSNPs have been used extensively in protein binding measurements (Baier et al., 2011; Contado et al., 2019; Kihara et al., 2019), providing fruitful information on protein binding, corona formation, and structural changes that occur upon adsorption. While the molecular similarities between PSNP adsorption and macroscopic adsorption remain unclear, we hypothesize that the processes are related, and we set out to explore the behavior of R2ab and amidase when adsorbed to PSNP surfaces, both with and without COOH functionalization.

To examine the interactions between the R2ab and amidase domains with PSNPs, DLS profiles were measured as the protein domains were titrated into the solutions containing PSNPs. A large interaction was observed for R2ab and amidase, as monitored by the dramatic shift in hydrodynamic diameter (Supplementary Figure 1). The hydrodynamic diameter of the carboxylate PSNPs alone was found to be 42.1 ± 0.1 nm; R2ab increased this value to 3,600 ± 300 nm, and amidase-coated PSNPs had an apparent hydrodynamic diameter of 670 ± 30 nm. However, the shift for BSA was much smaller, which had a final hydrodynamic diameter of only 48.5 ± 0.3 nm. The same trend was observed for neutral, non-functionalized PSNPs (Supplementary Figure 1). No visible aggregation was observed for any of the proteins under these conditions, suggesting that dynamic association of protein domains on the PSNP surfaces was occurring, as opposed to the formation of insoluble protein-nanoparticle conjugates. The interaction occurred at very low protein concentrations, indicating that the binding between both domains and the surface was rather strong. This is similar to what was observed in a prior study of PSNP-protein interactions in bovine α-lactalbumin, which reported strong but dynamic interactions in protein adsorption, associated with increases in hydrogen-deuterium exchange rates (Engel et al., 2004). Based on the significant increase in hydrodynamic diameter measured by DLS, R2ab, and amidase interact with PSNPs to a greater degree than BSA. This is consistent with the idea that R2ab and amidase domains interact with polystyrene surfaces in a uniquely strong way.

Zeta potential measurements for PSNPs coated with amidase and R2ab also reflect a strong interaction (Figure 3). Zeta potential measures the electric potential between at the slipping plane surrounding a surface and reflects the surface charge of a surface (Jiang et al., 2009). The zeta potential for both titrations starts at a negative zeta potential value for the bare carboxylate PSNPs, reflecting their net negative charge from carboxylic acid groups. The mV values become positive as the proteins are added in increasing concentrations. Initially, the variation of zeta potential is reasonably even; however, at higher concentrations of proteins, the zeta potential becomes fairly constant and the titration curve flattens out. The R2ab and amidase domains have theoretical isoelectric points of 9.7 and 6.8, respectively, and they are expected to decrease the net surface charge of carboxylate PSNPs as they adsorb. Assuming monolayer surface coverage, both proteins are expected to completely saturate the surface of 40 nM of PSNPs when 3–4 μM protein is present (Wang et al., 2014), and for titrations of both protein domains, the surface potential of PSNPs appears to be neutralized at this level of saturation. On the other hand, the BSA negative control does not induce a strong change in zeta potential as it is added (Figure 3), even though the degree of saturation is far greater when 4 μM is present, since far fewer molecules of BSA are able to bind in a single monolayer of a PSNP based on geometric considerations. Together, the DLS and zeta potential experiments reveal a strong interaction between amidase domains and PSNP surfaces that doesn’t appear to be present for other proteins like BSA. This is consistent with our biofilm assays on macroscopic polystyrene surfaces.
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FIGURE 3. Zeta potential changes when carboxylate functionalized PSNPs are titrated with autolysin domains. The zeta potential of 20 nm (nominal diameter) carboxylate-functionalized polystyrene nanospheres increases when R2ab or amidase domains are added to solution, but very little change is seen for BSA. Error bars represent the standard deviation for N = 3 experiments, and lines connecting each point are added as a guide to the eye.




Polystyrene Nanoparticles Alter the Secondary Structure of Autolysin Domains

To further understand the behavior of proteins in the presence of a polystyrene surface, we used CD to monitor changes in protein secondary structure as PSNPs were added (Figure 4). The magnitude of the CD signal decreases as PSNP concentration is increased for both the R2ab and amidase. However, the behavior of both proteins differs slightly. The R2ab domain exhibits a uniform decrease in magnitude as PSNPs are added (Figure 4A). This type of scaling behavior could result from one of two phenomena: First, if protein-PSNP conjugates were sedimenting over time, the amount of protein in solution would decrease, leading to a lower signal compared to the non-interacting reference. Fewer protein molecules would then be present in solution, which would scale the molar residue ellipticity in the presence of PSNPs. Second, it is possible that the secondary structure is changing in such a way as to reduce the CD signal, even while the total protein concentration in the optical path is remaining constant. A combination of both effects is also possible; however, we believe that secondary structure changes are the primary cause for the spectra in Figure 4. This is because no aggregation is observed in the cuvette and the spectra are stable for at least an hour. The samples were prepared having the same total protein concentration, so the scaling observed is not simply a dilution effect. In these experiments, the R2ab is in excess of the predicted nanoparticle binding sites, even at the highest nanoparticle concentration of 20 nM. Therefore, it is likely that the changes in R2ab, while uniform across all wavelengths, reflect a change in secondary structure. The behavior of the amidase domain is different, and this spectrum is not uniformly scaled as the spectrum for R2ab is. Instead, the spectral shape for amidase changes, giving rise to isodichroic points at 205 nm and potentially near 230 nm. The lower signal to noise of the 20 nM titration point for amidase likely reflects increased scattering as larger agglomerates form, similar to what was observed in the DLS experiments. This behavior also suggests a secondary structure change in the amidase domain in the presence of PSNPs, and the isodichroic points indicate that a two-state transition may be occurring. The third protein investigated, BSA, shows a very minor change compared to the other two proteins. Structural changes in BSA, if present, are very marginal, and this is consistent previous observations of BSA on carboxylate-functionalized polystyrene nanospheres (Fleischer and Payne, 2014).
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FIGURE 4. Circular dichroism spectra for the of autolysin domains and a negative control in the presence of carboxylate functionalized PSNPs. R2ab (A) and amidase (B) exhibit changes in their CD spectra when nanoparticle concentrations are increased. In the absence of nanoparticles (black curve), both domains exhibit a well-defined secondary structure. As nanoparticles are increased to 5 nM (red), 10 nM (orange), 15 nM (green), and 20 nM (blue), secondary structure changes become evident. The same changes are not observed for BSA (C), whose spectrum remains fairly constant as PSNP concentration is altered.


These experiments were also repeated on neutral, non-functionalized PSNPs to test whether the carboxylate groups on the PSNP surface were influencing the protein structure. CD is sensitive to scattering in the far-UV range, and we found that the neutral PSNPs would aggregate and give poor signal at high protein concentrations. This made collection of CD data more challenging under these conditions. Nevertheless, trends in the CD spectra were consistent for R2ab, amidase, and BSA collected with neutral PSNPs (Supplementary Figure 2). Importantly, R2ab and amidase looked very similar on neutral PSNPs as they did on carboxylate functionalized PSNPs, whereas BSA showed very little change on both neutral and carboxylate coated surfaces. In addition, the spectral changes for R2ab and amidase were remarkably consistent with those shown in Figure 4: the R2ab spectrum exhibited a uniform scaling behavior, and the amidase spectrum became flatter in the presence of non-functionalized PSNPs. The carboxylate PSNPs used in these experiments, therefore, appear to induce similar (albeit not identical) behavior to what is observed for neutral, non-functionalized PSNPs, and this makes sense given the number density of COOH groups on the surface (see section “Discussion”).

Secondary structure analysis supports the interpretation given above (Table 1) (Greenfield and Fasman, 1969; Johnson, 1990). Upon singular value decomposition (SVD) analysis, the proteins experience quantitative changes in their secondary structure. The R2ab domain consists of primarily β-strands (Zoll et al., 2012), and this is reflected in the initial estimates of secondary structure. Similarly, the SVD analysis of the free amidase domain reflects its α/β fold (Zoll et al., 2010). Thus, in the absence of nanoparticles, both R2ab and amidase appear to be folded, with secondary structure content that agrees with their three-dimensional protein structures. This is also true for the BSA control. Upon interaction with the PSNPs, R2ab and amidase seem to lose their secondary structure, and adopt a different conformation on the PSNP surface. For R2ab, it is observed that the values for helix and turn are absent. Predictably, these values do not change due to the interaction with PSNPs, but the β-sheet content decreases. Amidase, on the other hand, consists of three well defined secondary structure components, namely, helix, sheet and turn – with helices making up for more than half of the total secondary structure of the protein. In the presence of PSNPs, all three secondary structure compositions decrease, indicating that the protein may lack regular secondary structure when bound to the nanoparticle surface. Observations in loss of secondary structure are very common and can occur due to variations in temperature (Lighezan et al., 2016) and due to interaction with surfaces (Ghosh et al., 2016). BSA, as expected, does not exhibit the same magnitude of changes observed for R2ab and amidase, and its structural decomposition is the same to within 10% for all secondary structure categories.


TABLE 1. Apparent secondary structure of R2ab, amidase, and BSA in the absence and presence of carboxylate PSNPs, averaged over four independent experiments.

[image: Table 1]One must use care when performing structural analysis on proteins interacting with nanoparticle surfaces using CD. As stated above, the samples are likely a mixture of protein conformations, some of which are adsorbed and some of which are free in solution. However, SVD analysis methods were developed for pure, structurally homogeneous proteins with a well-known concentration (Johnson, 1990). Importantly, CD-based secondary structure assignment cannot be performed on mixtures of folded and unfolded proteins (Toumadje and Johnson, 1995). Therefore, these methods may not apply to rapidly interconverting mixtures of folded, unfolded, and adsorbed proteins, where the populations of each species are not known. While our analysis in Table 1 provides evidence that the secondary structure is indeed changing for R2ab and amidase, the precise percentages are not likely to be accurate in this analysis, and therefore our values for the secondary structure in the presence of PSNPs should be interpreted as an apparent fractional secondary structure.

Together, the changes in the CD spectral signatures, along with the secondary structure analysis, support a model where the autolysin domains interact with PSNP surface and (at least partially) unfold upon interaction. BSA, our control protein, does not appear to behave in this way, and the structural factors that make R2ab and amidase such effective polystyrene binders remain unclear. Previous work using saturation-transfer difference NMR has shown that aromatic groups can interact strongly with PSNP surfaces (Zhang et al., 2017; Zhang and Casabianca, 2018), and these are abundant in the core of these globular domains. R2ab and amidase unfolding on the PSNP surface is therefore likely mediated by these aromatic-surface interactions, and these interactions could potentially mediate the initial attachment of S. epidermidis bacteria during biofilm formation on polystyrene.



Limited Proteolysis Reactions

While the spectroscopic changes we observe reflect global perturbations to protein structure, it is not clear whether any favored conformations exist when R2ab or amidase interact with the PSNP surface. To investigate this question, we performed limited proteolysis of autolysin domains in the presence of PSNPs using chymotrypsin. Because of the solubility challenges faced above with neutral PSNPs, these experiments were performed only with carboxylate functionalized PSNPs. Limited proteolysis can be used to monitor changes in exposed sites in the presence and absence of nanoparticles (Iwamoto et al., 2013; Dal Cortivo et al., 2018; Duan et al., 2019; McClain et al., 2020). If a cleavage site is protected in the presence of PSNPs, the pattern of proteolytic fragments observed on an SDS-PAGE gel will change relative to the pattern observed with no nanoparticles. Limited proteolytic reactions were compared with the uncleaved domains and with chymotrypsin to verify the nature of any ghost bands, if present. Clear differences in the cleavage patterns of both proteins were observed with and without nanoparticles (Figure 5). Due to the high sensitivity of silver staining, even less abundant populations of cleaved products were visible indicating the interaction of both R2ab and amidase with polystyrene nanoparticles. Under identical conditions, more complete cleavage was observed in the presence of PSNPs, suggesting a destabilization of these proteins when interacting with polystyrene surfaces. In addition, several low-molecular weight bands in both R2ab and amidase were stabilized. These bands likely correspond to protein fragments that have adsorbed to the PSNP surface and are partially protected from proteolysis. Chymotrypsin cleaves primarily at aromatic amino acids, which are known to favorably interact with PSNPs (Zhang and Casabianca, 2018). Therefore, significant alterations of chymotrypsin cleavage in the presence of PSNPs is anticipated and may reflect specific favorable conformations of R2ab and amidase on the nanoparticle surface.


[image: image]

FIGURE 5. Limited proteolysis of autolysin domains. Representative silver-stained products of chymotrypsin cleavage of R2ab (A) and amidase [Ami, (B)] domains in the presence and absence of carboxylate functionalized PSNPs. The leftmost lane contains markers, and molecular weights are labeled. Limited proteolysis is more complete in the presence of PSNPs for both proteins, suggesting partial unfolding in the presence of nanoparticles.




DISCUSSION

When proteins encounter surfaces in solution of any type, there is a strong tendency for those proteins to adsorb to the surface. However, the similarities and differences between nanoparticle binding and macroscopic surface binding remain largely uninvestigated. Experiments have been performed to characterize binding to polystyrene nanoparticles (Kokkinopoulou et al., 2016; Contado et al., 2019), and several experiments have investigated protein adsorption to flat surfaces (Roach et al., 2006; Ngandu Mpoyi et al., 2016). In some cases, a significant influence from surface curvature is observed (Gagner et al., 2011), but in others, no effect seems to be observed. Nanoparticle surface functionalization also likely plays a significant role (Pelaz et al., 2015).

While studies of corona formation on nanoparticles abound, however, experiments comparing nanoparticle coronas with binding on macroscopic surfaces are far fewer. One reason for this is that surface functionalization on nanoparticles is often very different than what is found on macroscopic surfaces, hindering a direct comparison. Another reason is that rigorous, biophysical characterization of protein binding to flat surfaces is technically difficult: The surface to volume ratio for a flat surface is much smaller than it is for a nanoparticle, and flat surfaces are not amenable to many types of biophysical spectroscopies. For example, it would be impossible to perform the CD analysis used here on proteins adsorbed to a transparent flat surface; there is simply not enough detectable signal for such a measurement. Some methods, like attenuated total reflection Fourier transform infrared spectroscopy (Wang et al., 2006) and quartz crystal microbalance measurements (Reimhult et al., 2008) can be used to monitor proteins adsorbed to polystyrene, but these do not typically report on a protein’s global structure. Direct comparisons between nanoparticle binding and macroscopic, flat surface binding are therefore challenging, even though the soluble nature of many nanoparticles make them an attractive target for protein-surface interaction studies.

In this work, we investigated two domains of staphylococcal AtlE, a protein known to bind to polystyrene surfaces (Houston et al., 2011). We sought to compare protein-surface binding using three scenarios: (1) the flat surface of polystyrene well plates, (2) the curved surface of neutral, non-functionalized PSNPs, and (3) the curved surface of carboxylate-functionalized anionic PSNPs. Although the PSNPs are curved, the radius of curvature is far larger than the characteristic radius of gyration for amidase and R2ab (16.3 and 17.7 Å, respectively) (Wang et al., 2014). This suggests that proteins encounter an effectively flat surface when adsorbing to these PSNPs. The major difference between the surfaces is the functionalization: With a zeta potential of −40 mV, the carboxylate functionalized PSNPs used here have a surface density of approximately 60 COOH groups per particle. This number is zero on the neutral, non-functionalized PSNPs and the polystyrene plates. The number of COOH groups is significant, and their presence makes carboxylate-PSNPs much more soluble than they would be otherwise; however, these groups could potentially interfere with protein adsorption. Our rationale for including carboxylate functionalized PSNPs was based on geometric considerations: Specifically, R2ab is expected to occlude approximately 980 Å2 of surface based on its radius of gyration, and amidase is expected to occlude approximately 840 Å2. For comparison, on average one carboxylic acid group is found for each 4,300 Å2 on the carboxylate-PSNP surface (using the manufacturer’s lot-specific certificate of analysis). Thus, there will be far fewer acidic groups on the surface than directly adsorbed proteins. Moreover, other ionic species in solution will also be drawn to the PSNP surface, and this will tend to screen electrostatic interactions through a Debye-Hückel effect, potentially making protein adsorption less dependent on the PSNP functionalization. Our goal in this work was to establish what similarities (if any) exist between AtlE’s role in surface binding and biofilm formation and its ability to interact with PSNPs. Including both anionic, carboxylate functionalized PSNPs and neutral, non-functionalized PSNPs allowed us to control for the presence of COOH groups, even though the neutral nanoparticles suffered from significant problems with solubility at high protein concentrations.

While the importance of AtlE in polystyrene surface binding has been established (Heilmann et al., 1997; Houston et al., 2011), surprisingly, we find that both domains bind tightly to PSNPs as well. The R2ab and amidase domains, when adsorbed to a polystyrene surface, significantly hinder S. epidermidis biofilm formation in a way that other proteins, like serum albumin, cannot (Figure 1). This is likely because the R2ab and amidase domains, when present, occlude the polystyrene surface in the well plate, preventing the bacteria’s own R2ab and amidase from binding. In other words, pre-coating the polystyrene with recombinant R2ab and amidase prevents the bacteria-attached AtlE and other components, such as polysaccharide intercellular adhesin (PIA) or extracellular DNA, from encountering any free polystyrene surface area. This demonstrates that these domains interact directly with the surface and out-compete R2ab and amidase from the bacteria, reducing the bacteria’s ability to attach to surfaces. The interaction with the surface is sufficiently strong enough to withstand multiple washes and overnight incubation, and the bacterial growth experiments demonstrate that the effect is attributable to surface attachment alone as opposed to an antimicrobial effect. To our knowledge, this study is the first to show a direct, competitive effect between AtlE domains for surface binding; moreover, it demonstrates that both domains bind polystyrene surfaces strongly enough to hinder bacterial attachment. Thus, when a polystyrene surface is precoated with the autolysin domains, the surface is masked by the proteins, and the microbes cannot recognize the polystyrene well plate as a surface for colonization.

Interestingly, the R2ab and amidase domains also bind PSNPs very tightly. The average particle diameter for this lot of PSNPs is 28 ± 6 nm by TEM. Based on the size of the proteins and surface area of the nanoparticles, geometric considerations predict that a well-packed protein monolayer on a 28 nm PSNP contains approximately 250 R2ab molecules and 300 amidase molecules (Wang et al., 2014). The experiments performed in this work were done at conditions at or below this stoichiometry, and zeta potential measurements appeared to stabilize by this point, suggesting that the interaction is very strong. While zeta potential is less informative for neutral, non-functionalized PSNPs, both neutral and carboxylate PSNPs show a significant increase in hydrodynamic diameter by DLS, which also indicates a strong interaction. At this point, it remains unclear whether this interaction with PSNPs is mediated by similar molecular interactions as are seen in the flat polystyrene surfaces. Nevertheless, a strong interaction is observed between the AtlE domains and all three types of surfaces: carboxylate PSNPs, neutral PSNPs, and flat polystyrene. The common theme for all of these is polystyrene, and therefore the modes of interaction are likely to be similar.

Both R2ab and amidase are proteins with a highly ordered structure (Zoll et al., 2010, 2012). This is evident from the secondary structure, as monitored by CD, in the absence of PSNPs. In this study, we observed significant conformational changes of both R2ab and amidase upon interaction with PSNPs. Importantly, key secondary structure elements are lost when the proteins interact with nanoparticles, and an increase in coil is observed. Such measurements are difficult to interpret quantitatively, since the solution in the presence of PSNPs likely contains a mixture of free and bound states, where the nanoparticle-bound states are partially denatured. However, adsorption to a polystyrene surface appears to disrupt the structure of both proteins. Once again, a similar trend is seen regardless of the surface functionalization, as neutral PSNPs exhibit the same qualitative changes as observed for the more soluble carboxylate functionalized PSNPs. Quantifying the changes for the neutral PSNPs is difficult because of scattering and protein solubility of these nanoparticles, and slight differences in the CD spectra may reflect small changes in how R2ab and amidase bind to neutral polystyrene; nevertheless, the similarities between the CD spectra are striking (Figure 4 vs. Supplementary Figure 2). Structural perturbations in PSNP-adsorbed proteins have been observed before: Engel et al. (2002) observed near-complete unfolding of α-lacalbumin when adsorbed to polystyrene spheres, and Salvati et al. (2013) observed less extensive structural changes in adsorbed transferrin. There appears to be a range of behaviors that are likely influenced not only by the PSNP surface itself, but also the protein structure and stability (Woods et al., 2016; Perera et al., 2019). The increased disorder observed for the AtlE domains likely exposes hydrophobic and aromatic groups, which can interact favorably with the PSNP surface (Zhang et al., 2017; Zhang and Casabianca, 2018).

The destabilization of the R2ab and amidase domains is further highlighted by enhanced limited proteolysis in the presence of carboxylate PSNPs. Limited proteolysis is an irreversible process which can be employed to obtain structural information on protein interactions, and it has been applied to study the interactions between folded proteins and nanoparticles (Iwamoto et al., 2013; Dal Cortivo et al., 2018; Duan et al., 2019). Limited proteolysis is a label-free method, employing a short digestion step where proteases cleave at specific accessible residues present in the folded protein (Brownridge and Beynon, 2011). If unfolding occurs in the presence of nanoparticles, the number of solvent accessible amino acids would change, potentially altering the number of proteolytic cleavage sites. Indeed, this is what is observed for R2ab and amidase: proteolysis is accelerated in the presence of PSNPs, and when nanoparticle fragments are present, fragments of smaller size are generated during a limited chymotrypsin digest (Figure 5). This result not only confirms the structural changes observed by CD, but the absence of any large fragments in PSNP digest suggests the protein is uniformly destabilized over the entire sequence. In other words, no stable subdomains appear to be protected from proteolysis when PSNPs are present.



CONCLUSION

In this study we present several approaches for examining the interaction between the domains of AtlE and polystyrene surfaces. While AtlE is known to be important in S. epidermidis attachment to biofilm surfaces, we have demonstrated that both the amidase and R2ab domains are capable of binding polystyrene tightly and can significantly reduce biofilm formation when applied to a polystyrene surface. The mechanism appears to be that these domains pre-coat the surface, preventing binding from bacteria-associated AtlE. Importantly, this effect is much reduced for serum albumin, a negative control. To study the potential structural and biophysical consequences of protein adsorption, we employed anionic, carboxylate functionalized and neutral, non-functionalized PSNPs, which increase the surface-to-volume ratio and allow for spectroscopic and proteolytic characterization of the corona of adsorbed protein. Both AtlE domains also bind tightly to PSNPs, and structural changes are observed that suggest the proteins partially unfold upon binding to polystyrene surfaces. Importantly, the structural changes detected by CD are similar for both carboxylate and non-functionalized PSNPs, suggesting that the modes of binding for AtlE domains may also be similar for different surface types. AtlE provides a useful and biomedically relevant test case for studying surface binding because of its involvement in pathogenic biofilms and its strong interaction with polystyrene. However, additional work is needed to investigate other proteins, focusing on adsorption mechanisms to nanoparticle surfaces and to chemically related macroscopic surfaces. If general similarities are observed, then nanoparticles may prove to be a useful tool for studying how proteins interact with many different types of surfaces.
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Recent advances in 3D printing have led to a rise in the use of 3D printed materials in prosthetics and external medical devices. These devices, while inexpensive, have not been adequately studied for their ability to resist biofouling and biofilm buildup. Bacterial biofilms are a major cause of biofouling in the medical field and, therefore, hospital-acquired, and medical device infections. These surface-attached bacteria are highly recalcitrant to conventional antimicrobial agents and result in chronic infections. During the COVID-19 pandemic, the U.S. Food and Drug Administration and medical officials have considered 3D printed medical devices as alternatives to conventional devices, due to manufacturing shortages. This abundant use of 3D printed devices in the medical fields warrants studies to assess the ability of different microorganisms to attach and colonize to such surfaces. In this study, we describe methods to determine bacterial biofouling and biofilm formation on 3D printed materials. We explored the biofilm-forming ability of multiple opportunistic pathogens commonly found on the human body including Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus to colonize eight commonly used polylactic acid (PLA) polymers. Biofilm quantification, surface topography, digital optical microscopy, and 3D projections were employed to better understand the bacterial attachment to 3D printed surfaces. We found that biofilm formation depends on surface structure, hydrophobicity, and that there was a wide range of antimicrobial properties among the tested polymers. We compared our tested materials with commercially available antimicrobial PLA polymers.
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INTRODUCTION

Biofouling is the process of microorganisms attaching to solid inanimate surfaces as biofilms. It is estimated that biofouling costs billions of dollars per year and is a problem within many fields of science and industry, including the medical fields (Vladkova, 2009; Gule et al., 2016). One of the most recent areas impacted by biofouling is 3D-printed materials. 3D printed materials have become common in medical settings, especially in the area of prosthetic limbs (Poologasundarampillai and Nommeots-Nomm, 2017; Paul et al., 2018; Sun, 2018). Such 3D-printed prosthetics have not yet been studied for their ability to reduce biofilm attachments nor their overall antimicrobial properties. This contrasts with conventional prosthetic limbs, which have been studied and developed to have antibiofilm and antimicrobial properties (Nablo et al., 2001).

The major cause of biofouling in the medical setting is bacterial cell attachment (Bixler Gregory and Bhushan, 2012; Harding and Reynolds, 2014; Damodaran and Murthy, 2016; Zander and Becker, 2018). Biofilms can be considered as a multicellular phase of growth in the life cycle of bacteria (Donlan, 2002; Sauer et al., 2002; Kostakioti et al., 2013). Once cells first attach to a surface, they extrude a matrix and develop cooperative behaviors resulting in the development of multicellular biofilm form. Often biofilms are metabolically resistant to antibiotics and antimicrobials, sometimes up to 1,000 × their planktonic counterparts (Hall-Stoodley et al., 2008; Wolcott and Ehrlich, 2008; Ito et al., 2009) due to triggering of the stringent response (Hall et al., 2020) and other gene expression changes (Costerton et al., 2007; Lewis, 2008; Wood et al., 2013). Bacterial biofilms are also the hot spots for horizontal gene transfer events, especially multidrug resistance plasmid conjugation (Król et al., 2011; Król et al., 2013). This makes the eradication of biofilms difficult in a medical setting as they can only be removed by physical means. These facts make it necessary to understand all aspects of medical devices being used in these medical settings. 3D printing has been utilized in casts, prosthetics, food products, and containers. All these applications have the potential for allowing biofilm development due to their proximity to bacteria and food sources.

Use of 3D-printed prosthetics is increasing because of their relative cost-effectiveness compared to that of conventional prosthetic devices (Zuniga et al., 2015; Choonara et al., 2016). While the average conventional prostatic can cost upwards of U.S. $50,000, a 3D-printed prosthetic can be made for less than U.S. $1000 (TASOM Engineers, 2018). This significant reduction in cost is due to the ability to quickly adapt models for the user’s needs (Manero et al., 2019). 3D-printed models can be easily switched out when parts are damaged and as children grow.

Because 3D-printed materials are being used more frequently as medical materials, there is an overwhelming need to develop antifouling 3D-printing materials. There are many materials already on the market that utilize the simple method of impregnating the polymer filament with nanoparticles, fibers, or metal flakes (Zuniga, 2018). However, methods of studying and understanding biofilm formation and antimicrobial properties of 3D-printed materials are lacking.

The resolution on 3D printers is improving rapidly and high-resolution printers are affordable even as desktop devices. The resolution at which a typical extruder printer operates is 200 μm between layers and all polymers lead to an inherent surface roughness upon printing. These rough surfaces can provide an ideal environment for the initial attachment of bacteria and subsequent formation of biofilms (Mitik-Dineva et al., 2009).

In this study, we worked with several common polylactic acid (PLA) polymers doped with various materials and printed using a common extruder 3D printer. We report several polymers that have antifouling properties and develop a model for studying biofilm formation on these materials. We compare surface properties, roughness, and hydrophobicity in regard to the attachment and amount of biofilms. We also report several novel techniques to map and understand how biofilms attach to 3D printed materials. Notably, we developed surface analysis of biofilms using 3D optical profilometry to study the biofilm points of attachment and to gain understanding of how the surface roughness of 3D-printed materials contributes to biofilm attachment.



MATERIALS AND METHODS

PLA polymers (Table 1) were used with a MakerBot Replicator2 3D printer (MarkerBot, New York, NY, United States) (standard settings: 0.2 mm, 15% infill) to print standard (3 × 1 inch) slides, rings (outer diameter, 15 mm; inner diameter, 10 mm; height, 15.25 mm), and pins (head diameter, 10 mm; pin diameter, 5.5 mm; height, 15-17 mm) designed by a SketchUP Pro2018 (Supplementary Figure 1). Plastic (Rinzl) and glass microscope slides (Fisherbrand) were purchased from Amazon and Fisher Scientific, respectively. All STL files are available upon request.


TABLE 1. 3D polymers used in this study.
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Surface Characterization


Surface Free Energy – Hydrophobicity

The Dataphysics (Charlotte, NC, United States) Optical Contact Angle OCA 15EC measuring system was used with MilliQ® water to measure surface wettability. The surface angle of 1 μL drop was recorded in 4 different locations along the 3D printed slides and controls.



Surface Topography – Contact and Optical Profilometers

A Mitutoyo (Kanagawa, Japan) JS210 contact profilometer was used to analyze surface properties of the materials using standard parameters like JIS, VDA, ISO-1997 and ANSI. Standard linear (2D) parameters (Ra, Rq, Rz, Rp, Rv, Rsk, Rku, Rc, RSm, RDq, Rmr, Rdc, Rt, Rk, Rpk, Rvk) (Supplementary Table 1) were examined and the averages from 4 horizontal and vertical reads were calculated.

A Leica (Leica United States) DVM6 digital microscope and MountainsMap® ver.7.4 (Digital Surf SARL, France) were used to collect and analyze 3D images. Standard surface 3D parameters S (Sq, Ssk, Sku, Sp, Sv, Sz, Sa, Sz, Smr, Smc, Sxp, Sdc) (Supplementary Table 2) and 2D parameters R (Rp, Rv, Rz, Rc, Rt, Ra, Rq, Rdc, Rsk, Rku, Rmr) were measured and averages were calculated based on at least 3 pictures and 3 profiles.



Bacterial Growth - Viability Assay

Printed out 3D rings were sterilized for 30 min in 70% ethanol followed by washing twice in sterile water or autoclaving in MilliQ® water (15 min) or just a dry cycle (15 min- sterilization/10min-drying). Rings were placed in 24-well plates (Supplementary Figure 1B). Eight hundred microliters of 100-fold diluted overnight (18 h) cultures of Escherichia coli C, Pseudomonas aeruginosa PA01, and Staphylococcus aureus ATCC 25923 in LB Miller medium were aliquoted into the wells. Plates were placed in Tecan (Tecan Inc., United States) Infinite 200Pro plate reader executing 15 min shaking and OD600 read cycles at 37°C for 18 h.



Bacterial Adhesion

Overnight cultures (25 mL) of bacterial strains in LB Miller medium were transferred into 50-mL conical Falcon tubes (Supplementary Figure 2). Slides were sterilized with 75% ethanol for 30 min following by washing twice in sterile water. Slides were incubated with bacterial cultures for 2 h at 37°C and shaken at 50 rpm. Planktonic cells were washed out by submerging the slides 4 times in 50 mL phosphate-buffered saline (PBS). Biofilm bacteria were detached from the surface by vortexing 3 min at 1,000 rpm (Mini-G, SPEX-Sample-Prep) in 25 mL PBS. Serial dilutions were plated by a drop-titer method on LB agar plates. Colonies (CFU) were counted after overnight incubation at 37°C.



Biofilm Assay

Printed pins were sterilized (autoclaved 15 min/10 min) and placed into 500 μL of 100x dilutions of bacterial overnight cultures in 48-well plates (Corning United States). Biofilms were grown for 3 days at 37°C (50 rpm) in Forma Model 3,950 incubator (> 90% humidity). Pins were submerged in the culture entire time and no change in liquid level was observed. After 3 days pins were removed and bacterial cell densities (OD600) were measured in the medium. Pins were washed twice in PBS and placed into 700 μL BacTiter-GloTM Reagent (Promega) (Herten et al., 2017) for 15 min. Two hundred microliters were transferred into 96-well white plates and the luminescence was measured using a Tecan Infinite 200Pro plate reader (integration time 1,000 s). Pins submerged in the sterile media were used as a control and these values were subtracted from the biofilm luminescence. Luminescence of the reagent was used as the control. Experiments were run in triplicate.



Biofilm Microscopic Analyses

A Leica DVM6 Digital Microscope was used to collect pictures of 3D-printed slides with and without bacterial biofilms. Biofilms were grown on 3D printed slides in 50 mL Falcon tubes as described in the Bacterial Adhesion section. After 3-day incubation at 37°C (50 rpm) biofilm-containing slides were washed two times with 1 × PBS solution. The entire slide was then fixed in 3% glutaraldehyde solution overnight at 4°C. After the fixation step, the slide was washed two times with distilled water and dried in a laminar flow hood for a period of 24 h. 3D projections were made using the MountainsMap® ver.7.4.



Statistical Analyses

All experiments were conducted at least in triplicates. A standard unpaired t-test was used in the case of simple two-group comparisons. Two-way analysis of variance (ANOVA) was performed on the biofilm data. MountainsMap® ver.7.4. statistics module was used to analyze pictures.



RESULTS


Material Characterization


Hydrophobicity

Eight different PLA 3D materials (Table 1) were used for analyzing their bacterial biofouling properties. Some of them were supplemented with metals such as copper (CU), brass (BRS), bronze (BRZ), and aluminum (AL). These polymers were chosen as some of these metals (CU, BRS, and BRZ) have a long history of reported antimicrobial properties (Dollwet, 1985; Grass et al., 2011). The SketchUP Pro 2018 designed slides stereolithography files (STL) were printed using a MakerBot Replicator2 3D printer. To characterize the material hydrophobicity, we measured surface free energy using the OCA-15EC optical contact angle measurement system (Dataphysics). The contact angles of water droplets were measured and compared among all polymers (Figure 1). All printed materials showed higher contact angles than the glass slide control (Figure 1). Most of the polymers except SoftPLA (112.9° ± 1.34°) showed similar contact angles (74.07° ± 2.7°). SoftPLA also showed higher hydrophobicity than plastic (Figure 1).


[image: image]

FIGURE 1. Contact angle/wettability of water droplets on 3D printouts. AL, BRS, BRZ, CF, CU, PLAS, SoftPLA, WD (Table 1). Controls are glass and plastic microscope slides. Statistical difference with other PLA polymers (∗).




Surface Analyses


Contact Profilometry

To characterize the surfaces of the printed slides, we first used a Mitutoyo JS210 contact profilometer. The standard unit is equipped with a 5-μm radius stylus tip, which contacts the surface with 4-mN measuring force and measures 39 different parameters. For each printout, we conducted two kinds of measurements: perpendicular (Figure 2, black) and parallel (Figure 2, red) with the extruded layers. The graphical representation clearly showed differences in both profiles. In the cross-section, each polymer showed a clear and defined profile (Figure 2, black).


[image: image]

FIGURE 2. The surface profiles of 3D printed slides perpendicular (black, bottom) and parallel (red, top) the layers (representative of 4 measurements); Selected R parameters: Ra (I) and Rq (J) of surface along the 3D printouts. Polymers were ranked by ascending values. A glass microscope slide was used as a control. AL (A), BRS (B), BRZ (C), CF (D), CU (E), PLAS (F), SoftPLA (G), WD (H). (*) Statistically different group.


Analyzing the cross-section profiles (Figure 2, black), we concluded that brass (BRS) (B) and SoftPLA (G) showed a high degree of similarity. A second pair was formed by aluminum (AL) (A) and bronze (BRZ) (C). Copper (CU) (E) was similar to PLA (PLAS) (F), while wood PLA (WD) (H) and carbon fiber PLA (CF) (D) polymers showed similarity to each other. However, analysis of the selected standard R parameters did not confirm these observations (Supplementary Figure 3). Although cross-section profiles showed interesting patterns, they represent macro-structures with R parameters ranging from several to more than a hundred micrometers (Figure 2, black and Supplementary Figure 4). These profiles did not show the real microstructure of the materials, which we thought might be more important for bacterial attachment and biofilm formation. Better, more relevant micro-profiles were obtained analyzing patterns parallel with the printing (Figure 2, red). Using R parameters of the profiles, we ranked polymers and found that the four metal-filled polymers were grouped in the middle, while “pure” PLA polymers showed lower R values. On the other hand, both WD and CF polymers showed much higher, statistically significant R values, indicating their much more complex surface structures (Figures 2I,J).



Non-contact Profilometry

A Leica DVM6 3D digital microscope was utilized for surface profiling of 3D printed slides. Original pictures (Figure 3A) were taken, and 3D projections were modeled and analyzed using Mountains Map software (Figure 3B). Optical profilometry revealed the true picture of the printouts. We noticed distinct structures on the surface such as knots on the WD polymer, and fibers on the CF polymer, flakes of metal on CU, BRS, BRZ, and AL, and dye in the PLAS polymer (Figures 3A,B). There were slight difficulties in imaging and 3D projecting materials that are translucent or reflect light such as wood, carbon fiber, and bronze.
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FIGURE 3. Digital microphotography of 3D printouts (A) and their 3D projections (B).


Analyzing parameters calculated by the MountainsMap® software, we noticed that all R parameters showed lower values compared with those obtained with the contact profilometer (Supplementary Figure 5). Also, the standard deviation values were higher in the case of the optical profilometer.

In addition to linear (2D) R parameters, optical profilometry allows for calculation of areal (3D) parameters (Gadelmawla et al., 2002; Blateyron, 2006). Surface texture parameters have a prefix that is the capital letter S (Blateyron, 2013; Pagani et al., 2017). There are many S parameters which can be divided into height parameters (Sq, Ssk, Sku, Sp, Sv, Sz, Sa), functional parameters (Smr, Smc, Sxp), amplitude parameters (Sa, Sq, Sz, Ssk, Sku, Sp, Sv, St), area and volume parameters (Smr, Sdc), 3D parameters (St, Sp, Sv, Sq, Sa, Ssk, Sku, SWt) are precisely defined by ISO, EUR, and ASME (International, European and American Organizations) (Deltombe et al., 2014). Using these parameters, we have shown that each of the 3D printouts had specific and unique characteristics (Supplementary Table 2).



Biological Effects


Effect of Polymers on Bacterial Growth

To analyze the effect of the 3D polymers on microorganisms, we used 3 different bacterial species: Escherichia coli strain C (Król et al., 2019), Pseudomonas aeruginosa strain PA01, and Staphylococcus aureus ATCC 25923. These species represent major groups of human skin and hair colonizers (Kerk et al., 2018) and in some conditions may turn into opportunistic or major pathogens (Chiller et al., 2001; Cogen et al., 2008). 3D printed rings were sterilized and loaded into 24-well plates with bacterial cultures (Supplementary Figures 1B,D). Analyzing bacterial growth, we noticed that all the polymers induced reduction in bacterial growth (Figure 4A-C). The greatest bacteriostatic effect was observed in the case of the E. coli strain where all polymers showed statistically significant reductions of growth (Table 2). Similar changes in the growth curves were also observed for P. aeruginosa and S. aureus (Figures 4B,C). All but the PLAS, WD, and SoftPLA polymers had statistically significant effects on growth of P. aeruginosa, but in the case of S. aureus only the BRS showed a significant effect on cell density after 24 h of growth (Table 2).
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FIGURE 4. Effect of polymers on bacterial growth (A–C) and comparison of antimicrobial properties (D–G) of tested polymers. (A,D) E. coli C (B,F) P. aeruginosa PA01, (C,F) S. aureus ATCC 25923. (G) Number of bacteria (OD600) after 24-h growth with tested antimicrobial polymers and selected controls. Data obtained from 3-6 experiments with printed rings.



TABLE 2. Bacterial cell density (OD600) measured after 24 h of growth at 37°C.
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Biofilm Formation: Bacterial Attachment to Polymers


Biofilm Formation on 3D Printed Slides

Bacterial attachment is the first step in biofilm formation (Feng et al., 2015). There is increasing evidence that bacterial attachment and subsequent biofilm formation are significantly impacted by surface topography. For surfaces with topographic features at the micrometric scale, comparable with the size of prokaryotic cells, cells tend to position themselves such that they maximize contact area with the surface, which favors attachment (Mitik-Dineva et al., 2009; Bixler Gregory and Bhushan, 2012; Kostakioti et al., 2013).

Printed 3D slides were submerged in bacterial cultures of E. coli C (approximately 1.58 × 109), P. aeruginosa PA01 (1.95 × 109), and S. aureus ATCC 25823 (1.99 × 109). After 2 h, approximately 0.01% to 3% of the initial bacteria were found attached to the surface (Figures 5A-C). In the case of E. coli, polymers were grouped based on the efficiency of attachment into 4 statistically significant groups (Figure 5A). The first group contained BRS with approximately 6.5 × 106 attached cells. The second group with 9.3 × 106 to 1.09 × 107 attached cells consisted of CF, CU, and SoftPLA. The differences between polymers within that group were also statistically significant. The third group with 1.49 to 1.67 × 107 bacteria contained the AL, BRZ, and PLAS polymers although both AL and BRZ are statistically different from PLAS. The final group was represented by the WD polymer with approximately 1.9 × 107 attached cells which is statistically different from all other polymers.
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FIGURE 5. Effect of polymers on bacterial attachment after 2-h attachment (A–C) and biofilm formation on 3D printed pins (D–F). (A,D) E. coli C (B,E) P. aeruginosa PA01, (C,F) S. aureus ATCC 25823. (A–C) Number of bacterial CFU after 2 h attachment to 3D printed slides (see Supplementary Figure 2 for graphical protocol). Statistically different groups (p ≤ 0.05) marked by horizontal brackets. (D–F) Relative cell densities to pinless control (100%) are represented by gray bars. Amount of biofilm as the total ATP amount from lysed biofilm cells attached to pins are presented as dark gray blocks (Log10). Polymers are ranked by amount of biofilm. Data represents an average from 3 replicates.


Pseudomonas aeruginosa showed the highest number of attached bacteria. In this case, the polymers could be divided to 3 groups (Figure 5B). The first group contains BRS, CU, and SoftPLA (3.6 to 4.0 × 107). The second group consists of the CF, WD, AL, and PLAS polymers with 4.7 to 5.0 × 107 attached bacteria. In this group, only the 2 latter polymers showed statistically significant differences compared to the first group. BRZ polymer formed the last group (6.15 × 107), which was statistically different from the others.

S. aureus showed the lowest attachment levels to the polymers in this experiment, with only 0.15% to 1% of initial bacteria attached. Three groups of polymers could be distinguished (Figure 5C). The first group with AL, WD, CF, and BRZ showed 6.6 to 7.9 × 105 attached cells. In the second group with CU, PLAS and BRS polymers and almost 2 times more attached bacteria (1.2 to 1.6 × 106), only the latter showed statistically significant differences as compared to the first group. The SoftPLA formed the last group with statistically significantly more attached cells (2.16 × 106).



Biofilm Formation on 3D Printed Pins

To test biofilm using a semi-high-throughput method, the 3D pins were designed to fit a standard 48-well plate (see Supplementary Figure 1 & “Materials and Methods”). Pins were incubated with the tested bacteria for 3 days and then optical cell density of bacterial cultures were measured in the wells and amount of bacteria attached to the pins was tested by the BacTiter-GloTM Microbial Cell Viability Assay (Figures 5D-F). Pins submerged in the sterile media were used as controls.

For all 3 tested bacterial species, the least amount of biofilm formation with the lowest corresponding cell density was found in the case of the BRS polymer (Figures 5D-F). For P. aeruginosa and S. aureus, the next most inhibitory polymer was BRZ and it was ranked 3rd in E. coli. Other metal-filled polymers, CU and AL, were ranked 2nd, 3rd, and 4th and 4th, 6th, and 3rd with E. coli, P. aeruginosa, and S. aureus, respectively. The polymers showing highly structured surfaces such as WD (ranked 7th, 8th, and 6th) and CF (ranked 5th, 4th, and 7th) and the most hydrophobic polymer SoftPLA (ranked 5th, 7th, and 8th) were on the other side, with the highest amount of biofilm (Figures 5D-F).



Digital 3D Microscopy for Biofilm Analysis

Microscopic observation and analysis are the most common techniques for visualizing biofilms (Lawrence and Neu, 1999). Analysis methods include standard bright field imaging though increasingly expensive epifluorescence, confocal, atomic force, and electron microscopes. To collect the data, biofilms must be prepared on special surfaces (transparent glass or plastics), treated with special dyes (CV or fluorescent dyes), or fixed, dehydrated, and covered with electron scattering heavy metals. 3D printouts are highly structured and non-transparent and therefore cannot be simply analyzed by standard microscopic techniques. We used a 3D Digital Leica DMV6 microscope to visualize biofilms attached to the 3D printed slides (Figure 6 and Supplementary Figure 6). We noticed that in most cases biofilms were at the thickest in between the layers of the 3D printed materials (Figure 6A). In the second mode of growth, the entire surface was covered by bacterial biofilm (Figure 6B). Finally, we observed that in some settings bacteria formed bridges between the highest parallel layers (Figure 6C). Using 3D projections and MountainView, we observed that generally bacterial biofilm growth tended to make the 3D printed surface smoother, i.e., the bacteria fill in the valleys (Figure 6, bottom panel).
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FIGURE 6. Pictures of representative biofilms formed on 3D printed materials. (A) E. coli C on SoftPLA, (B) S. aureus ATCC25823 in CU, (C) P. aeruginosa PA01 on CF. Upper panel: 2D pictures, Center panel: 3D projections, Bottom panel: projections of profiles without (upper) and with biofilms (lower) generated by MountainView software.




Comparison of Antimicrobial Properties of Studied Polymers With Commercially Available Antimicrobial Polymers

In this work, we noticed that some of the tested polymers showed bacteriostatic effect on microbes. Recently, 3 antimicrobial PLA polymers have been released to the market: Purement Antimicrobial PLA, Copper 3D PLActive Antibacterial Nanocomposite, and YXZPrinting Antibacterial PLA (Table 1). All of these materials claim to be antibacterial. PLActive has U.S. Food and Drug Administration and European Union certificates, as well as results of studies from laboratories in the United States and Chile claiming the bactericidal effect against E. coli DH5α and an S. aureus MRSA strain1. XYZPrinting PLA is impregnated with silver ions as the antimicrobial compound. These silver ions create reactive oxygen species according to the manufacturer. PLActive Copper 3D filament’s method of action has been described as “copper oxide nanocomposite infused PLA.” We compared the antimicrobial properties of these commercially available antimicrobial polymers to those of our test polymers.

In growth curve experiments, we noticed no difference between the PLActive polymer and normal PLAS (Figures 4D-F). Growth kinetics for XYZPrinting and Purement Antimicrobial polymers depended greatly on the bacterial strain. In the case of E. coli C, we saw a slight delay in growth and low final cell density (Figures 4D,G). However, the differences in cell densities between Purement and PLAS or BRZ were statistically significant, but they were not significantly different from the third tested polymer, CU (Figure 4G). In P. aeruginosa, both polymers showed a 2- to 4-h delay in growth; however, the final cell density after 17 h was not affected (Figures 4E,G). In the case of S. aureus, only a slight lag phase was observed, with no significant changes in final cell densities (Figures 4F,G). None of the tested antimicrobial polymers could compare with BRS in terms of its antimicrobial properties (Figure 4).

Next, we compared biofilm formation on the antimicrobial polymers and our previously tested ones (Figures 5D-F). In the case of E. coli C, the PLActive showed the least amount of biofilm formation, which was statistically significant compared to BRS, CU, and BRZ. Both the XYZPrinting and Purement polymers showed the highest amounts of biofilm formation and were statistically higher than PLActive, AL, SoftPLA, and PLAS but not the WD and CF polymers (Figure 5D).

We showed that the BRS, BRZ, and CU polymers were the most inhibitory for P. aeruginosa biofilm formation. Tests with the three commercial antimicrobial polymers showed that none of them were more efficient in PA biofilm inhibition. Again, the least amount of biofilm formed was observed on the PLActive polymer; however, it was not statistically better than the CU polymer and only slightly better than the BRZ polymer (Figure 5E). The amount of biofilm on the PLActive polymer was statistically less only when compared to WD. Purement also did not prevent biofilm formation and resulted in more biofilm growth than all test polymers except WD (p = 0.03); BRS, BRZ. and CU were all statistically better than the Purement polymer for inhibiting PA biofilm growth. The XYZPrinting antimicrobial polymer showed the highest amount of P. aeruginosa biofilm; however, statistical differences again were observed only with BRS, BRZ, and CU (Figure 5E).

The smallest differences in biofilm formation on 3D polymers were observed in the case of S. aureus (Figure 5F) which also was the poorest of the bacterial species in the adhesion experiments. The least amount of biofilm was formed on BRS and the highest on SoftPLA. Both polymers were statistically different from the others except SoftPLA and PLActive.

To conclude, none of the commercial antimicrobial polymers were better than our metal-filled polymers BRS, BRZ, and CU and the differences between the remaining polymers were not really striking.



DISCUSSION

Since its development in the early 1980s, 3D printing technology has become ever more popular in many fields of science and industry (Liaw and Guvendiren, 2017; Ngo et al., 2018; Hao and Lin, 2020). At the same time, the development of antibiotic-resistant bacterial pathogens is a real threat in the healthcare industry (Lin et al., 2015). Biofilms, surface-attached bacterial aggregation, have been found to be 1000 × more resistant to antibiotics than their planktonic counterparts (Mah and O’Toole, 2001; Hall-Stoodley et al., 2008). Biofilms have been noted as emerging problems in medicine, especially on medical devices and implants (Braxton et al., 2005; Ehrlich et al., 2005a,b, 2014; Stoodley et al., 2005; Fux et al., 2006; Wolcott and Ehrlich, 2008; Nowatzki et al., 2012; Palmer et al., 2014; Srivastava et al., 2019). During the current COVID-19 pandemic, the shortage of personal protection equipment (PPE) enforced the usage of 3D printed technology to produce face shields and facemasks (Flanagan and Ballard, 2020; Swennen et al., 2020). Because of the increased use of 3D printing in the medical fields, we decided to take a closer look at the properties of available polymers and their interactions with common biofilm-forming bacteria. PLA polymers were our main focus as they are made from natural resources, can be enzymatically degraded, and are safe for humans (Conn et al., 1995).

Several of our tested polymers have been filled with metals/alloys such as copper, brass, bronze, and aluminum. Copper, brass, and bronze have a long history of being used as antimicrobial agents (Dollwet, 1985; Grass et al., 2011) while aluminum has no or limited effect on bacterial growth (Varkey, 2010). PLA with carbon fibers and wood represented a second group of polymers with more structured surfaces, while PLA with silver dye was used as a PLA-only control. We used optical contact angle measurements to analyze the hydrophobicity of the prints and both surface contact and optical profilometry to analyze their surface. While hydrophobicity measurements were very straight forward, we faced some problems using both surface and optical profilometers. It was noted that all cross-section profiles tested by the Mitutoyo JS210 contact profilometer gave distinct patterns, but their lines were relatively smooth (Figure 2, black). That indicated that the big structural changes across the 3D printout hid the true micro-surface properties, which were revealed by along-layer profile measurements (Figure 2, red; Figures 2I-L). We also noticed that although the printer layer height was set to 200 μm, the RSm (mean peak width) parameter showed a large variation from 156 μm to almost 400 μm, indicating a limited precision of contact profilometry (Supplementary Figure 4).

Optical profilometry is a rapid, non-destructive, and non-contact surface metrology technique. An optical profiler is a type of microscope in which light from a lamp is split into two paths by a beam splitter and each light beam is used in forming topographic information (Wang et al., 2017). The optical profilometers have been used in material science and industry for decades. A different kind of 3D microscopy was used to analyze biological materials. These methods used expensive and sophisticated equipment like confocal microscopy (Lawrence and Neu, 1999; Palmer and Sternberg, 1999). Unfortunately, old profilometers (like Zygo®) and confocal microscopes are too precise or require fluorescent dyes and cannot really be used in the case of 3D printouts. Recent progress in imaging technology allowed construction of 3D digital optical microscopes such as Zeiss SmartZoom 5 (Zeiss, United States), Hirox RH-8800 (Hirox, United States), Keyence VR-5000, and VHX-7000 (Keyence, United States) and Leica DVM6 (Leica, United States). These microscopes combine a high magnification (up to 7,000×) with high resolution and sophisticated software to provide 3D capabilities. We have tested some of these instruments and found Leica, Keyence, and Hirox most suitable for our studies (Supplementary Figures 6-8). Unfortunately, 3D digital microscopy faces some problems. 3D projecting materials that are very dark, translucent, or reflect light, such as wood, carbon fiber, and bronze, are hard to image using 3D digital microscopy (see Figure 3 and Supplementary Figures 6-8). Even if the pictures represent the true structures, 3D projections and surface R and S parameters do not always reflect it. More work must be done to improve this technique, such as coatings to reduce glare and lighting issues.

Three common human-associated bacterial species (E. coli strain C, P. aeruginosa PA01, and S. aureus ATCC25823) were employed to test the effect of 3D printouts on growth, attachment, and biofilm formation. Using 24-well plates with 3D printed rings we were able to test relatively fast and simply the effect of polymers on planktonic growth, showing that almost all polymers affect the growth. The differences might be attributed to the bacteriostatic properties of the polymers, as well as to the increased surface area, which sequesters some planktonic cells. We believe these sequestered cells are part of the first step of biofilm formation (Costerton et al., 1995; Donlan, 2002; Bixler Gregory and Bhushan, 2012; Feng et al., 2015). Two hours of interactions between printouts and 109 bacterial cells was not enough to kill the bacteria or reduce the number of bacteria in the culture as we observed in the growth experiments. Therefore, attachment should be affected by other parameters, i.e., surface roughness and hydrophobicity (Merritt and An, 2000; Mitik-Dineva et al., 2009). To analyze bacterial attachment, we used 3D printed slides partially submerged in the water. As adhesion to the surface is higher at the air-liquid interface we used this model to get a better idea of these complex interactions between bacteria and 3D printouts.

In the case of E. coli, the highest number of attached cells was observed on the wood polymer, which was ranked the second-most rough material (Figures 2, 5). In the case of P. aeruginosa, the correlation between material roughness and cell attachment is not that straightforward. We speculate that Pseudomonas, with its “slime” and other extracellular appendages, overcame those surface parameters and maybe used its own factors for successful attachment (Chang, 2018). In the case of S. aureus, the highest number of attached cells was observed in the case of SoftPLA, which showed the smoothest surface of all tested polymers (Figure 2). On the other hand, the hydrophobicity of the SoftPLA surface was by far the highest of the tested polymers (Figure 1). Recently, Forson and colleagues showed that S. aureus has a much higher attachment rate to silanized glass (water contact angle, 96° ± 8°) than substrates with lower hydrophobicity (Forson et al., 2020).

While analyzing biofilm formation on 3D printouts, we realized that 3 principal parameters (antibacterial properties, surface structure, and hydrophobicity of the polymers) play important roles. All 3 (or 4) metal-filled polymers with their antimicrobial properties showed the least amount of biofilm formed for all 3 bacteria species (Figures 5D-F). On the other hand, most rough surfaces (carbon fiber and wood) were almost always the most supportive of biofilm growth. Additionally, in the case of P. aeruginosa and more importantly S. aureus, high surface hydrophobicity (SoftPLA) played the major role in biofilm formation.

In the biofilm image analyses, it was not surprising that we observed that most of the biofilms filled the grooves between printed layers. In a several cases, the biofilms formed bridges between higher layers. P. aeruginosa and S. aureus covered the surfaces more completely than E. coli. This observation might be related to shear force, which even at a low level (50 rpm) triggers a mechanism of finding a safe niche. The latter is related to the bacterial properties as both P. aeruginosa and S. aureus are the ultimate biofilm formers. Although, the grooves in 3D printouts can be smoothed, the process for PLA polymers is not that easy as for the ABS and other polymers and requires additional time and effort.

The antimicrobial properties of the polymers play a crucial role in reducing biofilm formation. The first antimicrobial PLA polymer with different concentrations of silver nanoparticles was developed in 2013; however, the fibers (not printouts) were tested only against planktonic cells (Erem et al., 2013). Currently, a few antibacterial polymers are available on the market. Here we tested 3 out of 5 of these polymers. The price of these antimicrobial polymers is usually 3 to 4 times higher than the standard and metal-filled polymers tested in this work. The exact composition of antimicrobial polymers is usually not revealed, and all provided information is vague. Although we noticed slight antimicrobial properties of these polymers, they were not statistically different from metal filled brass, copper, and bronze PLA polymers. The greatest antimicrobial and antibiofilm activity were observed in the case of BRS PLA polymer (Figures 4, 5D-F). According to the manufacturer, this polymer contains about 40% metal.

To the best of our knowledge, this is the first report describing biofilm formation on 3D printed surfaces, with as many as 8 standard and 3 antimicrobial PLA polymers, as well as 3 of the most prevalent human colonizers: E. coli, P. aeruginosa, and S. aureus. We hope that the methods described here might set some standards for developing and testing new antimicrobial polymers with different bacterial species and this research may lead to reducing the chances of bacterial infections spread by 3D printed devices.
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Supplementary Figure 3 | Selected Mitutoyo R parameters on cross-sections of printouts ranked ascendant (average data from 4 measurements). Ra - Arithmetic mean deviation of the roughness profile; Rq - Root-mean-square (RMS) deviation of the roughness profile; Rz - Maximum Height of roughness profile; Rp - Maximum peak height of the roughness profile; Rv - Maximum valley depth of the roughness profile.

Supplementary Figure 4 | RSm (mean peak width) parameters on cross-sections of printouts (average data from 4 measurements).

Supplementary Figure 5 | Selected R parameters on cross-sections of printouts (average data from 9 measurements). Ra - Arithmetic mean deviation of the roughness profile; Rq - Root-mean-square (RMS) deviation of the roughness profile; Rz - Maximum Height of roughness profile; Rp - Maximum peak height of the roughness profile; Rv - Maximum valley depth of the roughness profile; Rc - Mean height of the roughness profile elements.

Supplementary Figure 6 | Pictures of representative biofilms formed by E. coli C, P. aeruginosa PA01, and S. aureus ATCC25823 on 3D printed materials. Upper panel: 2D pictures, Center panel: 3D projections, Bottom panel: projections of profiles without (upper) and with biofilms (lower) generated by MountainView® software.

Supplementary Figure 7 | 3D projections of selected printouts obtained with Keyence VHX-7000 Laser Scanning Confocal Microscope. From left top: CU, SoftPLA, WD, CF, BRS, BRZ.

Supplementary Figure 8 | 3D projections of selected printouts obtained with Hirox KH8700 microscope. From left top: CU, WD, SoftPLA, PLAS, BRS. Bottom: P. aeruginosa and S. aureus biofilms on CU (left and right, respectively).

Supplementary Table 1 | Most commonly used surface parameters.

Supplementary Table 2 | Characteristics of the 3D printouts generated by MountainMap® software.
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Fatty-acid signaling molecules can inhibit biofilm formation, signal dispersal events, and revert dormant cells within biofilms to a metabolically active state. We synthesized 2-heptylcyclopropane-1-carboxylic acid (2CP), an analog of cis-2-decenoic acid (C2DA), which contains a cyclopropanated bond that may lock the signaling factor in an active state and prevent isomerization to its least active trans-configuration (T2DA). 2CP was compared to C2DA and T2DA for ability to disperse biofilms formed by Staphylococcus aureus and Pseudomonas aeruginosa. 2CP at 125 μg/ml dispersed approximately 100% of S. aureus cells compared to 25% for C2DA; both 2CP and C2DA had significantly less S. aureus biofilm remaining compared to T2DA, which achieved no significant dispersal. 2CP at 125 μg/ml dispersed approximately 60% of P. aeruginosa biofilms, whereas C2DA and T2DA at the same concentration dispersed 40%. When combined with antibiotics tobramycin, tetracycline, or levofloxacin, 2CP decreased the minimum concentration required for biofilm inhibition and eradication, demonstrating synergistic and additive responses for certain combinations. Furthermore, 2CP supported fibroblast viability above 80% for concentrations below 1 mg/ml. This study demonstrates that 2CP shows similar or improved efficacy in biofilm dispersion, inhibition, and eradication compared to C2DA and T2DA and thus may be promising for use in preventing infection for healthcare applications.
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INTRODUCTION

A biofilm is an aggregate of microbial cells that attaches to various surfaces, including tissue and medical implants (Stoodley et al., 2013; Saeed et al., 2019). Almost 80% of human infections are caused by the development of biofilms by pathogenic bacterial strains such as Staphylococcus aureus, Staphylococcus epidermis, Pseudomonas aeruginosa, and Escherichia coli (Brady et al., 2006). The attachment of these and other bacterial strains to implant or tissue surfaces to form biofilms poses a particular risk for recurring infections, as the cells within a biofilm are resistant to both antibiotics and immune cell clearance (Bauer and Grosso, 2013). The recalcitrance of biofilms to treatment is multifactorial, owing in part to secretion of exopolymeric substances (EPS) and alteration of the bacterial metabolic state (Flemming et al., 2016). EPS secretion enhances bacterial attachment, resistance to mechanical stresses, and facilitation of nutrient transport and may limit diffusion of antimicrobials and immune cell penetration (Molin and Tolker-Nielsen, 2003; Czaczyk and Myszka, 2007; Flemming, 2016). Immobilized subgroups of bacterial cells within the biofilm have decreased metabolic activity and can increase the minimum inhibitory concentration of antibiotics up to 1,000 times higher for biofilms compared to planktonic bacteria (Keren et al., 2004). These and other complexities associated with biofilm infections have led to extensive research of their mechanism of action and potential novel treatments.

Although current clinical treatments for biofilm infections typically include debridement of infected tissue and prescription of high-dose systemic antibiotics, there are a number of non-antibiotic methods currently being studied for their potential to prevent and treat biofilms. Some of these therapies include natural-derived molecules targeting specific aspects of the biofilm life cycle. Enzymes such as glycoside hydrolases and proteases disperse biofilm bacteria by degrading the EPS (Jennings et al., 2015). Antimicrobial peptides (AMPs) typically have cationic amphipathic structures that can disrupt bacterial cell membranes to inhibit biofilms (Batoni et al., 2016). Hydrophobic D-amino acids are secreted by bacteria prior to dispersal of biofilms and have been shown to inhibit biofilm growth in vitro and in vivo, although their mechanism of action remains unclear (Hochbaum et al., 2011). Some types of bacteria also secrete biosurfactant molecules called rhamnolipids (Nickzad and Déziel, 2014), which inhibit bacterial attachment to surfaces and trigger degradation of the EPS during dispersal. Sugar alcohols like mannitol and erythritol have been shown to stimulate metabolism of bacteria that causes awakening of dormant cells and increased susceptibility to antibiotics (Pace et al., 2019). AMPs and the sugar alcohol mannitol have been shown to eradicate both P. aeruginosa and S. aureus infections when combined with typical concentrations of antibiotics (Barraud et al., 2013; Dosler and Karaaslan, 2014; de Breij et al., 2016; Pace et al., 2019), although neither of these methods have been attempted clinically.

A class of medium-chain fatty-acid molecules has been shown to induce dispersion of preformed biofilms and inhibit biofilm formation (Davies and Marques, 2009; Ryan and Dow, 2011; Jennings et al., 2012). These specific medium-chain fatty acids are members of a family of diffusible signal factors (DSF) in bacteria. DSF are secreted by bacteria to function in cell–cell communication or quorum sensing (Solano et al., 2014). One well-studied DSF molecule is cis-2-decenoic acid (C2DA), which is released by P. aeruginosa and has been shown to inhibit biofilm formation and to disperse established biofilms of multiple strains (Davies and Marques, 2009). However, other studies have shown difficulty in reproducing these results, with less than 10% dispersion of S. aureus and Acinetobacter baumannii strains at 400 μM concentration (Su et al., 2011). It has been observed that some of these fatty-acid signaling factors revert dormant bacterial cells to a metabolically active state (Marques et al., 2014), which in combination with antimicrobials could decrease bacterial viability (Allison et al., 2011; Rahmani-Badi et al., 2014; Masters et al., 2016; Saeed et al., 2019). Moreover, these compounds have cross-kingdom efficacy in that they have been shown to inhibit and disperse biofilms formed by multiple types of microorganisms, including gram-positive bacteria, gram-negative bacteria, and fungi (Wang et al., 2004). C2DA was also shown to inhibit S. aureus growth at a concentration of 500 μg/ml and to prevent biofilm formation at a concentration of 125 μg/ml, with neither concentration showing cytotoxic effects in fibroblasts (Jennings et al., 2012). Dispersal and inhibition effects may be mediated by activation of gene pathways that control motility, metabolism, and persistence (Amari et al., 2013; Rahmani-Badi et al., 2015b). While mechanisms of action remain unclear (Jennings et al., 2012), recent work shows that the cis-conformation of this molecule increases membrane permeability and could allow for entry of more small-molecule antibiotics into the cells as compared to the less active trans-isomer (Masters et al., 2016).

Activity of DSF molecules appears to be dependent on the conformation of atoms around the point of unsaturation at carbon 2. cis-Alkenes may isomerize to trans- when exposed to light, elevated temperature, or radiation (Dugave and Demange, 2003). These conditions, one or more of which may be used in the fabrication and/or sterilization of medical devices or therapeutics, can lead to isomerization of the alkene portion of the fatty-acid DSF (Tipnis and Burgess, 2018). In this study, we have developed chemical routes for synthesis of a cyclopropanated analog, 2-heptylcyclopropane-1-carboxylic acid (2CP), that locks this molecule into a cis-like configuration. This configuration eliminates the potential for cis/trans-isomerization and oxidative degradation that is possible for C2DA when exposed to light, heat, and radiation. We evaluated the hypothesis that 2CP disperses and inhibits biofilm using in vitro assays of S. aureus and P. aeruginosa biofilm dispersion. These were chosen as representative specimens as S. aureus is a major pathogen in bone infection, and P. aeruginosa is prevalent in soft tissue infection; both strains selected for this study are clinically derived. We further evaluated the combination of 2CP with antibiotics to identify synergistic and additive responses through minimum biofilm inhibitory concentration (MBIC) and minimum biofilm eradication concentration (MBEC) assays compared to C2DA and T2DA. We compared compatibility with mammalian cells at concentrations active against biofilms for all three 2-decenoic acid analogs and compared preliminary stability of 2CP to C2DA in an accelerated ultraviolet light-driven degradation scenario.



MATERIALS AND METHODS


Synthesis of C2DA and 2CP

A common synthetic approach using a single starting material was used to generate C2DA via Jones oxidation and then Lindlar reduction, and 2CP via Lindlar reduction, Simmons–Smith cyclopropanation, and finally Jones oxidation (Supplementary Figure 1). 1HNMR was performed to determine whether 2CP had been synthesized with a “cis-like” conformation (Supplementary Figures 2, 3). T2DA was purchased from Cayman Chemical and was used without purification.



Dispersion

Dispersion assays were performed to compare the dispersion activity of each analog against 7-day biofilms. 2CP (stabilized version of C2DA) was compared with C2DA (active, positive control) and T2DA (inactive/active, negative control). Each well of a 96-well plate was seeded with 150 μl of bacterial culture (S. aureus, UAMS-1, or P. aeruginosa, PA-ATCC 27317) and incubated for 7 days at 37°C to result in biofilms. Media [Tryptic Soy Broth (TSB)] was changed after careful aspiration every 24 h. On day 7, each well was again carefully aspirated and then received 195 μl of TSB and 5 μl of fatty-acid stock ranging in concentration from 0 to 500 μg/ml. Fatty-acid concentrations were made in absolute ethanol; thus, the final ethanol concentration in wells was 2.5%. The plates were incubated for 24 h at 37°C, then turbidity was measured at 540 nm. Turbidity readings were performed using a Biotek SynergyTM H1 microplate reader, with increased turbidity readings indicating a higher number of viable bacterial cells. Afterward, the media was aspirated and the plate was washed three times using phosphate-buffered saline (PBS). The relative percentage of attached cells as compared to non-treated controls were measured using BacTiter-GloTM (Promega) Luciferase assay for ATP production, with higher percentages indicating a higher quantity of attached biofilm cells.



Inhibition

Synergy assays were performed to determine the effects of 2CP when used in combination with various antimicrobials against gram-positive S. aureus and gram-negative P. aeruginosa. Tobramycin (MP Biomedicals, Irvine, CA, United States), tetracycline (MP Biomedicals, Irvine, CA, United States), and levofloxacin (Alfa Aesar, Tewksbury, MA, United States) were chosen for evaluation based on prior work, demonstrating their synergistic effects with C2DA (Masters et al., 2016). A checkerboard assay was prepared in 96-well plates with increasing antibiotic concentration on the horizontal axis and increasing 2CP concentration on the vertical axis. Tested concentrations of 2CP, C2DA, and T2DA ranged from 0 to 4,000 μg/ml. Antibiotic concentrations tested ranged from 0 to 2,500 μg/ml. Each plate was then inoculated with S. aureus (UAMS-1) or P. aeruginosa (PA-ATCC 27317) overnight growths for a final dilution of 1 in 50 or 1 in 200, respectively, and incubated overnight. Inhibition was defined as a lack of visible growth after a 24-h incubation period.

The fractional inhibitory concentration index (FICI) was used to determine synergistic, additive, or antagonistic responses between the three antibiotics and three fatty acids. To calculate the FICI, the MIC of the antibiotic when combined with fatty acids was divided by the MIC of the antibiotic alone and added to the MIC of fatty acid when combined with antibiotics and divided by the MIC of fatty acid when applied alone (Equation 1). FICI values less than or equal to 0.5 indicate synergy, values between 0.5 and 1 indicate additivity, values between 1 and 2 indicate indifference, and values above 2 indicate antagonism (Equation 1) (European Committee for Antimicrobial Susceptibility Testing (EUCAST) of the European Society of Clinical Microbiology and Infectious Dieases (ESCMID), 2000).
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Equation 1. FICI calculation using the concentrations of antibiotics (ABX) and fatty acids (FA) alone (S) and in combination (C).



Eradication

Bacteria (S. aureus, UAMS-1, or P. aeruginosa, PA-ATCC 27317) were grown overnight in TSB by incubation at 37°C. One milliliter of bacterial solution was diluted in 9 ml of TSB. An amount of 150 μl of the bacterial stock solution was seeded into each well of a 96-well MBECTM Biofilm Inoculator plate, followed by overnight incubation at 37°C to form the biofilm. The next day, the medium from each well was carefully aspirated, allowing the biofilm to remain both on the pegs of the top plate and the bottom of the wells. Stocks of tobramycin, tetracycline, and levofloxacin as well as varying concentrations of C2DA, T2DA, and 2CP were added to the wells. Tested concentrations of 2CP, C2DA, and T2DA ranged from 0 to 4,000 μg/ml. Antibiotic concentrations tested ranged from 0 to 2,500 μg/ml. These plates were incubated at 37°C for 24 h. The next day, the pegged lids were removed and added to new plates containing 150 μl of sterile TSB in each well. Plates were sonicated for 5 min at 40 kHz (Fisher Scientific Ultrasonic Bath, 9.5 l) to remove the viable bacteria attached to the peg surface and then incubated for 24 h. Turbidity was measured by reading absorbance at 540 nm for bacterial growth in the presence of fixed concentrations of the antibiotics with varying concentrations of 2CP, C2DA, and T2DA. MBECs were determined by the lowest concentration that had no turbid growth after treatment and sonication.

The fractional biofilm eradication concentration (FBEC) index was used to determine synergistic, additive, or antagonistic responses between the three antibiotics and three fatty acids. The FBEC index was determined in an identical method to the FICI: the MBEC of the antibiotic when combined with fatty acids was divided by the MBEC of the antibiotic alone and added to the MBEC of fatty acid when combined with antibiotics and divided by the MBEC of fatty acid when applied alone (Equation 2). FBEC index values less than or equal to 0.5 indicate synergy, values between 0.5 and 1 indicate additivity, values between 1 and 2 indicate indifference, and values above 2 indicate antagonism.
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Equation 2. FBEC index calculation using the concentrations of antibiotics (ABX) and fatty acids (FA) alone (S) and in combination (C).



Cytocompatibility

NIH-3T3 fibroblasts were seeded (1 × 104 cells/cm2) in 24-well plates in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum and 100 μg/ml Normocin (Invivogen, San Diego, CA, United States) for 24 h at 37°C and 5% CO2. 2CP, C2DA, and T2DA were added in varying concentrations from 0 to 1,000 μg/ml in ethanol for a final ethanol concentration of 2.5%. Controls with no ethanol addition were also used to normalize percentage viability. Plates were incubated for 24 h, after which cell viability was measured using CellTiter-Glo® (Promega, Madison, WI, United States).



Stability of C2DA and 2CP

Oxidative degradation and isomerization of C2DA and 2CP were assessed using negative-ion LC-MS to quantify the loss of each parent DSF following exposure to the photoinitiator Irgacure 2959 (Sigma-Aldrich, St. Louis, MO, United States). Aqueous solutions (10 ml total volume, 10% final methanol concentration) of C2DA and 2CP (200 ng/μl) were prepared from methanolic stocks. Irgacure was also prepared as a methanolic stock with final concentrations varying from 0, 0.05, and 0.1% (w/v). Solutions of C2DA or 2CP with and without the initiator were then exposed to UV at 365 nm for up to 4 h using a Spectrolinker XL-1500 UV crosslinker (Westbury, NY, United States). Triplicate samples (200 μl) were taken at timepoints between 0 and 240 min and were extracted by the method of Bligh and Dyer. The chloroform extracts were then dried and resuspended in 4 ml of HPLC-grade water. Samples (10 μl) were analyzed via negative-ion LC-ESI-MS, using a Thermo Fisher Hypersil BDS C18 column and an isocratic mobile phase of 55: 45 (v/v) methanol: aqueous ammonium hydroxide (10 μM). Peak areas for molecular anions of C2DA and 2CP were quantified using calibration curves using decanoic acid as an internal standard. The concentration of each sample was calculated, and the change in concentration of 2CP and C2DA over time was tracked.



Statistical Analysis

Statistical analysis was performed using SigmaPlot (Systat Software Inc., San Jose, CA, United States) and GraphPad Prism 7.2 software (GraphPad Software Incorporation, La Jolla, CA, United States). Data was assessed first by performing the Shapiro–Wilk normality test, followed by the Brown–Forsythe equal variance test. If both passed, data was further analyzed with one-way analysis of variance (ANOVA) followed by Holm–Sidak post-hoc analysis to detect significant between experimental groups (α = 0.05). If normality and equal variance were not passed, data was analyzed using Kruskal–Wallis ANOVA on ranks, followed by the Tukey post-hoc test.



RESULTS


Dispersion

2CP at 125 μg/ml dispersed approximately 100% of S. aureus biofilms grown for 24 h, compared to wells treated with C2DA which had 75% of biofilm remaining compared to untreated controls; T2DA-treated biofilms did not show any dispersion at this concentration. At concentrations of 62.5 μg/ml and above, both 2CP and C2DA had significantly less S. aureus biofilm remaining in wells compared to wells treated with T2DA (p < 0.05), which showed no significant dispersal (Figure 1A) and was statistically similar to the non-ethanol control group. 2CP concentrations ranging from 15.625 to 500 μg/ml dispersed approximately 40–60% of P. aeruginosa biofilm, which was comparable to the dispersion activity of C2DA and T2DA at the same concentrations. Statistical differences between P. aeruginosa dispersion between fatty-acid analogs were only observed between 2CP and T2DA at only the 62.5-μg/ml concentration (p > 0.05) (Figure 1B).
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FIGURE 1. Graph showing the percentage of (A) S. aureus and (B) P. aeruginosa biofilm remaining after 1 h of exposure to T2DA, C2DA, and 2CP. Asterisks represent significantly less biofilm remaining compared to T2DA (∗p < 0.05, ∗∗p < 0.01), detected by one-way ANOVA with the Holm–Sidak post-hoc test. Data represent mean ± standard deviation.




Inhibition

The fatty-acid 2CP inhibited bacterial growth at high concentrations, inhibiting S. aureus at 1 mg/ml and P. aeruginosa growth at 4 mg/ml. Various concentrations of 2CP were shown to effectively reduce the MIC of tested antibiotics against both strains by at least 50%, with the exception of only tetracycline and S. aureus. Tobramycin was found to have additive effects with 2CP, C2DA, and T2DA against S. aureus growth, although 2CP had the lowest FICI score of 0.31, compared to 1.0 for C2DA and T2DA (Table 1). Tetracycline and levofloxacin were found to have additive effects with all three fatty acids against S. aureus growth. Similarly, tobramycin and tetracycline were additive with all three fatty acids for P. aeruginosa inhibition (Table 2). Although additive effects were found for levofloxacin combined with 2CP against P. aeruginosa, indifference or no effect was observed when combined with C2DA or T2DA.


TABLE 1. S. aureus fractional inhibitory concentration index values.
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TABLE 2. P. aeruginosa fractional inhibitory concentration index values.
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Eradication

The fatty-acid 2CP was not capable of eradicating P. aeruginosa biofilm when applied alone but at the concentration of 1,000 μg/ml was sufficient to eradicate S. aureus. Various concentrations of 2CP were shown to effectively reduce the MBEC of tobramycin, tetracycline, and levofloxacin against both strains by at least 50%. Tobramycin and tetracycline were found to have additive effects with all three fatty-acid analogs against S. aureus growth, although combining 2CP or C2DA with levofloxacin it had synergistic effects in eradication of biofilm (Table 3). Tobramycin and levofloxacin were synergistic with 2CP for eradication of P. aeruginosa (Table 4). Tetracycline did not result in eradication of P. aeruginosa biofilm at the highest concentration studied, which could not be increased in these assays due to solubility limitations.


TABLE 3. S. aureus FBEC index values.

[image: Table 3]
TABLE 4. P. aeruginosa fractional eradication concentration index values.
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Cytocompatibility

2CP at concentrations at 500 μg/ml in 2.5% ethanol, as well as lower concentrations, promoted fibroblast cell viability above 70% compared to non-ethanol controls, in accordance with the ISO 109935 Biological Evaluations of Medical Devices standard when evaluating biomaterials against fibroblasts. There were no statistically significant differences in cytotoxicity between 2CP and C2DA for any concentration studied; T2DA at concentrations of 500 μg/ml had slightly more viable cells remaining compared to C2DA and 2CP but significantly lower cell viability at concentrations of 1,000 μg/ml (Figure 2).


[image: image]

FIGURE 2. NIH-3T3 cytocompatibility assay results showing the percentage of viable cells compared to non-ethanol controls 24 h after addition of fatty acids. Asterisks represent significant differences between the other groups (∗p < 0.05, ∗∗p < 0.01), detected by one-way ANOVA with the Holm–Sidak post-hoc tests. Data represent mean ± standard deviation.




Stability of 2CP and C2DA

The stability of C2DA and 2CP was determined during short-term exposure to the UV-activated photoinitiator Irgacure 2959. This system was used to mimic both oxidative degradation and UV-induced isomerization of the cis-alkene in C2DA. C2DA was completely consumed by the combination of UV and initiator (0.05% Irgacure, half-life ∼20 min, complete degradation by 60 min, 0.1% Irgacure half-life ∼10 min, complete degradation by 30 min) (Figure 3). C2DA showed no degradation to UV alone out to 4 h of exposure. In contrast, 2CP showed no degradation to either UV alone or UV plus initiator out to 4 h.
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FIGURE 3. Graphs show 2CP (left) and C2DA (right) short term solution stability over time (4 h total, 2 h shown) and concentration dependence of DSF stability when challenged with UV and the photoinitiator Irgacure.




DISCUSSION

A synthetic strategy for reliable synthesis of C2DA, T2DA, and 2CP is demonstrated using a combination of Lindlar reduction, Jones oxidation, and cyclopropanation to make all three targets. Our work demonstrates increased activity against S. aureus with a cyclopropyl isostere replacing the double bond to attain structural similarity. Chemical mimics or analogs of fatty acids like 2CP may be used in therapeutics for prevention or treatment of biofilm-based infections (Davies and Marques, 2009). Delivered locally or applied topically, 2CP may inhibit formation of biofilms or increase eradication of biofilms on implants or tissue, especially when combined with antibiotic administration. The cyclopropanated analogs have reduced isomerization and degradation when exposed to UV in the presence of a photoinitiator and thus may have better shelf stability. Further, as 2CP is an analog of natural diffusible signaling factor molecules, presence of this fatty acid is not likely to drive bacterial resistance due to selective pressure, although this has not been evaluated in the current study.

The tolerance of biofilms to antimicrobials and persistence of biofilm infections can cause unique challenges for the treatment of infections. Numerous methods are adopted for the disruption, inhibition, and eradication of biofilms. 2CP showed dispersal of biofilms, although at higher concentrations than were observed in studies of C2DA by Davies and Marques (2009). Potential reasons for these discrepancies may include use of different commercial suppliers or synthetic routes. C2DA isolated from biological spent media may also be enantiopure, which may explain the higher activity of chloroform-extracted media used in studies by Davies and Marques (2009). We are currently working to separate the two 2CP enantiomers via conversion to diastereomeric analogs using chiral alcohols, although this work was done using the racemic mixture. Furthermore, methods to quantify biofilms vary greatly between previous studies, which may further explain differences seen in effective concentrations. Rahmani-Badi et al. observed two- to three-fold increases in the number of planktonic cells of mixed species biofilms after treatment with 310 nM C2DA in models of catheter infection and dental plaque removal (Rahmani-Badi et al., 2014, 2015a). The activity of the trans-isomer against P. aeruginosa is consistent with studies by Davies et al. where T2DA showed dispersal activity in the concentration range reported here, although the C2DA analog dispersed biofilms at a much lower concentration (Davies and Marques, 2009). T2DA is also known as a Streptococcal DSF (SDSF), produced by Streptococcus mutans with inhibitory effects on fungal hyphae (Vílchez et al., 2010).

DSF molecules are known to have mechanisms of action that differ between strains at least in the site of action, external or internal to the cell. In Xanthomonas and Pseudomonas, DSF binds to specific transmembrane protein receptors and activates genetic transcription (Van Houdt and Michiels, 2010; Rahmani-Badi et al., 2015b; Ryan et al., 2015; Suppiger et al., 2016). In Burkholderia cenocepacia, DSF diffuse across the membrane to bind to cytosolic proteins to activate transcriptional changes (Suppiger et al., 2016). Cui et al. (2019) developed a DSF analog that was capable of interfering with Burkholderia cenocepacia quorum sensing and virulence, demonstrating its potential as a novel antibacterial agent. Similarly, Huedo et al. (2019) developed DSF that could interfere with quorum sensing of both Stenotrophomonas maltophilia and Burkholderia cepacia. Su et al. (2011) synthesized 4,5-disubstituted-2-aminoimidazole-triazole conjugates that inhibited S. aureus at micromolar concentrations and Acinetobacter baumannii at slightly higher concentrations, with dispersal and inhibition activity two orders of magnitude greater than C2DA. While mechanisms of action for DSF are not entirely elucidated, our cyclopropyl analog has a similar structure to C2DA and other DSF molecules and thus may have similar biological interactions with receptors and cell membranes. In one dispersal study, Rahmani-Badi et al. (2015b) have identified protein transcription changes occurring in P. aeruginosa upon stimulation with C2DA, identifying a cluster of genes implicated in sensing and responding to fatty-acid signals, including regulation of pathogenicity factor (rpf) proteins. It has also been shown that the histidine kinase PA1396 in P. aeruginosa is a major factor in DSF function; certain DSF analogs are able to block the ability of PA1396 to autophosphorylate, which subsequently reduces biofilm formation and antibiotic tolerance both in vitro and in vivo (An et al., 2019). Previous research has also demonstrated that C2DA increased membrane permeability of P. aeruginosa and S. aureus (Masters et al., 2016), which may occur by substitution of membrane phospholipids by fatty acid or by stimulating proton-motive force at the membrane (Meylan et al., 2017). Compared to enzymatic dispersal agents such as enzymatic hydrolases that degrade the EPS matrix (Fleming et al., 2017), 2-decenoic acid analogs appear to act at the cellular level and do not directly affect EPS (Marques et al., 2015).

In order to have clinical relevance as a prophylactic agent, biofilm inhibitors should also prevent planktonic bacterial growth and attachment to surfaces. Previous work has shown that C2DA has additive or synergistic growth- and biofilm-inhibitory effects with many common antibiotics including vancomycin, linezolid, tetracycline, amikacin, and ciprofloxacin (Marques et al., 2015; Masters et al., 2016; Harris et al., 2017). The present study indicates that 2CP maintains additive or synergistic effects with these antibiotics against both gram-positive and gram-negative pathogens. Similar results have been observed with drugs that target quorum sensing pathways, thereby keeping bacteria in the more susceptible planktonic state (Christensen et al., 2012; Yang et al., 2012; Roy et al., 2013). C2DA, T2DA, and the synthetic analog 2CP may be advantageous compared to antibiotic drugs because they are a natural part of the biofilm regulatory process, thereby reducing the risk of pathogens acquiring resistance (Rahmani-Badi et al., 2015b). While it has not been determined whether combining 2-decenoic acids or their analogs decrease or increase the likelihood of antimicrobial resistance, combinatorial effects should improve the efficacy of prophylactic antibiotic therapy by preventing bacterial attachment and reducing the amount of drug needed for bacterial clearance. The tobramycin–2CP combination is especially promising due to the low concentration of 2CP needed for inhibition or eradication of both bacterial strains, as well as the prevalence of tobramycin in many current local drug delivery systems.

Use of biofilm dispersal agents in the absence of antimicrobials could lead to negative effects on the host, including seeding of further infection sites and septicemia (Fleming and Rumbaugh, 2018). The present study found that 2CP increased susceptibility of established biofilms to eradication by antimicrobials, which may be due to its activity in stimulating dormant bacterial cell metabolism, which plays a major role in the antimicrobial tolerance of bacteria within biofilms (Del Pozo and Patel, 2007). Although the current study did not specifically select for persister cell populations, studies of C2DA have shown that it can revert persister cell status by increasing the respiratory activity of the cells (Marques et al., 2014). Studies by Marques et al. also demonstrated that in contrast with other metabolites such as sugars that awaken persister cells (Allison et al., 2011), C2DA is not used by bacteria as a carbon source for growth (Marques et al., 2014). The 2CP analog would not be expected to be utilized as a carbon source and further would have increased structural stability that would improve long-term storage and sterilization for healthcare applications. Biomaterial systems for co-delivery of antimicrobials and fatty-acid biofilm-disrupting agents have included direct application (Sepehr et al., 2014), biopolymer particles or sponges (Jennings et al., 2012), or implant coatings (Harris et al., 2017). While we did not study persister phenotypes specifically, future studies may explore the effects of this molecule on persisters.

For healthcare applications, targeting biofilm disruption without adverse effects on tissue is critical for the development of therapeutics for treating biofilm-based infection. We observed that the cyclopropyl moiety did not change the biocompatibility profile, with similar results to previous evaluations of cellular viability responses (Jennings et al., 2012; Rawson et al., 2014). A limitation of the current study is the use of a fibroblast cell line for preliminary evaluation of biocompatibility. Other studies of bone cell lines have shown that below certain concentration thresholds, fatty-acid biofilm inhibitors did not interfere with bone cell viability or mineralization (Harris et al., 2017). In an in vivo evaluation or orthopedic infection, a similar molecule C2DA applied to implants in phosphatidylcholine coatings was found to inhibit biofilm formation and no adverse events or increased inflammation in tissue were observed (Harris et al., 2017). Our preliminary stability evaluation indicates that 2CP is stable in environmental extremes, which may be favorable for sterilization or incorporation into controlled delivery systems. Longer-term and milder degradation experiments are currently underway to confirm enhanced the shelf stability of 2CP. Expanded preclinical evaluations, including studies on inflammatory cell effects, bone cell response, and in vivo infection models, are needed to fully evaluate the potential of 2CP as a clinical therapeutic. Another limitation of this study is the use of microtiter plate-based assays; while they were adequate for this pilot study, future studies will include additional biofilm assays to confirm results, in addition to experiments that may specifically identify effects of 2CP on gene expression and phenotype as well as sensing mechanisms for different bacteria. Evaluation of 2CP activity in dynamic conditions such as bioreactor culture could complement these results. While this study established preliminary efficacy against two representative strains of bacteria, future studies may also incorporate mixed cultures of different strains of bacteria as well as fungi.

We have demonstrated a successful synthetic route for cyclopropanated analogs of 2-decenoic acid, replacing the double bond in cis-configuration with a cyclopropyl ring. This analog had similar or improved bioactivity in biofilm dispersal, inhibition, and eradication. Additive and synergistic effects when 2CP is combined with antimicrobials may be clinically useful in applications to treat implant-associated infection, dental plaque removal, or surface decontamination. Future work will explore methods for sustained delivery, evaluate long-term stability and activity, and expand preclinical investigations to determine potential as a clinical therapeutic.
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Carbon-based photosensitizers are more attractive than the other ones based on their low cost, high stability, broadband of light absorption, tunable emission spectra, high quantum yield, water solubility, high resistance to metabolic degradation, and selective delivery. These properties allow multiple applications in the field of biology and medicine. The present study evaluated in vitro and in vivo the antimicrobial photodynamic effect of a one-pot microwave produced C-DOTS based on citric acid. The in vitro assays assessed the effectiveness of illuminated C-DOTS (C-DOTS + light) against Staphylococcus aureus suspension and biofilm. The concentrations of 6.9 and 13.8 mg/mL of C-DOTS and light doses of 20 and 40 J/cm2 were able to reduce significantly the microorganisms. Based on these parameters and results, the in vivo experiments were conducted in mice, evaluating this treatment on wounds contaminated with S. aureus. The viability test showed that C-DOTS–mediated photodynamic inactivation reduced 104 log of the bacteria present on the skin lesions. These results, altogether, showed that antibacterial photodynamic therapy using C-DOTS is a promising and viable treatment for Gram-positive bacteria-infected wounds.
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GRAPHICAL ABSTRACT. Brief description of the procedures carried out in this study. In vivo and in vitro antibacterial photodynamic therapy (aPDT) studies, where aPDT mediated by C-DOTS and blue LED light against S. aureus was evaluated.




INTRODUCTION

During the coronavirus disease 2019 (COVID-19) pandemic, 50% of the COVID-19 victims had a secondary bacterial (Chen et al., 2020) or fungal (Cox et al., 2020) infection. Coinfections also played an important role in other global pandemics. In the 1918 influenza outbreak, most of the deaths were due to a subsequent bacterial infection, mainly of them caused by Streptococcus pneumonia. In 2009, the failure results in the treatment of H1N1 influenza pandemic were also associated with bacterial coinfections (Resistencia a los antibióticos, 2020). Because of the importance of coinfections in the severity of global diseases and also associated with the emergence of bacterial resistance to antibiotics (Tablan et al., 2004; Gordon and Lowy, 2008), the search for new, efficient, and cheap mechanisms for bacterial control is needed.

Staphylococcus aureus is one of the most common and problematic bacteria that is able to develop antibiotic resistance. S. aureus is a Gram-positive bacterium commonly isolated from skin and oropharyngeal tract of healthy individuals and is responsible for superficial infections, pneumonia, and sepsis (Tablan et al., 2004; Gordon and Lowy, 2008). This bacterium has the ability to form biofilm, which is considered a high virulence factor that facilitates the infection in the host. Biofilms are a complex microbial community, where microorganisms produce an extracellular matrix (ECM) to protect them (Donlan, 2002; Donlan and Costerton, 2002).

The chemical composition and characteristics of Gram-positive bacteria, such as S. aureus, form a cationic ECM, which determines different relationships between the matrix and the environment. The matrix exhibits a highly hydrated structure with hydrophilic and hydrophobic groups. These characteristics protect the biofilm from dehydration and antimicrobial agents. Moreover, biofilms show a dynamic and complex architecture that is able to adapt according to environmental and internal changes. The presence of water channels provides nutrient and oxygen transportation through the biofilm and also enables cell-to-cell communication via quorum sensing molecules (Donlan, 2002; Donlan and Costerton, 2002). All these features make biofilms the hardest microbial organization to be inactivated by all types of antimicrobial drugs, playing an important role for disease control, and they are a challenge for healthcare professionals.

Nanotechnological approaches are a powerful tool for microbial control, mainly when they are associated with antibacterial photodynamic therapy (aPDT) and involve the use of carbon-based materials such as graphene, graphene oxide (GO), reduced GO, carbon quantum dot (C-DOTS), and graphene quantum dots (GQDs). Carbon-based materials are attractive for their low cost and high stability and emerged as a new class of broad−spectrum antimicrobial agents (Karahan et al., 2018).

Antibacterial photodynamic therapy has been proposed as a technique to treat clinical relevant infectious diseases, such as dental biofilms, ventilator-associated pneumonia, chronic wound infections, oral candidiasis, and chronic rhinosinusitis (Hu et al., 2018). It has been demonstrated that aPDT has a great potential for inactivating many classes of microorganisms, and it has the advantage of being minimally invasive and having low incidence of side effects, and it is suitable for rapid and repetitive application (Maisch, 2009; Yin et al., 2015; Cieplik et al., 2018).

Antimicrobial PDT involves the combination of a non-toxic photosensitizer and a light in an appropriate wavelength, which interact with the molecular oxygen-producing reactive oxygen species (ROS) that are able to selectively kill microbial cells. The ROS may include radical ions, such as superoxide (O2⋅–), hydroxyl radical (⋅OH), and/or singlet oxygen (1O2), and their production has been associated with the type I and/or type II photodynamic effects (Dolmans et al., 2003). In vitro and in vivo aPDT studies have demonstrated a substantial reduction of biofilms, in which the ROS are produced during photoactivation and attack adjacent targets, including proteins, lipids, and nucleic acids present within the biofilm matrix, on the cell surface and inside the microbial cells (Hu et al., 2018; Dong et al., 2020).

Carbon-based photosensitizers such as fullerene, GO, GQD, and graphitic carbon nitride have demonstrated low photosensitization efficiency, poor water solubility, or complex synthetic conditions, restricting their biological applications (Luo et al., 2014; Nie et al., 2020). On the other hand, C-DOTS presents effective photodynamic action, with the advantage of being non-toxic, photostable, and versatile and having high quantum yield (Dong et al., 2020).

Several authors have studied the antibacterial effects of C-DOTS, under blue and white light irradiation against different bacteria cells (Dong et al., 2018; Li et al., 2018; Marković et al., 2018; Travlou et al., 2018). Nie et al. (2020) synthesized CQDs based on citric acid and 1,5-diaminonaphthalene in relation 1:2. aPDT studies demonstrated good results of this treatment for the inactivation of Gram-negative (Escherichia coli) and Gram-positive (S. aureus) bacteria upon visible light illumination (λ ≥ 420 nm, 65 ± 5 mW/cm2; 60 min) (Nie et al., 2020). Sidhu et al. (2017) also synthesized C-DOTS based on citric acid with penicillin adsorbed or covalently attached to the C-DOTS. Authors demonstrated in vitro that both compounds under light irradiation exhibited activity against S. aureus, multidrug-resistant E. coli, E. coli, and methicillin-resistant S. aureus (Sidhu et al., 2017).

Other works have developed C-DOTS/photosensitizing nanocomposites (Du et al., 2016; Achadu and Nyokong, 2017; Nwahara et al., 2018) and C-DOTS/polymer (Marković et al., 2019; Bayoumy et al., 2020; Kováčová et al., 2020) with antibacterial activity. These studies have shown good results; however, there is no in vitro and in vivo C-DOTS study covering a very simple, cheap, and straightforward synthesis and its effective application as a photosensitizer in aPDT.

In general, C-DOTS are prepared via bottom-up syntheses using pyrolysis or carbonization of some organic precursors (citric acid, L-glutamic acid, and glucose) (Dong et al., 2012; Wu et al., 2013; Li et al., 2017). The carbonization of organic precursors through hydrothermal treatment has been used through the microwave-assisted and autoclave techniques, and they have been used in different biomedical applications. Besides that, their production occurs from abundant and inexpensive precursors, favoring their broad and low-cost application (Kumawat et al., 2017). The aim of the present work involved the simple one-pot hydrothermal synthesis, characterization of C-DOTS, and the evaluation of its aPDT effectiveness in vitro and in vivo against S. aureus. Only citric acid was used as the sole carbon source to prepare C-DOTS based on the preparation of C-DOTS via a standard microwave procedure, enabling its facile synthesis, being considered a cheap and green material with promising biomedical applications.



MATERIALS AND METHODS


Synthesis and Characterization of C-DOTS

The water-soluble C-DOTS were prepared via microwave from the hydrothermal treatment of citric acid. First, 100 g of citric acid was dissolved 100 mL of deionized water in a glass beaker. Then, this solution was irradiated in a common microwave (Panasonic, Brazil) at high potency, for 8 min in an open atmosphere. The color of the liquid changed from colorless to pale yellow and strong yellow, indicating the formation of C-DOTS (Dong et al., 2012). Then, C-DOTS were purified by repeated dialysis in ultrapure water for 2 days (double dialyses bag molecular weight 1,300 Da). Finally, the solution was dried using a hot-air oven (Phoenix Luferco, Araraquara, Brazil) to produce solid structures of C-DOTS.

The C-DOTS sample was characterized by tapping-mode atomic force microscopy (Bruker Dimension Icon AFM) and transmission electron microscopy (TEM, JEOL–JEM2100 LaB6 HR operated at 200 kV). For TEM characterization, samples were prepared by dropping the C-DOTS solution on ultrathin carbon film-coated copper grid, 300 meshes. The luminescence emission measurements were performed at room temperature on a Cary Eclipse, Agilent technology spectrofluorometer, and a Varian Cary® 50 UV-VIS system spectrophotometer.

Other techniques, including infrared spectroscopy [Agilent Technologies, Cary 630 Fourier transform infrared spectroscopy (FTIR)], Raman spectroscopy (Renishaw RM2000, laser HeNe, and 632.8-nm wavelength), and XRD spectroscopy (BRUKER APEX II Duo, two-copper, and molybdenum microsources, and low-temperature OXFORD system), were adopted to characterize the C-DOTS. In addition, the charge and size were evaluated by zeta potential and DLS measurements (Brookhaven Instruments Corporation MODELO: 90 plus particle size analyzer wavelength 659 nm).



In vitro C-DOTS–mediated aPDT


Bacterial Suspension and Treatment

The S. aureus standard strain from the American Type Culture Collection (25923) was maintained in brain–heart infusion (BHI, Kasvi, São José dos Pinhais, Brazil) supplemented with glycerol (40%) at −20°C. The strain was reactivated by transferring 1 mL of the stock cultures to a tube containing 9 mL of BHI media and incubated at 37°C overnight. This culture was used to prepare bacterial suspension in phosphate-buffered saline (PBS). The suspension was standardized at an optical density of 0.2 arbitrary units (a.u.), determined in a spectrophotometer (Varian Cary® 50 UV-Vis Spectrophotometer-Agilent, Santa Clara, CA, United States), which is equivalent to 108 cells/mL. Then, 2 mL of bacterial suspension was transferred to a centrifuge tube for centrifugation [3,000 revolutions/min (rpm), 10 min]. The supernatant was removed, and 2 mL of C-DOTS solution with 0.345, 3.45, or 6.9 mg/mL diluted in PBS was added.

An aliquot of 0.5 mL of the resultant solution was transferred to a 24-well plate and incubated for 40 min at 37°C protected from light. Then, the plate was irradiated with blue light (450 nm; 40 mW/cm2) at the fluencies of 0, 20, 40, and 60 J/cm2, corresponding to irradiation times of 0, 8.3, 16.7, and 25 min, respectively. To determine cell survival, aliquots of the contents of each sample were serially diluted 10-fold in sterile saline. Aliquots of each serial dilution were plated in duplicate over the surfaces of BHI agar, and all plates were aerobically incubated at 37°C for 24 h. Then, the colony-forming units per milliliter (CFU/mL) were calculated. Control groups consisted of untreated bacteria suspension, the isolated application of light, and bacterial incubation with C-DOTS in the dark. Experiments were performed in five replicates for each experimental group on three different occasions.



Biofilm Formation and Treatment

The standardized bacterial suspension was prepared at the same conditions described previously, and it was used to form biofilm (108 cells/mL) in PBS. For this, 1 mL of cell suspension was transferred to a 24-well plate and incubated at 37°C under agitation (75 rpm) for 90 min (adhesion phase). After the adhesion period, samples were carefully washed twice with 1 mL of saline to remove unbound cells and metabolites. Then, 1 mL of tryptic soy broth (TSB) was added in each well, and plates were maintained at 37°C in a shaker incubator (75 rpm) for 24 h. After this period, TSB culture medium was removed, and 1 mL of fresh medium was added. The plates were maintained at 37°C under agitation for a further 24 h, completing 48 h of biofilm formation (maturation stage). After this period, the content of each well was removed, and biofilms were washed twice with 1 mL of saline.

After the biofilm formation, 1 mL of PBS/C-DOTS solution at the concentrations of 3.45, 6.9, or 13.8 mg/L was added to the biofilms. Samples were incubated for 40 min at 37°C protected from light, and irradiated with blue light (450 nm; 40 mW/cm2) at the fluencies of 0, 20, 40, and 60 J/cm2, corresponding to irradiation times of 0, 8.3, 16.7, and 25 min, respectively.

After treatments, biofilms were detached by rubbing the pipette tip for 30 s on the bottom of the wells. Aliquots of the contents of each sample were serially diluted 10-fold in sterile saline. Duplicate 25-μL aliquots were spread over the surface of BHI agar plates. Control groups consisted of biofilms and light, biofilms and C-DOTS in the dark, and untreated biofilms.

All plates were aerobically incubated at 37°C for 24 h, and the CFU/mL values were calculated. Experiments were performed in five replicates for each experimental group on three different occasions.



In vivo C-DOTS–Mediated aPDT

All experimental procedures were approved by the Institutional Animal Care and Use Committee (protocol 7658051218) of Sao Carlos Institute of Physics. The induction of skin wounds in Swiss mice was performed using the methodology proposed by Takakura et al. (2003) and Mima et al. (2010) with some modifications. The animals were immunosuppressed by two subcutaneous injections of prednisolone at a dose of 100 mg/kg of body weight using the medication methylprednisolone acetate 40 mg/mL. Immunosuppression was performed on the first and fifth days of the experiment.

On the second day of the experiment, the animals were anesthetized with an intraperitoneal injection of ketamine (30 mg/kg) and xylazine (13 mg/kg) solution in addition to diazepam injection at the dose of 5 mg/kg. The animals were trichotomized, and the wound was produced on the skin with a 3-mm-diameter punch. After wound procedure, 50 μL of bacterial suspension standardized at 108 cell/mL was added on the wound.

On the seventh day of the experiment and, therefore, after 6 days of bacterial inoculation, the animals were anesthetized with ketamine and xylazine solution (same concentration) and divided into four groups, with three animals in each group, as follows: control, only light, C-DOTS, and C-DOTS + light (aPDT). Mice of aPDT group received topical application of 50 μL of C-DOTS at a concentration of 13.8 mg/mL for 40 min in the dark and after incubation; LED illumination was performed with 60 J/cm2 (28 min) at the wavelength of 450 nm. Other animals received only the application of C-DOTs or light in the same parameters, and the control group received no treatment.

Immediately after applying the treatments, the microorganisms were collected using a sterile swab soaked in a saline solution that was scrubbed for 30 s over the wound. The collection was subjected to serial dilutions (100–105) and plated in duplicate on the BHI agar medium. Plates were incubated for 24 h at 37°C, and after this period, CFU/mL values were calculated. A second collection was also performed 7 days after the treatments, following the same procedure.

Colony-forming units per milliliter values were transformed into base-10 logarithms and were evaluated for the distribution and homogeneity of variance among the groups evaluated. One-way analysis of variance followed by the Tukey test was applied for multiple comparisons (p = 0.05).



RESULTS AND DISCUSSION


Characterization of the C-DOTS

Atomic force microscopy and TEM were used to visualize the size, morphology, and structure of C-DOTS. The AFM images of C-DOTS shown in Figures 1A,B present the height profile along the small lines and indicate the thickness of the C-DOTS is in the range of 1.5–4.5 nm.
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FIGURE 1. AFM images of C-DOTS. (A) AFM image of C-DOTS deposited on a mica substrate. (B) The height profiles along the lines of the panel from C-DOTS.


A TEM image of the C-DOTS is shown in Figure 2a. In Figure 2b, the size of C-DOTS is shown, which is equivalent to 3.75 and 4.18 nm. The mean diameter of the C-DOTS is 3.81 nm. The high-resolution TEM showed the lattice fringes with a lattice spacing around 0.35 ± 0.02 nm (Figure 2c), which corresponds to the lattice fringes of (0 0 2) planes (Zhou et al., 2007; Dong et al., 2013). In addition, the fast Fourier transform (FFT) pattern (Figure 2d) reveals that these structures are crystalline. Both AFM and TEM demonstrated that C-DOTS have circular shape with a diameter range of 1.5–4.5 nm and with a crystalline structure belonging to the carbon family. This result is comparable with the results found by Tang et al. (2016) and Van Tam et al. (2014).
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FIGURE 2. (a,b) C-DOTS TEM images. (c,d) High-resolution TEM images and corresponding 2D FFT image.


To investigate the difference in oxygen-related functional groups on C-DOTS, FTIR spectra (Figure 3A) were performed. The presence of the carbonyl group (C=O 1706 cm–1) and the hydroxyl group (–OH 3,444 cm–1) was observed, and C-DOTS showed absorption of stretching vibration C–H at 2,986 cm–1 and stretching vibration of –CH2 at 1,399 cm–1. Additionally, the C-DOTS showed absorption of stretching vibration C–O at 1,170 cm–1 and C–OH at 1,080 cm–1 (Kumawat et al., 2017). These results corroborate with those obtained by Dong et al. (2012), where GQDs and GO were synthesized based on the carbonization of citric acid. The analysis of FTIR spectrum suggested that GQDs contain incomplete carbonization of citric acid, compared to the GO, which exhibits complete carbonization of it.
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FIGURE 3. Characterization of C-DOTS. (A) FTIR spectrum of C-DOTS. (B) XRD pattern for the C-DOTS. (C) Raman spectrum of C-DOTS.


The XRD pattern of C-DOTS (Figure 3B) revealed a single broad diffraction peak at 2θ = 26° that corresponded to the crystal lattice distance of (0 0 2) (d002 = 0.34 nm), and demonstrated a well-ordered lamellar structure with layered regularity (Dang et al., 2016).

The presence of oxygen-related functional groups on C-DOTS also creates disorders as defects and creates different hybridized atoms in the graphitic carbon skeleton, where both types of hybridized carbon atoms (sp2 and sp3) are prevalent. The XRD results are consistent with the Raman spectrum of C-DOTS. Figure 3C shows the Raman spectrum of C-DOTS, where the D-band (related to sp3 hybridized carbon atoms and the presence of structural defects) and the G-band (associated with sp2 hybridized carbon atoms) are characteristic of carbon-based material. The ID/IG ratio for C-DOTS is equivalent to 0.94, which indicates that the C-DOTS present high crystallinity and disorder in the skeleton of C-DOTS.

UV-VIS absorbance spectra and photoluminescence (PL) emission were obtained. Figure 4A indicates that C-DOTS have an absorption band at λ < 240 nm (characteristic of the π–π∗ transitions of aromatic bonds C=C) and another smaller band around 310 nm, which belongs to the n–π∗ transition of C=O or the COOH group (Liu and Kim, 2015; Tang et al., 2016). The PL spectra are generally broad and dependent on the excitation wavelength (Shen et al., 2011). Figure 4B shows that C-DOTS have the highest luminescence in the visible part of the spectrum, with the maximum emission intensity approximately at 450 nm (λex = 370 nm), then it is reduced and shifted at higher wavelengths to approximately 548 nm (λex = 500 nm), and it is consistent with previous fluorescence analysis (Li et al., 2010; Pan et al., 2010; Ristic et al., 2014).
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FIGURE 4. Optical properties of C-DOTS. (A) UV-VIS spectra (black line) and emission spectra (red line). λex = 450 nm, λem = 530 nm. Images above: C-DOTS solution (yellow) without irradiation and C-DOTS emitting light green light when irradiated with 350-nm light. (B) Emission spectra of C-DOTS. Excitation wavelength from 290 to 500 nm (side frame) with their respective emission spectra (same color).




Stability Analysis of C-DOTS

Stability is the main characteristic of the C-DOTS that depends on the nature of the environment in which they are exposed. Poor stability leads to aggregation and deterioration of lattice attributed to a disturbance of fluorescence properties (Sidhu et al., 2017). To investigate the stabilities of the C-DOTS by photo-oxidation and PL properties, they were examined over 24 h in the presence of blue light (Xenon lamp of Cary Eclipse, Agilent technology spectrofluorometer) with λexc = 450 nm and λemis = 530 nm (Figure 5A). It was shown that in the presence of light, a very small decrease in the fluorescence intensity was observed, and it is consistent with previous stability analysis (Wang et al., 2017; Dager et al., 2019).
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FIGURE 5. Stability analysis of C-DOTS. (A) Twenty-four hours of photoirradiation at constant temperature (25°C). (B) Photoirradiation based on temperature, from 25 to 70°C. λex = 450 nm, λem = 530 nm, pH 5.5.


The stability of C-DOTS when the temperature was increased is shown in Figure 5B. It was observed that, increasing the temperature, there is a decrease in the fluorescence emission. Surprisingly, at 70°C, the fluorescence intensity of the C-DOTS decreased only 36.20%. Unlike amorphous C-DOTS, the crystalline structure of the C-DOTS synthesized in the present study could explain their excellent photostability (Liu et al., 2017; Nie et al., 2020). The C-DOTS solution in water remains without any precipitation, and its fluorescence emission intensity was maintained after 90 days, keeping it in the dark.



PHOTODYNAMIC EFFECTS


C-DOTS-Mediated aPDT in the Inactivation of Planktonic and Biofilm Cultures of S. aureus

Biofilm is a microbial community embedded in a self-produced extracellular polymeric matrix (ECM) attached to a biological or non-biological surface. Compared to planktonic cells, biofilm exhibits specific physiological and metabolic states (Hu et al., 2018). According to Karunakaran et al. (2011), the biofilm is formed with three elements: the ECM, the microbial cells, and the intracellular biomolecules (Karunakaran et al., 2011). During aPDT-mediated biofilm inactivation, oxidative damage occurs from extracellular polymeric substances (EPS) to intracellular biomolecules (Barra et al., 2015).

The colony count method demonstrated a significant reduction in the number of CFU/mL in S. aureus in both planktonic and biofilm cultures exposed to C-DOTS photoexcited by light at 450 nm and 40 mW/cm2 (Figure 6). The decrease in log (CFU/mL) can be observed as a function of the dose of blue light delivered to the planktonic culture (0, 20, 40, and 60 J/cm2) and the C-DOTS concentration (345 μg/mL, 3.45 mg/mL, 6.9 and 13.8 mg/mL). As expected at higher C-DOTS concentrations, the log (CFU/mL) reduction was greater, and when the concentration of 6.9 mg/mL was applied, the total elimination of S. aureus suspension was achieved. For the biofilm cultures (Figure 6B), twice of the C-DOTS concentration was used (13.8 mg/mL) compared to the planktonic culture, in order to obtain complete elimination of the S. aureus bacteria. For both systems mentioned previously, the complete elimination of the S. aureus bacteria was obtained using the light dose of 40 J/cm2.
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FIGURE 6. Photoexcited C-DOTS reduce the number of bacterial colonies (log CFU/mL) based on the light dose 450 nm, 40 mW/cm2 delivered. (A) Planktonic S. aureus + C-DOTS. (B) Biofilm of S. aureus + C-DOTS. The “control” group refers to the bacteria + light system. The group “0 J/cm2” corresponds to the bacteria + C-DOTS system, where it was observed that the C-DOTS by themselves decreased the bacterial population in 102 CFU/mL.


The dose–response curve is a relationship among the viability reduction of planktonic and biofilm cultures, C-DOTS concentrations, and the light delivery of 450 nm 40 mW/cm2. Because of the variability among the bacteria cells, the dose–response curve has a sigmoid shape (Romero et al., 2020). The threshold dose shows the distribution formed by the response of the bacterial to C-DOTS and light around a maximum dose of light, Dp. This curve was obtained by deriving the dose–response curve.

The dose–response curves and their corresponding threshold dose distribution of S. aureus planktonic (Figure 7A) and biofilm (Figure 7B) were evaluated. These curves were obtained from the results of colony counting of planktonic and biofilm of S. aureus in the presence of C-DOTS as a direct killing effect. The fitting of the inverse of standard colony counting (loss of the viability) curve was performed in the Origin8 program using a sigmoidal curve.


[image: image]

FIGURE 7. Dose-response curves and threshold dose distribution. (A) Planktonic S. aureus + C-DOTS. (B) Biofilm of S. aureus + C-DOTS. Dp is the maximum dose of delivery light, ΔD [full-width half-maximum (FWHM)] is the threshold dose distribution curves obtained from the dose–response curves. *The FWHM value found of the complete curve.


The loss of viability distribution was characterized by the width. Figure 7A is showing a measure at half maximum (full-width half-maximum) and their peak center, which corresponds to the maximal dose amplitude. de Faria et al. (2018) argued that quantifying tolerance in a population of bacteria is a measure of how heterogeneous the population of bacteria is with respect to the threshold dose. This variability is related to the tolerance (de Faria et al., 2018).

Parameter is summarized in Supplementary Figure 1A and is shown as a function of the C-DOTS concentration, where the higher the concentration of C-DOTS, the lower the value. This means that a small dose of light is required to eliminate a great amount of bacterial population. This behavior was observed in planktonic and biofilm cultures. For the analysis of the parameter, the concentration of 345 μg/mL in the planktonic culture was eliminated as it was an incomplete curve where its respective value was not distinguished.

The highest value corresponds to the biofilm S. aureus + C-DOTS; this indicates that the biofilm has the strongest resistance condition in relation to the planktonic culture. The planktonic culture is the most sensitive for both concentrations of C-DOTS. It is interesting to note that when doubling the concentration of C-DOTS for both cultures (Supplementary Figure 1B), the value is reduced 2.5 times for planktonic form and 2 times for the biofilm. This means that with higher concentrations in both cultures, the difference in sensitivity is significant. In summary, the planktonic culture showed a better response to C-DOTS concentration compared to the biofilm. All control groups had the same order of magnitude (1 × 108 CFU/mL) from the initial standardized suspensions.

Planktonic culture needs C-DOTS concentrations lower than 6.9 mg/mL to achieve total bacterial killing, whereas concentrations greater than it were required to the biofilm. Biofilm can tolerate antibiotic levels 10–1,000 times higher than their planktonic counterparts (Ceri et al., 1999). The biofilm living form is a protective lifestyle that allows pathogenic bacteria and fungi to survive in hostile environments (Hall-Stoodley et al., 2004). In the clinical area, biofilms lead to infections that are difficult to eradicate, as microbes are protected from the attack of the host defense system and exhibit antimicrobial resistance (Hu et al., 2018). For this reason, the results obtained in the present study are of great importance, as aPDT with C-DOTS was able to inactivate even biofilm communities.

The relative variability of ΔD/Dp is shown in Supplementary Figure 2A, and in both cases, ΔD/Dp decreased with the increase in C-DOTS concentration; in higher concentrations of C-DOTS, there was a more homogeneous response of S. aureus bacteria to 450 nm irradiation (40 mW/cm2 LED light), with a minimal variability of response. In both cultures, plankton and biofilm, the response to the presence of C-DOTS and blue light presented similar values of ΔD/Dp for low and high concentrations (Supplementary Figure 2B), concluding that both cultures have a similar response to C-DOTS–mediated aPDT.



C-DOTS-Mediated aPDT Zeta Potential and DLS

To confirm the electrostatic interactions, the zeta potentials of bacterial cells were evaluated after treatments. The zeta potential of C-DOTS and S. aureus and S. aureus + C-DOTS were −22.09 and −31.60 mV, respectively, but the zeta potential of S. aureus + C-DOTS + light was −15.33 and 4.5 mV as shown in Supplementary Figures 3A–D. It was shown that the zeta potential of the bacteria may be attributed to the cell surface components of Gram-positive bacteria, in the case of S. aureus (Ran et al., 2019).

These results indicate that the photodynamic effect produced a charge change in the bacteria + C-DOTS + light solution, tending to be positive. The hydrodynamic sizes of the S. aureus, S. aureus + C-DOTS, and S. aureus + C-DOTS + light was 966.2, 1,018.6, and 1,064 nm, respectively (Supplementary Figure 3E). A small difference was observed between maximum sizes of the studied solutions, but a greater distribution of sizes was observed for the bacteria + C-DOTS + light, with larger sizes than the bacteria + C-DOTS. These values lead to the conclusion that in the illumination to obtain the photodynamic effect (elimination of bacteria), there is formation of aggregates in the solution.

Ran et al. (2019) synthetized carbon dots prepared by the solvothermal treatment of dimethyloctadecyl[3-(trimethoxysilyl)propy]ammonium chloride (Si-QAC CDs) and quaternized carbon dots without long alkyl chains (termed TTPAC CDs). The zeta potentials of S. aureus bacteria after the treatment with TTPAC CDs and Si-QAC CD-treated (incubated for 2 h) indicated a higher binding affinity between the Si-QAC CDs and the bacterial surfaces. Especially, the similar zeta potentials of the bacterial cells at the CD concentrations of 30 and 50 μg/mL suggested that the S. aureus bacteria were well coated by the CDs at a concentration of 30 μg/mL or higher (Ran et al., 2019).

From the results obtained in the present study, due to the presence of light, the zeta potential increased, as observed by Ran et al. (2019). It suggests that the presence of light in the S. aureus + C-DOTS solution allows a greater binding affinity between C-DOTS and bacterial surfaces, allowing total elimination of bacteria observed in Figure 6A.

The C-DOTS concentrations evaluated in the present study were between 0 and 6.9 mg/mL, and compared to the concentrations of various types of C-DOTS used by other authors (between 0 and 1 mg/mL) (Yang et al., 2016, Yang et al., 2019; Ran et al., 2019), the concentration of C-DOTS used in this study was approximately seven times higher. This could be explained by the traces of citric acid in which they were duly purified in the stage of the synthesis of C-DOTS. In in vitro studies developed in HDFn fibroblasts cell line (Supplementary Information 1), it is observed that at a concentration of 6.9 mg/mL, cell survival decreases to approximately 40% for a light dose of 63 J/cm2 and 450-nm irradiation. Concluding that at concentrations greater than and equal to 6.9 mg/mL, cellular cytotoxicity is already observed under the effect of aPDT. This effect was observed using 38 and 63 J/cm2 of light doses, after 4 and 24 h of aPDT.



In vivo C-DOTS Antimicrobial Activity

The use of C-DOTS as an antimicrobial agent in vivo was investigated with and without light. The “control” group was performed to analyze the natural processes of infection healing in wound contaminated with S. aureus. The “light” group was performed to confirm that the light parameters used did not cause any damage in the contaminated wound.

Bacteria were collected from the wound immediately and 7 days after all procedures to obtain the effectiveness of each group. Immediately after the procedures, there was no great difference among the groups (p ≥ 0.05), as shown in Figure 8A, where all groups presented colony counts in the same order of magnitude (1 × 107 CFU/mL). However, on day seven post-treatment, a significant reduction of the viability was observed in the C-DOTS + light group. The control groups (no treatment, light, and C-DOTS) showed 1 × 106 CFU/mL, whereas the C-DOTS + light group showed in the order of 102 CFU/mL, resulting in a reduction of 104 log CFU/mL (Figure 8A). A small reduction was observed in the “control” (only bacteria in lesion), “light” (bacteria + light), and “C-DOTS” (bacteria + C-DOTS in dark) groups. This reduction may be attributed to immune system of the animals that combated the infection by itself.
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FIGURE 8. In vivo aPDT. (A) Log (CFU/mL) of S. aureus bacteria in mouse immediately aPDT (black blocks) and 7 days after the procedures (red blocks) in control, light, C-DOTS, and C-DOTS + light (aPDT) groups (n = 3). (B) Photographs of mice wounds infected with S. aureus. Same groups as panel (A) (n = 3). The C-DOTS concentration was 6.9 mg/mL; the wound was infected with 108 cells/mL of bacteria suspension; the LED light was applied with the dose of 60 J/cm2 (28 min) at 450 nm.


The induced infection on the skin of mice also showed different features after 7 days of the procedures. The lesions in the control group had a large crust with a very purulent aspect. The light and C-DOTS groups exhibited small wounds (Figure 8B). However, a complete response and good healing were observed in the C-DOTS + light group, as shown in Figure 8B. The skin of all mice was completely recovered after 21 days (with and without treatment). When evaluating the cytotoxic effects of aPDT in HDFn fibroblasts cell line (Supplementary Information 1), it was observed that at the concentration of 6.9 mg/mL, there is a cell survival of approximately 35%; this survival is reduced by increasing the concentration of C-DOTS. However, it was demonstrated that in vivo the C-DOTS concentration used (6.9 mg/mL) had no visible effect (Figure 8B).

The antimicrobial mechanism of C-DOTS–mediated aPDT was caused by the production of ROS, which leads to oxidative stress as described by Marković et al. (2019) and Zhang et al. (2018). The generation and clearance of ROS in bacterial cells are balanced in normal conditions; however, the excessive production of ROS favors the oxidation of the cells. This unbalanced state produces oxidative stress, which damages the components of bacteria. The mechanisms of action include the adhesion of C-DOTS to the bacterial surface, the photoinduced production of ROS, the disruption and penetration of the bacterial cell wall/membrane, and the induction of oxidative stress with damages to DNA/RNA, leading to alterations or inhibitions of important gene expression and oxidative damages to proteins and other intracellular biomolecules (Al Awak et al., 2017; Li et al., 2018).

Some articles have described that photoactivate C-DOTS and other nanoparticles can transfer electron or energy to oxygen or biomolecules generating cytotoxic-free radicals and ROS (Ipe et al., 2005; Yaghini et al., 2009). Besides the death of microorganisms, there is some evidence that aPDT can stimulate the host immune system, which contributes to the healing process, as observed in the better aspect of lesions 7 days after C-DOTS + light treatment (Castano et al., 2006).

Antibacterial photodynamic therapy using traditional PS is often limited by its high cost, mainly in developing and/or underdeveloped countries. With the results obtained in this article, we are proposing C-DOTS as nanomaterials whose synthesis is cheap, easy, and green (there is no generation of toxic waste). These advantages make C-DOTS attractive to be used as photosensitizer in aPDT for antibacterial control.



CONCLUSION

In summary, we developed C-DOTS from citric acid through a facile microwave-assisted synthesis, and it was evaluated in association with blue light to mediate aPDT in vitro and in vivo against S. aureus. The C-DOTS aqueous solutions exhibited strong fluorescence under 450-nm light and fluorescence emission stability for 24 h of continuous irradiation and also after 90 days of being stored in the dark. The in vitro study demonstrated that C-DOTS–mediated aPDT was able to eliminate S. aureus suspension and biofilm. The in vivo study was conducted based on the in vitro study. Seven days after the aPDT procedure on the mice contaminated wounds, a 104 log of reduction in the S. aureus population compared to the controls and complete healing of the tissue were observed. The use of C-DOTS as a photosensitizer in aPDT proved to be promising in the treatment of biofilms and infected wounds, making these water-soluble C-DOTS a simple, cheap, and efficient agent for aPDT both for in vitro and in vivo studies.
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Colony forming unit (CFU) determination by agar plating is still regarded as the gold standard for biofilm quantification despite being time- and resource-consuming. Here, we propose an adaption of the high-throughput Start-Growth-Time (SGT) method from planktonic to biofilm analysis, which indirectly quantifies CFU/mL numbers by evaluating regrowth curves of detached biofilms. For validation, the effect of dalbavancin, rifampicin and gentamicin against mature biofilms of Staphylococcus aureus and Enterococcus faecium was measured by accessing different features of the viability status of the cell, i.e., the cultivability (conventional agar plating), growth behavior (SGT) and metabolic activity (resazurin assay). SGT correlated well with the resazurin assay for all tested antibiotics, but only for gentamicin and rifampicin with conventional agar plating. Dalbavancin treatment-derived growth curves showed a compared to untreated controls significantly slower increase with reduced cell doubling times and reduced metabolic rate, but no change in CFU numbers was observed by conventional agar plating. Here, unspecific binding of dalbavancin to the biofilm interfered with the SGT methodology since the renewed release of dalbavancin during detachment of the biofilms led to an unintended antimicrobial effect. The application of the SGT method for anti-biofilm testing is therefore not suited for antibiotics which stick to the biofilm and/or to the bacterial cell wall. Importantly, the same applies for the well-established resazurin method for anti-biofilm testing. However, for antibiotics which do not bind to the biofilm as seen for gentamicin and rifampicin, the SGT method presents a much less labor-intensive method suited for high-throughput screening of anti-biofilm compounds.

Keywords: biofilms, high-throughput biofilm susceptibility testing, BBC, VISA hypothesis, dalbavancin


INTRODUCTION

Microbial communities that are surrounded by a matrix of extracellular polymeric substance are commonly defined as biofilms (Hall-Stoodley et al., 2012). Biofilms represent the preferred life-form of pathogenic bacteria, following that they play a key role in many infectious diseases such as endocarditis, osteomyelitis, urinary tract infections and joint and soft tissue infections (Flemming et al., 2016). Increased antibiotic tolerance and/or resistance are one of the major hallmarks of biofilm-associated infections (Stewart, 2002). Since biofilm-embedded bacteria are usually genetically susceptible but phenotypically resistant, biofilm susceptibility is not predictable by the study of planktonic cells. Currently, biofilm-associated antibiotic tolerance is not addressed by microbiological routine diagnostics and treatment of biofilm-associated infections is guided by planktonic MIC testing, resulting in therapy failure and relapses. A multitude of biofilm susceptibility testing methods has been suggested, but none has so far reached a balance between the simplicity of a high-throughput method and the complex representation of the in vivo biofilm situation (Azeredo et al., 2017; Coenye et al., 2018; Magana et al., 2018). Further, standardization of the existing methods, including consistent interpretation of results and according recommendations, is lacking (Cruz et al., 2018; Thieme et al., 2019).

Colony forming unit (CFU) determination by agar plating is still regarded as the gold standard among bacterial quantification methods, including biofilms (Azeredo et al., 2017). Since agar-plating is time- and resource-consuming, we aimed to indirectly depict CFU/mL numbers by a culture-based method. Therefore, we adapted the recently published Start-Growth-Time (SGT) method to anti-biofilm testing, which allows a rapid quantification of the absolute and relative number of live cells in a high throughput manner (Hazan et al., 2012). The principle is comparable to the methodology of quantitative PCR calculations. After treatment, the biofilms are dispersed, diluted and regrown under continuous measurement of the optical density (OD) to obtain growth curves. The lag-phases of these growth curves are proportional to the number of cells in the dispersed biofilms, i.e., the more efficient the anti-biofilm treatment, the less CFU/mL, the longer the lag-phase. The SGT of each sample is defined as the time required to reach a defined OD threshold within the early to midst log-phase of the culture (Hazan et al., 2012). The growth delay of the treated growth curves, i.e., the respective SGTs, can be correlated to the quantity of CFU/mL reduction in comparison to the untreated control by CFU-SGT-standard curves of the same untreated strain. This minimizes the standard agar-plating procedure to a limited number of plates while simultaneously allowing the indirect measurement of CFU reduction of up to 96 samples.

To compare the CFU reduction results obtained with the novel SGT method with those obtained by conventional agar plating and resazurin metabolic assay, we treated mature biofilms of Staphylococcus aureus and Enterococcus faecium—which are one of the main pathogens causing biofilm-associated infections such as endocarditis and prosthetic joint infections—with serial concentrations of the antibiotics dalbavancin, rifampicin and gentamicin. Dalbavancin is a novel lipoglycopeptide with so far limited knowledge on biofilm eradication capability (Neudorfer et al., 2018), while the bactericidal antibiotics gentamicin and rifampicin were shown to exhibit anti-biofilm activity against Gram-positive biofilms (Sandoe et al., 2006; Coraça-Huber et al., 2012; Zimmerli and Sendi, 2019). The methods applied for biofilm quantification accessed different features of the viability status of the cells, i.e., the cultivability (CFU agar plating), growth behavior (SGT) and the metabolic activity (resazurin assay).



MATERIALS AND METHODS


Bacterial Strains and Antibiotics

The clinical S. aureus isolates (MSSA: SA4733 and SA1642, MRSA: SA4002) and E. faecium isolates (VSE: EF24498 and EF12713, VRE: EF17129) were obtained from the Institute of Medical Microbiology at Jena University Hospital, Germany. Test solutions of dalbavancin (Correvio GmbH, Bielefeld, Germany), rifampicin (Sigma Aldrich, St. Louis, United States) and gentamicin (TCI Europe, Zwijndrecht, Belgium) were prepared freshly for each experiment.



Biofilm Formation and Antibiotic Treatment

For biofilm maturation, 200 μL of 0.5 McFarland bacterial cultures were incubated in 96-well microtiter plates for 48 h at 37°C in a humidified chamber. S. aureus isolates were grown in Müller-Hinton (MH) broth and E. faecium isolates in Todd-Hewitt (TH) broth (both obtained from Sigma Aldrich, St. Louis, United States). For antibiotic treatment, the supernatants with planktonic cells were removed carefully, antibiotic solution with selected concentrations were prepared in the respective media and 200 μL per well were added to the biofilm. Pure media was used as growth control. Biofilms were incubated for additional 24 h at 37°C. Then, supernatant was removed and biofilms were washed two times with 0.9% NaCl before analyzing the biofilm reduction with the different methods. Each experiment was done in triplicates. To compare the different quantification methods, the biofilm bactericidal concentration (BBC), which is the lowest concentration of an antibiotic reducing 99.9% of biofilm-embedded bacteria (3 log10 reduction in CFU/mL) compared to the growth control (Macià et al., 2014), was determined for each antibiotic and strain by each method.



CFU Determination by Agar Plating

The washed biofilms were scraped off the wells via vigorous scraping with a 100 μL pipette (i.e., the pipette tip was moved with pressure in all directions of the well’s bottom) and pipetting up and down, and resuspended in fresh MH or TH broth. For serial 10-fold dilution, 50 μL of each biofilm were transferred in MH or TH broth and vortexed to homogenize the biofilm debris. From selected dilutions, 100 μL were plated on MH or TH agar plates. After incubation of 18 h, colony forming units (CFUAGAR) were counted and bactericidal effects were calculated in relation to the untreated control biofilms.



Resazurin Assay

Biofilm analysis by resazurin metabolism was adopted from Van den Driessche et al. (2014). Hundred microliter of a 10–2 dilution (taken from the previously prepared dilution series for agar plating) were added to a new 96-well microtiter plate and mixed with 10 μL alamarBLUE cell viability reagent (Thermo Fisher Scientific, Dreieich, Germany). Fluorescence was measured every 10 min for 18 h with a microtiter plate reader (Infinite M200pro, Tecan, Switzerland). Measurements were done at 37°C and with subsequently shaking for optimized growth conditions. For each isolate, a dilution series of a control biofilm was simultaneously measured to create a resazurin standard curve. The time to reach maximum fluorescence (tmax) was determined for each biofilm. The tmax and the CFUAGAR of the tested dilution series were correlated by linear regression to set-up a standard curve and to determine the detection limit for each strain. From this standard curve, the CFURESA of the treated and untreated biofilms were calculated by the corresponding tmax and subtracted from each other (ΔCFURESA).



Start-Growth-Time Method

Biofilms were washed twice with 0.9% NaCl, resuspended in fresh media and dispersed via vigorous scraping with a 100 μL pipette (Cruz et al., 2018). Dispersed biofilms were diluted 1:10 in fresh media and regrown in 96-well microtiter plates. The optical density was measured every 10 min at 600 nm for 18 h at 37°C in a microtiter plate reader under shaking conditions (Sunrise, Tecan, Switzerland). The SGT of each sample was defined as the time required to reach an OD600 nm threshold that was set at the start to midst of the logarithmic phase, depending on the resulting growth curves. For the relative comparison of treated and untreated samples, the absolute size of the OD600 nm threshold was not decisive but the unification for all samples. SGT values were normalized to the controls by the formula ΔSGT = SGTtreated − SGTcontrol. To assess the linearity between SGT and CFUAGAR values and thereby the detection limit for each strain, a standard curve was performed on every run. Therefore, SGTs of a serial diluted control biofilm and, in parallel, CFUAGAR counts were determined. The CFUSGT reduction due to antibiotic treatment was calculated by the standard curve log10 CFUAGAR (x-axis) versus SGT (y-axis), whereby the SGT time span correlating to 1 log10 CFU difference was given by the slope of the linear regression. The resulting log10 CFU reduction was calculated by Δlog10 CFUSGT = ΔSGT/slope.



RESULTS

To verify the new high-throughput method from Hazan et al. (2012) for biofilm quantification, we recorded the growth curves of a dilution series of resuspended biofilms for each isolate. As on planktonic level time-lagged growth curves for biofilms could be observed in correlation to the CFU input (Figure 1). Comparable to a quantitative PCR, a specific OD threshold was defined within the midst of the exponential growth of the control biofilms. By this method, we received a linear correlation of SGT and CFU from 106 to 100 (Figure 1). The level of detection reached down to 2 CFU/well for both species whereby the level of detection and the detection range varied between experiments and isolates, especially for E. faecium (Supplementary Material).


[image: image]

FIGURE 1. Standard curves determined by the SGT method and agar plating for exemplary isolates of E. faecium (A) and S. aureus (B) biofilms. The optical density at 600 nm was recorded for 18 h for a dilution series of resuspended biofilms (48 h of growth). Simultaneously, CFU numbers were determined by agar plating.


After calibration, we used the SGT method for analyzing the BBC of dalbavancin and gentamicin for E. faecium isolates (Figure 2). According to the SGT method, a 3 log10 CFU reduction was achieved at 128 mg/L of dalbavancin (Figure 2A). By contrast, agar plating revealed only a CFU reduction of < 1 log10 CFU at the highest dalbavancin concentration tested, thereby not achieving the required 3 log10 CFU reduction for the BBC (Figure 2A).
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FIGURE 2. Determination of biofilm bactericidal effects with the three different methods in EF17129 biofilms treated with dalbavancin (A) and gentamicin (B). The yellow or orange window (“anti-biofilm effect”) indicates the area with an at least 3 log10 reduction in CFU compared to the untreated control. The black dotted line indicates the OD threshold for SGT determination.


On closer inspection, it was striking that the regrowth of the former dalbavancin-treated biofilms started at the same time like the controls but had a slower growth kinetic (Figure 2A, zoom). This changed growth behavior might be due to a reduced metabolism after antibiotic treatment. Therefore, we checked our results by resazurin assays as described by Van den Driessche et al. (2014). In parallel to the SGT method, a standard curve was performed within the experiment to calculate the CFU to the respective resazurin tmax value (Supplementary Material). The BBC determined by the SGT method (BBCSGT) was consistent (± 1x BBC) with the BBC measured by the resazurin assay (BBCRESA) for dalbavancin at 256 mg/L (Figure 2A and Table 1).


TABLE 1. Comparison of biofilm bactericidal concentration (BBC) values obtained by different methods for biofilm quantification.

[image: Table 1]For gentamicin-treated E. faecium biofilms, the SGT method revealed no anti-biofilm effect for all tested concentrations and showed no change in growth behavior (Figure 2B). The CFU determination by agar plating and resazurin obtained the same results (Figure 2B and Table 1). For the other two E. faecium isolates, BBC results obtained by all three methods were in accordance as well (Table 1 and Supplementary Material).

To test whether the changed growth behavior observed in the SGT method is strain- or antibiotic-dependent, we analyzed S. aureus biofilms by all three methods using dalbavancin and rifampicin. In contrast to E. faecium, dalbavancin-treated biofilms showed normal time-lagged growth curves or no growth at all (Figure 3A). By the SGT method, we calculated a 3 log10 CFU reduction already at 8 mg/L while with agar plating there was nearly no CFU reduction detectable for all concentrations (Figure 3A). However, the BBCRESA was again in line with the BBCSGT (Figure 3A and Table 1). Similar results were seen for rifampicin-treated S. aureus biofilms (Figure 3B and Table 1). The BBCSGT and BBCRESA were both reached at 4 mg/L of rifampicin, whereas no BBC could be determined by agar plating since none of the tested rifampicin concentrations obtained a 3 log10 CFU reduction (Figure 3B).
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FIGURE 3. Determination of biofilm bactericidal effects with the three different methods in SA4002 biofilms treated with dalbavancin (A) and rifampicin (B). The yellow window (“anti-biofilm effect”) indicates the area with an at least 3 log10 reduction in CFU compared to the untreated control.




DISCUSSION

In the presented study, the principle of the recently published, easy-to-use SGT-method was transferred from planktonic to biofilm-embedded cells, and compared to established, more labor-intensive methods. To integrate the SGT-method into the pool of already established methods for quantification of biofilm-embedded cells, biofilm bactericidal effects of three different antibiotics against mature S. aureus and E. faecium biofilms were measured by resazurin staining, agar plating and the SGT method. All methods are based on determination of CFU/mL values, either directly (agar plating) or indirectly via CFU/mL-calibrated standard curves (SGT, resazurin). While the SGT data correlated well with the results obtained by the resazurin assay, they only partially correlated with the results obtained by conventional agar plating. This led to a partial mismatch between the SGT/resazurin-derived BBCs (BBCSGT and BBCRESA) and the current gold-standard, agar plating-derived BBCs (BBCAGAR), questioning the utility of the novel SGT-method—and of the well-established resazurin assay - for quantifying biofilm reducing effects.

Since gentamicin and rifampicin testing in contrast to dalbavancin testing resulted in comparable BBC values by all three methods, we arrived at the hypothesis that the SGT-method might only be well-suited for measuring the effect of certain antibiotic classes. We first thought about a classification into bactericidal/bacteriostatic antibiotics, but this categorization is usually based on planktonic cells and poorly transferable to biofilm-embedded cells (Pankey and Sabath, 2004). Biofilms resemble stationary-phase cultures with strongly reduced cell division rates, following that they are less susceptible to cell-wall active agents such as dalbavancin compared to planktonic cells, where cell wall active agents usually exhibit bactericidal effects. In contrast, the mode of actions of gentamicin and rifampicin do not require actively dividing cells since they target transcriptional and translational processes. Whether the mode of action of the antibiotics, i.e., whether they target growth-arrested or actively dividing cells, influences the utility of the SGT method for determining biofilm reducing effects requires further testing.

Another possible explanation for the discrepancy between BBCSGT and BBCAGAR values might be due to the method-related comparison of two different time-points of bacterial growth. While the agar plating method assesses the number of CFUs in the stationary phase after 24 h of growth, the SGT method pictures the regrowth of the former biofilm-embedded cells over time, with the SGT values theoretically being calculated in the midst of the logarithmic phase. However, instead of being parallel and lagged to the untreated growth control as seen for gentamicin treatment, some antibiotic treatment-derived growth curves showed a significantly slower increase with reduced cell doubling times and without distinct growth phases, as seen for dalbavancin-treated E. faecium biofilms. Here, the reduced growth kinetics of the cells led to higher SGT values since the OD600 nm threshold was reached later. As a consequence, the higher SGT values were falsely interpreted as lower number of cells leading to an overestimation of antibiotic bactericidal efficacy by the SGT method. To analyze whether the recovery from antibiotic-induced stress is also accompanied by a decreased CFU development on agar plates, we checked the number of CFUs formed on agar plates in 1 h intervals for a period of 14 h. The hypothesis hereby was that the colonies of growth kinetic-altered samples appear later and might show an altered phenotype, e.g., formation of small colony variants, but finally result in the same number of cells as the untreated control. However, no difference in the time point of CFU appearance or shape, size and color could be observed between treated and untreated samples (data not shown). Changes in colony formation were generally hard to depict though since both E. faecium and S. aureus form relatively small colonies.

As indicated by high SGT and low resazurin values, dalbavancin seemed to be able to slow down the bacterial metabolism, thereby reducing the redox potential of the cells and changing the growth behavior. However, these cells were still cultivable as reflected by unchanged CFUAGAR numbers. For E. faecium EF17129 no effect of dalbavancin was expected since this isolate shows a vanA-VRE genotype, which exhibits high-level resistance to dalbavancin (Biedenbach et al., 2009). Bacteria use different strategies for survival during exposure to antibiotics, namely resistance, tolerance and persistence (Brauner et al., 2016). Resistance describes the inherited ability of bacteria to grow, i.e., to proliferate, at high concentrations of an antibiotic irrespective of the duration of treatment due to gene mutations. In contrast, tolerant cells survive high antibiotic concentrations by transiently slowing down essential bacterial processes at the cost of loss of cell proliferation. Once the transient trigger for tolerance is removed, cells do recover and growth can continue. While resistance and tolerance are attributes of the whole bacterial population, persistence is only attributable to a subpopulation (typically around 1%) of clonal cells. Persistent cells can survive at high concentrations of antibiotics whereas the majority of the clonal bacterial population is rapidly killed (Lewis, 2010). While antibiotic-resistant bacteria can form biofilms, the survival strategies characteristic for biofilms are antibiotic tolerance and persister cell formation (Stewart, 2002). We therefore hypothesized that the altered growth kinetics observed in growth curves of dalbavancin-treated biofilms were caused by the physiological rearrangements necessary to leave the tolerant state once the antibiotic had been removed and the biofilms were re-transferred to the planktonic phase. To test this hypothesis, we performed time-kill measurements of biofilm-derived planktonic cells (i.e., cells which have been grown into biofilms, have been treated and then were re-transferred into the planktonic phase for recording of the growth curves) versus non-biofilm, conventional planktonic cells treated with 20x MICDALBAVANCIN to determine the so-called minimal duration of killing (MDK). The MDK99% describes the time amount needed to kill 99% of the bacterial population and is derived by plotting viable CFUs against time (Hazan et al., 2014; Brauner et al., 2016). While the MIC is used as a standardized metric to measure antibiotic resistance, the MDK has been suggested as a metric for measurement of tolerance and persistence. If truly tolerant cells had emerged due to treatment of the biofilms, a higher MDK99% would have been expected for the biofilm-derived planktonic cells compared to the non-biofilm, conventional planktonic cells. However, no difference in the MDK99% was observed for both cell types indicating no physiological differences and no tolerance effects (data not shown).

A further explanation for the altered growth kinetics of dalbavancin-treated biofilms might be the transient uptake of glycopeptide molecules in the cell wall of Gram-positive organisms, as described for vancomycin-intermediate S. aureus. Vancomycin molecules were shown to bind not only to their main target, namely d-alanyl-d-alanine residues of cell wall precursors, but also to excess free d-alanyl-d-alanine residues randomly distributed in the cell wall of S. aureus (Cui et al., 2006). These second targets of vancomycin lead to clogging and cell wall thickening, preventing vancomycin to reach its true target at the growing peptidoglycan chain, thus mediating resistance (Cui et al., 2003). Since dalbavancin as a glycopeptide targets d-alanyl-d-alanine residues as well, a similar mechanism where E. faecium absorbs single dalbavancin molecules in its cell wall is possible (Zhanel et al., 2010). Upon transfer from the biofilm to the planktonic phase in the SGT method processing, the cell wall-residing dalbavancin molecules might be released again in the media due to renewed cell division, leading to delayed growth and altered growth kinetics. To verify this hypothesis, we performed again a SGT measurement with E. faecium and S. aureus biofilms after dalbavancin treatment (Supplementary Figure 9). To check for dalbavancin residues in the biofilm as well as in the cell wall, we collected the supernatant of the resuspended biofilm cells at different time points during their cell growth. After collection, standardized amounts of fresh bacterial cells were added to each supernatant and possible growth-inhibitory effects were analyzed similar to MIC testing. For E. faecium, a significant growth delay was only observed for the cells which had been treated with the supernatant taken from 128 mg/L dalbavancin treatment at time point 0 h, indicating the release of sufficient dalbavancin directly out of the biofilm upon resuspension to interfere with bacterial growth (Supplementary Figure 9A). No change in growth was observed for the cells treated with the other supernatants, implicating no release of dalbavancin molecules out of the cell wall. In contrast, experiments with S. aureus indicated the release of dalbavancin of both, the biofilm and the cell wall, confirming above hypothesis (Supplementary Figure 9B). Since for agar plating only high dilutions were evaluated to allow for CFU counting, released dalbavancin molecules were diluted as well, therefore no change in CFU numbers or cell growth was seen although the same effect is likely present. Importantly, the adherence of dalbavancin to the biofilm and the cell wall does not only lead to false positive anti-biofilm effects with the SGT method (and consequently to a mismatch between BBCSGT and BBCAGAR) but also with the resazurin method. Resazurin is a stable redox indicator which’s highly fluorescent reduction product resorufin can be easily and rapidly measured after 30–120 min of cell contact and is proportional to the number of metabolically active cells (Azeredo et al., 2017). Since the linear range between resorufin and CFU numbers is restricted to 106–108 CFU/mL, the conventional resazurin-based viability assay fails to depict a 3 log10 reduction required for BBC calculation (Sandberg et al., 2009). We therefore used a recently published optimized method determining the time needed to reach the maximum fluorescence extending the linear range to 103–108 CFU/mL (Van den Driessche et al., 2014). While this new approach claims to accurately reflect CFU numbers as determined by agar plating, our results indicate that this was not true for dalbavancin. Here, dalbavancin residues in the biofilm interfered as well with the actual methodology resulting in falsely lowered metabolic activity and therefore overestimation of the anti-biofilm effect. Since resazurin is being increasingly used to study microbial biofilms (Azeredo et al., 2017), researchers should be aware of a potential correlation bias for some antibiotics.

In conclusion, the adherence of dalbavancin to the biofilm and cell wall led to false positive anti-biofilm effects with the SGT method, since the altered growth kinetics and consequential high SGT values were not due to the initial treatment of the biofilm but due to a renewed antibiotic challenge of the biofilm-resuspended planktonic cells during regrowth. The application of the SGT method for anti-biofilm testing is therefore not suited for antibiotics which stick to the biofilm and/or to the cell wall. Since it remains unknown for which antibiotic-biofilm combinations such effects occur, a prior testing before high-throughput application of the SGT method for measurement of CFU reduction is mandatory for anti-biofilm testing. It is important to note that we adapted the SGT method for Gram-positive biofilms only; it remains unclear whether Gram-negative biofilms show the same tendency to transiently uptake glycopeptide molecules in the biofilm matrix and/or in the cell wall as observed for Gram-positive biofilms in this study. Further studies are necessary to adapt the SGT method to Gram-negative biofilms and to find a solution for counteracting the adherence effect of dalbavancin to the biofilm, i.e., to avoid an unintended, renewed antibiotic challenge. However, if a comparison of CFUSGT with CFUAGAR for a specific antibiotic exhibits a good correlation, CFUSGT as a much less labor-intensive method may be used for high-throughput screening as required for microbiological routine testing.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

LT conceptualized the article, designed, performed the experiments, analyzed, interpreted the data, wrote, and revised the manuscript. AH designed, performed the experiments, analyzed, interpreted the data, and wrote the methods and results part of the manuscript. KT, JG, and RS revised and critically discussed the article. OM and MP revised the manuscript for important intellectual content. All authors read and approved the final manuscript.



FUNDING

This work was supported by the Federal Ministry of Education and Research, Germany (Grant Nos. 01KI1501 and 13N15467).



ACKNOWLEDGMENTS

We thank Correvio for providing us with dalbavancin infusion powder.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.631248/full#supplementary-material



REFERENCES

Azeredo, J., Azevedo, N. F., Briandet, R., Cerca, N., Coenye, T., Costa, A. R., et al. (2017). Critical review on biofilm methods. Crit. Rev. Microbiol. 43, 313–351.

Biedenbach, D. J., Bell, J. M., Sader, H. S., Turnidge, J. D., and Jones, R. N. (2009). Activities of dalbavancin against a worldwide collection of 81,673 gram-positive bacterial isolates. Antimicrob. Agents chemother. 53, 1260–1263. doi: 10.1128/aac.01453-08

Brauner, A., Fridman, O., Gefen, O., and Balaban, N. Q. (2016). Distinguishing between resistance, tolerance and persistence to antibiotic treatment. Nat. Rev. Microbiol. 14, 320–330. doi: 10.1038/nrmicro.2016.34

Coenye, T., Goeres, D., Van Bambeke, F., and Bjarnsholt, T. (2018). Should standardized susceptibility testing for microbial biofilms be introduced in clinical practice? Clin. Microbiol. Infect. 24, 570–572. doi: 10.1016/j.cmi.2018.01.003

Coraça-Huber, D. C., Fille, M., Hausdorfer, J., Pfaller, K., and Nogler, M. (2012). Staphylococcus aureus biofilm formation and antibiotic susceptibility tests on polystyrene and metal surfaces. J. Appl. Microbiol. 112, 1235–1243. doi: 10.1111/j.1365-2672.2012.05288.x

Cruz, C. D., Shah, S., and Tammela, P. (2018). Defining conditions for biofilm inhibition and eradication assays for Gram-positive clinical reference strains. BMC Microbiol. 18:173. doi: 10.1186/s12866-018-1321-6

Cui, L., Iwamoto, A., Lian, J. Q., Neoh, H. M., Maruyama, T., Horikawa, Y., et al. (2006). Novel mechanism of antibiotic resistance originating in vancomycin-intermediate Staphylococcus aureus. Antimicrob. Agents Chemother. 50, 428–438. doi: 10.1128/aac.50.2.428-438.2006

Cui, L., Ma, X., Sato, K., Okuma, K., Tenover, F. C., Mamizuka, E. M., et al. (2003). Cell wall thickening is a common feature of vancomycin resistance in Staphylococcus aureus. J. Clin. Microbiol. 41, 5–14. doi: 10.1128/jcm.41.1.5-14.2003

Flemming, H. C., Wingender, J., Szewzyk, U., Steinberg, P., Rice, S. A., and Kjelleberg, S. (2016). Biofilms: an emergent form of bacterial life. Nat. Rev. Microbiol. 14, 563–575. doi: 10.1038/nrmicro.2016.94

Hall-Stoodley, L., Stoodley, P., Kathju, S., Høiby, N., Moser, C., Costerton, J. W., et al. (2012). Towards diagnostic guidelines for biofilm-associated infections. FEMS Immunol. Med. Microbiol. 65, 127–145. doi: 10.1111/j.1574-695x.2012.00968.x

Hazan, R., Maura, D., Que, Y. A., and Rahme, L. G. (2014). Assessing Pseudomonas aeruginosa Persister/antibiotic tolerant cells. Methods Mol. Biol. 1149, 699–707. doi: 10.1007/978-1-4939-0473-0_54

Hazan, R., Que, Y. A., Maura, D., and Rahme, L. G. (2012). A method for high throughput determination of viable bacteria cell counts in 96-well plates. BMC Microbiol. 12:259. doi: 10.1186/1471-2180-12-259

Lewis, K. P. (2010). Persister cells. Annu. Rev. microbiol. 64, 357–372.

Macià, M. D., Rojo-Molinero, E., and Oliver, A. (2014). Antimicrobial susceptibility testing in biofilm-growing bacteria. Clin. Microbiol. Infect. 20, 981–990. doi: 10.1111/1469-0691.12651

Magana, M., Sereti, C., Ioannidis, A., Mitchell, C. A., Ball, A. R., Magiorkinis, E., et al. (2018). Options and limitations in clinical investigation of bacterial biofilms. Clin. Microbiol. Rev. 31, e00084–16.

Neudorfer, K., Schmidt-Malan, S. M., and Patel, R. (2018). Dalbavancin is active in vitro against biofilms formed by dalbavancin-susceptible enterococci. Diagn. Microbiol. Infect. Dis. 90, 58–63. doi: 10.1016/j.diagmicrobio.2017.09.015

Pankey, G. A., and Sabath, L. D. (2004). Clinical relevance of bacteriostatic versus bactericidal mechanisms of action in the treatment of Gram-positive bacterial infections. Clin. Infect. Dis. 38, 864–870. doi: 10.1086/381972

Sandberg, M. E., Schellmann, D., Brunhofer, G., Erker, T., Busygin, I., Leino, R., et al. (2009). Pros and cons of using resazurin staining for quantification of viable Staphylococcus aureus biofilms in a screening assay. J. Microbiol. Methods 78, 104–106. doi: 10.1016/j.mimet.2009.04.014

Sandoe, J. A., Wysome, J., West, A. P., Heritage, J., and Wilcox, M. H. (2006). Measurement of ampicillin, vancomycin, linezolid and gentamicin activity against enterococcal biofilms. J. Antimicrob. Chemother. 57, 767–770. doi: 10.1093/jac/dkl013

Stewart, P. S. (2002). Mechanisms of antibiotic resistance in bacterial biofilms. Int. J. Med. Microbiol. 292, 107–113. doi: 10.1078/1438-4221-00196

Thieme, L., Hartung, A., Tramm, K., Klinger-Strobel, M., Jandt, K. D., Makarewicz, O., et al. (2019). MBEC versus MBIC: the lack of differentiation between biofilm reducing and inhibitory effects as a current problem in biofilm methodology. Biol. Proced. Online 21:18.

Van den Driessche, F., Rigole, P., Brackman, G., and Coenye, T. (2014). Optimization of resazurin-based viability staining for quantification of microbial biofilms. J. Microbiol. Methods 98, 31–34. doi: 10.1016/j.mimet.2013.12.011

Zhanel, G. G., Calic, D., Schweizer, F., Zelenitsky, S., Adam, H., Lagacé-Wiens, P. R., et al. (2010). New lipoglycopeptides: a comparative review of dalbavancin, oritavancin and telavancin. Drugs 70, 859–886. doi: 10.2165/11534440-000000000-00000

Zimmerli, W., and Sendi, P. (2019). Role of rifampin against staphylococcal biofilm infections in vitro, in animal models, and in orthopedic-device-related infections. Antimicrob. Agents Chemother. 63, e01746–18.


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Thieme, Hartung, Tramm, Graf, Spott, Makarewicz and Pletz. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




[image: image]


OPS/images/fmicb-12-645180/fmicb-12-645180-g001.jpg
m2CP

=
g
=
S <«
g A
-m 2
" £ 0
* o = B
o QO
o
—_— =
o
O <
A
vy
4 o
-
vy
ol
o
=
|
fe=] = = =] (=] = =1 = =] = (=}
B R R EEEw B
(Jonuos [oueyje-uou Jo juadiad)
Surureway wyyorg
pSourdnian J
!
o
{2
=¥
@)
L e
' f ] 0
2«
o
| g8
W o=
* _ a8 O
* v B
5
8§ <
o A
QT N
i =
“ B
v
o
©
i

o ] = (=] ] o o (=] (=} (=]
v = W = Ug] (=] v [=] wy
< =t [ag] on o ] — —_

(Jonuos joueyja-uou Jo yuadrad)
Surureway wyjorg
Sna.np °g






OPS/images/fmicb-12-645180/fmicb-12-645180-g002.jpg
Percent viability

120

100

20

ok

62.5 250 500 1000
Concentration (1g/ml)

oT2DA mC2DA m2CP





OPS/images/fmicb-12-645180/fmicb-12-645180-g003.jpg
Concceentration 2CP (ng/uL)

o

[

o

-

w

)

1 1.5
Time (hrs)

[8)

Irgacure 2959
concentration

0%
——0.005%
——0.01

< 0.05

o

IS

Concentration C2DA (ng/plL)
“ w

Irgacure 2959
concentration
0%
——0.005%
——0.01%

—-0.05%

60
Time (min)

80

100

120






OPS/images/fmicb-12-645180/fmicb-12-645180-t001.jpg
MBIC for 2CP (alone) MBIC for 2CP MBIC for antibiotic MBIC for antibiotic FICI Interpretation
(ng/ml) (combined) (ng/ml) (alone) (Lg/ml) (combined) (ng/ml)
S. aureus
Tobramycin 1000.0 31 4.0 2.0 0.531 Additive
Tetracycline 1000.0 63 1.0 1.0 1.06 Indifferent
Levofloxacin 1000.0 500 1.0 0.3 0.8 Additive
MBIC for C2DA MBIC for C2DA MBIC for antibiotic MBIC for antibiotic FICI Interpretation
(alone) (Lg/ml) (combined) (ng/ml) (alone) (rg/ml) (combined) (ng/ml)
Tobramycin 1000.0 500 4.0 2.0 1.0 Additive
Tetracycline 1000.0 250 1.0 0.5 0.75 Additive
Levofloxacin 1000.0 250 1.0 0.5 0.75 Additive
MBIC for T2DA MBIC for T2DA MBIC for antibiotic MBIC for antibiotic FICI Interpretation
(alone) (rg/ml) (combined) (ng/ml) (alone) (Lg/ml) (combined) (ng/ml)
Tobramycin 1000.0 500 4.0 2.0 1.0 Additive
Tetracycline 1000.0 250 1.0 0.5 0.75 Additive
Levofloxacin 1000.0 250 1.0 0.5 0.75 Additive

Minimum biofilm inhibitory concentration (MBIC) for 2CP. C2DA, and T2DA against S. aureus when treated alone or combined with tobramycin, tetracycline, or levofloxacin.
MBIC of each antibiotic against S. aureus alone is also included. These values were used in Equation 1 to determine the fractional inhibitory concentration index for each
fatty acid/antibiotic combination. FICI values less than or equal to 0.5 indicate synergy, values between 0.5 and 1 indicate additivity, values between 1 and 2 indicate
indifference, and values above 2 indicate antagonism.
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Strain name Antibiotic resistance Description

ST1792*
ST239%
USA300
RN4220
PJI_32

PJI_27

PJI_18

PJI_55

PJI_58

PJI_57
RN4220-sfGFP
ST1792-sfGFP

MSSA
MRSA
MRSA
MSSA
MRSA
MRSA
MRSA
MSSA
MSSA
MSSA
MSSA
MSSA

Isolated from PJls patients
Isolated from PJls patients
CA-pneumonia
Restriction minus and modification plus strain
Isolated from PJls patients
Isolated from PJls patients
Isolated from PJls patients
Isolated from PJls patients
Isolated from PJls patients
Isolated from PJls patients
Fluorescence labeled strain
Fluorescence labeled strain

*All of the strains are grown in TSBG at 37° CHMLST type 1792. &MLST type 239.
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Primer name

gyrB_F
gyrB_R
aur_F
aur_R
sSpA_F
sspA_R
sspB_F
sspB_R
splA_F
splA_R
spIB_F
spIB_R
splc_F
splc_R
spID_F
spID_R
splE_F
splE_R

Sequence (5'-3)

TTGGTACAGGAATCGGTGGC
TCCATCCACATCGGCATCAG
ATGGTGATGGTGATGGTCGC
TTGACATGCTGCGTAAAGCG
CGCAGTCAAGCAAACAGCAA
CCTACAACTACACCGGAAGCA
ACGGTAAATCACAAGGCAGAGA
AGCGCATGTCCTAAATGTGG
CCCGGAAAAGAAGACCTTGC
TTTCACTTTTGCTCCGTCTGC
GGCAGGGGCTAAAGCTGGTG
TCTACTGACATCACAGGGCCAG
TGCAGTCGTTGAAGAGACACA
CACCGTTTGGATGGGCAGTA
GGCAGCTCTGGTTCACCTAT
ACCTTGTACTTTCACCTGTTGGT
AACCAGGCAACTCAGGTTCAG
TATTTCCAGGGCCGTTTCCAC
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MBIC for 2CP (alone) MBIC for 2CP MBIC for antibiotic MBIC for antibiotic FICI Interpretation
(ng/ml) (combined) (ng/ml) (alone) (Lg/ml) (combined) (ng/ml)
P. aeruginosa
Tobramycin 4,000 31 0.5 0.25 0.508 Additive
Tetracycline 4,000 1,000 32 16 0.75 Additive
Levofloxacin 4,000 1,000 4.0 2 0.75 Additive
MBIC for C2DA MBIC for C2DA MBIC for antibiotic MBIC for antibiotic FICI Interpretation
(alone) (Lg/ml) (combined) (ng/ml) (alone) (rg/ml) (combined) (ng/ml)
Tobramycin 4,000 125 0.5 0.25 0.531 Additive
Tetracycline 4,000 500 32 16 0.625 Additive
Levofloxacin 4,000 4,000 4.0 4.0 2.0 Indifferent
MBIC for T2DA MBIC for T2DA MBIC for antibiotic MBIC for antibiotic FICI Interpretation
(alone) (rg/ml) (combined) (ng/ml) (alone) (Lg/ml) (combined) (ng/ml)
Tobramycin 4,000 125 0.5 0.3 0.631 Additive
Tetracycline 4,000 1,000 32 16 0.75 Additive
Levofloxacin 4,000 4,000 4.0 4.0 2:0 Indifferent

Minimum biofilm inhibitory concentration (MBIC) for 2CR C2DA, and T2DA against P aeruginosa when treated alone or combined with tobramycin, tetracycline, or
levofloxacin. MBIC of each antibiotic against P. aeruginosa alone is also included. These values were used in Equation 1 to determine the fractional inhibitory concentration
index for each fatty acid/antibiotic combination. FICI values less than or equal to 0.5 indicate synergy, values between 0.5 and 1 indicate additivity, values between 1 and
2 indicate indiifference, and values above 2 indicate antagonism.
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MBEC for 2CP MBEC for 2CP MBEC for antibiotic MBEC for antibiotic FBEC Interpretation
(alone) (Lg/ml) (combined) (g/ml) (alone) (ng/ml) (combined) (ng/ml)
S. aureus
Tobramycin 1,000 31.25 2.5 1.25 0.531 Additive
Tetracycline 1,000 125 1.25 0.625 0.625 Additive
Levofloxacin 1,000 250 1 0.25 0.5 Synergistic
MBEC for C2DA MBEC for C2DA MBEC for antibiotic MBEC for antibiotic FBEC Interpretation
(alone) (Lg/ml) (combined) (j.g/ml) (alone) (Lg/ml) (combined) (ng/ml)
Tobramycin 1,000 125 2.5 1.25 0.625 Additive
Tetracycline 1,000 500 1 0.25 0.75 Additive
Levofloxacin 1,000 125 1 0.25 0.375 Synergistic
MBEC for T2DA MBEC for T2DA MBEC for antibiotic MBEC for antibiotic FBEC Interpretation
(alone) (Lg/ml) (combined) (g/ml) (alone) (rg/ml) (combined) (ng/ml)
Tobramycin 1,000 125 2.5 1:25 0.625 Additive
Tetracycline 1,000 500 1 0.25 0.75 Additive
Levofloxacin 1,000 500 1 0.25 0.75 Additive

Minimum biofilm eradication concentration (MBEC) for 2CF, C2DA, and T2DA against S. aureus biofilm when treated alone or combined with tobramycin, tetracycline, or
levofloxacin. MBEC of each antibiotic against S. aureus alone is also included. These values were used in Equation 2 to determine the fractional inhibitory concentration
index for each fatty acid/antibiotic combination. FBEC index values less than or equal to 0.5 indicate synergy, values between 0.5 and 1 indicate additivity, values between
1 and 2 indicate indifference, and values above 2 indicate antagonism.
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MBEC for 2CP MBEC for 2CP MBEC for antibiotic MBEC for antibiotic FBEC Interpretation
(alone) (Lg/ml) (combined) (g/ml) (alone) (ng/ml) (combined) (ng/ml)
P. aeruginosa
Tobramycin >4,000 250 500 150 0.363 Synergistic
Tetracycline >4,000 ND ND ND ND ND
Levofloxacin >4,000 250 312 78 0.313 Synergistic
MBEC for C2DA MBEC for C2DA MBEC for antibiotic MBEC for antibiotic FBEC Interpretation
(alone) (Lg/ml) (combined) (j.g/ml) (alone) (Lg/ml) (combined) (ng/ml)
Tobramycin >4,000 250 2500 625 0.313 Synergistic
Tetracycline >4,000 ND ND ND ND ND
Levofloxacin >4,000 500 312 78 0.375 Synergistic
MBEC for T2DA MBEC for T2DA MBEC for antibiotic MBEC for antibiotic FBEC Interpretation
(alone) (Lg/ml) (combined) (g/ml) (alone) (rg/ml) (combined) (ng/ml)
Tobramycin >4,000 250 2,500 625 0.313 Synergistic
Tetracycline >4,000 ND ND ND ND ND
Levofloxacin >4,000 500 312 78 0.375 Synergistic

Minimum biofilm eradication concentration (MBEC) for 2CP, C2DA, and T2DA against P. aeruginosa biofilm when treated alone or combined with tobramycin, tetracycline,
or levofloxacin. MBEC of each antibiotic against P aeruginosa alone is also included. These values were used in Equation 2 to determine the fractional inhibitory
concentration index for each fatty acid/antibiotic combination. FBEC index values less than or equal to 0.5 indicate synergy, values between 0.5 and 1 indicate additivity,
values between 1 and 2 indicate indifference, and values above 2 indicate antagonism.
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Manufacturer

UrgoClean® Urgo GmbH, Chenbve, France

Sorelex® Contipro C, Dolni Dobrou¢, Czech
Republic

Suprasorb® Lohmann&Rauscher GmbH,

P + PHMB Rengsdorf, Germany; Vienna, Austria

UrgoClean® Ag Urgo GmbH, Chendve, France

IODOSORB™ Smith & Nephew GmbH, Hull, England

Dressing

Material

Cohesive polyabsorbent polyacrylate fibers; TLC wound
matrix®; non-adhesive

Permeable, gel-forming bioactive gauze, releases octenidine
hydrochloride, and sodium hyluronat; non-adhesive

Semi permeable top film on polyurethane foam layer
impregnated with and releasing PHMB; non-adhesive
Cohesive polyabsorbent polyacrylate fibers; TLC wound
matrix®; silver ion coating; non-adhesive

Beats of cadexomer (dextrin and epichlorhydrin) on gauze
backing release iodine; non-adhesive

Active agent (concentration)

None

Octenidine di-hydrochloride
(not indicated)

Polyhexanide
(0.25-0.65 mg/cm?)

lonic silver (0.50 mg/cm?)

lodine (0.90% w/w)

Data of manufacturer, material, mechanism of action and contained substance concentration. Information has been obtained from the manufacturer.
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Parameters Azithromycin Plasma Lung ELF
Crax(irg/L) 0.954+0.30 82.00 +26.10
Tmax (h) 2.00 £ 0.00 2.00 +0.00
AUCq.24 (ng.h/L) 5.91 £0.62 508.11 + 63.54
AUCi¢ (g.h/L) 6.92 £ 0.91 594.88 + 77.68

Values are presented as mean + SD, n = 3.
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Antibiotic

Calculated BBC (mg/L)

Strain SGT (= BBCsgr) Resazurin (= BBCggsa) Agar plating (= BBCagar)
Dalbavancin S. aureus 4002 8 16 >32
4733 4 2 >8
1642/1 4 4 >8
E. faecium 24498 8 8 >16
12713 2 16 >64
17129 128 256 >256
Rifampicin S. aureus 4002 4 4 >8
4733 0.125 0.125 >16
1642/1 2 2 >8
Gentamicin E. faecium 24498 64 64 64
12713 128 128 128
17129 >2,048 >2,048 >2,048

The BBC is defined as the lowest concentration leading to 99.9% eradication of the biofim (= 3 log1o CFU/mL reduction). SGT, Start-Growth-Time.
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Microbial species Source References

mic? MBC/MFG?

ATCC25923 Reference strain Quetal, 2020 10% 20%
APS 18 The Alfred Hospital Unpublished 10% 20%
APS 19 The Alfred Hospital Unpublished 20% 40%
APS 27 ‘The Alfred Hospital Unpublished 20% 20%
APS 28 ‘The Alfred Hospital Unpublished 10% 20%
APS 29 The Alfred Hospital Unpublished 20% 20%
Staphylococcus epidermidis Reference strain Quetal, 2020 20% 20%
RP62A

Staphylococcus epidermidis RCH¢, Melbourne Quetal., 2010a 5% 10%
RCH3

Staphylococcus epidermidis RCH, Melbourne Quetal., 2010a 10% 20%
RCHS5

Staphylococcus capitis RCH, Melbourne Quetal., 2010a 10% 20%
RCH6

Staphylococcus epidermidis RCH, Melbourne Quetal, 2010a 20% 20%
RCH7

Staphylococcus epidermidis RCH, Melbourne Quetal, 2010a 10% 10%

]
9
oo
&

PAOT Reference strain Quetal., 2020 40% 40%
A0064 The Alfred Hospital Unpublished 40% 40%
80021 The Alfred Hospital Unpublished 40% 40%
00108 The Alfred Hospital Unpublished 40% 40%
L0024 The Alfred Hospital Unpublished 20% 20%
E0033 The Alfred Hospital Unpublished 40% 40%
Candidaspp.
Candlda albicans SC5314 Reference strain Quetal, 2020 20% 40%
Candda albicans APY49 The Alfred Hospital Quetal, 2016 40% 40%
Candida albicans \WC2 WMU® Wuetal, 2019 40% 40%
Candida albicans WG4 WMU Wuetal, 2019 40% 40%
Candida glabrata The Alfred Hospital Unpublished >40% >40%
Candda parapsilosis The Alfred Hospital Unpublished >40% >40%

"Antimicrobial activity of MAWG against clinical isolates was determined using broth microdilution assays, and the resits were determined by viable counts, instead of examining
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Staphylococcus aureus Staphylococcus epidermidis Pseudomonas aeruginosa Candida albicans

ATCC 25923 RP62A PAO1 SC5314.
MBICs MBEC MBIC; MBEC MBICs, MBEC MBICs MBEC
MAWG 30% >80% 50% >80% >80% >80% 30% >80%
Mixed sugar >80% >80% 70% >80% >80% >80% 70% >80%
MGO >80% >80% >80% >80% >80% >80% >80% >80%

The biofilm MIC (BMICs,) refers to the lowest concentration of antimicrobials that is resulted in a 50% reduction of biofilm growth. Minimum biofilm eradication concentration (MBEC)
refers to the lowest concentration of antimicrobial agents that completely kil embecided biofim cells, showing no visible growth in the recovery medium usedto collect biofim cels
alter revival (Vacia et al, 2014).
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Application

Analysis of biofilm viability using
confocal microscopy (live/dead), crystal
violet assay and electrochemistry for
studies investigating the role of HIFU
exposure at various acoustic pressures
Mutant where cdrA gene is fused with
unstable Gfp plasmid; (i) Used for
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determination in EPS staining study
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