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Abstract

:

The choice of effective biocides used for routine hospital practice should consider the role of disinfectants in the maintenance and development of local resistome and how they might affect antibiotic resistance gene transfer within the hospital microbial population. Currently, there is little understanding of how different biocides contribute to eDNA release that may contribute to gene transfer and subsequent environmental retention. Here, we investigated how different biocides affect the release of eDNA from mature biofilms of two opportunistic model strains Pseudomonas aeruginosa ATCC 27853 (PA) and Staphylococcus aureus ATCC 25923 (SA) and contribute to the hospital resistome in the form of surface and water contaminants and dust particles. The effect of four groups of biocides, alcohols, hydrogen peroxide, quaternary ammonium compounds, and the polymeric biocide polyhexamethylene guanidine hydrochloride (PHMG-Cl), was evaluated using PA and SA biofilms. Most biocides, except for PHMG-Cl and 70% ethanol, caused substantial eDNA release, and PHMG-Cl was found to block biofilm development when used at concentrations of 0.5% and 0.1%. This might be associated with the formation of DNA–PHMG-Cl complexes as PHMG-Cl is predicted to bind to AT base pairs by molecular docking assays. PHMG-Cl was found to bind high-molecular DNA and plasmid DNA and continued to inactivate DNA on surfaces even after 4 weeks. PHMG-Cl also effectively inactivated biofilm-associated antibiotic resistance gene eDNA released by a pan-drug-resistant Klebsiella strain, which demonstrates the potential of a polymeric biocide as a new surface-active agent to combat the spread of antibiotic resistance in hospital settings.
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1. Introduction


The risk of multi-drug and pan-drug-resistant bacterial infections during or after a hospital stay is increasing worldwide. According to the WHO (2009), in general, health-care-associated infections in Europe lead to death in at least 2.7% of the cases and accounts for 135,000 deaths per year. According to the National Expert Group on Infection Control (https://negic.ua/eng/, accessed on 1 September 2021), there are up to 1 million cases of hospital-acquired infections and 50,000 deaths occurring in Ukraine each year. Each drug-resistant bacterium can contribute antibiotic resistance genes (ARGs), or resistome, to the hospital environment. This includes ARGs located within bacterial genomes (intracellular DNA) as well as cell-free ARGs in extracellular DNA (eARGs).



Microbial eDNA is ubiquitous and can be found everywhere where microbial life is present. It is released by the process of cell death and lysis and may be secreted by living cells, but is not enclosed in living cells, may not remain with the cells from which it originated, and may persist for some time before it is finally degraded [1]. eDNA is involved in microbial survival, often contributes to the structure of biofilms as a matrix component [2,3,4,5,6,7,8], and acts to preserve a dynamic pool of genes via horizontal gene transfer (HGT) within the biofilm community. ARGs are an important source for naturally occurring HGT [9,10,11] via transduction and conjugation. In contrast, the spread of eARGs by transformation and outer-membrane-vesicle-associated transport seems to be underestimated [1,12].



Over the last few years, investigations of eDNA distributions and its role in various resistomes have increased considerably. However, research mainly focuses on the wastewater environmental resistome, while the source and fate of eARGs in other environments, including hospital-associated niches, remain largely overlooked. For instance, while PubMed Central (https://www.ncbi.nlm.nih.gov/pmc, accessed on 1 March 2021) contains over 7000 references for “eDNA + water” and “eDNA + hospital”, less than 2000 references can be found for “eDNA + antibiotic resistant gene” and “eDNA + antibiotic resistant gene + hospital.” Nevertheless, an analysis of eARGs in aquatic sediments and water can potentially provide insights into the role of these eARGs as part of the environmental antibiotic resistome. eARGs persist more easily in sediments, which makes them more available for transformation [13]. HGT of such clinically significant eARGs (containing, for example, extended-spectrum beta-lactamases and carbapenem-resistant genes) can then transform environmentally harmless bacteria into pathogens that may then pose a threat to human health. A good demonstration of the importance of HGT in the evolution of human pathogens can be found in water-borne Vibrio cholera, where the ability to take up eDNA (competence) is induced by chitin, which is abundant in aquatic habitats [14].



In contrast, little is known about the impact of eDNA on the hospital resistome [13]. Hospital sewage systems are the source of persistent and recombinant blaKPC plasmids, which cause hospital-acquired infections in patients [15]. Hospital wastewater sludge is a prime source of eARGs, with a higher abundance of eARGs than normal wastewater sludge, pharmaceutical factory waste, lake sediments, or swine manure [16]. Hospital materials [17,18,19]; furniture [20]; and small items, such as stethoscopes [21], mobile phones [22,23,24,25], and keyboards [26], are also known to be the source of hospital-associated infections, and even dust plays an important part in the deposition and transmission of ARGs [27] in the hospital environment. Ironically, poor or incomplete cleaning of surfaces with bacterial colonies or biofilms with biocides may release intracellular DNA, which might then persist as eDNA until it degrades or is removed by subsequent cleaning (a combination of mechanical and chemical cleaning is needed to remove dried DNA effectively from surfaces [28]). While assessments of the effectiveness of disinfectants on biofilms largely concentrate on cell survival [29], little is reported about the amount of DNA released, whether it is soluble, whether it remains associated with cell debris or complexes with compounds (including disinfectants), or its persistence in the environment post cleaning.



Bacterial-biofilm-forming communities producing eDNA containing ARGs as well as eARGs no longer associated with biofilms, therefore, pose a significant problem in modern health-care environments. ARGs can spread throughout a hospital econiche by plasmid transfer, in the genomes of bacteriophages and as naked linear DNA [9,10]. There are only a limited number of studies in which the susceptibility of bacterial communities and eDNA to different biocides have been evaluated, and HGT may still be possible when cell-damaging biocides have been deployed but have failed to kill all bacteria in a biofilm [30,31]. The aim of our research was to evaluate the effect of different biocides on eDNA in biofilms produced by model hospital opportunistic pathogens, with a specific focus on the use of the polymeric biocide polyhexamethylene guanidine hydrochloride (PHMG-Cl) as a potential DNA-deactivating biocide.




2. Results


2.1. Effects of Different Biocides on DNA Release from PA and SA Biofilms


To investigate how much eDNA could potentially be released from biofilm contamination likely to be found in hospital environments following treatment with biocides, we used dehydrated 5-day-old Pseudomonas aeruginosa ATCC 27853 (PA) and Staphylococcus aureus ATCC 25923 (SA) biofilms to mimic dried biofilm material likely to be found on a variety of surfaces [32]. The preparation of the dehydrated samples was likely to cause some cell damage and the release of intracellular DNA, adding to the eDNA that had accumulated during the growth of the biofilms before drying. We considered both the pre-existing eDNA and freshy released DNA to be eDNA in the context of our assays, as eDNA is released by both living and dead cells [1]. Any further contribution to eDNA levels by biocides could then be assessed by comparison with water-only controls (which lacked biocide treatment). The water-only treatment might release some DNA from cells that survived the preparation of the dehydrated samples through osmotic shock, but it is more likely that in this control, DNA is solubilized from cell debris and the original eDNA of the biofilm (we note that both PA and SA are isolated from fresh and drinking water, indicating that they are adapted to hypo-osmotic conditions [33,34]).



We tested these biofilms with a number of biocides used frequently in the National Children’s Specialized Hospital Okhmatdyt (Kiev, Ukraine), including hydrogen peroxide; ethanol; isopropanol-based Desmanol; 0.05% chlorhexidine; and commercially available mixtures of quaternary ammonium compounds, such as Maxisan, Arquades-plus, and Sanikon; plus the polymeric cationic biocide polyhexamethylene guanidine hydrochloride (PHMG-Cl), which we had previously used in the synthesis of a new thermally stable polymeric biocide polyhexamethylene guanidine 2-naphtalenesulfonate to modify polyamide 11 [35]. After 1 h of exposure of the biofilms to the biocide, we isolated eDNA from the biofilms and measured eDNA yields compared to a water-only control treatment (Figure 1). This demonstrated that eDNA release from biofilms (i.e., pre-existing eDNA or DNA released from biocide-damaged cells) differed depending on both the biofilm and the biocide.



We also visualized the released eDNA by gel electrophoresis, which confirmed that PHMG-Cl reduces eDNA yield from PA biofilms compared to the water-only control treatment. The eDNA was a mix of high-molecular-weight DNA, with substantial amounts remaining in the wells after electrophoresis, and highly degraded DNA. In contrast, PHMG-Cl, alcohols, quaternary ammonium compounds, and 3% hydrogen peroxide were able to reduce the eDNA yield from SA biofilms (Figure 2), in agreement with our direct measurement of eDNA concentrations.



Surprisingly, the eDNA released from the dehydrated biofilms after their exposure to biofilms was largely undamaged, as assessed by PCR of 16S rDNA (Figure 3). However, PCR amplification of the PHMG-Cl samples failed, suggesting that, in addition to reducing eDNA yield, this biocide was complexing with the eDNA to prevent the amplification of the target sequence.




2.2. Anti-Biofilm Activity of PHMG-Cl against PA and SA Biofilms


Given the effectiveness of PHMG-Cl in inactivating the eDNA released from dehydrated biofilms, we tested PHMG-Cl to see if it could also suppress or inhibit the growth of PA and SA biofilms in situ. We treated 24 h old biofilms with different concentrations of PHMG-Cl and then determined metabolic activity using MTT (Figure 4). In this assay, the lowest concentration of PHMG-Cl that was not significantly different from the EtOH-treated (dead) negative control biofilm but significantly lower than the water-treated (live) positive control was biocidal. For the PA biofilm, the biocidal concentration was 0.1%, and for the SA biofilm, it was 0.5% PHMG-Cl. Increasing concentrations of PHMG-Cl also reduced eDNA yield from biofilms (Figure 5). At 0.5% PHMG-Cl, the eDNA yield was reduced to less than a quarter of that from the water-treated positive PA control biofilm and to around one-third of that from the SA control biofilm.



The spatial distribution of eDNA in PA and SA biofilms treated with water only and those treated with 0.5% PHMG-Cl was also investigated by CLSM, with PI used to visualize eDNA and dead cells and SYBR Green used to visualize intracellular DNA in living cells with undamaged membranes [36] (Figure 6). As was expected, the eDNA could be visualized in 3-day-old PA and SA biofilms and in these water-only controls, the DNA was specifically eDNA that had accumulated during the development of the biofilm, as no biocide treatment was applied that might have damaged cells and caused the release of intracellular DNA. However, PHMG-Cl had different effects on the biofilms, which may reflect the differences between PA and SA biofilm structures and cell wall organization. In PA biofilms, PHMG-Cl caused substantial lysis of cells and the formation of large eDNA filaments. Conversely, in SA biofilms, PHMG-Cl caused substantial cell damage and a lot of the eDNA on the top surface of the biofilm was lost. In both biofilms, cell damage appeared to result in decompaction and an increase in biofilm thickness. We noted that the SYBR Green signal was enhanced after PHMG-Cl treatment, presumably because the damage to cell walls and membranes allowed greater penetration of the cell and binding intracellular DNA (SYBR Green has a relative MW of approx. 510, compared with 670 for PI, explaining why the PI signal did not seem to show a similar increase in strength if it could also access cells through damaged membranes).




2.3. Inactivation of DNA by PHMG-Cl


PHMG-Cl was the only biocide found to prevent the PCR amplification of 16S rDNA target sequences from eDNA samples (Figure 3). We, therefore, speculated as to how eDNA inactivation might have occurred, given that measurable quantities of eDNA could still be recovered from PHMG-Cl-treated biofilms. We first extracted eDNA from PA biofilm samples in a manner that avoided contamination by intracellular DNA and used an electrophoretic mobility assay to determine whether PHMG-Cl formed DNA complexes that might prevent PCR amplification. PA eDNA treated with 0.001–0.01% PHMG-Cl did not affect the intrinsic charge of DNA molecules, but concentrations of 0.05–0.5% PHMG-Cl effectively neutralized the DNA, which was then lost during gel electrophoresis (Figure 7). However, it is not clear from this assay whether PHMG-Cl binding was co-operative or not, but we assume that 0.05% PHMG-Cl was sufficiently saturating to bind all surface sites. Dialysis or deproteinization of the eDNA–PHMG-Cl reaction mixture had little impact on electrophoresis, suggesting that these complexes were stable and not dependent on the presence of DNA-binding proteins that may have co-isolated with the eDNA (the presence of eDNA was confirmed by NanoDrop spectrophotometry, demonstrating that DNA was not lost during processing). PHMG-Cl also complexed with covalently closed circular (CCC) and linear forms of pC1-L plasmid DNA, suggesting that this process may not be too sensitive to DNA structure. Treatment of CCC and linear pC1-L also prevented PCR amplification of the LIF gene target sequence (Figure 8). We also included a mixture of PHMG-Cl-treated pC1-L DNA with untreated pC1-L DNA in this PCR assay, which demonstrated that once complexed with DNA, PHMG-Cl could not bind new DNA (suggesting a low dissociation constant for the DNA–PHGM-Cl complex) or directly interact with the Taq polymerase to prevent PCR amplification. These assays confirmed that treatment with 0.05% PHMG-Cl effectively inactivated a range of DNA, including eDNA as well as CCC and linear plasmid DNA.




2.4. Inactivation of eARG by PHMG-Cl


To confirm the direct inactivation of a model ARG in eDNA by PHMG-Cl, we extracted eDNA from biofilms of a pan-drug-resistant Klebsiella pneumoniae hospital isolate (UHI KP 1633). We confirmed that UHI KP 1633 was a pan-drug-resistant strain and was resistant to carbapenems and colistin and we used real-time PCR to amplify the carbapenemase (KPC) resistance gene from eDNA treated with PHMG-Cl (Figure 9). Real-time PCR was only able to detect KPC in the eDNA water-only control and samples treated with 0.001–0.005% PHMG-Cl but not in samples treated with higher concentrations of PHMG-Cl, in agreement with our earlier tests of PA eDNA and pC1-L plasmid DNA.




2.5. DNA-Inactivating Activity of PHMG-Cl Adsorbed onto Plastic Surfaces


PHMG-Cl is known to have strong absorptive properties, and slow-release from surfaces can provide long-lasting antibacterial defense [37,38]. We speculated whether the inactivation of DNA we had observed with PHMG-Cl added to dehydrated and growing biofilms and eDNA also occurred when the eDNA was allowed to dry onto plastic surfaces treated with PHMG-Cl. We treated 96-well polystyrene plates with PHMG-Cl and added PA eDNA and stored them at room temperature for up to 28 days before recovery of DNA and gel electrophoresis (Figure 10). Although the total amount of DNA recovered decreased with age, sufficient DNA remained after 28 days to demonstrate that surfaces treated with 0.5–1.0% PHMG-Cl could still inactivate eDNA and that 0.05–0.1% PHMG-Cl could also protect surfaces and inactivate eDNA for 4–8 days.




2.6. DNA Docking Assay


We undertook molecular docking using the DNA oligonucleotide 1DNE to investigate the mechanism that might allow the formation of DNA–PHMG-Cl complexes. 1DNE has been previously used in several studies to investigate the interaction of various ligands with DNA [39,40,41]. As we were interested in identifying PHMG-Cl interactions in both AT- and CG-rich regions, we modeled PHMG-Cl as a dimer following the approach used in studying DNA–PHMB dimer interactions [42]. We obtained a 1DNE DNA–PHMG dimer complex that was stabilized by six hydrogen bonds (1.97–3.20 Ǻ) and five electrostatic bonds (1.97–3.20 Ǻ), with five additional longer-range electrostatic interactions (4.42–5.13 Ǻ) occurring via the PHMG amino groups (Figure 11). The DA7, DT6, DT8, DC9, DT18, DA19, and DC21 nucleotide bases in 1DNE play a key role in stabilizing the complex. Our docking results showed the formation of the DNA–PHMG dimer complex with estimated binding energies of 7.8 kcal/mol predominantly at the AT base pair region of 1DNE.



We validated our approach by redocking the DNA intercalator Netropsin after ligand randomization [39,43] to 1DNA with an estimated binding energy of −7.7 kcal/mol after ligand randomization with an RMSD value for all atoms of 0.2 Ǻ. The similarity between the two estimated binding energies suggests that we selected the correct docking strategy for the PHMG dimer.





3. Discussion


3.1. Impact of Biocides on eDNA


Biofilms are a form of bacterial colonization of the environment [44,45,46,47]. eDNA is an extracellular matrix polymer found in the biofilms of many important opportunists, such as Acinetobacter baumannii, Enterococcus faecalis, Helicobacter pylori, P. aeruginosa, and Staphylococcus spp. [2,3,4,5,6,7,8]. It is an important structural element and is stabilized by functional amyloids and cross-linked with polysaccharides [8,48,49]. eDNA is also a source of nutrients and provides antibacterial, antibiotic-resistant, and regulatory activities [50,51,52] and has good adhesive properties in P. aeruginosa and Bacillus cereus biofilms in particular [4,53]. It has been traditionally considered as an inevitable attribute of microbial contamination, and in recent years, more attention has been paid to eDNA as a source of ARGs contributing to hospital resistomes. eDNA has finally been recognized as a contaminant that should be controlled to reduce HGT intensity and resistomes [7,54,55]. Similar to other resistance factors, eDNA in biofilms can be enhanced by sublethal doses of antimicrobials [56,57,58] and biocides [9,59], which result in hospital contamination [16]. It is, therefore, likely that the use of some biocides in hospitals may be counter-productive in controlling biofilms, eDNA, HGT, and resistomes.



A better understanding of how biocides affect the release of eDNA from biofilms and contribute to surface and water contaminants and dust particles is required. In this research, the effect of four groups of biocides on eDNA release from dehydrated biofilms produced by two model hospital pathogens, Pseudomonas aeruginosa ATCC 27853 and Staphylococcus aureus ATCC 25923, was studied. Interestingly, almost all the biocides tested, except for PHMG-Cl and 70% ethanol, caused substantial eDNA release that was a mixture of pre-existing eDNA accumulated during the growth of the biofilm samples and DNA freshly released from damaged cells as the result of the application of the biocide. The amount of eDNA released from these biofilms might be explained by structural differences between biofilms. PA biofilms are rich in eDNA, which plays not only a structural role but also an important physiological role, providing phenotypic resistance [48,50,51].




3.2. PHMG Blocks Biofilm Development


Cationic polymers are now being considered as a new generation of biocides due to their enhanced antimicrobial activity, as well as their low toxicity to human cells, compared to common low-molecular cationic surfactants [60,61]. A wide variety of biocidal cationic polymers comprising quaternary ammonium, pyridinium, phosphonium, and guanidinium cations in main chains or as pendant groups has been reported [60,61,62,63]. The high activity of cationic polymers against microorganisms is caused by the presence of multiple positive charges within a single molecule that are able to compensate the negative charges present on the outer cell membranes of microbes. Due to these strong electrostatic interactions, polycations are able to attack the cellular envelope and subsequently associate with the head groups of the acidic phospholipids. The presence of hydrophobic aliphatic chains in the cationic polymer structure ensures a better partition to the hydrophobic regions of the phospholipids membrane, resulting in a change in membrane permeability and lethal leakage of cytoplasmic materials [60,64]. So far, this has been the only established way of the action of polycationic antimicrobial polymers confirmed by numerous studies [60,65].



Polymeric cationic biocides incorporating guanidinium cations in the polymer backbone, such as polyhexamethylene biguanide hydrochloride (PHMB-Cl) and polyhexamethylene guanidine hydrochloride (PHMG-Cl), are often considered as cost-effective alternatives to common inorganic antimicrobial agents as they have high efficacy in killing antibiotic-resistant bacteria and fungi and low cytotoxicity [66,67,68,69,70]. Guanidinium-based cationic polymers are widely used as effective disinfectants in cooling systems, swimming pools, and hospitals; in personal hygiene products; as well as in the food industry [66,68,70,71].



Although bacterial-biofilm-forming communities pose a significant problem in modern healthcare environments, there are a limited number of studies investigating their susceptibility to existing biocides and cationic polymers such as PHMG-Cl have been tested on S. aureus in liquid cultures (planktonic state) as well as in biofilms [72] and have demonstrated an anti-biofilm activity that is significantly higher compared to that of common antimicrobial agents, including benzalkonium chloride, cetrimide, chlorhexidine, and cetylpyridinium chloride [73]. PHMG-Cl also demonstrated bactericidal advantages over chlorhexidine digluconate against ESKAPE bacteria [74].



To evaluate the biocidal effectiveness of PHMG-Cl, we measured the total metabolic activity of PA and SA biofilms, which confirmed that it is an effective antibacterial compound. Our testing again demonstrated a difference between PA and SA biofilms, with SA biofilms more resistant to PHMG-Cl, with a minimal effective anti-biofilm concentration of 0.5%, which was 5× lower than that needed for PA biofilms. However, the mechanism behind the effectivity of PHMG-Cl against biofilms or biofilm-resident cells is not yet understood for either Gram-negative or Gram-positive opportunistic pathogens. We noted that PHMG-Cl could effectively release pre-existing eDNA and DNA from damaged cells from the dehydrated biofilms that we used as a model surface contamination as well as from fully hydrated and growing biofilms, suggesting that this biocide might work well with both developing biofilms as well as biofilm residue.




3.3. PHMG Binds to DNA and Inhibits Its Functionality


Our molecular docking analysis of a PHMG dimer with a model DNA oligonucleotide suggests that the high anti-biofilm activity of PHMG-Cl may be associated with specific DNA binding in high-AT regions. DNA binding is also the likely explanation of why PHMG-Cl-treated eDNA and pC1-L plasmid did not enter agarose gels during electrophoresis and the failure of PCR to amplify target sequences. PHMG-Cl was able to inactivate genes, including ARGs, when used at 0.01–0.05%, and plastic surfaces treated with PHMG-Cl continued to show DNA deactivation for up to 28 days after application. For high-molecular-weight and degraded eDNA, there was a direct correlation between eDNA and PHMG-Cl concentrations needed to inactivate the DNA and 0.01% PHMG-Cl also inactivated CCC and linear plasmid DNA. A similar DNA-inactivation effect was observed earlier for polyamide films containing 7–10% PHMG-NS [32], where only the PHMG at the surface of the film was actively in contact with biofilm eDNA. There are some reports that polyhexamethylene biguanidine (PHMB) might bind selectively and condense bacterial chromosomes [42,74].



Selective binding and condensation of intracellular DNA might be one more mechanism inhibiting bacterial growth [74]. To investigate this effect and the spatial distribution of both eDNA and intracellular DNA in PA and SA biofilms, we applied the classical live/dead staining routinely used in microbiology [36], with PI used to visualize eDNA and the DNA of cells with damaged membranes and the membrane permeable SYBR Green to stain all DNA. As both dyes bind in the minor groove of DNA, fluorescence resonance energy transfer (FRET) results in eDNA and dead cells fluorescing only with a red emission [75]. We observed eDNA in both PA and SA biofilms as expected and found that PHMG-Cl treatment differentially impacted eDNA and biofilm structure. PHMG-Cl caused cell lysis and the formation of large eDNA filaments, and biofilm thickness increased in areas of acute cell damage. In SA biofilms, it appeared that a lot of the eDNA from the top surface of the biofilm had been lost despite the gentle washing we used in the treatment of the samples. Finally, we noted that the effects of PHMG were not confined to eDNA only. Similar to others [76], we noticed microscopic evidence of cell wall damage after PHMG-Cl treatment (Figure 12), confirming the generally accepted model of PHMG-Cl activity in which cell walls and membranes are affected. This is confirmed by our observation that after PHMG-Cl treatment, the SYBR Green signal was enhanced because of the easier access to the intracellular DNA through damaged membranes.





4. Materials and Methods


4.1. Synthesis of the Polymeric Biocide Polyhexamethylene Guanidine Hydrochloride (PHMG-Cl)


A mixture of guanidine hydrochloride (20 g, 0.21 mol) and hexamethylenediamine (23.1 g, 0.2 mol) was placed in a round-bottomed flask (500 mL) equipped with a mechanical stirrer (Scheme 1). This mixture was heated to 100 ºC and the melt was stirred for 4 h at this temperature. Further, the reaction was carried out for 4 h at 130–140 ºC, and finally 4 h at 180 ºC to obtain a highly viscous melt of PHMG-Cl. A vitreous solid was obtained after cooling the mixture to room temperature, which was then dissolved in water (200 mL), filtered, and precipitated by the addition of a saturated aqueous solution of sodium chloride (100 mL). PHMG-Cl was isolated by the decantation of the water solution and dried at 140 °C for 24 h before being powdered in a porcelain mortar. The final product had a melting point of 134–136 ºC and an intrinsic viscosity of 0.09 dL/g in 0.1 N NaCl at 25 °C. The molecular weight of PHMC-Cl was calculated using the Mark–Houwink equation [η] = K × Mα, where [η] is intrinsic viscosity, M is the viscosity-average molecular weight, α and K are parameters whose values depend on the nature of the polymer and the solvent. For the PHMG-Cl–water system, K = 1.83 × 10–3 and α = 0.38 at 25 °C [77]. Thus, the viscosity-average molecular weight of the synthesized PHMG-Cl was found to be 28,000.



NMR spectra of PHMG-Cl were recorded in DMSO-d6 on a Varian Gemini-2000 (400 MHz) spectrometer with the following results: 1H NMR (400 MHz, DMSO-D6): δ = 1.32 (m, 4H, CH2), 1.47 (m, 4H, N-CH2CH2), 3.16 (m, 4H, N-CH2), and 7.1–8.1 (br s, 4H, NH); 13C NMR: 25.3 (CH2), 28.1 (N-CH2CH2), 40.5 (N-CH2), and 156.6 (NH).




4.2. Biocides Used in the Assays


Seven biocides were used in addition to PHMG-Cl, i.e., 35% hydrogen peroxide (Khimpostachannia, Kharkiv, Ukraine); 96% ethanol (UkrSpirt Trade, Kiev, Ukraine); 0.05% chlorhexidine (Zdorovie, Kharkiv, Ukraine); Maxisan (Interdez, Kiev, Ukraine), which contained not less than 50% of a mix of four quaternary ammonium compounds; Arquades-plus (O. L. KAR, Vinnitsa, Ukraine), containing 10% dimethyldialkylammonium chloride, 5% didecyldimethylammonium chloride, and 2.5% tetrasodium salt); Desmanol (Schülke & Mayr GmbH, Germany), containing 75% isopropanol; and Sanikon (Interdez, Kiev, Ukraine), containing not less than 5.5% of a mix of four quaternary ammonium compounds.




4.3. Microorganisms and Culturing Conditions


Two model hospital opportunistic pathogens, Pseudomonas aeruginosa ATCC 27853 (PA) and Staphylococcus aureus ATCC 25923 (SA), were used to study the effects of biocides on established biofilms and eDNA yield. The Ukrainian hospital isolate Klebsiella pneumoniae 1633 (KP) was recovered from a patient and identified as a pan-drug-resistant (PDR) strain using antibiotic disc diffusion assays and EUCAST 2021 v.11.0 breakpoints. An AST-N332 card was used to confirm the PDR strain phenotype with the VITEK 2 Advanced Expert System. Antimicrobial susceptibility testing of CMS was performed by a SensiTest Colistin (Liofilchem, Roseto degli Abruzzi, Italy) broth microdilution assay and the results interpreted according to EUCAST breakpoints. Bacterial strains were cultured aerobically at 37 °C with shaking in a Luria–Bertani (LB) medium to provide inoculum [78]. Preliminary biofilm experiments showed that the surface–liquid interface biofilms produced by KP, PA, and SA were readily dislodged from glass vials or 96-well plates (this is an acknowledged problem in crystal staining biofilms) [79]. We therefore decided to produce biofilm samples for the assay without rinsing or washing. We noted that the samples will therefore contain a proportion of planktonic cells but that this will have a limited impact on our assays, as KP and SA lack flagella and the initial inoculum will not remain in the liquid column for long and all subsequent growth must be in biofilms. While PA is capable of flagella-mediated swimming, it is highly aerotaxic and most cells will accumulate at the air–liquid interface and in the meniscus region where biofilm growth dominates. We used water-only treatments to provide positive controls for some assays but do not believe these brief exposures to distilled water would lead to substantial cell lysis through hypo-osmotic shock, as both PA and SA are often isolated from fresh and drinking water and must, therefore, be able to cope with this stress [33,34]. For the biofilm inactivation assay, LB cultures were diluted to 10% and 200 µL aliquots transferred to the wells of a 96-well plate that was incubated at 37 °C for 24 h before the biocide inactivation assay. For CLSM and the eDNA yield assay, 10% dilutions were used to inoculate 30 mL glass vials (microcosms) containing 2–5 mL LB that were incubated statically at 37 °C for 3–5 days to produce biofilms [80]. The biofilms were air-dried at room temperature for 14 days before eDNA yield analysis. For CLSM, biofilms were grown in 5 mL stationary glass vials and samples recovered using a pipetter with cut 200 µL tips. The biofilm samples were gently placed onto microscope glass slides and the liquid drained off using filter paper. They were then treated with a PHMG-Cl solution for 30 min and gently washed with water using a pipetter to remove the biocide but limit any further physical damage before staining and imaging (see below).




4.4. Plasmids Used in the Study


The pC1-L plasmid containing the human LIF gene [81] was used to investigate the effect of biocides on covalently closed circular and linear plasmid DNA.




4.5. Biofilm Metabolic Assay


Aliquots of an aqueous PHMG-Cl solution were added to the wells of a 96-well plate with 24 h PA and SA biofilm cultures at final concentrations of 5%, 1%, 0.5%, 0.1%, 0.05%, 0.01%, 0.005%, and 0.001%, with eight replicates per treatment. These were incubated for 1 h at room temperature. A negative control sample was produced using 50% ethanol and a positive (live) control produced by adding sterile distilled water. MTT solution (Sigma-Aldrich, UK) was then added to each well to a final concentration of 0.05% and the mixture incubated at 37 °C for 3 h. Biofilms were removed from each well and placed in 1.5 mL plastic tubes, which were then centrifuged at 13,000× g for 15 min in an Eppendorf 5424 microcentrifuge (Eppendorf, Germany). The supernatant was discarded, and the pellet dissolved in 500 µL of DMSO. Metabolic activity was evaluated using absorbance measurements at 570 nm in a BioTek ELx800 microplate spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA). Net biofilm metabolic activity was calculated by subtracting the negative control values.




4.6. eDNA Yield Assay


Biocides were tested at different concentrations to determine eDNA yields. For this, 1 mL of 0.5%, 0.1%, and 0.05% PHMG-Cl; 6% and 3% hydrogen peroxide; 70% ethanol; 0.05% chlorhexidine; 0.25% Maxisan; 0.5% Arquadez-plus; 0.5% Desmanol; and 0.5% Sanikon were added to dehydrated PA and SA biofilms at room temperature and the mixtures kept for 1 h, with three replicates per treatment. A water-only treatment was again used as the positive control. eDNA was extracted from the liquid phase of each sample. Proteins were first removed with an equal volume of chloroform and DNA precipitated with 70% ethanol and 0.3 M sodium acetate (pH 8.0). DNA was then dissolved in TE buffer. The nucleic acid concentration was measured by a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Inc., Wilmington, DE, USA). DNA samples were then visualized by 1.2% agarose-TA gel electrophoresis and EtBr staining. GeneRuler 1 kb DNA Ladder (Thermo Fisher Scientific, Vilnius, Lithuania) was used as a size marker.




4.7. Biofilm eDNA Isolation


PA and KP biofilms were grown in 5 mL LB static vials at 37 °C for 5 days. The biofilms were then disintegrated by agitation for 5 min. Then, 5 mL of the biofilm suspension was centrifuged at 13,000× g for 15 min using a microcentrifuge and the supernatant recovered. The eDNA in the supernatant was precipitated with 70% ethanol and 0.3 M sodium acetate (pH 8.0) and then dissolved in TE buffer. The nucleic acid concentration was measured by NanoDrop.




4.8. PHMG-Cl Effects on eDNA and pC1-L Plasmid DNA


The eDNA isolated from PA 27853 and pC1-L DNA was treated with different PHMG-Cl concentrations. For this, 7 µL (6.7 µg) of eDNA and 7 µL (2.8 µg) of linear or covalently closed circular (CCC) pC1-L DNA was mixed with 3 µL of DNA loading buffer (Thermo Fisher Scientific, Vilnius, Lithuania) and final concentrations of 0.01% and 0.05% PHMG-Cl. Samples were placed in D-0530 dialysis tubing (Sigma, Saint Louis, MO, USA) and the samples dialyzed together to reduce the PHMG-Cl concentration by 10–7× in TE buffer. The DNA samples were visualized by gel electrophoresis.




4.9. PCR of 16S rDNA, LIF, and KPC Sequences


PCR was used to determine the effect of biocide treatment on DNA by amplifying 16S rDNA, LIF, and Klebsiella pneumoniae carbapenemase (KPC) target sequences. To amplify 16S sequences from eDNA samples, 25 µL PCR reaction mixtures (Taq PCR Kit, New England Biolabs, Ispwich, MA, USA) with 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492R (5′-TACGGYTACCTTGTTACGACTT-3′) primers were used [82]. Forward (5′-ATGAAGGTCTTGGCGGCAGG-3′) and reverse (5′-ACCTCCTGCTAGAAGGCCTG-3′) primers were used to amplify the LIF gene from pC1-L samples. PCR conditions involved an initial stage of 5 min at 95 °C. This was followed by 30 cycles at 95 °C for 30 s, 57 °C for 30 s, and 72 °C for 30 s and a final stage at 72 °C for 5 min. Purified genomic DNA was used as a positive control and the PCR products visualized by gel electrophoresis. KPC sequences were amplified using the AmpliSense MDR KPC/OXA-48-FL reagent kit (AmpliSense, Moscow, Russia) and the CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA).




4.10. Effect of PHMG-Cl-Treated Plastic Surface on eDNA


First, 10 µL of 1%, 0.5%, 0.1%, and 0.05% PHMG-Cl was placed into the wells of 96-well polystyrene plates, with three replicates per treatment. Then, the plates were allowed to dry at room temperature and left for 4, 8, 11, 15, 20, 25, and 28 days under the same conditions. Finally, 10 µL of 880 ng/µL eDNA from PA biofilms was added to the wells and the mixture incubated at room temperature for 1 h before nucleic acid concentrations were measured by NanoDrop and visualized by gel electrophoresis.




4.11. Molecular Docking Assay


Molecular docking was performed using the model DNA dodecamer (CGCGATATCGCG) used to study DNA-binding compounds (RCSB Protein Data Bank 1DNE: https://www.rcsb.org/structure/1dne, accessed on 1 March 2021) [83]. Chains A and B were used for docking, and the water molecules and the ligand were removed from the crystal structure using Accelrys DS 4.0 [84]. AutoDock Tools (ADT) 1.5.6 [85] was used to make the PHMG dimer ligand and add polar hydrogens to the DNA. The noBondOrder method was used to renumber all atoms including the new hydrogen atoms, and the Gasteiger method was used to calculate charges. ChemAxon Marvin Sketch 5.3.735 [86] was used to optimize the PHMG dimer structure. Energy minimization and optimization of the PHMG dimer ligand were performed by MOPAC2016 [87] using the Auto Optimization Tool (MMFF94s force field) [88]. Partial charges and torsion angles of the ligand were changed using ADT. The DNA structure and the PHMG dimer were used for molecular docking by AutoDock Vina 1.1.2 [89]. A grid box of 30 × 30 × 30 points was used with a spacing of 1 Å. The analysis and visualization of interactions were performed by Accelrys DS.




4.12. Confocal Laser Scanning Microscopy (CLSM)


Biofilm samples were stained with 5 µL of 100× SYBR Green (Invitrogen, Waltham, MA, USA) and 1 mM propidium iodide (PI) (Sigma, Gillingham, UK). No additional washing was applied so as to limit the physical disruption of biofilm structures through liquid movement. The samples were not fixed, and a cover slip was placed over the stained samples before imaging. CLSM analysis was undertaken using a Leica TCS SPE Confocal system with a coded DMi8 inverted microscope (Leica, Mannheim, Germany) and Leica Application Suite X (LAS X) Version 3.4.1. Images were acquired using excitation at 488 nm and emission collected at 490–580 nm for SYBR Green and excitation at 532 nm and emission collected at 537–670 for PI.




4.13. Transmission Electron Microscopy (TEM)


An overnight PA culture was diluted to 20% and PHMG-Cl added to final concentrations of 5%, 1%, 0.5%, 0.1%, 0.05%, and 0.01%. Samples were incubated at room temperature for 20 min before a 10 µL aliquot was placed onto a formvar covered grid and dried at room temperature. Then, 10 µL of 1% uranyl acetate (Sigma-Aldrich, Gillingham, UK) was dropped onto each grid and dried with filter paper. TEM was performed with a JEM-1400 transmission electron microscope (JEOL, Tokyo, Japan).




4.14. Statistical Analysis


Replicate data were processed using the statistical software package OriginPro 7.0 and MS Excel for Windows. All results are presented as the mean ± standard deviation. A value of p < 0.05 was considered statistically significant.





5. Conclusions


Our investigations clearly demonstrate that the biocides commonly used in hospitals can have a significant impact on the release of eDNA from bacterial biofilms. Some biocides, in particular PHMG-Cl, were found to block biofilm development and were able to complex with DNA in a manner predicted by molecular docking assays. PHMG-Cl binding to DNA altered the electrophoretic mobility of both high-molecular-weight and plasmid DNA and prevented the amplification of a target ARG gene from the eDNA isolated from a Klebsiella biofilm. PHMG-Cl was also found to inactivate DNA when used to treat plastic surfaces, up to 28 days after application. These findings demonstrate the potential of PHMG-Cl as a surface-active agent that can be used in hospital settings to help reduce the spread of antibiotic resistance by inactivating the eDNA commonly found in bacterial biofilms and by limiting the development of biofilms themselves.







Author Contributions


Conceptualization: O.V.M., S.Y.R. and N.P.K.; data curation: O.V.M.; formal analysis: O.V.M., S.P.R., S.Y.R., A.J.S. and G.P.; funding acquisition: O.V.M. and O.S.I.; investigation: O.V.M., T.P.B., O.S.I., L.O.M., I.P., V.V.P., K.L.R., S.Y.R., I.V.S., O.P.T. and S.P.R.; methodology: O.V.M., S.Y.R. and I.V.S.; project administration: O.V.M.; resources: O.V.M., S.Y.R. and S.P.R.; supervision: O.V.M.; visualization: O.V.M.; writing: O.V.M., G.P. and A.J.S. All authors have read and agreed to the published version of the manuscript.




Funding


This work was undertaken with the support of the National Research Foundation of Ukraine through the Leading and Young Scientists Research Support program and the research grant “Development of combined therapy for severe Klebsiella pneumoniae-associated nosocomial infections to overcome the antibiotic resistance” (2020.02/0246). O.V.M. and O.S.I. also acknowledge the Kyiv National University of Technologies and Design research grant “Development of a complex preparation of combined action based on collagen derivatives for the treatment of wound surfaces” (0120U101290) and the NATO SPS grant “Fighting maritime corrosion and biofouling with task-specific ionic compounds” (984834). O.V.M., S.Y.R. and I.P. also acknowledge the National Academy of Sciences of Ukraine research grant “Development of innovative methods for drug delivery and control of their action” (0117U002124).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data have been included in this manuscript (figures).




Acknowledgments


O.V.M. thanks Mykola Kovinya and OM Agro for consultation and technical support. O.V.M. also thanks I. Gilbert and D. Purves, Wellcome Centre for Anti-Infectives Research, University of Dundee, for support to participate in the “Setting our sights on infectious diseases” conference in 2019 and to L. Silver, LL Silver Consulting, NJ, USA, for productive discussions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sivalingam, P.; Poté, J.; Prabakar, K. Extracellular DNA (eDNA): Neglected and potential sources of antibiotic resistant genes (ARGs) in the aquatic environments. Pathogens 2020, 9, 874. [Google Scholar] [CrossRef] [PubMed]

	



Allesen-Holm, M.; Barken, K.B.; Yang, L.; Klausen, M.; Webb, J.S.; Kjelleberg, S.; Mollin, S.; Givskov, M.; Tolker-Nielsen, T. A characterization of DNA release in Pseudomonas aeruginosa cultures and biofilms. Mol. Microbiol. 2006, 59, 1114–1128. [Google Scholar] [CrossRef]

	



Thomas, V.C.; Hiromasa, Y.; Harms, N.; Thurlow, L.; Tomich, J.; Hancock, L.E. A fratricidal mechanism is responsible for eDNA release and contributes to biofilm development of Enterococcus faecalis. Mol. Microbiol. 2009, 72, 1022–1036. [Google Scholar] [CrossRef]

	



Vilain, S.; Pretorius, J.M.; Theron, J.; Brozer, V.S. DNA as an adhesion: Bacillus cereus requires extracellular DNA to form biofilm. Appl. Environ. Microbiol. 2009, 75, 2861–2868. [Google Scholar] [CrossRef]

	



Christner, M.; Heinze, C.; Busch, M.; Franke, G.; Hentschke, M.; Buhring, S.B.; Buttner, H.; Kotasinska, M.; Wischnewski, V.; Kroll, G.; et al. SarA negatively regylates Staphylococcus epidermidis biofilm formation by modulation exprtession of 1 MDa extracellular matrix binding protein and autolysis-dependent release of eDNA. Mol. Microbiol. 2012, 86, 394–410. [Google Scholar] [CrossRef]

	



Sahu, P.K.; Iyer, P.S.; Oak, A.M.; Pardesi, K.R.; Chopade, B.A. Characterization of eDNA from the clinical strain Acinetobacter baumannii AIIMS7 and its role in biofilm formation. Sci. World J. 2012, 2012, 973436. [Google Scholar] [CrossRef]

	



Grande, R.; Di Marcantonio, M.C.; Robuffo, I.; Pompilio, A.; Celia, C.; Di Marzio, L.; Paolino, D.; Codagnone, M.; Muraro, R.; Stoodley, P.; et al. Helicobacter pylori ATCC 43629/NCTC 11639 outer membrane vesicles (OMVs) from biofilm and planktonic phase associatied with extracellular DNA (eDNA). Front. Microbiol. 2015, 6, 1569. [Google Scholar] [CrossRef] [PubMed]

	



Schwartz, K.; Ganesan, M.; Payne, D.E.; Solomon, M.J.; Boles, B.R. Extracellular DNA facilitates the formation of functional amyloids in Staphylococcus aureus biofilms. Mol. Microbiol. 2016, 99, 123–134. [Google Scholar] [CrossRef]

	



Itzek, A.; Zheng, L.; Chen, Z.; Merritt, J.; Kreth, J. Hydrogen peroxide-dependent DNA release and transfer of antibiotic resistance genes in Streptococcus gordonii. J. Bacteriol. 2011, 193, 6912–6922. [Google Scholar] [CrossRef] [PubMed]

	



Hannan, S.; Ready, D.; Jasni, A.S.; Rogers, M.; Pratten, J.; Roberts, A.P. Transfer of antibiotic resistance by transformation with eDNA within oral biofilms. FEMS Immunol. Med. Microbiol. 2010, 59, 345–349. [Google Scholar] [CrossRef]

	



Nolan, L.M.; Turnbull, L.; Katrib, M.; Osvath, S.R.; Losa, D.; Lazenby, J.J.; Whitchurch, C.B. Pseudomonas aeruginosa is capable of natural transformation in biofilms. Microbiology 2020, 166, 995–1003. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, C.M.; Nielsen, K.M. Mechanisms of, and barriers to, horizontal gene transfer between bacteria. Nat. Rev. Genet. 2005, 3, 711–721. [Google Scholar] [CrossRef]

	



Domingues, S.; Nielsen, K.M. Membrane vesicles and horizontal gene transfer in prokaryotes. Curr. Opin. Microbiol. 2017, 38, 16–21. [Google Scholar] [CrossRef] [PubMed]

	



Meibom, K.L.; Blokesch, M.; Dolganov, N.A.; Wu, C.Y.; Schoolnik, G.K. Chitin induces natural competence in Vibrio cholerae. Science 2005, 310, 1824–1827. [Google Scholar] [CrossRef]

	



Mathers, A.J.; Crook, D.; Vaughan, A.; Barry, K.E.; Vegesana, K.; Stroesser, N.; Parikh, H.I.; Sebra, R.; Kotay, S.; Walker, A.S.; et al. Klebsiella quasipneumoniae provides a window into carbapenemase gene transfer, plasmid rearrangements, and patient interactions with the hospital environment. Antimicrob. Agents Chemother. 2019, 63, e02513-18. [Google Scholar] [CrossRef] [PubMed]

	



Dong, P.; Wang, H.; Fang, T.; Wang, Y.; Ye, Q. Assessment of extracellular antibiotic resistance genes (eARGs) in typical environmental samples and the transforming ability of eARG. Environ. Int. 2019, 125, 90–96. [Google Scholar] [CrossRef]

	



Wiener-Well, Y.; Galuty, M.; Rudensky, B.; Schlesinger, Y.; Attias, D.; Yinnon, A.M. Nursing and physician attire as possible source of nosocomial infections. Am. J. Infect. Control 2011, 39, 555–559. [Google Scholar] [CrossRef]

	



Lopez, P.-J.; Ron, O.; Parthasarathy, P.; Soothill, J.; Spitz, L. Bacterial counts from hospital doctors’ ties are higher than those from shirts. Am. J. Infect. Control 2009, 37, 79–80. [Google Scholar] [CrossRef]

	



Treakle, A.M.; Thom, K.A.; Furuno, J.P.; Strauss, S.M.; Harris, A.D.; Perencevich, E.N. Bacterial contamination of health care workers’ white coats. Am. J. Infect. Control 2009, 37, 101–105. [Google Scholar] [CrossRef]

	



Lax, S.; Smith, D.; Sangwan, N.; Handley, K.; Larsen, P.; Richardson, M.; Taylor, S.; Landon, E.; Alverdy, J.; Siegel, J.; et al. Colonization and succession of hospital-associated microbiota. Sci. Transl. Med. 2017, 9, eaah6500. [Google Scholar] [CrossRef]

	



Marinella, M.A.; Pierson, C.; Chenoweth, C. The stethoscope. A potential source of nosocomial infection? Arch. Intern. Med. 1997, 157, 786–790. [Google Scholar] [CrossRef]

	



Brady, R.R.W.; Wasson, A.; Stirling, I.; McAllister, C.; Damani, N.N. Is your phone bugged? The incidence of bacteria known to cause nosocomial infection on healthcare workers’ mobile phones. J. Hosp. Infect. 2006, 62, 123–125. [Google Scholar] [CrossRef] [PubMed]

	



Brady, R.R.W.; Verran, J.; Damani, N.N.; Gibb, A.P. Review of mobile communication devices as potential reservoirs of nosocomial pathogens. J. Hosp. Infect. 2009, 71, 295–300. [Google Scholar] [CrossRef] [PubMed]

	



Ulger, F.; Esen, S.; Dilek, A.; Yanik, K.; Gunaydin, M.; Leblebicioglu, H. Are we aware how contaminated our mobile phones with nosocomial pathogens? Ann. Clin. Microbiol. Antimicrob. 2009, 8, 7. [Google Scholar] [CrossRef] [PubMed]

	



Akinyemi, K.O.; Atapu, A.D.; Adetona, O.O.; Coker, A.O. The potential role of mobile phones in the spread of bacterial infections. J. Infect. Dev. Ctries. 2009, 3, 628–632. [Google Scholar] [CrossRef]

	



Bures, S.; Fishbain, J.T.; Uyehara, C.F.; Parker, J.M.; Berg, B.W. Computer keyboards and faucet handles as reservoirs of nosocomial pathogens in the intensive care unit. Am. J. Infect. Control. 2000, 28, 465–471. [Google Scholar] [CrossRef]

	



Li, X.; Wu, Z.; Dang, C.; Zhang, M.; Zhao, B.; Cheng, Z.; Chen, L.; Zhong, Z.; Yuhui, Y.; Xia, Y. A metagenomic-based method to study hospital air dust resistome. Chem. Eng. J. 2021, 406, 126854. [Google Scholar] [CrossRef] [PubMed]

	



Kampmann, M.-L.; Børsting, C.; Morling, N. Decrease DNA contamination in the laboratories. Forensic Sci. Int. Genet. Suppl. Ser. 2017, 6, e577–e578. [Google Scholar] [CrossRef]

	



Bridier, A.; Briandet, R.; Thomas, V.; Dubois-Brissonnet, F. Resistance of bacterial biofilms to disinfectants: A review. Biofouling 2011, 27, 1017–1032. [Google Scholar] [CrossRef]

	



Pearce, H.; Messager, S.; Maillard, J.Y. Effect of biocides commonly used in the hospital environment on the transfer of antibiotic-resistance genes in Staphylococcus aureus. J. Hosp. Infect. 1999, 43, 101–107. [Google Scholar] [CrossRef]

	



Jutkina, J.; Marathe, N.P.; Flach, C.F.; Larsson, D.G.J. Antibiotics and common antibacterial biocides stimulate horizontal transfer of resistance at low concentrations. Sci. Total Environ. 2018, 616–617, 172–178. [Google Scholar] [CrossRef] [PubMed]

	



Moshynets, O.; Chernii, S.; Chernii, V.; Losytskyy, M.Y.; Karakhim, S.; Czerwieniec, R.; Pekhnyo, V.; Yarmoluk, S.; Kovalska, V. Fluorescent β-ketoenole AmyGreen dye for visualization of amyloid components of bacterial biofilms. Methods Appl. Fluoresc. 2020, 8, 035006. [Google Scholar] [CrossRef] [PubMed]

	



Mena, K.D.; Gerba, C.P. Risk assessment of Pseudomonas aeruginosa in water. In Reviews of Environmental Contamination and Toxicology; Whitacre, D., Ed.; Reviews of Environmental Contamination and Toxicology (Continuation of Residue Reviews); Springer: Boston, MA, USA, 2009; Volume 201. [Google Scholar] [CrossRef]

	



Santos, G.A.C.; Dropa, M.; Rocha, S.M.; Peternella, F.A.S.; Razzolini, M.T.P. Staphylococcus aureus and methicillin-resistant Staphylococcus aureus (MRSA) in drinking water fountains in urban parks. J. Water Health 2020, 18, 654–664. [Google Scholar] [CrossRef]

	



Moshynets, O.; Bardeau, J.-F.; Tarasyuk, O.; Makhno, S.; Cherniavska, T.; Dzhuzha, O.; Potters, G.; Rogalsky, S. Anti-biofilm activity of polyamide 11 modified with thermally stable polymeric biocide polyhexamethylene guanidine 2-naphtalenesulfonate. Int. J. Mol. Sci. 2019, 20, 348. [Google Scholar] [CrossRef] [PubMed]

	



Feng, J.; Yee, R.; Zhang, S.; Tian, L.; Shi, W.; Zhang, W.-H.; Zhang, Y. A Rapid growth-independent antibiotic resistance detection test by SYBR Green/Propidium Iodide viability assay. Front. Med. 2018, 5, 127. [Google Scholar] [CrossRef]

	



Chen, S.; Li, C.; Hou, T.; Cai, Y.; Liang, L.; Chen, L.; Li, M. Polyhexamethylene guanidine functionalized chitosan nanofiber membrane with superior adsorption and antibacterial performances. React. Funct. Polym. 2019, 145, 104379. [Google Scholar] [CrossRef]

	



Wu, F.; Xu, J.; Yan, R.; Hu, B.; Li, G.; Jin, M.; Jiang, X.; Li, J.; Tang, P.; Zhu, J.; et al. In vitro and in vivo evaluation of antibacterial activity of polyhexamethylene guanidine (PHMG)-loaded TiO2 nanotubes. Biomed. Mater. 2020, 15, 045016. [Google Scholar] [CrossRef]

	



Ricci, G.C.; Netz, P.A. Docking studies on DNA-ligand interactions: Building and application of a protocol to identify the binding mode. J. Chem. Inf. Model. 2009, 49, 1925–1935. [Google Scholar] [CrossRef]

	



Guo, Y.; Yue, Q.; Gao, B. Molecular docking study investigating the possible mode of binding of C.I. Acid Red 73 with DNA. Int. J. Biol. Macromol. 2011, 49, 55–61. [Google Scholar] [CrossRef]

	



Khosravifar, F.; Dehghan, G.; Bidoki, S.K.; Mahdavi, M. DNA-binding activity and cytotoxic and cell-cycle arrest properties of some new coumarin derivatives: A multispectral and computational investigation. Luminescence 2020, 35, 98–106. [Google Scholar] [CrossRef]

	



Sowlati-Hashjin, S.; Carbone, P.; Karttunen, M. Insights into the polyhexamethylene biguanide (PHMB) mechanism of action on bacterial membrane and DNA: A molecular dynamics study. J. Phys. Chem. B 2020, 124, 4487–4497. [Google Scholar] [CrossRef]

	



Kopka, M.L.; Yoon, C.; Goodcell, D.; Pjura, P.; Dickerson, R.E. Binding of an antitumor drug to DNA netropsin and C-G-C-G-A-A-T-T-BrC-G-C-G. J. Mol. Biol. 1985, 183, 553–563. [Google Scholar] [CrossRef]

	



Jerdan, R.; Cameron, S.; Donaldson, E.; Iungin, O.; Moshynets, O.; Spiers, A. Community biofilm-formation, stratification and productivity in serially-transferred microcosms. FEMS Microbiol. Lett. 2020, 367, fnaa187. [Google Scholar] [CrossRef]

	



Rycker, M.D.; Horn, D.; Aldridge, B.; Amewu, R.K.; Barry, C.E., III; Buckner, F.S.; Cook, S.; Ferguson, M.A.J.; Gobeau, N.; Herrmann, J.; et al. Setting our sights on infectious diseases. ACS Infect. Dis. 2020, 6, 3–13. [Google Scholar] [CrossRef] [PubMed]

	



Moshynets, O.V.; Foster, D.; Karakhim, S.A.; McLaughlin, K.; Rogalsky, S.P.; Rymar, S.Y.; Volynets, G.P.; Spiers, A.J. Examining c-di-GMP and possible QS regulation in Pseudomonas fluorescens SBW25: Links between intra and inter-cellular regulation benefits community cooperative activities such as biofilm formation. Ukr. Biochem. J. 2018, 90, 17–31. [Google Scholar] [CrossRef]

	



McLaughlin, K.; Folorunso, A.O.; Deeni, Y.Y.; Foster, D.; Gorbatiuk, O.; Hapca, S.M.; Immoor, C.; Koza, A.; Mohammed, I.U.; Moshynets, O.; et al. Biofilm formation and cellulose expression by Bordetella avium 197N, the causative agent of bordetellosis in birds and an opportunistic respiratory pathogen in humans. Res. Microbiol. 2017, 168, 419–430. [Google Scholar] [CrossRef] [PubMed]

	



Jennings, L.K.; Storek, K.M.; Ledvina, H.E.; Coulon, C.; Marmont, L.S.; Sadovskaya, I.; Secor, P.R.; Tseng, B.S.; Scian, M.; Filloux, A.; et al. Biofilm matrix composition and localization. Proc. Natl. Acad. Sci. USA 2015, 112, 11353–11358. [Google Scholar] [CrossRef]

	



Wang, S.; Liu, X.; Liu, H.; Zhang, L.; Guo, Y.; Yu, S.; Wozniak, D.J.; Ma, L.Z. The exopolysaccharide Psl-eDNA interaction enables the formation of a biofilm skeleton in Pseudomonas aeruginosa. Environ. Microbiol. Rep. 2015, 7, 330–340. [Google Scholar] [CrossRef]

	



Mulcahy, H.; Charron-Mazenod, L.; Lewenza, S. Extracellular DNA chelates cations and induces antibiotic resistance in Pseudomonas aeruginosa biofilms. PLoS Pathog. 2008, 4, e1000213. [Google Scholar] [CrossRef]

	



Wilton, M.; Charron-Mazenod, L.; Moore, R.; Lewenza, S. Extracellular DNA acidifies biofilms and induces aminoglycosaside resistance in Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 2016, 60, 544–553. [Google Scholar] [CrossRef]

	



Sharma, D.; Misba, L.; Khan, A.U. Antibiotics versus biofilms: An emerging battleground in microbial communities. Antimicrob. Resist. Infect. Control 2019, 8, 76. [Google Scholar] [CrossRef]

	



van Schaik, E.J.; Giltner, C.L.; Audette, G.F.; Keizer, D.W.; Bautista, D.L.; Slupsky, C.M.; Sykes, B.D.; Irvin, R.T. DNA binding: A novel function of Pseudomonas aeruginosa Type IV Pili. J. Bacteriol. 2005, 187, 1455–1464. [Google Scholar] [CrossRef]

	



Sanderson, H.; Fricker, C.; Brown, R.S.; Majury, A.; Liss, S.N. Antibiotic resistance genes as an emerging environmental contaminant. Environ. Rev. 2016, 24, 205–218. [Google Scholar] [CrossRef]

	



Slipko, K.; Reif, D.; Wögerbauer, M.; Hufnagl, O.P.; Krampe, J.; Kreuzinger, N. Removal of extracellular free DNA and antibiotic resistance genes from water and wastewater by membranes ranging from microfiltration to reverse osmosis. Water Res. 2019, 164, 114916. [Google Scholar] [CrossRef] [PubMed]

	



Turnbull, L.; Toyofuku, M.; Hynen, A.L.; Kurosawa, M.; Pessi, G.; Petty, N.K.; Osvath, S.R.; Ca’rcamo-Oyarce, G.; Gloag, E.S.; Shimoni, R.; et al. Explosive cell lysis as a mechanism for the biogenesis of bacterial membrane vesicles and biofilms. Nat. Commun. 2016, 7, 11220. [Google Scholar] [CrossRef]

	



Yu, W.; Hallinen, K.M.; Wood, K.B. Interplay between antibiotic efficacy and druginduced lysis underlies enhanced biofilm formation at subinhibitory drug concentrations. Antimicrob. Agents Chemother. 2018, 62, e01603-17. [Google Scholar] [CrossRef] [PubMed]

	



Tahrioui, A.; Duchesne, R.; Bouffartigues, E.; Rodrigues, S.; Maillot, O.; Tortuel, D.; Hardouin, J.; Taupin, L.; Groleau, M.C.; Dufour, A.; et al. Extracellular DNA release, quorum sensing, and PrrF1/F2 small RNAs are key players in Pseudomonas aeruginosa tobramycin-enhanced biofilm formation. NPJ Biofilms Microbiomes 2019, 5, 15. [Google Scholar] [CrossRef] [PubMed]

	



Liu, S.-S.; Qu, H.-M.; Yang, D.; Hu, H.; Liu, W.-L.; Qiu, Z.-G.; Hou, A.-M.; Guo, J.; Li, J.-W.; Shen, Z.-Q.; et al. Chlorine disinfection increases both intracellular and extracellular antibiotic resistance genes in a full-scale wastewater treatment plant. Water Res. 2018, 136, 131–136. [Google Scholar] [CrossRef] [PubMed]

	



Siedenbiedel, F.; Tiller, J.C. Antimicrobial polymers in solution and on surfaces: Overview and functional principles. Polymers 2012, 4, 46–71. [Google Scholar] [CrossRef]

	



Carmona-Ribeiro, A.M.; de Melo Carrasco, L.D. Cationic antimicrobial polymers and their assemblies. Int. J. Mol. Sci. 2013, 14, 9906–9946. [Google Scholar] [CrossRef]

	



Strassburg, A.; Kracke, F.; Wenners, J.; Jemeljanova, A.; Kuepper, J.; Petersen, H.; Tiller, J.C. Nontoxic, hydrophilic cationic polymers—Identified as class of antimicrobial polymers. Macromol. Biosci. 2015, 15, 1710–1723. [Google Scholar] [CrossRef] [PubMed]

	



Krumm, C.; Trump, S.; Benski, L.; Wilken, J.; Oberhaus, F.; Köller, M.; Tiller, J.C. Fast-acting antibacterial, self-deactivating polyionene esters. ACS Appl. Mater. Interfaces 2020, 12, 21201–21209. [Google Scholar] [CrossRef]

	



Gilbert, P.; Moore, L.E. Cationic antiseptics: Diversity of action under a common epithet. J. Appl. Microbiol. 2005, 99, 703–715. [Google Scholar] [CrossRef] [PubMed]

	



Timofeeva, L.; Kleshcheva, N. Antimicrobial polymers: Mechanism of action, factors of activity, and applications. Appl. Microbiol. Biotechnol. 2011, 89, 475–492. [Google Scholar] [CrossRef] [PubMed]

	



Moore, K.; Gray, D. Using PHMB antimicrobial to prevent wound infection. Wounds UK 2007, 3, 96–102. [Google Scholar]

	



Kaehn, K. Polyhexadine: A safe and highly effective biocide. Skin Pharmacol. Physiol. 2010, 23, 7–16. [Google Scholar] [CrossRef] [PubMed]

	



Oulè, M.K.; Azinwi, R.; Bernier, A.M.; Kablan, T.; Maupertuis, A.M.; Mauler, S.; Koffi-Nevry, R.; Dembèlè, K.; Forbes, L.; Diop, L. Polyhexamethylene guanidine hydrochloride-based disinfectant: A novel tool to fight meticillin-resistant Staphylococcus aureus and nosocomial infections. J. Med. Microbiol. 2008, 57, 1523–1528. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Z.; Wei, D.; Guan, Y.; Zheng, A.; Zhong, J.-J. Extensive in vitro activity of guanidine hydrochloride polymer analogs against antibiotics-resistant clinically isolated strains. Mater. Sci. Eng. 2011, 31, 1836–1843. [Google Scholar] [CrossRef]

	



Choi, H.; Kim, K.-J.; Lee, D.J. Antifungal activity of the cationic antimicrobial polymer-polyhexamethylene guanidine hydrochloride and its mode of action. Fungal Biol. 2017, 121, 53–60. [Google Scholar] [CrossRef]

	



Zhang, Y.; Jiang, J.; Chen, Y. Synthesis and antimicrobial activity of polymeric guanidine and biguanide salts. Polymer 1999, 40, 6189–6198. [Google Scholar] [CrossRef]

	



Caballero Gómez, N.; Abriouel, H.; Grande, J.; Pulido, R.P.; Gálvez, A. Combined treatments of enterocin AS-48 with biocides to improve the inactivation of methicillin-sensitive and methicillin-resistant Staphylococcus aureus planktonic and sessile cells. Int. J. Food Microbiol. 2013, 163, 96–100. [Google Scholar] [CrossRef]

	



Zhou, Z.; Wei, D.; Lu, Y. Polyhexamethylene guanidine hydrochloride shows bactericidal advantages against ESKAPE bacteria. Biotechnol. Appl. Biochem. 2015, 62, 268–274. [Google Scholar] [CrossRef]

	



Chindera, K.; Mahato, M.; Sharma, A.K.; Horsley, H.; Kloc-Muniak, K.; Kamaruzzaman, N.F.; Kumar, S.; McFarlane, A.; Stach, J.; Bentin, T.; et al. The antimicrobial polymer PHMB enters cells and selectively condenses bacterial chromosomes. Sci. Rep. 2016, 6, 23121. [Google Scholar] [CrossRef] [PubMed]

	



Habtewold, T.; Duchateau, L.; Christophides, G.K. Flow cytometry analysis of the microbiota associated with the midguts of vector mosquitoes. Parasites Vectors 2016, 9, 167. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Z.; Wei, D.; Guan, Y.; Zheng, A.; Zhong, J.-J. Damage of Escherichia coli membrane by bactericidal agent polyhexamethylene guanidine hydrochloride: Micrographic evidences. J. Appl. Microbiol. 2010, 108, 898–907. [Google Scholar] [CrossRef] [PubMed]

	



Kamenieva, T.M.; Tarasyuk, O.P.; Derevianko, K.Y.; Aksenovska, O.A.; Shybyryn, O.V.; Metelytsia, L.O.; Rogalsky, S.P. Antioxidant activity of polymeric biocide polyhexamethylene guanidine hydrochloride. Catal. Petrochem. 2020, 30, 73–82. [Google Scholar] [CrossRef]

	



Sambrook, J.; Fritsch, E.R.; Maniatis, T. Molecular Cloning: A Laboratory Manual, 2nd ed.; Cold Spring Harbor Laboratory Press: Cold Spring Harbor, NY, USA, 1989. [Google Scholar]

	



Azeredo, J.; Azevedo, N.F.; Briandet, R.; Cerca, N.; Coenye, T.; Costa, A.R.; Desvaux, M.; Di Bonaventura, G.; Hébraud, M.; Jaglic, Z.; et al. Critical review on biofilm methods. Crit. Rev. Microbiol. 2017, 43, 313–351. [Google Scholar] [CrossRef]

	



Moshynets, O.; Boretska, M.; Spiers, A.J. From Winogradsky’s column to contemporary research using bacterial microcosms. In Microcosms: Ecology, Biological Implications and Environmental Impact; Harris, C.C., Ed.; Nova Publisher: Hauppauge, NY, USA, 2013; pp. 1–27. [Google Scholar]

	



Rymar, S.Y.; Ruban, T.A.; Irodov, D.M.; Kordium, V.A. Expression and secretion of human recombinant LIF by genetically modified mammalian cells. Biopolym. Cell 2011, 27, 53–58. [Google Scholar] [CrossRef]

	



DeLong, E.F. Archaea in coastal marine environments. Proc. Natl. Acad. Sci. USA 1992, 89, 5685–5689. [Google Scholar] [CrossRef]

	



Coll, M.; Aymami, J.; Van Der Marel, G.A.; Van Boom, J.H.; Rich, A.; Wang, A.H.-J. Molecular structure of the netropsin-D(CGCGATATCGCG) complex: DNA confirmation in an alternating AT segment; conformation 2. Biochemistry 1989, 28, 310–320. [Google Scholar] [CrossRef]

	



Dassault Systèmes BIOVIA, Discovery Studio Visualizer, v4.0.100.13345; Dassault Systèmes: San Diego, CA, USA, 2021.

	



Sanner, M.F. Python: A programming language for software integration and development. J. Mol. Graph. Model. 1999, 17, 57–61. [Google Scholar] [PubMed]

	



ChemAxon. Marvin Sketch 5.3.735. 2017. Available online: http://www.chemaxon.com (accessed on 1 March 2021).

	



James, J.P. MOPAC2016; Stewart Computational Chemistry: Colorado Springs, CO, USA. Available online: http://OpenMOPAC.net (accessed on 1 March 2021).

	



Halgren, T.A. MMFF VI. MMFF94s option for energy minimization studies. J. Comput. Chem. 1999, 20, 720–729. [Google Scholar] [CrossRef]

	



Trott, O.; Olson, A.J. AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient optimization, and multithreading. J. Comput. Chem. 2010, 31, 455–461. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 00731 g001 550] 





Figure 1. eDNA released from dehydrated Pseudomonas aeruginosa ATCC 27853 and Staphylococcus aureus ATCC 25923 biofilms after treatment with biocides. Shown here are eDNA yields (ng/μL) recovered from 5-day-old dehydrated biofilms after 1 h of exposure to biocides (n = 3). Statistical significance compared to water exposure (control) when * p < 0.05 and *** p < 0.005. 
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Figure 2. High-molecular-weight and degraded eDNA released from 5-day-old dehydrated Pseudomonas aeruginosa ATCC 27853 (PA) and Staphylococcus aureus ATCC 25923 (SA) biofilms after treatment with biocides. Shown here are 1.2% agarose-TA gels stained with EtBr to visualize the eDNA released from PA (left) and SA (right) biofilms after 1 h of exposure to biocides. Treatments: (1) water-only control, (2) 0.1% PHMG-Cl, (3) 0.05% PHMG-Cl, (4) 6% hydrogen peroxide, (5) 3% hydrogen peroxide, (6) 70% ethanol, (7) 0.05% chlorhexidine, (8) 0.25% Maxisan, (9) Arquades-plus, (10) Desmanol, and (11) Sanikon. A sample of GeneRuler 1 kb DNA Ladder (Thermo Fisher Scientific, Vilnius, Lithuania) is shown in the rightmost lane of each gel (12). 
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Figure 3. PHMG-Cl inhibits PCR amplification of 16S rDNA target sequences from eDNA released from 5-day-old dehydrated Pseudomonas aeruginosa ATCC 27853 (PA) and Staphylococcus aureus ATCC 25923 (SA) biofilms after treatment with biocides. Shown here are 1.2% agarose-TA gels stained with EtBr to visualize PCR products from PA (left) and SA (right) biofilms after 1 h of exposure to biocides. Treatments: (1) water-only control, (2) 0.1% PHMG-Cl, (3) 0.05% PHMG-Cl, (4) 6% hydrogen peroxide, (5) 3% hydrogen peroxide, (6) 70% ethanol, (7) 0.05% chlorhexidine, (8) 0.25% Maxisan, (9) Arquades-plus, (10) Desmanol, and (11) Sanikon. The 16S rDNA amplicons were 1420 bp. 
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Figure 4. Metabolic assays show the biocidal activity of PHMG-Cl on Pseudomonas aeruginosa ATCC 27853 (PA) and Staphylococcus aureus ATCC 25923 (SA) biofilms growing in situ. Shown here are the metabolic activity of 24 h PA (left) and SA (right) biofilms after treatment with PHMG-Cl for 1 h (n = 8). Statistical differences are determined between treatments and the water-treated (live) positive controls (a) and the EtOH-treated (dead) negative controls (b); * p < 0.05, ** p < 0.01, and *** p < 0.005. 
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Figure 5. Increasing concentrations of PHMG-Cl reduce eDNA yield from Pseudomonas aeruginosa ATCC 27853 (PA) and Staphylococcus aureus ATCC 25923 (SA) biofilms. Shown here is the eDNA yield from 3-day old PA (left) and SA (right) biofilms after treatment with PHMG-Cl (n = 3). Statistical differences are determined between treatments and the water-treated positive controls for each of the PA and SA biofilms; * p < 0.05, ** p < 0.01, and *** p < 0.005. 
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Figure 6. CLSM imaging of Pseudomonas aeruginosa ATCC 27853 (PA) and Staphylococcus aureus ATCC 25923 (SA) biofilms in situ after exposure to PHMG-Cl. Shown here are images of 3-day-old PA and SA biofilms after treatment with water (A,C) and 0.5% PHMG-Cl (B,D). PI (red signal) and SYBR Green (green signal) were used to visualize eDNA, including the eDNA released from damaged cells, and SYBR Green to visualize the intracellular DNA of living (metabolically active) cells with undamaged membranes. In each panel, the top orthogonal view shows the combined PI and SYBR Green signal. The PI signal is shown in the middle view and the SYBR Green signal in the bottom view. The red/green channel pixel sum ratios are (A) 1.43, (B) 2.28, (C) 2.76, and (D) 1.15. The SYBR Green appears enhanced after PHMG-Cl treatment (bottom view in B and D) because the biocide damages the cell wall and membrane, allowing more SYBR Green to enter the cell and bind intracellular DNA. 
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Figure 7. PHMG-1 complexes with eDNA and neutralizes the intrinsic charge of DNA molecules. Shown here is a 1.2% agarose-TA gel stained with EtBr to visualize Pseudomonas aeruginosa ATCC 27853 (PA) eDNA that had been treated with PHMG-Cl. Treatments: (1) water-only control, (2) 0.001%, (3) 0.005%, (4) 0.01%, (5) 0.05%, (6) 0.1%, and (7) 0.5% PHMG-Cl. 
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Figure 8. PHMG-Cl–DNA complexes prevent PCR amplification of target sequences in pC1-L plasmid DNA and eDNA. Shown here is a 1.2% agarose-TA gel stained with EtBr to visualize PCR products after amplification with pL1-C LIF gene or 16S-specific primers. CCC pC1-L DNA treatments: (1) water-only control, (2) control sample plus an equal volume 0.01% PHMG-Cl sample, (3) control sample plus an equal volume of 0.05% PHMG-Cl sample, (4) 0.01% PHMG-Cl, and (5) 0.05% PHMG-Cl; linear pC1-L DNA treatments: (6) water-only control, (7) 0.01% PHMG-Cl, and (8) 0.05% PHMG-Cl; eDNA treatments: (9) water-only control, (10) 0.01% PHMG-Cl, and (11) 0.05% PHMG-Cl. A sample of GeneRuler 1 kb DNA Ladder (Thermo Fisher Scientific, Vilnius, Lithuania) is shown in the rightmost lane of the gel. 
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Figure 9. Real-time PCR of a model eARG is inhibited by PHMG-Cl treatment of eDNA. Shown here are the real-time PCR amplification curves of the KPC antibiotic resistance gene from UHI KP 1633 eDNA samples after PHMG-Cl treatment. The water-only control and 0.001–0.5% PHMG-Cl treatments are indicated. Note that RFU is not normalized as quantitative results were not needed and these curves are only used to indicate positive PCR amplification. The blue horizontal line is the fluorescent threshold, and Cq (not marked) is where the PCR amplification curves cross the threshold. 
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Figure 10. Plastic surface treated with PHMG-Cl inactivates eDNA. Shown here is a 1.2% agarose-TA gel stained with EtBr to visualize eDNA recovered from plastic treated with PHMG-Cl for up to 28 days. PHMG-Cl treatments (1%, 0.5%, 0.1%, and 0.05% are grouped according to the length of exposure (days). Treatments: (1) clean-surface control, (2, 6, 10, 14, 18, 22, and 26) 1% PHMG-Cl, (3, 7, 11, 15, 19, 23, and 27) 0.5% PHMG-Cl, (4, 8, 12, 16, 20, 24, and 28) 0.1% PHMG-Cl, and (5, 9, 13, 17, 21, 25, and 29) 0.05% PHMG-Cl. 
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Figure 11. PHMG can dock to DNA in the minor groove and is stabilized by hydrogen and electrostatic bonds. Shown here are two views of a DNA–PHMG dimer complex produced by molecular docking studies using the model DNA oligonucleotide 1DNE. (A) A general view of the PHMG dimer (yellow) docking in the minor groove of DNA. (B) Detailed docking position including the hydrogen (green) and electrostatic (orange) bonds with bond lengths (Ǻ) indicated. 
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Figure 12. PHMG-Cl effects cell shape, causing damage to the cell wall and membrane. Shown here are TEM images of PA cells subjected to different PHMG-Cl concentrations. 
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Scheme 1. Synthesis of PHMG-Cl. 
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