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An increasing microbial resistance to known antibiotics raises a demand for new antimicrobials. In this study the antimicrobial properties of a series of new N-Alkylpyridinium quaternary ammonium compounds (QACs) with varying alkyl chain lengths were evaluated for several nosocomial pathogens. The chemical identities of the new QACs were determined by NMR, LC-MS, and HRMS. All the planktonic bacteria tested were susceptible to the new QACs as evaluated by MIC and MBC assays. The antimicrobial effect was most pronounced against Staphylococcus aureus clinical isolates. Live/dead staining CLSM was used to test the effectiveness of the QACs in biofilms. The effectiveness was up to 10-fold lower than in the plankton. When QACs were used as irrigants in Er:YAG – SSP photoacoustic steaming, their effectiveness significantly increased. The combined use of irrigants and photoacoustic streaming increased biofilm removal from the surface and increased the killing rate of the cells remaining on the surface. This may allow for a shorter chemical exposure time and lower dosage of QACs used in applications. The results demonstrate that the new QACs have potential to be applied as antibacterial compounds effective against planktonic and biofilm bacteria as well as irrigants in removal of difficult-to-reach biofilms.
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INTRODUCTION

Infectious diseases caused by pathogenic bacteria are a threat to public health all over the world (Courvalin, 2016; Watkins, 2018). A high prevalence of resistance against known antibacterial agents aggravates the situation. For instance, many nosocomial pathogens such as Pseudomonas aeruginosa, Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae, and Enterococcus faecalis are resistant to known antimicrobials and are difficult to treat (Khan et al., 2017). There is an urgent need to develop new antibacterial agents that will replace those to which bacteria have developed resistance. In particular the new antibacterial agents should have good activity against biofilm bacteria which are typically more resistant and are more difficult to remove from surfaces (Ceri et al., 1999; Olson et al., 2002).

Quaternary ammonium compounds (QACs), are widely used in medicine. They have proven antimicrobial properties, have low toxicity, and are minimally irritating (Gerba, 2015). They are most effective against Gram positive bacteria, but are also effective against Gram negative bacteria, viruses and biofilms (Jennings et al., 2014; Gerba, 2015). QACs can be used in antibacterial formulations or incorporated into medical products, such as composite materials or acrylic resins, or adhesive systems and endodontic dental materials, where their antimicrobial activity against Streptococcus mutans, E. faecalis or other bacteria decreases the occurrence of secondary caries infection (Zhang et al., 2018).

In difficult-to-reach biofilm infections chemical treatments are sometimes combined with physical or mechanical co-treatment methods to increase their effectiveness. For example, in a dental root canal procedure chemical antibacterial treatment (i.e., sodium hypochlorite) is combined with root irrigation. However, sodium hypochlorite is toxic and is not suitable for certain medical applications (i.e., in dental implant related peri-implant mucositis and peri-implantitis). The traditional method of irrigation using a syringe with a needle often fails because of the limited irrigant flow and its ability to reach distant areas (Boutsioukis et al., 2010). Various new irrigant activation techniques have been suggested to improve biofilm removal (Kurzmann et al., 2019). The non-contact Er:YAG photoacoustic streaming with Super Short Pulses (SSP, 50 μs) has been a very successful method of removing biofilms from the dental root system for many years (Olivi et al., 2014; Akcay et al., 2017; Lukač and Jezeršek, 2018; Kurzmann et al., 2019). Er:YAG photoacoustic irrigation causes biofilm mechanical debridement by turbulent movement of fluid irrigant, and at the same time the chemical action of the irrigant itself significantly improves biofilm removal. The problem with irrigation techniques is that many of currently used irrigants in dentistry are toxic in high concentrations (Clarkson and Moule, 1998; Zehnder, 2006). It would therefore be beneficial if new antibacterial irrigants (e.g., QACs) with lower toxicity were available, especially for irrigation in presence of vital tissue. The use of QACs for photoinduced irrigation treatment of biofilms has not been tested yet.

In this study new QACs were evaluated for their efficiency as irrigant and antibacterial compounds against plankton and biofilm. Antibacterial effects were tested on clinical isolates of nosocomial pathogens including S. aureus, Staphylococcus epidermidis, E. faecalis, E. coli, and K. pneumoniae. For laboratory testing and irrigation experiments non-pathogenic strain of E. faecalis was used. The antibacterial effect was probed either by chemical treatment or a combination of chemical and Er:YAG irrigation methods. The chemical identity of the new QACs was determined by NMR, LC-MS, HRMS. The antibacterial activity of QACs was measured with MIC and MBC assays. The results suggest that new QACs have a good potential as antibacterial compounds effective against planktonic and biofilm bacteria, and also as irrigants in laser-assisted removal of biofilms.



MATERIALS AND METHODS


Chemistry


General Information

The preparation of 1-Alkylpyridinium derivatives (A12, A14, A16) and 3-alkyl-1-(2-hydroxyethyl)imidazolium (C12, C14, C16) derivatives with appropriate alkyl chain length (−C12H25; −C14H29; -C16H33) has been described previously (Marek et al., 2010; Soukup et al., 2020). The series of 1-alkyl-3-chloropyridinium derivatives (B12, B14, B16) was prepared for the first time in this study by refluxing 3-chloropyridine (18 mM) with the appropriate alkyl bromide (45 mM) in acetonitrile (50 ml) for 96 h. The acetonitrile was evaporated and the crude product purified by recrystallization several times from diethyl ether. Alkyl bromides and 3-chloropyridine were purchased from Sigma-Aldrich (Prague, Czechia) and used without further purification. Acetonitrile was purchased from VWR (Prague, Czechia). The reaction progress was monitored by thin layer chromatography (TLC) on aluminum sheets with silica gel 60 F254 purchased from Merck (Prague, Czechia) in a mobile phase of methanol: ethyl acetate: ammonia solution = 3: 1: 0.1. Detection was carried out with ultraviolet light (254 nm) or with KMnO4 solution (1% aq. sol.). 1H NMR and 13C NMR spectra were recorded in CDCl3 at ambient temperature on a Varian S500 spectrometer (499.87 MHz for 1H and 125.71 MHz for 13C). Chemical shifts, δ, are given in parts per million (ppm), and spin multiplicities are given as s (singlet), d (doublet), dd (doublet of doublets), dt (doublets of triplets), t (triplet) or m (multiplet). Coupling constants, J, are expressed in hertz (Hz). For 1H, δ is relative to CDCl3 (δ = 7.26) and for 13C relative to CDCl3 (δ = 77.00). Melting points were determined by melting point apparatus – Stuart SMP30 (Eaton, United Kingdom) – and were uncorrected.



LC-MS Analysis

High performance liquid chromatography (HPLC) coupled with mass spectrometry (MS) detection was performed to determine the identity and purity of the prepared compounds. The system used in this study was a Dionex Ultimate 3000 UHPLC: RS Pump, RS Column Compartment, RS Autosampler, Diode Array Detector, Chromeleon (version 7.2.9 build 11323) software (Thermo Fisher Scientific, Germering, Germany) with Q Exactive Plus Orbitrap mass spectrometer with Thermo Xcalibur (version 3.1.66.10.) software (Thermo Fisher Scientific, Bremen, Germany). Detection was performed by mass spectrometry in positive mode. The settings for the heated electrospray source were: spray voltage 3.5 kV; capillary temperature: 300°C; sheath gas: 55 arbitrary units; auxiliary gas: 15 arbitrary units; spare gas: 3 arbitrary units; probe heater temperature: 250°C; max spray current: 100 μA; S-lens RF Level: 50. High resolution mass spectra (HRMS) and sample purities were obtained by HPLC-MS gradient method. A C18 column was used (Phenomenex Kinetex EVO C18, 3 × 150 mm, 2.6 μm, Phenomenex, Japan). Mobile phase A was ultrapure water of ASTM I type (resistivity 18.2 MΩ.cm at 25°C) prepared by Barnstead Smart2Pure 3 UV/UF apparatus (Thermo Fisher Scientific, Bremen, Germany) with 0.1% (v/v) formic acid; mobile phase B was acetonitrile (MS grade, Honeywell Sigma-Aldrich, Germany) with 0.1% (v/v) of formic acid. The flow was constant at 0.4 mL/min. The method began with 1 min of isocratic flow of 5% B, followed by gradient flow of B rising to 100% B in 3 min, followed by constant flow of 100% B for 1 min. The composition then went back to 5% B and equilibrated for 5 min. Total run time was 10 min. The samples were dissolved in methanol (LC-MS grade, Fluka Sigma-Aldrich, Steinheim, Germany) at a concentration of 1 mg/mL and sample injection was 1 μL. Purity was determined by UV at 254 nm. HRMS was determined by total ion current spectra from the mass spectrometer.



NMR and HRMS Data


1-dodecyl-3-chloropyridinium bromide (B12)

1H NMR (500 MHz, methanol-d4) δ 9.37 (t, J = 1.8 Hz, 1H, ArH), 9.06 (dt, J = 6.0, 1.2 Hz, 1H, ArH), 8.73–8.67 (m, 1H, ArH), 8.14 (dd, J = 8.5, 6.1 Hz, 1H, ArH), 4.71–4.64 (m, 2H, CH2), 2.10–2.01 (m, 2H, CH2), 1.48–1.24 (m, 18H, 9 × CH2), 0.90 (t, J = 7.0 Hz, 3H, CH3).

13C NMR (126 MHz, CD3OD) δ 146.67, 145.53, 144.72, 137.01, 130.04, 63.61, 33.05, 32.42, 30.71, 30.61, 30.47, 30.44, 30.09, 27.16, 23.71, 14.43.

ESI-MS: m/z 282.20 [M+] (calc. for [C17H29ClN+] 282.20).



1-tetradecyl-3-chloropyridinium bromide (B14)

1H NMR (500 MHz, chloroform-d) δ 9.70–9.65 (m, 2H, ArH), 8.48 (dd, J = 7.8, 1.8 Hz, 1H, ArH), 8.25 (dd, J = 8.5, 6.0 Hz, 1H, ArH), 5.10 (t, J = 7.5 Hz, 2H, CH2), 2.09–1.99 (m, 2H, CH2), 1.45–1.14 (m, 22H, 11 × CH2), 0.86 (t, J = 6.8 Hz, 3H, CH3).

13C NMR (126 MHz, CDCl3) δ 144.97, 144.12, 143.75, 135.65, 129.16, 62.35, 31.98, 31.82, 29.58, 29.54, 29.51, 29.44, 29.27, 29.25, 29.01, 25.97, 22.59, 14.03.

ESI-MS: m/z 310.23[M+] (calc. for [C19H33ClN+] 310.23).



1-hexadecyl-3-chloropyridinium bromide (B16)

1H NMR (500 MHz, chloroform-d) δ 9.68 (d, J = 6.0 Hz, 1H, ArH), 9.63 (t, J = 1.7 Hz, 1H, ArH), 8.48 (dd, J = 8.4, 2.0 Hz, 1H, ArH), 8.24 (dd, J = 8.5, 6.0 Hz, 1H, ArH), 5.11 (t, J = 7.5 Hz, 2H, CH2), 2.09–1.99 (m, 2H, CH2), 1.46–1.11 (m, 26H, 13 × CH2), 0.86 (t, J = 6.9 Hz, 3H, CH3).

13C NMR (126 MHz, CDCl3) δ 144.98, 144.16, 143.70, 135.67, 129.15, 62.41, 31.98, 31.85, 29.63, 29.58, 29.54, 29.46, 29.29, 29.03, 25.99, 22.61, 14.05.

ESI-MS: m/z 338.26 [M+] (calc. for [C21H37ClN+] 338.26).



Bacterial Strains

The bacterial strains used in this study are listed in Table 1. All the strains, apart from E. faecalis, were stored at the Department of Epidemiology, Faculty of Military Health Sciences, University of Defence in Brno (Czechia) using ITEST CRYOBANK B cryotubes (ITEST plus s.r.o., Hradec Kralove, Czechia) in a freeze box at −70°C. Before MIC/MBC testing by broth microdilution method, all strains were cultivated on Mueller-Hinton agar (HiMedia, Cadersky-Envitek, Prague, Czechia). Enterococcus faecalis DSM 16431 (kindly donated by SymbioGruppe GmbH & Co KG SymbioPharm GmbH) was stored in cryovials at the Department of Microbiology, Biotechnical Faculty, University of Ljubljana (Slovenia) and was grown on Tryptic Soy Agar (Biolife, Italiana S.r.l., Milan, Italy).


TABLE 1. Bacterial strains used in this study.
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Planktonic Bacteria Susceptibility Assay

The antibacterial susceptibility of planktonic bacteria was determined by the broth microdilution method according to the standard M07-A1 (CLSI, 2018) and optimized as described previously (Marek et al., 2015; Dolezal et al., 2016). All antibacterial compounds were dissolved in dimethyl sulfoxide (DMSO p.a., Sigma-Aldrich, Prague, Czechia). The wells of the 96-well microtiter plates contained 200 μL of Mueller-Hinton broth (MHB, HiMedia, Cadersky-Envitek, Prague, Czechia) with two-fold serial dilutions of the QACs (500–0.49 μmol/L) and were inoculated with 10 μL of exponentially grown bacterial suspension adjusted densitometrically to match 0.5 McFarland scale. The final concentrations of DMSO in broth did not exceed 1%. The MIC values, defined as inhibition of bacterial growth, were determined visually after 24 and 48 h of incubation at 35°C ± 1°C. The MBCs were determined for all prepared compounds as the concentrations that provided ≥99.9% decrease in the bacterial number after subculture of 10 μL aliquots from each microtiter well in a corresponding new microtiter plate where each well contained 200 μL of fresh MHB. The MBC was determined as the lowest concentration which corresponded to a well without visible bacterial growth after a further 24 h of incubation at 35 ± 1°C. To ensure that no bacteria had survived, the content of the well was inoculated on an agar plate to confirm the absence of bacterial growth.

To evaluate the effect of bacterial density on the antibacterial activity of the QACs, E. faecalis suspensions from an overnight culture were prepared in the range from 106 to 1010 CFU/mL in Brain Heart Infusion broth (BHI, VWR International BVBA, Leuven, Belgium) by either diluting or concentrating bacterial suspensions. The MBCs corresponding to E. faecalis suspensions with different initial bacterial densities were determined only for the compound A14 in the concentration range between 500 and 0.49 μM prepared by 2-fold serial dilutions. The MBCs were evaluated as described above after the bacteria were exposed to the QACs for 3 min, 60 min or 24 h. The growth rate of tested E. faecalis suspensions at different initial bacterial densities was monitored every 30 min during 7 h of incubation by measuring the optical density (OD600). The values were fitted with the logistic equation

[image: image]

where N0 is the initial OD600, K is the carrying capacity (maximal OD600 in the stationary growth phase), t is the length of time of incubation, and r is the growth rate constant.



Biofilm Susceptibility Assay

To grow the biofilms, an overnight culture of E. faecalis (average viable bacterial concentration of 1 × 108 CFU/ml) was diluted 100-fold in BHI. E. faecalis biofilms were formed on titanium radial disks (commercially pure titanium, grade 2) with 7 mm diameter and 1 mm thickness. Prior to the experiments all disks were sandblasted (FerroEcoBlast Europe; Microblast ceramic beads B120) to expose fresh titanium surface, cleaned in 70% ethanol and autoclaved at 134°C for 20 min. The biofilms were grown for 3 days at 37°C ± 1°C without shaking or changing of media to achieve a surface coverage of approximately 25% and a surface bacterial density of ∼1.5 × 1011 bacteria per mL. Biofilms grown on a titanium surface were exposed to 1.5 ml of A14, B14, and C14 dissolved in BHI for 1, 3, and 60 min. After treatment the individual disks were rinsed with saline solution to remove QACs as well as unattached bacteria. In laser treated biofilms samples were treated with QACs for 1 min followed by 10 s of Er:YAG – SSP laser treatment. The LightWalker Er:YAG (Fotona, Ljubljana, Slovenia) was set with the following parameters: laser wavelength 2940 nm; contact handpiece H14, Flat Sweeps fiber tip 400/14 positioned 5 mm above the biofilm disk, energy 20 mJ, frequency 15 Hz, water off, air off, single pulse modality – SSP (super short pulse – 50 μs). The titanium disks with their biofilm were positioned at the bottom of cylindrical irrigation system (7.5 mm diameter and 2 cm high) in the presence of 1.5 ml of either saline or the QAC dissolved in BHI. The antibacterial concentration was 250 μM which was the highest soluble QAC concentration in BHI broth. The rinsed biofilms were stained with 5 μL of premixed saline-diluted Syto 9 and propidium iodide stock solutions (1: 300) from LIVE/DEADTM BacLightTM Bacterial Viability Kit L7012 (Thermo Fisher Scientific, Eugene, OR, United States). After 5 min of incubation in the dark the samples were observed by fluorescence microscope Zeiss Axio Observer Z1 equipped with confocal unit LSM 800 (CLSM). Z-stacks and tiles were taken at 100× or 20× magnification at three randomly selected view fields. Image acquisition and control of the microscope were performed with ZEN 2.3 (ZEISS GmbH, Germany). For the 100× magnification, blue 488 nm and yellow 561 nm lasers were set to 1% intensity, GaAsP PMT detectors to 700 V, pinhole to 71 μm, and the size of the acquired 8-bit images was 3476 × 3476 pixels. For the 20× magnification, blue 488 nm and yellow 561 nm lasers were set to 0.85% intensity, GaAsP PMT detectors to 700 V, pinhole to 50 μm and the size of acquired 8-bit images was 1306 × 1306 pixels. The typical Z-step of the Z-stack was 1 μm for 100× magnification and 3.26 μm for 20× magnification. The images were composed of four different view fields. A custom script was written (Image J) and used to evaluate the effect of treatment on the fraction of dead cells and biofilm surface coverage.

The Bliss independence model was used for the evaluation of interactions of the combined QACs and laser treatment (Bliss, 1939). The model assumes that a single agent acts independently but contributes to the final outcome (Bliss, 1939; Foucquier and Guedj, 2015). The observed combined effect (Eobs) is compared to the expected combined effect (Eexp) which is calculated as Eexp = 1 – (1 – E1) × (1 – E2), where E1 and E2 are the effects of the single treatments. The difference between the Eobs and Eexp is the Excess over Bliss (eob). Positive eob values indicate synergistic interaction, whereas negative eob values indicate antagonistic behavior. Null eob value implies no interaction.



Cell Viability Evaluation

Standard MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich, Prague, Czechia) was used according to the manufacturer’s protocol on the CHO-K1 (Chinese hamster ovary, ECACC, Salisbury, United Kingdom) in order to compare the effect of different compounds within the series. The cells were cultured according to ECACC recommended conditions and seeded in a density of 8000 per well as described previously (Soukup et al., 2020). Briefly, the tested compounds (series A, B, C) were dissolved in DMSO (Sigma-Aldrich, Prague, Czechia) and subsequently diluted in the Nutrient Mixture F-12 Ham growth medium (Sigma-Aldrich, Prague, Czechia) supplemented with 10% Fetal Bovine Serum and 1% Penicillin-Streptomycin (both Sigma-Aldrich, Prague, Czechia) so that the final concentration of DMSO did not exceed 0.5% (v/v). In the case of sodium hypochloride, the commercially available detergent called Savo containing this active compound was diluted to the initial half concentration (i.e., 2.35%) with the supplemented growth medium mentioned above. Thereafter, CHO-K1 cells were exposed to two-fold diluted series A, B, C or ten-fold diluted sodium hypochlorite for 24 h. Then the medium was replaced by a medium containing 0.5 mg/ml of MTT and the cells were allowed to produce formazan for approximately 3 h under surveillance. Thereafter, the medium with MTT was removed and crystals of formazan were dissolved in DMSO (100 μl/well). Cell viability was assessed spectrophotometrically by the amount of formazan produced. The absorbance was measured at 570 nm on Synergy HT (BioTek, Winooski, VT, United States). IC50 (half maximal inhibitory concentration) was then calculated from the control – subtracted triplicates using non-linear regression (four parameters) by GraphPad Prism 5.03 or 7.03 software (GraphPad Software Inc., San Diego, CA, United States). Final IC50 and SEM (standard error of the mean) values were obtained as a mean of three independent measurements.



Statistical Analysis

All biological experiments were independently performed at least three times with three replicates for each sample. The results for the biofilm susceptibility were analyzed by Shapiro–Wilk normality test. Tukey’s multiple comparison test was used to evaluate the live/dead ratio (we have assumed that the data are normally distributed), whereas Dunn’s multiple comparison test was used for surface coverage, where the results were not normally distributed. P-values of <0.05 were considered to be significant. GraphPad Prism 7.03 software (GraphPad Software Inc., San Diego, CA, United States) was used for statistical analysis and graphical representation.



RESULTS AND DISCUSSION


Chemistry

The chemical structures of 1-Alkylpyridinium derivatives (A12, A14, A16); 1-alkyl-3-chloropyridinium derivatives (B12, B14, B16), and 3-alkyl-1-(2-hydroxyethyl)imidazolium derivatives (C12, C14, C16) are shown in Figure 1.
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FIGURE 1. Chemical structures of antibacterial compounds used in this study. The number subscripts stand for the length of the alkyl chain (e.g., A12 is 1-dodecylpyridinium, with R = -C12H25).


We have prepared 9 quaternary ammonium salts containing pyridine or imidazole heterocyclic rings. The compounds of group A and C were synthesized as described previously and served as reference QACs (Marek et al., 2010; Soukup et al., 2020). The novel antibacterial compounds (B group) were prepared by Menshutkin reaction, where the tertiary amine was converted into a quaternary ammonium salt by reaction with an alkyl halide (nucleophilic substitution-type reaction). Each homologous group consisted of three N-alkyl derivatives with either 12, 14 or 16 carbon atoms in the alkyl chain. The structures of the new compounds were confirmed by 1H and 13C NMR and HRMS analysis. The purity of all the compounds was ≥95%. The yields, melting points, purities and Clog P (calculated logarithm of the partition coefficient) of different antibacterial compounds are given in Table 2. Clog P was calculated with MarvinSketch (version 14.9.8.0) software. As expected, the melting points of the new compounds and Clog P values increased with increasing alkyl chain length.


TABLE 2. Yields, melting points, purity and Clog P of antibacterial QACs used in this study.

[image: Table 2]


In vitro Antibacterial Activity


Susceptibility of QACs Against Planktonic Bacteria

The series of synthesized QACs were evaluated for their antibacterial activity against selected nosocomial planktonic bacteria using broth microdilution assay. The antibacterial effect of the new chlorine-substituted N-Alkylpyridiniums (B12–16) and reference N-Alkylpyridiniums (A12–16) on planktonic bacterial strains is shown in Figure 2. All the compounds were effective against the tested bacterial strains. Higher antibacterial activity, as indicated by lower MIC value, was found against the G+ bacteria E. faecalis (EFAE), S. aureus (STAU), methicillin-resistant S. aureus (MRSA), and S. epidermidis (STEP). The lowest MIC and MBC values were obtained for S. aureus. The observed higher susceptibility of the G+ bacteria to QACs compared to G− bacteria is in agreement with the literature (Tischer et al., 2012; Shtyrlin et al., 2016). There is a general trend of decreasing MIC values with increasing alkyl chain length for all antibacterial compounds tested. The exception is A14 which was more efficient against MRSA than A16. Such increasing antimicrobial activity with increasing alkyl chain length has been reported previously (Li et al., 2013; Zhang et al., 2016). When an N-Alkylpyridinium QAC was compared with a chlorine-substituted N-alkylpyridinium or N-Alkylimidazolium at a given alkyl chain length (i.e., A14, B14, and C14 in Figure 2), there was no significant difference in the antimicrobial activity for G+ bacteria. In the case of the G− bacteria E. coli (ESCO), K. pneumoniae (KLPN−), and extended-spectrum β-lactamase-producing K. pneumoniae (KLPN+), the most effective were imidazolium compounds. Our results are consistent with previous observations that small changes in the structure of QACs such as introduction of electronegative atom allow for fine-tunability of surfactant properties (Brown et al., 2017; Fuente-Nunez et al., 2018).


[image: image]

FIGURE 2. MIC and MBC values for different bacterial strains and different QACs. MIC values were determined after 24 and 48 h of incubation, whereas MBC was determined only after 48 h of incubation (A). The comparison between different QACs with the same length of alkyl chain (B). The results for C12–16 have been already published (Soukup et al., 2020), N was not measured, * MIC or MBC was higher than the highest soluble concentration of the compound. Abbreviations for bacterial strains: EFAE, E. faecalis; STAU, S. aureus; MRSA, methicillin-resistant S. aureus; STEP, S. epidermidis; ESCO, E. coli; KLPN–, K. pneumoniae, KLPN+, extended-spectrum β-lactamase-producing K. pneumoniae.




The Effect of the Initial Bacterial Density on Planktonic Antimicrobial Effectiveness

The effect of different initial bacterial densities on the MBC are given in Figure 3. The MBC was determined after 3 min, 60 min, and 24 h of bacterial exposure to the antibacterial compound. The MBC increased with the initial bacterial density. This is usually interpreted as an increased resistance to the antibiotic due to the induction of quorum sensing pathways [i.e., by increasing the number of persistent cells in the population, the expression of peroxidases which provide protection against reactive oxygen species, or the overexpression of an efflux pump (Rémy et al., 2018)]. The increase in MBC with cell density, however, was much less than the increase in the number of bacterial cells. If one calculates the relative MBC value per bacterial cell the effective MBC in fact significantly decreases with cell densities (Figure 3). The required MBC after 24 h at 106 CFU/ml initial bacterial density was 2.1 × 10–5 μM and decreased to 2.7 × 10–8 μM at the initial bacterial density of 1010 CFU/ml. This is more than three orders of magnitude. The results imply that the denser the initial bacterial suspension the more the individual bacterial cell is susceptible to the antibacterial compound. This is surprising and could be due to an increased level of stress experienced by the individual cell in a more crowded environment. Although at high cell densities bacteria may collectively adapt their behavior and increase antibiotic resistance the results of this study suggest that the individual cells of E. faecalis become more stressed and susceptible to the antibiotic at higher initial bacterial concentrations. This could be due to reduced availability of nutrients and reduced growth rate. To check this we have grown bacteria at different initial densities in fresh medium. As illustrated in Figure 3, the optical density increased during incubation for the dilute initial bacterial suspensions (i.e., from 106 to 108 CFU/ml), but remained unchanged if the initial bacterial concentration was 109 CFU/ml or higher. The growth rate, which is a general indicator of cell well-being, decreased significantly with increasing initial cell density.
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FIGURE 3. The growth rates r and experimentally determined MBCs at different initial E. faecalis culture densities. MBCs were determined after 3 min, 60 min, and 24 h of exposure to A14 (upper table). The relative MBC values of A14 antibacterial compound calculated per single bacterial cell (left bottom graph). Growth curves of E. faecalis suspensions at different initial bacterial densities in the absence of A14 (right bottom graph).




Effectiveness of QACs Against Biofilm

The effectiveness of different QACs against E. faecalis biofilms was determined with A14, B14, and C14 compounds as shown in Figure 4. All tested QACs were effective against E. faecalis biofilms after 60 min of treatment. The fraction of dead (red) cells increased with the time of incubation. The increase was most pronounced for C14, where the majority of cells in the biofilm were dead already after 1 min of treatment. The effectiveness of B14 was higher than that of A14. As a positive control we have used Sodium hypochlorite solution applied at the concentration commonly used in clinical practice (3% V/V). After 1 min of exposure the biofilm coverage decreased below 1%. The applied NaOCl concentration was approximately 150 times higher than QACs’ concentrations used in this study.
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FIGURE 4. Up: CLSM images of E. faecalis biofilms grown on a titanium surface for 72 h at 37°C. In the left column are the live/dead stained biofilms for a control biofilm treated with 0.9% NaCl solution, and a positive control treated with 3% NaOCl for 1 min. The biofilms on the right are after 1, 3, and 60 min of treatment with A14, B14, and C14 at a concentration of 250 μM. Live bacteria are green, dead are red fluorescent. For each antibacterial and length of treatment, the representative view fields are shown in the panel. The scale bar on the micrographs represents 50 μm. Down: The effect of QACs on the fraction of dead cells in the biofilm (left bottom graph), and surface covered by bacteria (right bottom graph). The average values and standard deviations are given (n = 9–27). Significance *** (p < 0.001); **** (p < 0.0001).


To quantify the effect of different QACs on E. faecalis biofilms we have determined the fraction of dead cells and the biofilm surface coverage prior to and after the treatment (Figure 4). Prior to treatment, most of the bacterial cells in a biofilm (88 ± 6%) were alive. After 60 min of treatment, the proportions of live cells decreased dramatically and were 18, 14, and 3% for A14, B14, and C14, respectively. The most effective compound against biofilm bacteria was C14, where after 3 min of treatment the fraction of dead bacteria was already 86 ± 4%. B14 was more effective than A14. It is interesting to note that surface coverage did not change significantly during the treatment, suggesting that A14, B14, and C14 kill bacterial cells in a biofilm, but do not remove them from the surface. Similar behavior has been observed for chlorhexidine treatment, where the bacteria in the biofilm were killed, but not removed from the dentin surface (Paz et al., 2010).



Comparison of the Effectiveness of QACs Against Planktonic and Biofilm Cells

In plankton suspensions we were able to reach bactericidal concentration for all tested QACs. The situation was quite different in biofilms. The concentrations that work in plankton were not sufficient to kill all bacteria in the biofilm. It is usually assumed that antibacterials are significantly less effective in biofilms compared to plankton and up to 1000-fold higher concentrations were reported for biofilms compared to plankton (Ceri et al., 1999; Olson et al., 2002; ASTM International, 2017). Unfortunately, due to the solubility limit, it was not possible to increase the concentration of the QACs to concentrations that would kill all bacteria in the biofilm. Nevertheless, we can compare the effectiveness in plankton and biofilm if we decrease the concentration of biocide in the plankton to match the fraction of the dead cells in the biofilm. The less we have to dilute the concentration of biocide in plankton to match the fraction of dead bacteria in biofilm the more potent the compound is as a biocide in the biofilm. The experiment was performed at high density E. faecalis suspensions (2.4 × 109 CFU/mL) to mimic the high density of bacteria in a biofilm. By comparing QACs effectiveness at high initial planktonic densities we have largely eliminated the effect of the bacterial density and estimated the effect of biofilm induced changes on QACs sensitivity. One has to be careful, however, as bacterial cells in plankton differ from biofilm not only in cell density but also in cell metabolism and extracellular matrix viscoelasticity. To match the fraction of dead cells in the biofilm, the 10-fold dilution of compounds A14 and B14 were needed, whereas only 4-fold dilution of compound C14 was required. This indicates that C14 has a better activity in the biofilm compared to A14 and B14. The activity of QACs in biofilms relative to plankton was two orders of magnitude lower than usually reported in the literature. Although our biofilms were mature, they were relatively thin (up to 10 μm) which may explain the relatively high efficiency of the QACs against biofilms. Similar observations have been made for S. mutans biofilms, where biofilm cells were only 8 times less susceptible to QACs compared to plankton bacteria (López Pérez et al., 2017).



Er:YAG Photoacoustic Irrigation With QACs in Biofilm Treatment

Although treatment with QACs killed most of the bacteria in biofilms, a significant fraction survived (e.g., 18% with the A14 compound after 60 min of treatment). Since 60 min is far too long for many applications (e.g., in dentistry), we tested if laser treatment could potentiate the effect of QACs. To check this we pretreated the biofilms chemically with the QAC for 1 min followed by Er:YAG photoacoustic streaming treatment for 10 s (Figure 5). As a control, biofilms were pretreated with 0.9% NaCl saline solution followed by laser treatment. In the control samples the Er:YAG photoacoustic streaming substantially decreased the biofilm surface coverage, but did not change the fraction of dead bacteria in the biofilms. It is important to note that in photoacoustic streaming with short laser pulses the laser is not acting directly on the surface but it induces cavitation and consequently increases streaming in the fluid, which removes bacteria from the surface but does not change the ratio of live/dead bacteria. On the other hand, when samples were pretreated with QACs followed by laser treatment the fraction of dead cells increased noticeably.


[image: image]

FIGURE 5. Up: CLSM images of E. faecalis biofilms grown on a titanium surface for 72 h at 37°C. Upper row: live/dead stained biofilms of chemically treated biofilms after 1 min of exposure to A14, B14, and C14; lower row: biofilms exposed to A14, B14, and C14 for 1 min followed by 10 s of Er:YAG photoacoustic irrigation. Control: treatment with 0.9% NaCl solution. Laser treatment Er:YAG treatment of biofilms in 0.9% NaCl solution. Live bacteria are green, dead are red fluorescent. The representative field views are shown. The scale bar on micrographs represents 50 μm. Down left: The effect of each type of treatment on the fraction of dead cells. The expected combined effect (Eexp) of QACs and laser treatments according to the Bliss Independence model is indicated by doted lines. Down right: Surface covered with bacteria after different treatments. The average values and standard deviations are given (n = 9–27). Significance * (p < 0.05); ** (p < 0.01); *** (p < 0.001); **** (p < 0.0001).


To quantify the data, the proportion of dead cells and the surface coverage after Er:YAG photoacoustic irrigation were determined and are shown in Figure 5. If the cells were in saline solution the laser treatment significantly decreased the surface coverage, but did not significantly change the ratio of live/dead bacteria which remained on the surface. Although the surface coverage decreased more in saline solution compared to QACs the difference was not significant. On the other hands, when biofilms were chemically pretreated with QACs the fraction of dead cells increased significantly after laser treatment, for all tested QACs. To check if the potentiation provided by laser treatment is synergistic or additive, we have determined the Bliss independence index. In all cases it was positive indicating a synergistic action of QACs and laser treatment. The synergistic effect was most pronounced with the novel B14. Taken together, these data imply that short laser treatment dramatically improves the effectiveness of QACs by removing bacteria from the surface and by increasing the killing rate. This may allow a shorter chemical exposure time and lower dosage of QACs used in applications.



Cytotoxicity of QACs

In vitro cytotoxicity evaluation of QACs on mammalian CHO-K1 (Chinese hamster ovary) cell line is given in Table 3. With the increase in the alkyl chain length the cytotoxic potential of the drugs increased. This effect is probably caused due to the increasing lipophilicity expressed as the Clog P (Table 2) and correlates most likely with the ability to penetrate into cells more easily (Marek et al., 2015; Soukup et al., 2020).


TABLE 3. The effect of the tested compounds on the CHO-K1 cell viability.

[image: Table 3]The highest cytotoxicity was determined in the series C which is most likely due to the hydroxyethyl group in the structure. The chlorine substituent in the meta position within the series B caused higher cytotoxicity in comparison to series A. The sodium hypochlorite was more cytotoxic than A and B compounds. The cytotoxicity of commonly used or structure modified QACs was already studied several times. However, the comparison of the obtained values with already published is limited due to the assays’ differences, especially regarding to the type of the cells used in experiments. Nevertheless, the cytotoxicity of the well-known QACs representative, benzalkonium chloride, is frequently established in similar range as our QACs [EC50 ∼ 12.42 μM for human hepatoma cell line (Christen et al., 2017); IC50 ∼ 14.8 μM for Human alveolar cells (Kwon et al., 2019); IC50 ∼ 22.8 μM for osteosarcoma cybrid cells (Datta et al., 2017)]. On the other hand, lower toxicity was previously described for QAC-like magnetic and non-magnetic ionic liquid surfactants and their polymeric analogs (∼50 μM for human embryonic kidney cells) (Fuente-Nunez et al., 2018).



CONCLUSION

All the selected nosocomial bacterial species were susceptible to the tested QACs in the planktonic state. The novel chlorine substituted N-alkylpyridinium (B12–16) compounds were most effective against planktonic S. aureus with MIC values between 0.5 and 4 μM. The new QACs have an effect comparable to the effect of the non-chlorinated derivatives of N-alkylpyridinium and N-Alkylimidazolium. The activity of QACs on planktonic bacteria was dependent on the initial bacterial concentration in the suspension. By increasing the initial bacterial concentration, which leads to increased bacterial density during the growth, the level of stress experienced by individual cell was increased. This resulted in lowering the effective QAC concentration needed to kill a bacterial cell. All evaluated QACs demonstrate anti-biofilm activity against E. faecalis biofilms grown on a titanium surface. The best anti-biofilm compound was 3-tetradecyl-1-(2-hydroxyethyl)imidazolium bromide (C14) which was the most cytotoxic. Compared to planktonic bacteria, the biofilm bacteria were only 4-fold more resistant to C14. The most significant finding of this study is that a short 10 s treatment of Er:YAG – SSP photoacoustic steaming irrigation in the presence of new N-alkylpyridinium improved significantly its anti-biofilm action. In particular, it decreased the surface coverage of the biofilm and significantly increased the fraction of dead bacteria. The application of QACs supported by photoacoustic irrigation could be a promising new strategy in combating biofilm-related problems.
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