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Abstract

:

The distinct structure of cationic organic compounds plays a pivotal role in enhancing their water solubility, which in turn influences their bioavailability. A representative of these compounds, which contains a delocalized charge, is 5-amino-2-(5-amino-3-methyl-1,2-oxazol-4-yl)-3-methyl-2,3-dihydro-1,3,4-oxadiazol-2-ylium bromide (ED). The high-water solubility of ED obviates the need for potentially harmful solvents during in vitro testing. The antibacterial and antifungal activities of the ED compound were assessed in vitro using the microtiter plate method and a biocellulose-based biofilm model. Additionally, its cytotoxic effects on wound bed fibroblasts and keratinocytes were examined. The antistaphylococcal activity of ED was also evaluated using an in vivo larvae model of Galleria mellonella. Results indicated that ED was more effective against Gram-positive bacteria than Gram-negative ones, exhibiting bactericidal properties. Furthermore, ED demonstrated greater efficacy against biofilms formed by Gram-positive bacteria. At bactericidal concentrations, ED was non-cytotoxic to fibroblasts and keratinocytes. In in vivo tests, ED was non-toxic to the larvae. When co-injected with a high load of S. aureus, it reduced the average larval mortality by approximately 40%. These findings suggest that ED holds promise for further evaluation as a potential treatment for biofilm-based wound infections, especially those caused by Gram-positive pathogens like S. aureus.
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1. Introduction


The increasing need for new antimicrobial and antibiofilm agents has intensified research into potent molecules to combat infections [1]. Many small molecules that contain heterocyclic elements are of pharmaceutical application/potential thanks to their broad biological activity [2]. Heterocyclic compounds are rapidly increasing in number due to extensive synthetic research and their synthetic utility [3] and play diverse roles in pharmacy and medicine, including anti-cancer, antimicrobial (including anti-biofilm), and anti-inflammatory actions, and they are a major focus in the organic chemistry literature [4,5,6].



Heterocyclic compounds have one or more ring structures, often with five or six atoms, and include atoms like nitrogen (N), oxygen (O), or sulfur (S). Specifically, heterocycles with nitrogen and oxygen are crucial in studies on natural products and drug synthesis [1]. The prominent examples of such compounds are isoxazoles and 1,3,4-oxadiazoles. Their therapeutic potential is growing, with oxadiazole derivatives being notable for their unique –N=C=O- linkage in medicinal chemistry [7,8,9]. As an example, drugs such as Furamizol and Zibotentan, which contain the 1,3,4-oxadiazole ring, are applied clinically thanks to their proven therapeutic value [10,11].



The further development of new heterocyclic compounds with beneficial biological effects is vital for advancing medicinal chemistry and drug discovery. Designing effective drugs involves modifying their chemical and physical properties to improve solubility, decrease toxicity, and optimize other pharmacokinetic properties. A drug molecule’s water solubility, influenced by factors like the partition coefficient and localized charge, affects its absorption. Contrary, molecules with limited solubility can have absorption issues [12].



Building on our prior work on isoxazoles [13], in this work we investigated the biological properties of the water-soluble compound: 5-amino-2-(5-amino-3-methyl-1,2-oxazol-4-yl)-3-methyl-2,3-dihydro-1,3,4-oxadiazol-2-ylium bromide, referred to in this work as ED. Our primary focus was to determine whether this compound could be considered a potential (initial) candidate for addressing biofilm-related chronic wound infections. To answer this question, we conducted a dual investigation: first, we evaluated in vitro ED’s antimicrobial/antibiofilm capabilities; subsequently, we studied its cytotoxic effects on wound bed fibroblasts and keratinocytes. We then combined the results from these in vitro studies to assess both the antibacterial effectiveness and cytotoxicity of ED in vivo, using the Galleria mellonella larvae as a model for living, infected tissue. Our primary goal was thus to understand the potential of ED, emphasizing its possible role in treating biofilm-affected chronic wounds.




2. Results


The synthesis, spectroscopic and structural analyses, as well as computational studies of ED molecule, have been previously delineated by our team [14], while its chemical structure is presented in Figure 1.



In initial microbiological tests, we measured the minimal inhibitory concentrations (MIC values) of ED using the microtiter plate method. We tested it against reference strains of Gram-positive and Gram-negative bacteria, as well as yeast-like fungus. The results showed that the ED compound had antimicrobial activity (MIC) at the concentrations tested (Table 1).



Also, ED efficacy against Gram-positive bacteria was significantly higher than against Gram-negative bacteria (Figure 2).



Specifically, ED worked best against S. epidermidis (31.25 mg/L) and showed strong activity against S. aureus and Str. pyogenes (both at 62.5 mg/L). Noteworthy, the MBEC values towards Gram-positive bacteria were 2–4 times higher than the MIC/MBC values. This is consistent with other studies that have found biofilms to be more tolerant to antimicrobials than individual, free-floating bacteria in the planktonic state. In turn, for Gram-negative bacteria (except for A. baumanii), the MBEC value was beyond the tested range of concentrations. We subsequently examined the antibiofilm properties of the ED compound (Figure 3) using an alternative, biocellulose-based model. As a control to ensure the method’s validity, the PHMB (polyhexamethylene biguanide) antiseptic of proven activity was applied. As shown in Figure 3, ED was able to reduce biofilm also in the cellulose-based model, however, not completely, which stays in line with the data presented in Figure 2. Noteworthy, for Gram-positive wound pathogens, ED’s antiseptic effect was comparable to the reference, clinically applied antiseptic used in this study.



The ideal wound antiseptic should not only exhibit robust antimicrobial (antibiofilm) activity but also refrain from adversely affecting wound bed cells, such as fibroblasts and keratinocytes. Given the pivotal role of fibroblasts and keratinocytes in the wound healing process, we assessed their viability when exposed to the ED compound (Figure 4). For this evaluation, a concentration of 500 mg/L of ED was used.



This in vitro study revealed that ED did not exhibit cytotoxic effects on the cells forming the wound bed (fibroblasts and keratinocytes), in contrast to the effects observed when cells were treated with 70% ethanol (control setting). The obtained in vitro results led us to conduct a subsequent phase that bridged the previous two lines of research, i.e., to test the ED compound using a Galleria mellonella larvae. This animal test enables not only a fast and convenient way to assess the in vivo toxicity of a given compound (results show a strong correlation to those in mammalian systems) but also allows to check whether the applied antimicrobial is able to counteract spreading infection within the living organism containing pharmacological/pharmacokinetic compartments as well as the simple immune system.



The results presented in Figure 5 show that non-exposed larvae displayed full survivability within the timeframe of experiment (120 h), while larvae injected with toxic concentration of ethanol died within 24 h after exposure. Also, all larvae injected with 7 MF of S. aureus died within 72 h, while the average mortality of larvae injected with lower concentration of this pathogen (4 MF) reached 50% and 70% after 48 h and 72 h after exposure, respectively. The above-mentioned set of appropriate control results show the usability of Galleria mellonella to test the cytotoxicity and protective potential of ED in vivo against spreading staphylococcal infection. The provision of ED in the concentration of 500 mg/L to larvae infected with 7MF of staphylococcal cells decreased the average mortality of insects by 50% till the 72nd hour post injection and by ca. 40% after the 72nd hour. Noteworthy, at this time point, all larvae devoid of protective activity of ED and infected with 7 MF of staphylococci were already dead. This result confirms significant anti-staphylococcal activity of ED in the actual living tissue containing all obstacles typical for the living complex systems that may potentially diminish the antimicrobial potential of a given substance.




3. Discussion


Chronic wounds disrupt the continuity of skin and soft tissues, deviating from the typical healing trajectory [15]. A significant factor contributing to this perilous and often life-threatening phenomenon is the presence of microbial cells within the wound. These cells form a persistent structure known as a biofilm. This complex, multilayered community of microbial cells is highly resistant to both topically applied antiseptic agents and systemically administered antibiotics [16]. As a result, the search for novel antimicrobial agents—beyond traditional antibiotics and antiseptics—is crucial in the fight against wound biofilms. Additionally, any new antimicrobial agent must prioritize the safety of the patient’s cells essential for wound healing, such as fibroblasts and keratinocytes.



In this context, our paper investigates the antimicrobial/antibiofilm efficacy and cytotoxicity of the ED compound. This molecule, (5-amino-2-(5-amino-3-methyl-1,2-oxazol-4-yl)-3-methyl-2,3-dihydro-1,3,4-oxadiazol-2-ylium bromide), exemplifies an organic salt. Such salts consist of an organic cation paired with either inorganic or organic anions. These combinations yield unique properties, including interactions with biomolecules and other compounds [8]. The synthesis of the ED salt involved pairing the organic cation with Br− as a counterion, resulting in a molecule with enhanced water solubility. This characteristic significantly affects its bioavailability.



In general, ED has shown antibacterial/antibiofilm and antifungal activity, with the most pronounced effect against Gram-positive bacteria (Table 1, Figure 2 and Figure 3). Importantly, it does not harm fibroblasts and keratinocytes, as evidenced in Figure 4. In an in vivo model, ED effectively prevented staphylococcal infection spread without causing harm to larvae (Figure 5). Nevertheless, several main pinpoints require further mentioning or discussion. These include:




	(a)

	
High Water Solubility: A clear advantage of the ED compound as an antimicrobial agent for chronic wounds is its high water solubility. This facilitates in vitro testing by eliminating the need for potentially harmful solvents. Moreover, water-soluble compounds are generally more suitable for medical applications, reducing risks and enhancing patient safety [17];




	(b)

	
Antimicrobial Activity: As indicated in Table 1, the MIC values of ED matched the MBC values, suggesting that ED not only inhibits but also kills the tested microorganisms. Such antimicrobial activity, as opposed to a bacteriostatic mode of action, is essential for topical treatment of wound infections [18];




	(c)

	
Gram-Positive Susceptibility: Gram-positive pathogens were more susceptible to the ED agent than Gram-negative bacteria and fungi. The differential susceptibility between these bacterial groups to antimicrobial agents can be attributed to several structural and functional differences, including cell wall composition, outer membrane presence, efflux pumps, target accessibility, and intrinsic resistance mechanisms [19,20]. To pinpoint ED’s exact mechanism of action, further studies are undoubtedly required. These should encompass various lines of investigation, such as assessing ED’s interaction with bacterial membranes using techniques like transmission electron microscopy, determining the compound’s uptake and efflux in both bacterial types, and identifying the precise target or mode of action. Understanding this mechanism can offer insights into optimizing the ED compound or devising adjuvant strategies to boost its activity against Gram-negative pathogens. Previous studies have indicated that interactions with charged compounds differ between these bacterial groups [21,22]. For instance, Abebe et al. synthesized a series of decyl-o-phenanthrolinium organic salts and found that the type of anion significantly influenced their antibacterial activities [23]. Other compounds with broad antimicrobial activity, such as cationic antimicrobial peptides (AMPs), have been identified. These peptides, typically short and positively charged, exhibit activity against a range of Gram-positive bacteria. Although their exact mode of action remains elusive, it is proposed that these peptides interact with and disrupt the cytoplasmic membrane, leading to cell death. Friedrich et al. demonstrated the high activity of positively charged compounds against Gram-positive strains of S. aureus [24]. Fletcher et al. observed that 1,3,4-trisubstituted-1,2,3-triazolium bromide salts had the lowest MIC values against Gram-positive bacteria [25]. Our spectroscopic analysis of the ED structure suggests that the presence of a positive charge is crucial for its selective antibacterial activity, as well as the presence of the hydrophobic isoxazole ring. To explain the non-specific activity of the ED compound, it is worth analyzing reports on positively charged structures, their antibacterial effects, and known mechanisms of action. Da Costa et al. [26] investigated the impact of surface charge modulation of rifampicin-loaded PLA (poly-lactic acid) nanoparticles (NPs) on behavior within a bacterial biofilm. The nanoparticles were functionalized with poly-L-lysine to achieve a positively charged surface. The observed effect was that positively charged nanoparticles had a stronger interaction with S. aureus, under biofilm growth conditions, than negatively charged ones. This led to slower particle migration in the biofilm and better retention of these cationic particles within the biofilms. Although rifampicin showed complete ineffectiveness in biofilms after washing, rifampicin-loaded PLA nanoparticles coated with poly-L-lysine exhibited enhanced antibiotic efficacy compared to uncoated, negatively charged nanoparticles. While negatively charged PLA NPs migrated rapidly and uniformly through the entire S. aureus biofilm, positively charged NPs were primarily bound to the top of biofilms and entrances of dense bacterial clusters, preventing deeper penetration. This suggests electrostatic interactions between the positive charge of the compound and the negatively charged biofilm components, such as bacteria and matrix macromolecules like eDNA. Hasan et al. demonstrated that cationic PLGA (Poly-lactic-co-glycolic acid) nanoparticles loaded with clindamycin significantly reduced the bacterial load in wounds of S. aureus-infected mice compared to anionic NPs [27]. This finding correlated with better wound healing, evidenced by a significantly smaller wound size after 8 days of local treatment. Coating nanoparticles with a poly-L-lysine corona inverted the surface charge of anionic NP-rifampicin, producing positively charged NP-rifampicin that exhibited higher interactions with planktonic S. aureus and biofilms than negatively charged NPs. This study revealed the importance of the ability of antibiotic-loaded NPs to penetrate and remain within biofilms for effective control. The stronger interactions observed with positively charged nanoparticles resulted in better retention of antibiotic-loaded nanoparticles within biofilms, enabling the sustainable delivery of potent rifampicin concentrations at reduced doses. These findings suggest that the carrier retention capacity within biofilms correlates with treatment effectiveness. Thus, positively charged rifampicin-loaded PLA nanoparticles present a promising approach for enhancing antibiotic delivery In S. aureus biofilms. Romero-Urbina et al. [28] reached conclusions aligned with the above due to the presence of a positive charge in the compound. They studied the effects of positively charged silver nanoparticles against both methicillin-sensitive and methicillin-resistant S. aureus. They examined the bactericidal effects of silver nanoparticles and the induced bacterial ultrastructural modifications using aberration-corrected transmission electron microscopy. The study showed that silver nanoparticles cause thinning and increased permeability of the cell wall, destabilization of the peptidoglycan layer, and consequent leakage of intracellular content, leading to bacterial cell lysis. They hypothesized that positively charged silver nanoparticles primarily bind to the negatively charged polyanionic backbones of teichoic acids and related bacterial cell wall glycopolymers, thereby affecting cell wall structure and permeability. This hypothesis could explain the antibacterial effects of silver nanoparticles on S. aureus.









In summary, while the exact mechanism of ED’s action remains unknown, findings from other researchers seem to corroborate our data.



	(d)

	
In Vivo Model: G. mellonella larvae are a widely used in vivo invertebrate infection model for studying bacterial and fungal infections and evaluating the efficacy of antimicrobial drugs [29]. We utilized G. mellonella larvae to assess the antibacterial efficacy and cytotoxicity of ED [30]. The injection of ED into the larvae significantly hindered S. aureus’s ability to cause a lethal infection (Figure 5). Notably, our experiment aimed to mimic the introduction of an antimicrobial agent to a chronic wound. The conditions within G. mellonella tissues, such as specific temperature, hypoxia, and the presence of immune system components, pose challenges not only for the antimicrobial agent due to pharmacokinetic/dynamic issues [31] but also for S. aureus biofilm development compared to standard in vitro models [32]. These conditions resemble those in necrotic, exuding chronic wounds [33].







Given that ED exhibited no cytotoxicity in our in vivo model and simultaneously protected the model organism from infection spread, further studies on ED, including its mode of action and efficacy in other animal models, are warranted. This is a crucial step towards introducing new, safe antimicrobial drugs capable of counteracting microbial infections.




4. Materials and Methods


4.1. Determination of Minimal Inhibitory Concentration Using Microtiter Plate Method


To ascertain the lowest concentration at which the examined compounds inhibit microbial growth (MIC values), the subsequent procedure was adopted. Initially, the strains were cultured overnight in TSB medium (Tryptic Soy Broth, Biomaxima, Lublin, Poland). Following this, 100 µL of TBS was introduced into every well of the 96-well plate, with the first column receiving the initial aliquot. This was followed by tenfold serial dilutions for each compound. A 0.5 MacFarland standard of bacterial/fungal suspensions was then achieved in a 0.9% sodium chloride solution (NaCl, Stanlab, Lublin, Poland) utilizing a densitometer (Densilameter II Erba Lachema, Brno, Czech Republic). These suspensions underwent a 1000-fold dilution in TSB, and 100 µL was dispensed into the wells containing the compounds. Controls for microbial growth (suspensions in TSB) and medium sterility (medium alone) were set up. The solution’s absorbance was gauged at 580 nm with a spectrophotometer (Multiskan Go, Thermo Fisher Scientific, Vantaa, Finland). Subsequently, the plates were placed in an incubator at 37 °C for 24 h, agitated at 350 rpm (Mini-shaker PSU-2T, Biosan SIA, Riga, Latvia). Post-incubation, the absorbance was again measured at 580 nm. To pinpoint the MIC values, 20 µL of 1% (w/v) TTC (2,3,5-triphenyl-tetrazolium chloride, AppliChem Gmbh, Darmstadt, Germany) in TSB was dispensed into every well, followed by a 2-h incubation under identical conditions. The MIC value for bacteria was identified in the initial well where no red hue was evident. Each compound underwent this process thrice. The entirety of the first well’s content (100 µL) that did not exhibit a red shift was relocated to 10 mL of the suitable broth and incubated for 72 h at the optimal temperature in a microbiological incubator. If no turbidity appeared in the broth within the 72-h window, the specific concentration of ED used was also deemed MBC. The strains exposed to sterile saline, instead of antimicrobial agent, served as the growth control setting.




4.2. Determination of Minimal Biofilm Eradication Concentration Using Microtiter Plate Model


The strains were cultured overnight using the Brain Heart Infusion medium. Following this, bacterial/fungal suspensions were standardized to a 0.5 MacFarland concentration using a 0.9% sodium chloride solution with the help of a densitometer. These suspensions underwent a 1000-fold dilution in TSB. A volume of 100 µL from this diluted suspension was then introduced into the wells of a 96-well plate and incubated at 37 °C for 18 h. Post-incubation, the medium was discarded, retaining only the cells that form biofilm. Thereafter, 100 µL of sterile broth was dispensed into each well. Geometric dilutions of the compounds under investigation were then carried out directly in the plate wells. This setup was incubated again at 37 °C for 18 h. After this period, 20 µL of 1% (w/v) TTC in TSB was added to every well, followed by a 2-h incubation under the same conditions. The MBEC value for bacteria was identified in the initial well that did not display a red hue. For C. albicans, 20 µL of 0.1% resazurin in TSB was added to each well and given a 3-h incubation under identical conditions. The MBEC value for C. albicans was determined in the first well where a blue shade was evident. This entire procedure was replicated thrice for every compound and its respective concentration. The equation employed to calculate biofilm eradication was 100% minus [absorbance value from biofilm treated with the compound in question divided by absorbance value from biofilm treated with saline) multiplied by 100%]. These tests were conducted in three iterations.




4.3. The Cytotoxicity Assay of Analyzed Compounds towards Fibroblast and Keratinocytes Cell Line In Vitro


The Neutral Red (NR) cytotoxicity test was conducted on fibroblast and keratinocytes (L929 and HaCaT, ATCC, Manassas, VA, USA) in vitro cell cultures. These cultures were exposed to the compounds under study at concentrations equivalent to their MBEC values (or MIC if the MBEC exceeded the tested concentration range) for 24 h. This was done in alignment with biological evaluation of medical devices; Part 5: In vitro cytotoxicity tests; Part 12: Sample preparation and reference materials. The compounds were dissolved in the cell culture medium (RPMI, Sigma-Aldrich, Darmstadt, Germany) and allowed to air-dry at ambient temperature. Subsequently, 150 µL of a de-staining solution (comprising 50% ethanol (96%), 49% deionized water, and 1% glacial acetic acid; sourced from POCH, Lublin, Poland) was added to each well. The plate was then vigorously agitated using a shaker (MTS4, IKA-Labortechnik, Berlin, Germany) for 30 min, ensuring the NR was fully extracted from the cells, resulting in a uniform solution. The absorbance of the NR was then spectrometrically gauged using a microplate reader at a wavelength of 540 nm. The absorbance value from NR-stained cells that were not exposed to the compound-infused medium was deemed as 100% potential cell growth (serving as the positive growth control). Conversely, cells exposed to 70% EtOH (from POCH, Lublin, Poland) for 30 min were used as the method’s control. Each analysis was replicated six times.




4.4. The Synthesis and Purification of Bacterial Cellulose Carrier


A suspension of 2 × 105 CFU/mL of Komagateibacter xylinus DSM 46604, derived from a week-long culture, was added to a custom-prepared Herstin–Schramm medium. This medium contained ingredients such as: glucose (2% w/v; POCH, Gliwice, Poland), yeast extract (0.5% w/v; Graso, Starogard Gdanski, Poland), bacto-pepton (0.5% w/v; Graso, Starogard Gdanski, Poland), citric acid (0.115% w/v; POCH, Gliwice, Poland), Na2HPO4 (0.27% w/v; POCH, Gliwice, Poland), MgSO4 × 7H2O (0.05% w/v; POCH, Gliwice, Poland), bacteriological agar (2% w/v; Graso, Starogard Gdanski, Poland), and ethanol (1% v/v; POCH, Gliwice, Poland). The synthesis of bacterial cellulose took place in 24-well plates. The resulting bacterial cellulose carriers (BC), shaped as 18-mm diameter cylinders, underwent alkaline lysis to eliminate K. xylinus cells. They were then meticulously washed with sterile water until a neutral pH was achieved.




4.5. Assessment of ED Compound’s Antibiofilm Activity Using Cellulose-Based Biofilm Model


The proliferation of microbes on BC disks was gauged using a standard tetrazolium test, conducted every 24 h over a week. Subsequently, 2 mL of 105 CFU/mL of the pathogens under study was applied to the BC. A 24-h culture of these microbes served as a model for ED application, as previously demonstrated [34]. The biofilm on the BC carrier was then exposed to 500 mg/L of the ED compound for an hour. Following this, the carriers with the residual biofilm were moved to 10 mL of a neutralizing solution (peptone saline water containing 1 g/L casein and 8.5 g/L NaCl) for 5 min. Post-neutralization, the BCs were added to 2 mL of BHI medium (Biomaxima, Lublin, Poland) infused with 1% TTC and incubated for 2 h. After this period, the medium was discarded, and the BCs were washed with 0.9% NaCl. Next, 1 mL of a solution (comprising ethanol: acetic acid in a 90:10 v/v ratio, sourced from POCH, Gliwice, Poland) was added to the BCs to extract formazan. This was followed by a 15-min mechanical agitation. The formazan solution was then transferred to new 96-well plates and its concentration was determined at 490 nm using the MultiScan Go Spectrophotometer (Thermo Fischer Scientific, Waltham, MA, USA). This was done to evaluate the percentage of biofilm-forming cells left on the BC samples relative to the untreated control. BCs with pre-established biofilm treated with 0.9% NaCl, instead of the ED compound, acted as the biofilm growth control. The biofilm eradication was computed by division of of the average absorbance values for the test samples per average absorbance values for the control samples.




4.6. Larvae In Vivo Model to Assess Compound’s Cytotoxicity and Capability to Prevent Infection


The in vivo model with Galleria mellonella larvae was performed to assess ED cytotoxicity and confirm the ED anti-staphylococcal activity in vivo. Sixth instar larvae of the greater wax moth, G. mellonella, with an average weight of 0.21 g, were selected for the experiment. The larvae were injected with 20 µL of ED solution (reaching 500 mg/L/body mass) to evaluate its cytotoxicity or with 10 µL of the S. aureus ATCC 6538 (American Type Culture Collection) strain at 1.25 × 109 CFU/mL or with 10 µL of the S. aureus 6538 and 20 µL of ED simultaneously. The 4 or 7 MF density of microbial strain was applied. Moreover, a negative control with 10 µL of PBS (Dulbecco′s Phosphate Buffered Saline, Biowest, Riverside, MO, USA) and a usability control with 10 µL of 96% (v/v) ethanol (Stanlab, Lublin, Poland) were performed. The larvae were placed in 90-mm Petri dishes (Noex, Warsaw, Poland) and incubated at 30 °C for five days. Each day, the mortality of larvae was monitored. Death was defined when the larvae were nonmobile, melanized, and did not react to physical stimuli. Three groups of 10 larvae were analyzed for each testing condition.




4.7. The Statistical Analysis


Statistical analyses were performed using GraphPad Prism 8.0. (GraphPad 10 Software, San Diego, CA, USA). Normality of distribution was verified using Shapiro–Wilk’s test. To evaluate statistical significance, the ANOVA with Tukey’ post hoc multiple comparison test was performed with p < 0.05.
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Figure 1. The chemical structure of investigated 5-amino-2-(5-amino-3-methyl-1,2-oxazol-4-yl)-3-methyl-2,3-dihydro-1,3,4-oxadiazol-2-ylium bromide (ED). The isoxasazole ring is marked red, while oxadiazole ring is marked blue color. 
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Figure 2. Comparison of MIC and MBEC values of analyzed compound towards all Gram (+) vs. Gram (−) bacteria. Asterisks show statistical significance, while “ns” denotes lack of statistical significance. The asterisks are intended to flag levels of significance. ANOVA with Tukey’s multiple comparison test (p = 0.05). 
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Figure 3. Comparison of ability of 500 mg/L ED compound to reduce biofilm [%] in the cellulose-based biofilm model (CBB). The asterisks or “ns” show statistical significance or insignificance, respectively, between level of reduction displayed by ED compound or standard PHMB antiseptic towards S. aureus and P. aeruginosa biofilm. The letters a/b show statistical significance in reduction between Gram+ and Gram− pathogens, while ns/**** shows lack or significant difference between reduction in biofilm performed by ED vs. PHMB, respectively. The asterisks are intended to flag levels of significance. ANOVA with Tukey’s multiple comparison test (p = 0.05). 
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Figure 4. The survivability of fibroblast and keratinocytes cells exposed on the 500 mg/L of ED compound or 70% ethanol (usability control of experiment). The green dotted line indicates level of none or negligible cytotoxicity, while the orange dotted line indicates level of low/moderate cytotoxicity. Asterisks show statistical significance, while “ns” denotes lack of statistical significance. ANOVA with Tukey’s multiple comparison test (p = 0.05). 
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Figure 5. (A) The survivability [%] of larvae in the following hours (0–120) after exposure on the 500 mg/L of ED compound, or 70% ethanol (experiment usability control), or the PBS buffer (non-exposed larvae, control of growth). The infection model consisted of larvae injected with 4 or 7 McFarland (4 or 7MF, respectively) of S. aureus together with 500 mg of ED compound. The larvae injected with 4 or 7 MF of S. aureus only (without ED compound) served as the proof of this specific staphylococcal strain’s ability to kill larvae within time of experiment. (B) Live, creamy, motile larvae. (C) Dead, flaccid, motionless larvae. 






Figure 5. (A) The survivability [%] of larvae in the following hours (0–120) after exposure on the 500 mg/L of ED compound, or 70% ethanol (experiment usability control), or the PBS buffer (non-exposed larvae, control of growth). The infection model consisted of larvae injected with 4 or 7 McFarland (4 or 7MF, respectively) of S. aureus together with 500 mg of ED compound. The larvae injected with 4 or 7 MF of S. aureus only (without ED compound) served as the proof of this specific staphylococcal strain’s ability to kill larvae within time of experiment. (B) Live, creamy, motile larvae. (C) Dead, flaccid, motionless larvae.



[image: Ijms 24 16033 g005]







 





Table 1. The values of Minimal Inhibitory Concentration (MIC), Minimal Biocidal Concentration (MBC) and Minimal Biofilm Eradication Concentration (MBEC) of analyzed ED compound against Staphylococcus aureus, Streptococcus pyogenes, Staphylococcus epidermidis, Enterococcus faecium, Candida albicans, Pseudomonas aeruginosa, Escherichia coli, Klebsiella pneumoniae, and Acinetobacter baumanii.
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MIC = MBC [mg/L]

	
MBEC






	
Gram (+) bacteria

	
S. aureus 6538

	
62.5

	
125




	
Str. pyogenes 19615

	
62.5

	
250




	
S.epidermidis 12228

	
31.25

	
125




	
E. faecium 19434

	
125

	
500




	
fungus

	
C.albicans 1023

	
250 [Minimal Fungicidal Concentration]

	
1000




	
Gram (−) bacteria

	
P.aeruginosa 15442

	
500

	
>range of concentrations




	
E.coli 25922

	
500

	
>range of concentrations




	
K.pneumoniae 4352

	
500

	
>range of concentrations




	
A.baumanii 43498

	
250

	
1000
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