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Abstract

:

Imidazole derivatives are considered potential chemical compounds that could be therapeutically effective against several harmful pathogenic microbes. The chemical structure of imidazole, with a five-membered heterocycle, three carbon atoms, and two double bonds, tends to show antibacterial activities. In the present study, novel imidazole derivatives were designed and synthesized to be evaluated as antimicrobial agents owing to the low number of attempts to discover new antimicrobial agents and the emerging cases of antimicrobial resistance. Two imidazole compounds were prepared and evaluated as promising candidates regarding in vitro cytotoxicity against human skin fibroblast cells and antimicrobial activity against several bacterial strains. The synthesized imidazole derivatives were chemically identified using nuclear magnetic resonance (NMR) and Fourier-transform infrared spectroscopy (FTIR). The results demonstrated a relatively high cell viability of one of the imidazole derivatives, i.e., HL2, upon 24 and 48 h cell exposure. Both derivatives were able to inhibit the growth of the tested bacterial strains. This study provides valuable insight into the potential application of imidazole derivatives for treating microbial infections; however, further in vitro and in vivo studies are required to confirm their safety and effectiveness.
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1. Introduction


In the last century, nitrogen-based heterocycles attracted huge attention owing to their core scaffold that demonstrates promising pharmacological properties and therapeutic applications across various disease areas. The versatility of nitrogen heterocycles in medicinal chemistry led to the development of numerous drugs, including antivirals, and their ability to form hydrogen bonds with biological targets has made them valuable building blocks for the design of new drug candidates [1,2,3,4]. Imidazole’s derivatives are compounds that contain a five-membered ring with two nitrogen atoms and are widely used in different fields, including medicine. Among the various chemical compounds explored in medicinal chemistry, imidazole derivatives have attracted significant attention due to their versatile pharmacological properties [5]. Furthermore, the electron-rich nitrogen heterocycle is capable of readily accepting or donating a proton and can easily establish a variety of weak interactions [6]. These intermolecular forces, such as hydrogen bonding, dipole–dipole interactions, hydrophobic effects, van der Waals forces, and π-stacking interactions, have increased the significance of nitrogen compounds in medicinal chemistry. These interactions allow nitrogen compounds to bind with a wide range of enzymes and receptors in biological targets with high affinity owing to their enhanced solubility. The structural features of their derivatives are particularly advantageous, as they exhibit a broad spectrum of bioactivities [4,6,7].



Imidazole derivatives, such as 1H-imidazole, are widely used in the treatment of various diseases, showcasing their versatility and importance in medicinal chemistry. They are involved in combating conditions like cancer, bacterial infections, fungal infections, viral diseases, inflammation, diabetes, and Alzheimer’s disease. The broad range of biological activities exhibited by imidazole compounds underscores their significance in drug development and therapeutic interventions across multiple disease areas [8,9,10,11,12]. For instance, the applications of imidazole ring core scaffolds have exhibited potential anti-cancer, anti-bacterial, and anti-inflammatory effects [13].



The structural characteristics of imidazole derivatives enhance their ability to establish multiple drug–ligand interactions. The anticancer potential of imidazole derivatives can be attributed to their ability to inhibit cancer cell proliferation by interfering with key cellular processes [14]. These chemical compounds could target the enzymes involved in the DNA replications and repair that are leading to DNA damage and cell death by inducing apoptosis (programmed cell death) in cancer cells [15]. Also, imidazole derivatives have shown promising results in preclinical studies as potential anticancer agents. For example, 2-phenylimidazo [1,2-a]pyridine (PIP) has been shown to inhibit the growth of various cancer cell lines by inducing apoptosis [16]. Similarly, 4-(4-methylpiperazin-1-yl)-N-[3-(trifluoromethyl)phenyl]benzamide (MI-63) has demonstrated potent antitumor activity in animal models [17]. In addition to their therapeutic potential, imidazole derivatives have also been used as diagnostic tools in medical imaging. Radioactive isotopes can be attached to imidazole molecules and used to visualize tumors or other abnormal tissues in the body [18].



In terms of antibacterial and antifungal activities, imidazole derivatives demonstrated a potential effect to inhibit the growth of several bacterial strains, including Gram-positive and Gram-negative bacteria as well as Candida albicans [5]. Their mechanism of action involves interfering with bacterial DNA replication, cell wall synthesis, and cell membrane disruption [19,20,21]. Therefore, in the current study, we aim to synthesize new imidazole derivatives and investigate their effects on the growth of human skin fibroblasts and their antimicrobial activity against Staphylococcus aureus and Escherichia coli, Pseudomonas aeruginosa, and Acinetobacter baumannii. This work seeks to provide further insights into the potential of these new compounds in both therapeutic and antimicrobial contexts.




2. Materials and Methods


2.1. Materials


The analytical solvents used in the synthesis were provided by both Sigma Aldrich and Fisher. The prepared imidazole compounds were separated using column chromatography on silica gel (0.063–0.2 mm), and the products’ purity was verified by thin-layer chromatography (TLC) using an aluminum silica gel F254, with the spot being identified using iodine. Vancomycin HCl was provided by Tabuk Pharmaceuticals (Lot number 76491; Riyadh, Saudi Arabia) and ciprofloxacin was purchased from Sigma Aldrich (Saint Louis, MO, USA). All bacterial strains were purchased from the American Type Culture Collection (ATCC) (Manassas, VA, USA) as reference bacteria. Microbial strains of Staphylococcus aureus (ATCC 29213), methicillin-resistant Staphylococcus aureus (MRSA; ATCC 43300), Escherichia coli (ATCC 25922), Pseudomonas aeruginosa (ATCC 1744), and Acinetobacter baumannii (ATCC 747) were used. Mueller–Hinton agar (MHA) and Mueller–Hinton broth (MHB) were obtained from Sigma-Aldrich (Taufkirchen, Germany) and prepared according to the manufacturer’s instructions.




2.2. Synthetic Procedures of Imidazole Derivatives (HL1 and HL2)


A solution of 2-Hydroxy-1-naphthaldehyde (0.122 g, 1 mmol, benzil (0.231 g, 1.1 mmol), 4-methylaniline (0.492 g, 4 mmol) or 4-methoxyaniline (0.428 g, 4 mmol), and ammonium acetate (0.77 g, 10 mmol) in glacial acetic acid (10 mL) was refluxed under argon for 12 h. After this exposition time, the reaction mixture was cooled and diluted with water (20 mL), and the solid formed was filtered off. The collected precipitate was washed with 10% acetic acid (4 × 5 mL) and water and dried to obtain the pure product of HL1 and HL2 (Scheme 1 and Scheme 2).




2.3. Nuclear Magnetic Resonance (NMR) Analysis


The NMR spectra were recorded in DMSO–d6 on Bruker Avance (Bruker Biospin, Rheinstetten, Germany) 600 MHz spectrometers for 1HNMR 32 scans and 500 MHz 2K scans for 13CNMR. The chemical shifts (δ) were reported in ppm and coupling constants in Hz.




2.4. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis


FTIR spectra were recorded using a ThermoScientific Nicolet iS10 FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The synthesized imidazole derivatives were placed as KBr discs and were conducted at a wavenumber range of 4000 to 500 cm−1.




2.5. X-ray Diffraction (XRD) Analysis


The solid-state of imidazole derivatives was characterized using a Rigaku Miniflex 300/600 (Tokyo, Japan) equipped with Cu Kα radiation (λ = 1.5148227 Å). The specimen was mounted directly on a glass slide and examined at 40 kV and 15 mA, with a scan speed of 5°/minute over a range of 2θ 2° to 60°. The results were plotted by OriginPro 2024 (Origin Lab Corporation, Northampton, MA, USA).




2.6. Cell Viability Study


Human skin fibroblasts (HFF-1) were purchased from the American Type Culture Collection (ATCC) under catalogue number SCRC-1041 (Manassas, VA, USA). The cell line was routinely cultured and maintained in high glucose Dulbecco’s Modified Eagle Medium (DMEM) for HFF-1 cell line, fetal bovine serum (FBS), and antibiotic solution, which were all bought from Sigma-Aldrich (St. Louis, MO, USA). The antiproliferative activity assessment of tested compounds was conducted using the MTS assay (CellTiter 96® aqueous cell proliferation one solution), which was bought from Promega (Southampton, UK).



The imidazole derivatives (HL1 and HL2) were prepared by dissolving in 10% w/v DMSO and then completed with fresh cell culture media to prepare a stock solution of 10,000 µg/mL. Then, 8 serial dilutions were assessed, starting from 5000 µg/mL down to 39 µg/mL. The cell viability was evaluated by cell titer 96® aqueous one solution cell proliferation assay (MTS kit; Promega, UK). Briefly, HFF-1 cells were seeded into 96-well plates with a density of 1.5 × 104 cells per well. Cells were incubated in a cell culture incubator at 37 °C overnight. After cells adhered, the HL1 and HL2 were added with different concentrations, as explained before, for 24 and 48 h at 37 °C. Negative control (DMEM only) and positive control (0.2% triton x-100) were used as experimental controls. After 24 and 48 h, cells were washed with sterile phosphate-buffered saline (PBS, pH 7.4), and then, 100 µL of fresh complete DMEM medium was added with 20 µL of MTS reagent per well. Cells were then incubated for 3 h in a cell culture incubator. The absorbance at 492 nm was recorded using a Cytation 3 absorbance microplate reader (BIOTEK Instruments Inc., Winooski, VT, USA). The percentage of cellular viability was calculated using the following equation:


Cellular Viability (%) = (S − T)/(H − T) × 100








where S is the absorbance of the cells treated with the tested compounds, T is the absorbance of the positive control, and H is the absorbance of the negative control.




2.7. Antibacterial Activity Study


The broth microdilution method was used to determine the minimum inhibitory concentration (MIC) values of the imidazole derivatives (HL1 and HL2), and vancomycin and ciprofloxacin as experimental controls, following the modified CLSI reference method [22]. The imidazole derivatives and ciprofloxacin were prepared in 10% DMSO, while vancomycin was dissolved in distilled water. Both derivatives were diluted in MHB by twofold serial dilution starting from 5000 to 2.44 μg/mL. However, the antibiotics were serially diluted at a concentration range of 40–0.02 μg/mL and added to the 96-well plates. Then, single pure colonies of bacteria were used to prepare the inoculums and adjusted to 0.5 McFarland standard giving a cell density of 1.5 × 108 CFU/mL. A 100 μL solution was then added to each well, giving a final inoculum of 1.5 × 105 CFU/mL cell density. The inoculated wells contained only bacteria used as growth control, and uninoculated wells contained only media (i.e., MHB) were used as a negative control. The 96-well plates were incubated overnight at 37 °C with a continuous shaking speed of 160 RPM. The lowest concentration with no visible growth and turbidity was considered as the MIC, and the bacterial growth inhibition was measured at a UV absorbance of 600 nm using a PowerWave XS2 plate reader (bioMérieux, Marcy L’Etoile, France). The background effect of the uninoculated wells was used to subtract the color of the derivatives in the treated wells.




2.8. Statistical Analysis


Experiments were performed as 3 independent replicates, and the results were expressed as the mean ± standard deviation (SD) and calculated using GraphPad Prism v.10.





3. Results and Discussion


3.1. Chemical Profile of Imidazole Derivatives


The preparation of the new imidazole derivatives, HL1 and HL2, is shown in Scheme 3. The Debus–Radziszewski reaction was used to synthesized the derivatives. 2-Hydroxy-1-naphthaldehyde (1) reacted with benzil (2) and 4-methylaniline (3) or 4-methoxyaniline (4) in the presence of ammonium acetate in refluxing glacial acetic acid to afford imidazoles (HL1 and HL2). The chemical structure of two compounds was confirmed by IR, 1HNMR [23].



The infrared spectrum of HL1 (Supplementary Figure S1) and HL2 (Supplementary Figure S4) displayed certain distinctive stretching bands corresponding to the functional groups -C=C- and -C=N- that are located at 1513–1589 and 1602−1626 cm−1. The existence of aromatic C-H stretch is indicated by the stretching frequency at 3040–3058 cm−1. A further 1HNMR spectra reveal the presence of aromatic protons in the 6–8 ppm region, which is equivalent to 20 protons in the generated compounds (Supplementary Figure S2 for HL1 and Supplementary Figure S5 for HL2). The 13CNMR spectra represent aromatic C at 109.67–137.67 ppm, C=N at 143.42, 143.87 ppm, and C-OH at 154.94, 154.95 ppm. This validates the structure given to the target molecules (Supplementary Figure S3 for HL1 and Supplementary Figure S6 for HL2) [24].



The XRD results that are shown for HL1 and HL2 (Supplementary Figure S7) exhibited the crystalline nature of these derivatives. This observation is consistent with Volkov et al. (2022) [25] and Kowalkowska et al. (2017) [26], whose synthesized imidazole derivative products were crystalline. Volkov et al. (2022) synthesized their imidazole derivative by mixing thiourea with imidazole or 2-methylimidazole dissolved in methanol, whereas Kowalkowska et al. (2017) synthesized their imidazole derivative by mixing 1-(3-aminopropyl)-imidazole or 1,4-bis(imidazol-1-yl)-butane with either acetylacetonates or silanethiolates.



It is assumed that the addition of 2-Hydroxy-1-naphthaldehyde to the imidazole can enhance the antibacterial activity of the imidazole derivatives that were synthesized. It was reported that 2-hydroxy-1-naphthaldehyde was used to synthesize a Schiff base that consists of 2-hydroxy-1-naphthaldehyde and 2-amino-3-methylpyridine, which were complexed with different metal ions, and the results show that this product is effective against different bacterial strains such as Staphylococcus aureus and Escherichia coli [27]. Therefore, the cytotoxicity and antibacterial activities of HL1 and HL2 were evaluated.




3.2. Cell Viability Finding


To assess the two imidazole derivatives’ (HL1 and HL2) effect on the cellular metabolic activity of human dermal fibroblasts, i.e., HFF-1 cells, following their incubation for 24 and 48 h, the MTS assay was performed. Since the synthesized derivatives are new, a cell viability assay was performed on HFF-1 as a representative cell line to evaluate the safety of these novel derivatives. The HFF-1 cell line comprises susceptible cells that can be easily affected by any source of cytotoxicity that might be induced by the applied materials. Moreover, the HFF-1 cells are commonly used to assess the cytotoxicity of new drugs or novel compounds. In addition, two time points (24 and 48 h cell exposure) were used in this assessment, to evaluate the effect of exposure time on cell viability.



The result of the MTS assay following the incubation of HL1 and HL2 for 24 h is presented in Figure 1A. The application of HL1 for 24 h exhibited that the lowest used concentrations (39 and 78 µg/mL) demonstrated high cellular metabolic activity (≥80%) of HFF-1 cells, as shown in Figure 1A, while increasing the concentration to >313 µg/mL showed a significant reduction in the cellular viability to less than 50%. Conversely, the exposure of HL2 derivative to HFF-1 cells for 24 h exhibited high cell viability at all tested concentrations (5000 to 39 µg/mL), as shown in Figure 1A.



The effect of HL1 and HL2 compounds upon incubation with HFF-1 cells for 48 h was also evaluated and the result of the MTS assay was presented in Figure 1B. Applying concentrations of ≤156 µg/mL of HL1 derivative exhibited high cell viability (≥80%), whereas the doses of ≥313 µg/mL showed a significant reduction in the cell viability of HFF-1 cells. However, the application of the HL2 compound showed no reduction in the cell viability at all tested concentrations (5000 to 39 µg/mL), as demonstrated in Figure 1B.



The derivatives of 2-(4-aminophenyl)-1H-imidazo[4,5-f][1,10]phenanthroline with different unprotected monosaccharides have been studied by Gratal et al. and the result showed significant antiproliferative activity against tumor cell lines HeLa, PC3, and to a lesser extent, MCF7 and normal fibroblast cells (HFF1), with a better effect than the chemotherapy agent, cisplatin [28]. It has been reported that the application of benzene sulfonamide-bearing imidazole derivatives containing 4-chloro and 3,4-dichloro substituents in the benzene ring and 2-ethylthio and 3-ethyl groups in the imidazole ring on cancerous cells have antitumor activity against human triple-negative breast cancer MDA-MB-231 and human malignant melanoma IGR39 cell lines [29]. Furthermore, nine piperazine-tagged imidazole derivatives were evaluated on five different cell lines, MCF-7, PC3, Du145, HepG2, and HFF-1, and two of them were the most potent anticancer agents on HepG2 and MCF-7 cells with a minimal effect on HFF-1 cells [30]. Therefore, the synthesized HL2 imidazole derivative in this current study demonstrated a non-toxic effect on the conducted cells upon the applied concentrations (≤5000 µg/mL).




3.3. Antibacterial Activity Finding


The antibacterial activity of the synthesized imidazole derivatives was evaluated against the Gram-positive strains of Staphylococcus aureus (ATCC 29213) and MRSA (ATCC 43300) and Gram-negative strains of Escherichia coli (ATCC 25922), Pseudomonas aeruginosa (ATCC 1744), and Acinetobacter baumannii (ATCC 747). The strains were treated with different concentrations of imidazole derivatives ranging from 5000 to 2.44 μg/mL (Supplementary Figure S8). Vancomycin and ciprofloxacin were included in the study as reference antibiotics at a concentration range of 40–0.02 μg/mL (Supplementary Figure S9). Table 1 shows the MIC values of the imidazole derivatives and the reference antibiotics against all tested bacterial strains. For the Gram-positive strains, HL1 exhibited a MIC of 625 μg/mL and 1250 μg/mL against Staphylococcus aureus and MRSA, respectively, while HL2 showed inhibition at 625 μg/mL for both strains. In Gram-negative bacterial strains, the HL2 had a higher MIC than the Gram-positive strains, which valued 2500 μg/mL against Escherichia coli, Pseudomonas aeruginosa, and Acinetobacter baumannii. Moreover, HL1 displayed a higher MIC compared to HL2 against Acinetobacter baumannii (1250 μg/mL) and Pseudomonas aeruginosa (5000 μg/mL) but no inhibition was observed against Escherichia coli (i.e., >5000 μg/mL). The MICs of the standard antibiotics, i.e., vancomycin and ciprofloxacin, were 10–0.02 μg/mL against the tested bacterial strains. Nevertheless, vancomycin was not active at the tested concentration of 40 μg/mL against Pseudomonas aeruginosa or Acinetobacter baumannii.



Previous studies demonstrated that several imidazole derivatives might inhibit the growth of bacteria by disrupting the cell wall synthesis or inhibiting the protein synthesis. A study by Brahmbhat et al. evaluated the effect of 3-(2-4-diphenyl-1H-imidazole-z-y)-1H-pyrazole on Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli, and Bacillus subtilis. The study concluded that the derivative showed a potent antibacterial activity compared to standard drugs [31]. Another study by Demchenko et al. exhibited the antibacterial properties of 3-biphenyl-3H-imidazo[1,2-a]azepin-1-ium bromide derivatives against Staphylococcus aureus and Cryptococcus neoformans. The results showed that the MIC ranged from 4 to 8 μg/mL [32].



Some imidazole derivatives are currently marketed and are widely used clinically. Metronidazole is a commonly used antibiotic to treat infections caused by anaerobic bacteria, such as those found in the gut or genital tract [33]. Another example is clotrimazole, an antifungal that is used to treat fungal infections but also has some antibacterial activity against certain strains, especially Gram-positive bacteria [34].





4. Conclusions


The Debus–Radziszewski reaction that was utilized in this current study was proven a successful method for synthesizing the imidazole derivatives HL1 and HL2. The biological activity evaluation of these novel imidazole derivatives demonstrated that both compounds have antimicrobial activities against Gram-positive and Gram-negative bacterial strains but in different concentrations. Interestingly, the HL2 derivative showed a very high cell viability (≤5000 μg/mL) compared to the HL1 and is recommended for any future study. Based on this observation, we acknowledge that pursuing analogues through warhead substitution could indeed open a promising new direction for exploration. Additionally, more studies are required to fully understand the mechanisms underlying the antimicrobial activity of the synthesized derivatives and to optimize their therapeutic potential for clinical use. Overall, the evaluation of the imidazole derivatives with biological activity has provided valuable insights into their potential use as antimicrobial agents in future.
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Scheme 1. 1-(4,5-diphenyl-1-(p-tolyl)-1H-imidazol-2-yl) naphthalen-2-ol, (HL1). 
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Scheme 2. 1-(1-(4-methoxyphenyl)-4,5-diphenyl-1H-imidazol-2-yl) naphthalen-2-ol, (HL2). 
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Scheme 3. Synthesis of imidazole derivatives, HL1 and HL2. 
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Figure 1. Cell viability of HFF-1 cells with different concentrations of imidazole derivatives (HL1 and HL2) at 24 h (A) and 48 h (B). These data are the MTS assay results, which are expressed as cellular viability (%) and presented as the mean ± SD (n = 3). DMEM was used as a negative control, while 0.2% triton x-100 as a positive control. 
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Table 1. The minimum inhibitory concentration (MIC) of imidazole derivatives. The results are presented as mean ± SD.
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