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Abstract 
The global rise in multidrug-resistant pathogens has intensified discovery of novel antimicrobial agents with improved efficacy and structural diversity. The azo compounds bearing pharmacophores, have attract significant interest due to their dual role in coloration and biological activity. The purpose of this study was to synthesize and evaluate the antimicrobial efficacy of a novel azo dye against human pathogenic microorganisms. The core aim was to assess whether this structurally tailored azo dye could serve as a potential candidate for antimicrobial drug development or not. The ampyrone was used to synthesize azo dye for present research work. The synthesised azo dye was then evaluated for antimicrobial activity against human pathogens with established antimicrobial resistance. The result revealed that most pronounced activity was observed against S. aureus MTCC 737 (18.3 ±0.8 mm) whereases least was for P. aeruginosa MTCC 424 (14.5 ±0.7 mm) at 100 µg/disc azo dye. Hence, this synthesized azo dye was exhibited promising antimicrobial activity against both bacterial and fungal pathogens. The study supports the need of continued exploration of azo dye derivatives in the search for effective multifunctional antimicrobial agents along with broader pharmacokinetics evaluations. 
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INTRODUCTION
Azo compounds are represent significant class of chromophoric organic molecules and is distinguished by presence of the azo linkage (–N=N–) within its molecular structure (Abd-Almutalib, 2025). These compounds are exhibit extensive applicability across diverse fields including pharmaceuticals, healthcare and cosmetics (Razali and Jamain, 2023). Functionally, they are served as inhibitors of protein synthesis and RNA transcription, and exhibited potent antibacterial and anticancer properties (Dembitsky and Terent’ev, 2025). Additionally, they are incorporated into cosmetic formulations due to their vivid coloration and stability (Alrazzak et al., 2019; Patai et al., 1978). The azo derivatives are pivotal intermediates in diazotization reactions and facilitating transformation of aromatic amines into diazonium salts in synthetic chemistry. It is a key step in the functionalization of aromatic systems. Their versatility is further extends into inorganic chemistry where they frequently act as ligands in formation of coordination compounds. Such metal-azo complexes are of substantial interest due to their structural diversity and potential catalytic and magnetic properties (Riaz et al., 2025; Ghafil et al., 2020; Aljamali, 2016; Matheus et al., 2007). 
Azo dyes dominate global dye market, accounting for approximately 70% of all commercially available dyes (Benkhaya et al., 2020). The azo compounds are metallochromic reagents that exhibit intense, tunable coloration and high chemical stability. These features make them ideal for spectrophotometric detection of metal ions. The chromophores, auxochromes, and solubilizing groups in azo dyes governs the dye’s color intensity, solubility, and binding properties. The incorporation of electron-donating and electron-withdrawing auxochromes (i.e., hydroxyl, amino, sulfonic, or carboxyl groups) modifies absorption spectrum and stabilizes dye structure that results palette of colors including yellow, red, orange, blue, and green (Fei et al., 2016). Azo dyes classes are widely used in industries such as textiles, printing, leather, food and cosmetics. These compounds are chemically characterized by presence of the azo functional group (–N=N–) which is pivotal in their chromogenic properties. The azo bond is often serves as core chromophoric unit as its structural motif is conjugated with aromatic systems that enhance delocalization of π-electrons that enables strong absorption of visible light in the wavelength range of 400–750 nm (Mehta et al., 2007). 
Antimicrobial resistance (AMR) has emerged as one of the most pressing global health concerns of the 21st century. In line, World Health Organization (WHO) recognizes AMR as one of top ten global health threats. The growing prevalence of highly resistant bacterial species such as Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Mycobacterium tuberculosis (Mtb) is seeking sustainable and innovative antimicrobial approaches (Di Martino et al., 2022). These pathogens use several resistance mechanisms e.g., production of drug-inactivating enzymes, alteration of target molecules and development of protective biofilms. Previous literature works suggested that azo-metal complexes could serve as new antimicrobial agents. Azo linkage (R₁–N=N–R₂) facilitates versatile reactivity and reported for DNA cleavage study and anticancer potential (Gracelin Retnam et al., 2023). It generates metal–organic complexes and creates planar or pseudo-planar structures when it coordinates with transition metals (i.e., copper, cobalt, zinc, iron, silver and nickel). This event facilitates its interactions with microbial cells and increases its biological activity. At the same time, azo ligand influences redox state and bioavailability of metals (Mishra et al., 2024). Thus, aforementioned synergistic relationship emphasize therapeutic potential of azo dyes compared to uncoordinated ligands.	Comment by DR.Ahmed Saker: relationship emphasizes
The azo-metal complexes are able to perform multifaceted modes of antimicrobial action (e.g., disrupt microbial cell membranes, interfere with enzymatic pathways and generate reactive oxygen species) and reduced likelihood of resistance development. Numerous studies have affirmed the superior antimicrobial performance of metal-chelated azo derivatives. For example, Pervaiz et al. (2021) divulged that the introduction of metal ions into azo-Schiff base ligands significantly enhanced both antibacterial and antifungal activities. Rezaei-Seresht (2019) worked on synthesis and evaluation towards antioxidant and antibacterial activities of novel azo dyes derived from 4-aminostilbene. and reported for their strong antibacterial activity against Streptococcus pneumoniae and P. aeruginosa. In a subsequent study, Pervaiz et al. (2022) emphasized that azo-complexes with optimal geometry has been shown to exhibit higher binding affinity toward microbial targets. Banaszak-Leonard et al. (2021) stated azo-derivates for notable activity against microbes under AMR groups. 	Comment by DR.Ahmed Saker: ,
[bookmark: _GoBack]Characterization of azo compounds typically involves spectroscopic techniques such as Ultraviolet-Visible (UV-visible) spectroscopy, Fourier Transform Infrared (FTIR), Differential Scanning Calorimetry (DSC), Proton Nuclear Magnetic Resonance (1H NMR), and Carbon Nuclear Magnetic Resonance (13C NMR). Gür, M. (2019), Adu et al. (2020), Siddappa and Sagar (2022), Dandge et al. (2023), Salam et al. (2023), Ibrahim et al. (2024) have been characterized azo dye by FTIR followed by its antimicrobial evaluation against variety of gram positive and negative bacteria. Moreover, Dana et al. (2022), Ibrahim et al. (2023) have been reported rhodanine dyes based azo compound for antimicrobial potential. Therefore, present research investigation was conducted to synthesize Novel Azo Dye and its antimicrobial profiling.	Comment by DR.Ahmed Saker: You must add NMR spectra 
MATERIALS AND METHODS 
The novel azo dye was synthesized and its antimicrobial activity was evaluated using antimicrobial profiling.
Synthesis of Azo dye 
The Azo compounds were synthesized using protocols established by Rao et al. (2013) and Bhashandy et al. (2016) with slight modification. Initially 0.837 g of ampyrone (4.12 mmol) was dissolved in 2 mL of concentrated hydrochloric acid and observed for transparent green solution. Then, mixture was vigorously stirred and  then immersed in ice-salt bath to maintain temperature of 5°C. 0.284 g (4.12 mmol) of sodium nitrite solution was gradually added to facilitate smooth reaction. The colour was changed from green to a pale-yellow. This was indicated formation of diazonium salt. Sequentially, 0.627 gvanillin (4.12 mmol) was added at 5°C. The reaction mixture was then left to stand at room temperature for coupling reaction. The resultant product was filtered through a Whatman-41 filter paper and filtrate was treated with 10% sodium chloride solution. Solidification of the filtrate was achieved by adding water at pH of 4. The orange precipitate (azo dye) was obtained, and it was vacuum-dried. The azo dye was analysed by chromatography to confirm purity. The synthesis yield was 80% of final product. Synthesis of novel Azo dye is shown in Scheme 1.





[bookmark: _Hlk196561231]Scheme 1: Synthesis of Azo dye
The antimicrobial profiling of synthesized azo dye 
The antimicrobial activity of synthesized azo dye was evaluated against human pathogen strains, viz., Staphylococcus aureus MTCC 737, Escherichia coli MTCC 443, Pseudomonas aeruginosa MTCC 424, Candida albicans MTCC 227 using both agar-well diffusion. Antibacterial assays were performed on Mueller–Hinton Agar (MHA) and antifungal assay were done using Sabouraud Dextrose Agar (SDA). The azo dye stock was dissolved in ≥ 99.9 % Dimethyl sulfoxide (DMSO). 
The agar-diffusion assay was carried out following the Kirby–Bauer protocol Bauer et al. (1966), Ogofure et al. (2020), Nasim et al. (2024) with slight modification. E. coli MTCC 443, P. aeruginosa MTCC 424 and S. aureus MTCC 737 were inoculated in sterile MHA plates while C. albicans MTCC 227 was inoculated in SDA plates. A 6.0 mm paper discs were then impregnated with 20 µL of synthesized azo dye solution at concentrations of 25, 50, and 100 µg/disc. The chloramphenicol (30 µg/disc) and Amphotericin B (10 µg/disc) were used as a positive control and DMSO alone was used as a negative control. Afterwards, impregnated discs were placed onto MHA and SDA plates as per experimental design. The inoculated plates were then incubated at 37°C for 24 h for bacterial strains and 250C for 48 h for yeast strain. After incubation, zones of inhibition were measured in mm using a calibrated Vernier calliper. 
FTIR analysis of synthesized azo dye 
The sample (synthesized azo dye) was prepared using the potassium bromide (KBr) pellet method. Fot this, 2.0 mg of finely ground sample was thoroughly mixed with 200 mg of dry IR-grade KBr using a mortar and pestle under anhydrous conditions. The mixture was compressed into transparent pellet under a pressure of 10 tons using a hydraulic press. The infrared (IR) spectrum of synthesized azo dye was recorded using FTIR (BRUKER, scan-35 system) at a range of 4000–400 cm⁻¹ with a resolution of 4 cm⁻¹. Data processing was involved baseline correction, peak identification, and functional group assignment by comparing observed absorption bands to standard IR absorption tables along with Reference spectra using OPUS software of version 7.0.129. 
All chemicals used in the experiments were of analytical grade. All instruments and apparatus were calibrated prior to use.  All experiments were conducted in triplicate and results were reported as mean ± standard deviation.
RESULTS AND DISCUSSION 
The present research work synthesized orange colour novel azo dye. The antimicrobial activity was evaluated, and results are shown in Table 1. The synthesized azo dye was exhibited dose-dependent antimicrobial effect against all tested pathogens. The zones of inhibition ranged from 6.1 ±0.3 mm to 10.2 ±0.5 mm was recorded with 25 µg/disc and these was increased to 14.5 ±0.7 mm and 18.3 ±0.8 mm respectively at 100 µg/disc. The most significant antimicrobial activity was observed against S. aureus MTCC 737 (18.3 ±0.8 mm) whereases least was recorded for P. aeruginosa MTCC 424 (14.5 ±0.7 mm) at 100 µg/disc. Intermediate susceptibilities was observed for E. coli MTCC 443 and C. albicans MTCC 227 were with inhibition zones of 16.1 ±0.5 mm and 17.4 ±0.7 mm respectively at 100 µg/disc No inhibition was observed for the DMSO negative control. Quantitative antimicrobial profile of synthesized Azo dye is shown in Table 1.
	   Table 1: Quantitative Antimicrobial profile of synthesized Azo dye 
	Microbial Strain
	Antimicrobial activity of Azo Dye (mm)
	Positive Control
	Negative control

	
	25 µg/disc
	50 µg/disc
	100 µg/disc
	
	

	[bookmark: _Hlk196489620][bookmark: _Hlk196489749]S. aureus MTCC 737
	10.2 ±0.5
	14.7 ±0.6
	18.3 ±0.8
	22.1 ±0.7
	No Clear zone was observed.

	E. coli MTCC 443
	8.4 ±0.4
	12.3 ±0.5
	16.1 ±0.5
	20.4 ±0.6
	

	[bookmark: _Hlk196489740]P. aeruginosa MTCC 424
	6.1 ±0.3
	10.2 ±0.4
	14.5 ±0.7
	18.0 ±0.6
	

	C. albicans MTCC 227
	9.0 ±0.5
	13.2 ±0.6
	17.4 ±0.7
	19.3 ±0.5
	

	Positive Control: Chloramphenicol (30 µg/disc) for bacteria (S. aureus MTCC 737, E. coli MTCC 443, P. aeruginosa MTCC 424) and Amphotericin B (10 µg/disc) for C. albicans MTCC 227. Negative control: DMSO 



The present results were correlated with previous reports on heterocycle-incorporated azo dyes. They observed that increased dye concentration enhanced microbial membrane interactions and uptake which results augmented antimicrobial potency (Demirçalı, Karcı, & Sari, 2021; Mezgebe & Mulugeta, 2022). Furthermore, sugnificant susceptibility of Gram-positive S. aureus MTCC 737 compared to Gram-negative bacteria E. coli MTCC 443 exhibited that differences in cell wall structure (of gram positive and gram negative) facilitate easier penetration of azo chromophores into peptidoglycan-rich cell wall (Atay, Gökalp, & Tuncer, 2017; Karrouchi et al., 2018).
Interpretation of FTIR Spectrum
[image: ]IR Spectrum of synthesized Azo Dye is presented in Fig 1. The IR spectrum revealed azo stretching vibration which help to partial identification of synthesized Azo Dye .
Fig 1: IR Spectrum of novel synthesized Azo Dye 
              The present FTIR spectra was interpreted by using the FTIR data mentioned by Pagariya et al. (2015), Kassem et al. (2023). Broad Absorption around 3200–3600 cm⁻¹ suggested presence of O–H stretching vibration which is common for hydroxyl groups (–OH) in alcohols, phenols, or carboxylic acids. The broadness indicates the hydrogen bonding, which may support the probability of a carboxylic acid or a strongly hydrogen-bonded alcohol. Further, Sharp and Strong Peak around 1700–1750 cm⁻¹ is generally characteristic for C=O stretching vibrations found in carbonyl groups. Strong intensity indicated carbonyl functionality, as in carboxylic acids, esters, ketones, aldehydes, or amides. Another absorptions between 2800–3000 cm⁻¹ are associated with C–H stretching vibrations which is indication of aliphatic (sp³-hybridized) carbon atoms and presence of saturated hydrocarbon chains. Peaks near 1600–1500 cm⁻¹ indicate the presence of C=C stretching vibrations, which possibly considered as aromatic rings or unsaturated systems. Complex Peaks in the Fingerprint Region (1500–1000 cm⁻¹) shows strong peaks corresponding to C–O stretching which indicates possible presence of esters or carboxylic acids. Bands below 900 cm⁻¹ are showing due to out-of-plane C–H bending and suggesting possible aromatic or olefinic groups.
Structure-Activity Relationship (SAR)
The antimicrobial potency of compounds containing carbonyl and hydroxyl functionalities is largely dependent on lipophilicity and electronic effects (Alhussaini et al., 2025). The higher lipophilic groups (e.g., alcohols, phenols, or carboxylic) enhances membrane permeability (Prasad Mishra et al., 2024). Electron-withdrawing groups (e.g., C=O) enhance acidity and promote membrane penetration. As the synthesized azo dye had both C=O and O–H groups on FTIR spectra in present research work, it would be considerable to act at multiple cellular targets within microorganisms which makes it versatile antimicrobial agent. Furthermore, carboxylic acids, esters and amides was observed from FTIR spectra of synthesized azo dye (Khanum et al, 2023). Depending on its structure, synthesized azo dye may exert antimicrobial effects through membrane destabilization and acidification due to the presence of carboxylic acids, release of active metabolites after hydrolysis owing to esters, enzyme inhibition, and interference with nucleic acids because of amides (Prasad Mishra et al., 2024). Thus, synthesized azo dye is promising candidate for further exploration as an antimicrobial agent for potential applications in pharmaceuticals, food preservation and clinical treatments against resistant pathogens. Further confirmation could be done through NMR, MS and bioassays to precisely determine structure and antimicrobial spectrum of activity.	Comment by DR.Ahmed Saker: were

CONCLUSION
Prevalence of multidrug-resistant pathogens has become serious issue globally. Azo compounds have numerous bioactive heterocycles for their wide antimicrobial applications. Therefore, the present investigation was conducted to synthesize a novel azo dye and evaluate its antimicrobial efficacy. A novel orange colored azo dye was synthesized and evaluated for its antimicrobial activity against clinically significant human pathogens. The synthesized azo dye was exhibited dose-dependent inhibitory activity against all tested strains with notable effectiveness against S. aureus and C. albicans. The FTIR data suggested that synthesized azo dye has functional groups e.g., carbonyl (C=O) and hydroxyl (O–H) groups which may have possible correlation with its potential antimicrobial properties.  The presence of a diazenyl linkage, pyrazolone core and functional groups such as hydroxyl and methoxy are known to facilitate membrane permeability and interaction with microbial targets. Henceforth, present study supports further investigation of synthesized azo dyes through expanded biological screening, cytotoxicity evaluation and mechanistic studies to establish their therapeutic viability and pharmacological properties.
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