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Decoding the antimicrobial components of Mentha piperita plant using chemical analysis and Fourier Transform Infrared Spectroscopy 


ABSTRACT

Aims: This study investigated the antimicrobial phytochemicals present in Mentha piperita, characterised their functional groups using Fourier transform infrared (FTIR) spectroscopy, and evaluated their antibacterial and antifungal activities against selected human pathogens.
Study Design: Experimental laboratory-based phytochemical, spectroscopic, and antimicrobial study.
Place and Duration of the Study: The study was conducted in the Department of Chemistry, Akwa Ibom State University, Ikot Akpaden, Nigeria. Fresh Mentha piperita samples were collected from Mkpok, Eket Local Government Area, Akwa Ibom State, between March and July 2025.
Methodology: Ethanol extracts of fresh and dried leaves and stems were prepared by maceration. Qualitative and quantitative phytochemical analyses were performed using standard methods. Alkaloids, flavonoids, and cardiac glycosides were prepared and characterised using an Agilent Cary 630 FTIR Spectrometer in the range of 650 - 4000 cm⁻¹. The antimicrobial activities of the crude extract and isolated phytochemicals were evaluated against six bacterial (Staphylococcus aureus, Pseudomonas aeruginosa, Vibrio cholerae, Salmonella spp., Shigella spp., and Escherichia coli) and four fungal (Candida albicans, Saccharomyces cerevisiae, Aspergillus flavus, and Aspergillus niger) pathogens using the agar-well diffusion method, while minimum inhibitory concentrations (MICs) were determined by agar dilution.
Results: The extracts contained alkaloids, flavonoids, tannins, phlobatannins, cardiac glycosides, polyphenols, triterpenoids, steroids, and carbohydrates. Flavonoids (21.80 ± 2.40%) were the predominant phytochemicals, followed by cardiac glycosides (9.33 ± 1.71%) and alkaloids (4.47 ± 0.25%). FTIR spectra confirmed hydroxyl, carbonyl, amino, aromatic, and ether functional groups characteristic of bioactive compounds. The prepared crude phytochemicals exhibited broad-spectrum, concentration-dependent antimicrobial activity, with alkaloids showing the greatest antibacterial activity and cardiac glycosides exhibiting superior antifungal activity. MIC values ranged from 50 to 350 mg/mL.
Conclusion: Mentha piperita possesses abundant bioactive phytochemicals with significant antimicrobial potential. FTIR characterisation confirmed the structural features of the isolated compounds, while antimicrobial evaluation validated the plant's ethnomedicinal application. These findings highlight M. piperita as a promising, sustainable source of novel antimicrobial agents for combating antimicrobial resistance and advancing global health.
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1. INTRODUCTION
Medicinal plants have remained one of the most important sources of therapeutic agents throughout human history and continue to play a vital role in modern drug discovery. Extensive phytochemical and pharmacological investigations have demonstrated that numerous plant species possess broad-spectrum antimicrobial activities attributable to their diverse secondary metabolites (Adedayo et al., 2001; Perumal Samy & Ignacimuthu, 2001; Sharma et al., 2013; Akpan et al., 2016; Akpan et al., 2017; Oladejobi et al., 2022). These findings have renewed scientific interest in medicinal plants as sustainable sources of novel antimicrobial compounds capable of addressing emerging infectious diseases and antimicrobial resistance.
Plants synthesise a wide range of secondary metabolites primarily as defence mechanisms against microbial pathogens, insects, herbivores and other environmental stresses (Lichterman, 2004). These phytochemicals, including alkaloids, flavonoids, phenolics, tannins, glycosides, terpenoids and saponins, exhibit numerous biological activities such as antibacterial, antifungal, antiviral, antioxidant, anti-inflammatory, anticancer and cardioprotective effects (Edeoga et al., 2005; Rangari, 2012). Beyond their ecological functions, these metabolites have become indispensable resources for pharmaceutical development because many modern drugs are either directly derived from plants or synthesised from naturally occurring lead compounds (Akpan et al., 2021).
The increasing prevalence of antimicrobial resistance (AMR) has become one of the greatest threats to global public health. The indiscriminate use and misuse of antibiotics have accelerated the emergence of resistant bacterial strains, thereby reducing the effectiveness of conventional antimicrobial therapies (Williams, 2000; Aibinu et al., 2003; Aibinu et al., 2004). Consequently, infectious diseases that were once easily managed are becoming increasingly difficult and expensive to treat. The World Health Organization (2002, 2014) has consistently emphasised the urgent need for the discovery of new, safe and affordable antimicrobial agents, particularly those originating from medicinal plants. Traditional medicine therefore continues to attract considerable scientific attention as an alternative and complementary source of bioactive compounds with reduced toxicity, improved accessibility and lower susceptibility to resistance development (Longe, 2005).
Among the medicinal plants attracting increasing research interest is Mentha piperita L. (peppermint), a perennial aromatic herb belonging to the family Lamiaceae. The plant is a natural hybrid of Mentha aquatica (water mint) and Mentha spicata (spearmint) and is widely cultivated throughout Europe, Asia, Africa and the Americas (Trevisan et al., 2017). Mentha piperita is characterised by smooth square stems, serrated aromatic leaves and purple flowers arranged in terminal spikes. The essential oils and phytochemical constituents of peppermint have been extensively utilized in traditional medicine for the treatment of gastrointestinal disorders, respiratory infections, headaches, inflammatory conditions and microbial infections (Trevisan et al., 2017).
Recent reviews and analytical studies further indicate that M. piperita extracts and essential oil contain bioactive phenolic and terpenoid constituents, and that extraction method may influence their antimicrobial and antioxidant outcomes (Hudz et al., 2023; Abbas et al., 2024).
Numerous pharmacological studies have validated the ethnomedicinal importance of M. piperita, demonstrating its antibacterial, antifungal, antiviral, antioxidant, anti-inflammatory, antidiabetic, anti-tumour, wound-healing, anthelmintic and anti-ageing properties (Trevisan et al., 2017). These biological activities are largely attributed to the plant's rich phytochemical composition, particularly its phenolic compounds, flavonoids, terpenoids and essential oils, which exhibit remarkable antimicrobial activities against a broad spectrum of pathogenic microorganisms (Akpan et al., 2017; Adedayo et al., 2001; Perumal Samy & Ignacimuthu, 2001; Sharma et al., 2013; Oladejobi et al., 2022). Such findings suggest that M. piperita represents a valuable reservoir of naturally occurring antimicrobial compounds with significant pharmaceutical potential.
Recent solvent-comparison work in another Mentha species also showed that extract polarity can influence polyphenol/flavonoid recovery and antibacterial performance, supporting the need to define extraction conditions when evaluating Mentha-derived antimicrobial activity (Tourabi et al., 2023).
A recent phytochemical safety assessment of a polyherbal formulation containing M. piperita similarly reported the presence of alkaloids, polyphenols, flavonoids, sterols and polyterpenes, thereby supporting systematic phytochemical validation of peppermint-containing herbal preparations (Epiphanie et al., 2024).
Recent advances in phytochemical research have highlighted the importance of characterising the chemical constituents responsible for the biological activities of medicinal plants. Modern analytical techniques such as Fourier transform infrared (FTIR) spectroscopy provide rapid and reliable identification of functional groups present in plant metabolites, thereby facilitating the characterisation of bioactive compounds and supporting the development of phytopharmaceutical products (Akpan et al., 2021). FTIR analysis complements conventional phytochemical investigations by providing structural information that aids in identifying the chemical classes responsible for antimicrobial activity.
Recent phytochemical profiling of another medicinal plant against antibiotic-resistant bacteria further illustrates the value of pairing phytochemical screening with antimicrobial assays when evaluating plant extracts as possible antimicrobial sources (Mohanasundari et al., 2026).
The search for plant-derived antimicrobial compounds has become increasingly important as global efforts intensify to combat antimicrobial resistance through sustainable and environmentally friendly approaches. Medicinal plants provide renewable sources of structurally diverse compounds that may serve as alternatives or complements to conventional antibiotics, thereby reducing dependence on synthetic antimicrobial agents and minimising their associated environmental impacts (World Health Organization, 2014; United Nations Environment Programme, 2022). Furthermore, sustainable utilisation of medicinal plants contributes to biodiversity conservation and promotes responsible exploitation of natural resources for pharmaceutical development (United Nations, 2015; UNESCO, 2021).
However, evidence remains limited regarding the combined phytochemical screening, FTIR functional-group characterisation and antimicrobial evaluation of crude ethanol extracts and isolated alkaloid, flavonoid and cardiac glycoside fractions from M. piperita collected from the study area. Addressing this gap is necessary to clarify which broad phytochemical classes and functional groups may be associated with the antimicrobial effects observed in this study.
The present study was therefore undertaken to investigate the antimicrobial constituents of Mentha piperita through phytochemical characterisation and Fourier transform infrared (FTIR) spectroscopy. By identifying the functional groups and bioactive compounds associated with the antimicrobial activity of the plant, this research seeks to contribute to the discovery of safe, affordable and environmentally sustainable antimicrobial agents. 
2. MATERIALS AND METHODS
2.1 Sample collection and identification 
The Mentha piperita plant was collected from Mkpok, Eket Local Government Area of Akwa Ibom State, Nigeria and was identified and authenticated by the Department of Botany, Akwa Ibom State University with the Herbarium No: AKSUH/L0015.  
2.2 Materials
[bookmark: _Toc106408586]2.2.1 Chemicals and reagents
Mayer’s reagent, Wagner’s reagent, Dragendorff’s reagent, Biuret’s reagent, Molisch’s reagent, Fehling’s solution A and B, magnesium turnings, concentrated hydrochloric acid, dilute sodium hydroxide, Zinc dust, freshly prepared iron (III) chloride, Nitric acid, Acetic acid, Acetic anhydride, Concentrated hydrogen tetraoxosulpahte (vi), Chloroform, Ammonia.
[bookmark: _Toc106408587]2.2.2 Equipment and apparatus
The following apparatus were used in the study: beaker, plastic bottle, volumetric flask, test tube, conical flask, separatory funnel, oven, Whatman filter paper No 42 (125 mm), weighing balance, burette, measuring cylinder, condenser, water bath, grinder, spatula, and rotary evaporator (SENCO Technology Co. Ltd.; W2-1005).
[bookmark: _Toc106408590]2.3 Preparation of sample
Leaves and stems of the Mentha piperita collected were washed and air-dried at room temperature for 20 and 15 days respectively. The dried leaves and stems were ground using a manual grinding machine into a fine powder and were stored in an airtight container until further use. The ground leaves and stems (20 grams each) were extracted with 500 mL of ethanol at room temperature for 72 hours using the maceration method. After 72 hours, the extracts were filtered with a Whatman filter paper No 42 (125 mm) and were concentrated using a rotary evaporator.
2.4 Phytochemical Analysis
2.4.1 Phytochemical Screening
The methods employed for phytochemical screening were those previously adopted by Gupta (2012), Rangari (2012), Mohamed et al. (2014) and Uwanta & Akpan (2024) without any modification as follows.

2.4.1.1 Alkaloids 
(a) Dragendorff’s Test: 1.0 mL of Dragendorff’s reagent was added to 1.0 mL of the sample. Alkaloids produced an orange precipitate with this reagent.
(b) Wagner’s Test: 1-2 mL of Wagner’s reagent was added to 1.0 mL of the sample. Alkaloids produced a brown to reddish-brown precipitate with this reagent.
(c) Mayer’s Test: Mayer reagent (1.0 mL) was added to 1.0 mL of the sample. Alkaloids produced a white to pale-yellow precipitate with this reagent.
2.4.1.2 Tannin
(a) Ferric chloride test: Freshly prepared ferric chloride solution (0.5 mL) was added to the test sample solution (1.0 mL). The blue colour indicated the presence of hydrolysable tannins. Condensed tannins produced a green colour.
2.4.1.3 Phlobotannins
(a) Acid test: About 2.0 mL of 1 % hydrochloric acid was added to 3.0 mL extract. Red coloured precipitate indicated the presence of phlobotannins.
(b) Lead acetate test: Few drops (about 3 drops) of 5 % lead acetate was added to 2.0 mL of the extract. A dark precipitate indicated the presence of phlobotannins.

2.4.1.4 Carbohydrate 
(a) Molisch’s Test: A few drops of an alcoholic solution of α-naphthol were added to 1.0 mL of an aqueous solution of the plant sample. When sulfuric acid (2.0 mL) was added along the side of the test tube, a purple ring was formed at the junction below the aqueous layer, indicating the presence of sugars. The test was positive for polysaccharides and glycosides. 
(b) Fehling’s Solution Test: Equal volumes of Fehling’s solutions A and B were added to a dilute solution of the test sample and heated for 15 min in a water bath. A brick-red precipitate of cuprous oxide was produced, indicating the presence of reducing sugars.
2.4.1.5 Flavonoids
(a) Shinoda test: Magnesium turnings were added to the plant extract followed by two drops of concentrated H2SO4. Pink colour indicated the presence of flavonoid in the extract.
(b) Alkali Test: The sample (1.0 mL) was dissolved in dilute NaOH (5.0 mL), followed by the addition of excess dilute HCl dropwise. The presence of flavonoids was indicated by a colour change of the original solution to orange, yellow, or violet, and became colourless with the addition of dilute HCl.
(c) Zinc dust test: A small amount of zinc dust was added to the extract followed by Conc. HCl. The solution turned red, indicating the presence of flavonoids.
2.4.1.6 Saponin
(a) Foam Test: Distilled water (1.0 mL) was added to 1 mL of the test sample and shaken vigorously. Saponins produce foam upon shaking.

2.4.1.7 Cardiac glycoside
(a) Liebermann's test: Acetic anhydride was added to a solution of extract in chloroform in the ratio of 1:1 followed by 3 drops of conc. H2SO4. The formation of a blue colour indicated the presence of cardiac glycosides.

2.4.1.8 Steroids
(a) Salkowski Test: A small volume of the test sample solution was treated with a few drops of conc. sulphuric acid. At the lower layer, steroids develop a red colour. The formation of a violet colour indicates the presence of cardiac glycosides.
2.4.1.9 Anthraquinone
(a) Ammonia Test: Few drops of ammonia were added to extract. Pink or red colour indicated the presence of anthraquinone. 
2.4.2.0 Polyphenol
(a) Nitric acid test: Dilute nitric acid was introduced into extract. Reddish-yellow colouration indicated the presence of polyphenol.
(b) Acetic acid test: Dilute acetic acid was added to the extract. Red colouration indicated the presence of polyphenol

2.4.2.1 Triterpenoids
(a) Chloroform test: Chloroform (2.0 mL) was added to the plant extract. Formation of three layers indicates the presence of triterpenoid.
(b) Salkowski test: The extract (5.0 mL) was treated with chloroform (2.0 mL) and 3.0 mL of conc. H2SO4 was carefully added to form this layer. A reddish-brown colouration of the inner face indicated a positive result for the presence of terpenoids.
2.4.2.2 Protein
(a) Biuret test: Biuret reagent was added to the extract. Purple or violet colour indicated the presence of protein.
(b) Xanthoproteic test: Nitric acid was added to the extract followed by sodium hydroxide solution. Yellow or orange colouration indicated the presence of protein.

2.4.3 Quantitative Determination of Phytochemicals

The methods employed for the quantitative determination of phytochemicals were those previously described by Edeoga et al. (2005). 
2.4.3.1 Preparation of alkaloids
The sample (5 g) was weighed into a 250 mL beaker and 200 mL of 10 % acetic acid in ethanol was added, covered and allowed to stand for 4 hours. This was filtered and the extract was concentrated on a water bath to one quarter of the original volume. Concentrated ammonium hydroxide was added dropwise to the extract until the precipitation was complete. The whole solution was allowed to settle, and the precipitate was collected and washed with dilute ammonium hydroxide and then filtered. The residue was the crude alkaloid, which was dried and weighed. The collected alkaloids were used for antimicrobial testing and characterised using Agilent Cary 630 FTIR Spectrometer in the range of 650 - 4000 cm⁻¹.
2.4.3.2 Preparation of flavonoids
About 20 g of the sample was weighed into a 250 mL beaker and 200 mL of 80 % aqueous ethanol was added at room temperature, covered and allowed to stand for 1 day. The whole solution was filtered through Whatman filter paper No 42 (125 mm). The filtrate was subsequently transferred into a beaker and evaporated to dryness over a water bath at 50 °C and was weighed to a constant weight. The filtrate was the crude flavonoid fraction, which was used for antimicrobial testing and characterised using Agilent Cary 630 FTIR Spectrometer in the range of 650 - 4000 cm⁻¹.
2.4.3.3 Preparation of cardiac glycosides 
The powdered sample (5 g of each) was boiled in 20 mL of distilled water in a water bath and filtered. Then, 10 mL of the filtrate was mixed with 5 mL of distilled water and shaken vigorously and filtered. The filtrate was placed in a water bath and allowed to dry (Edeoga et al., 2005). This dried filtrate was considered the crude cardiac glycoside fraction, which was used for antimicrobial testing and characterised using Agilent Cary 630 FTIR Spectrometer in the range of 650 - 4000 cm⁻¹.
2.5 Antimicrobial assay of ethanol extract of Mentha piperita plant. 
Methods described by Okeke et al. (2001), Ekong et al. (2004) and Akpan et al. (2021) were adopted for antimicrobial assay as follows.
2.5.1 Collection of microbial test organisms
Isolates were obtained from the Microbiology Laboratories of University of Uyo, as well as the University Health Centre and University of Uyo Teaching Hospital, all in Uyo, Nigeria. The organisms included: Staphylococcus aureus, Salmonella spp., Shigella spp., Escherichia coli, Pseudomonas aeruginosa, Vibrio cholerae, Candida albicans, Saccharomyces cerevisiae, Aspergillus niger, Aspergillus flavus. These organisms were subcultured and preserved as pure cultures on Nutrient agar and Sabouraud Dextrose agar slants and stored at low temperatures until required.

2.5.2 Preparation of test organisms used in the study.  
Fresh colonies of each test organism were aseptically transferred into sterile nutrient broth (for bacteria) or potato dextrose broth (for fungi) and incubated at 37 °C for 24 h for bacterial isolates and 28 °C for 72 h for fungal isolates. After incubation, the cultures were serially diluted using the ten-fold dilution method. Briefly, 1.0 mL of each broth culture was transferred into a test tube containing 9.0 mL of sterile distilled water to obtain a 10⁻¹ dilution. This process was repeated sequentially to prepare further dilutions. Gram-positive bacterial and fungal cultures were diluted to 10⁻³, while Gram-negative bacterial cultures were diluted to 10⁻⁵ (Ekong et al., 2004; Clinical and Laboratory Standards Institute, 2024; European Committee on Antimicrobial Susceptibility Testing, 2024)
The turbidity of the resulting suspensions was standardised against a 0.5 McFarland standard, prepared from 0.05 mL of 1.175% (w/v) barium chloride dihydrate (BaCl₂·2H₂O) and 9.95 mL of 1% (v/v) sulfuric acid (H₂SO₄), which produces a suspension with turbidity equivalent to approximately 1.5 × 10⁸ colony-forming units (CFU)/mL. The microbial suspensions were adjusted by adding sterile saline when excessively turbid or additional culture when less turbid until a visual match with the McFarland standard was achieved. The standardised inocula were thoroughly mixed and used immediately for inoculating Mueller–Hinton agar plates (for bacteria) and Potato Dextrose Agar plates (for fungi) during antimicrobial susceptibility testing (Ekong et al., 2004; Clinical and Laboratory Standards Institute, 2024; European Committee on Antimicrobial Susceptibility Testing, 2024).

2.5.3 Determination of extract concentrations
The extracts were dissolved using sterile water to constitute different concentrations of 500 mg/mL, 400 mg/mL, 300 mg/mL, 200 mg/mL and 100 mg/mL.

2.5.4 Determination of antimicrobial assay of extract on selected test organisms
Antimicrobial activity of the extracts was evaluated using the well-in-agar diffusion technique. The diluted test organisms in nutrient broth and malt extract broth for bacterial and fungal isolates, respectively, were further subcultured in peptone water, and the cells were adjusted to the McFarland turbidity standard. Then, 0.1 mL of each diluted test organism was aseptically transferred and spread on the surface of Mueller-Hinton agar (MHA). Sterile swab sticks were used to spread the inocula on the surface of the medium, which was then allowed to dry on the bench. A sterile cork borer of 5.0 mm was used to bore holes on the surface of the medium seeded with the test organisms. In each of the wells previously seeded with the test organisms, 100 mg of extract dilution at different concentrations was introduced. Control experiments were set up alongside the extracts using commercial antibacterial and antifungal drugs (Gentamycin and Nystatin), at 20 mg and 50 mg for bacterial and fungal isolates, respectively. All plates were left on the bench for 1 h before incubation at 37 °C for 24 h for bacterial isolates and 72 h for fungal isolates. After incubation, antimicrobial activities were determined by measuring the zone-of-inhibition diameter (ZID) in all the extracts.

2.5.5 Determination of Minimum Inhibitory Concentration (MIC)
The minimum inhibitory concentration of the extract was determined using the agar-plate method. To obtain this, 1.0 mL from the last concentration of the extract that showed activity against an organism was further diluted. Then, 1.0 mL from each diluted extract was introduced into sterile plates. Nutrient agar (NA) and Sabouraud Dextrose agar (SDA) were poured into the plates, swirled and left on the bench to set; these were used for bacterial and fungal isolates, respectively. The plates were dried at a low temperature, and organisms susceptible to the extracts were inoculated on the plates using the streaking method and incubated for 24 h to 48 h for bacteria and fungi. The concentration that inhibited the growth of any test organism was noted as the MIC for the extract against that test organism (Ekong et al., 2004).

3. RESULTS AND DISCUSSION
Table 1: Phytochemical investigation for ethanol extracts of Mentha piperita
	Chemical group
                                                                                                         
	                            Ethanol extracts

	
	                 Leaf
	Stem

	
	   Fresh
	       Dry
	    Fresh
	      Dry

	1. Alkaloid
- Dragendroff”s test 
- Wagner test
- Mayer test      
	   
     + +
        -
       +
	
       + +
         -
        + +
	
       + +
         -
         +
	
       + +
         -
        + +

	1. Carbohydrate
- Molisch test
- Fehling test
	
       + +
       + +

	
         +
       + +

	
       + + +
        + +

	
       +
       +

	1. Tannins
            - Ferric chloride
	
    + + +
	
      + + +
	
       + +
	
       + +

	1. Phlobotannins
- Lead Acetate test 
- Acid Test
	
    + + +
       +
	
       + +
       + +
	
       + + +
         +
	
       + +
        + +

	1. Saponin
· Foam test
	
       -
	
         +
	
         -
	
         -

	1. Flavonoids
           - Shinoda test
            - Alkali test
            - Zinc dust test
            - Ammonia test
	
      -
     + +
      +
      + +
	
         +
       + +
        +
       + +
	
         -
       + +
         -
      + + +
	
        +
         + +
          -
         +

	1. Cardiac glycoside
       - Liebermann’s test
       - Kellers Killiani test
        -Liebermann’s Burchard test
       - Salkowski test
	
        +
      + + +
         -
        + 

	
         -
        + +
          -
          -
	
         +
         +
         +
          -
	
         +
         +
          -
          -

	1. Steriod
      - Liebermann’s Burchard test
       -Salkowski test
	
      +
       +
	
        + +
        + +
	
          -
          -
	
       + +
          +

	1. Anthraquinone
- Ammonia test
- Borntrager test
	
     +
      -
	
          -
          -
	
          +
           -
	
        -
         -

	1. Polyphenol
- Nitric acid test
- Acetic acid test
	
     + +
       ±
	
      + +
        +

	
       + +
         ±
	
         +
         -

	1. Triterpenoid 
- Chloroform test
- Salkowski test
	
        +
    + + +
	
          -
      + + +
	
          +
        + +
	
         -
        + +

	1.  Protein 
· Biuret test
· Xanthoproteic test 
	
       -
     + +
	
          -
         + +
	
         -
        + +
	
          -
         + 


KEY:  +++ = very high    ++ = high, + = low, ± = negligible and - = not detected
3.1 Phytochemical Composition of Mentha piperita Ethanol Extracts
The qualitative phytochemical screening of the ethanol extracts of fresh and dried leaves and stems of Mentha piperita (Table 1) revealed the presence of a wide spectrum of bioactive secondary metabolites, including alkaloids, carbohydrates, tannins, phlobatannins, flavonoids, cardiac glycosides, steroids, anthraquinones, polyphenols, triterpenoids and proteins, whereas saponins were either absent or detected only in trace amounts. The occurrence of these metabolites demonstrates the remarkable phytochemical richness of M. piperita and provides a scientific basis for its longstanding use in traditional medicine for the management of infectious and inflammatory diseases. Similar phytochemical profiles have previously been reported for Mentha piperita and several other medicinal plants, confirming that members of the Lamiaceae are important reservoirs of pharmacologically active natural products (Edeoga et al., 2005; Rangari, 2012; Trevisan et al., 2017; Akpan et al., 2021).
One of the most striking observations from Table 1 is the widespread occurrence of alkaloids in almost all the extracts, as confirmed by Dragendorff's, Wagner's and Mayer's tests. Alkaloids represent one of the largest classes of nitrogen-containing secondary metabolites and are renowned for their diverse pharmacological properties, including antibacterial, antifungal, analgesic, antimalarial and anticancer activities (Akpan et al., 2016; Li et al., 2016; Silva-Beltrán et al., 2023; Akpan et al., 2021). Their antimicrobial activity has been attributed to multiple mechanisms, including inhibition of DNA replication, interference with protein biosynthesis, disruption of bacterial cell membranes and inhibition of essential metabolic enzymes (Taylor et al., 2005; Silva-Beltrán et al., 2023). The appreciable antibacterial and antifungal activities observed later in this study are therefore likely associated, at least in part, with the alkaloid content of the extracts. Comparable findings have been reported in Azadirachta indica, Enantia chlorantha and Dacryodes edulis, where alkaloid-rich fractions exhibited superior antimicrobial activities following bioassay-guided purification (Akpan et al., 2016; Akpan et al., 2017; Oladejobi et al., 2022).
The detection of flavonoids in most of the extracts is equally noteworthy because flavonoids constitute one of the most biologically active groups of plant polyphenols. Flavonoids possess broad-spectrum antibacterial, antifungal, antiviral, antioxidant and anti-inflammatory activities, making them attractive candidates for pharmaceutical development (Sharma et al., 2013; Singh et al., 2015; Górniak et al., 2019). Their antimicrobial effects are mediated through disruption of microbial membranes, inhibition of nucleic acid synthesis, alteration of membrane permeability and suppression of microbial enzyme systems (Taylor et al., 2005; Xu et al., 2018). Furthermore, flavonoids are potent antioxidants capable of scavenging reactive oxygen species generated during microbial infections, thereby protecting host tissues against oxidative damage (Reddy, 2004). The presence of abundant flavonoids therefore enhances both the antimicrobial and antioxidant potential of M. piperita.
The occurrence of tannins and polyphenols in almost all the extracts further contributes to the medicinal significance of the plant. Tannins possess strong protein-precipitating properties and exert antimicrobial activity by complexing with microbial cell wall proteins, inactivating extracellular enzymes and disrupting membrane integrity (Edeoga et al., 2005; Rangari, 2012). Polyphenolic compounds similarly inhibit microbial growth through oxidation-reduction reactions, enzyme inhibition and membrane destabilization while simultaneously providing antioxidant protection (Reddy, 2004; Akpan et al., 2021). Previous studies on Tragia involucrata, Juglans regia and Larrea tridentata likewise reported that phenolic-rich extracts exhibited remarkable antibacterial activities against both Gram-positive and Gram-negative bacteria (López et al., 2008; Gobalakrishnan et al., 2013; Sharma et al., 2013). The abundance of these compounds in M. piperita therefore provides a plausible explanation for its broad antimicrobial spectrum.
Cardiac glycosides, detected in several extracts, have traditionally been recognised for their cardiotonic properties; however, increasing evidence indicates that these compounds also possess antibacterial, antifungal, antiviral and anticancer activities (Gupta & Varma, 2019). Their antimicrobial action has been associated with disruption of membrane ion transport and interference with essential cellular metabolic pathways. The occurrence of cardiac glycosides alongside alkaloids and flavonoids may therefore enhance the overall biological activity of the extracts through complementary mechanisms of action.
The presence of triterpenoids and steroids further strengthens the therapeutic profile of M. piperita. Terpenoids are widely recognised for their antimicrobial, anti-inflammatory and antioxidant properties and exert their antimicrobial effects primarily through disruption of microbial membrane integrity and inhibition of respiratory enzymes (Rangari, 2012; Akpan et al., 2021). Steroidal compounds also contribute to membrane stabilization and have been reported to exhibit antibacterial and anti-inflammatory activities that may complement those of other phytochemicals (Trevisan et al., 2017). The simultaneous occurrence of these metabolites suggests that M. piperita possesses multiple classes of bioactive compounds capable of acting on different microbial targets.
Interestingly, saponins were absent or only weakly detected in most of the extracts (Table 1). Although saponins are generally recognised for their ability to increase membrane permeability through interactions with membrane sterols (Zablotowicz et al., 1996), their low abundance in the present study suggests that they may not be the principal contributors to the antimicrobial activity of M. piperita. Similar variability in saponin content has been reported in medicinal plants and is often influenced by plant age, environmental conditions, extraction solvent and geographical origin (Edeoga et al., 2005; Rangari, 2012).
Differences observed between fresh and dried leaves and stems further indicate that plant part and processing conditions influence phytochemical composition. Drying may enhance the concentration of certain metabolites through moisture removal while simultaneously reducing thermolabile constituents susceptible to enzymatic degradation. Likewise, leaves generally accumulate higher concentrations of secondary metabolites because they are the primary sites of photosynthesis and biosynthesis, whereas stems mainly serve structural and transport functions (Trevisan et al., 2017; Akpan et al., 2021). Such variations emphasize the importance of selecting appropriate plant materials during the development of herbal medicines.
The phytochemical profile of Mentha piperita demonstrates the coexistence of numerous bioactive constituents capable of acting synergistically against pathogenic microorganisms. Increasing evidence suggests that crude plant extracts frequently exhibit greater biological activity than isolated compounds because multiple metabolites simultaneously target different biochemical pathways, thereby enhancing efficacy and reducing the likelihood of resistance development (Ejele et al., 2012; Akpan et al., 2016; Malczak & Gajda, 2023). This phytochemical diversity therefore provides a strong scientific explanation for the antimicrobial activities observed in the present study and supports the continued investigation of M. piperita as a valuable source of novel plant-derived antimicrobial agents. 
Table 2: Percentage of crude cardiac glycosides, alkaloids and flavonoids
	Phytochemicals
	Quantity (%)

	Cardiac glycosides
	[bookmark: _Hlk133245025]9.33 ± 1.71

	Alkaloids
	[bookmark: _Hlk133244848]4.47 ± 0.25

	Flavonoids
	21.80 ± 2.40



3.2 Fourier transform infrared (FTIR) Spectroscopic Characterisation of the Antimicrobial Components of Mentha piperita
The Fourier transform infrared (FTIR) spectroscopic analysis of the prepared crude phytochemical fractions from Mentha piperita revealed the presence of several characteristic functional groups associated with biologically active secondary metabolites. The spectra obtained provide valuable structural information on the chemical composition of the isolated antimicrobial constituents and further support their potential therapeutic significance.
[image: Screenshot 2023-04-04 222205]The FTIR spectrum of the cardiac glycoside isolate (Fig. 1) exhibited several characteristic absorption bands indicative of oxygenated organic compounds. A broad absorption peak at 3256.20 cm⁻¹ was assigned to O–H stretching vibrations of alcohols and phenolic compounds, suggesting the presence of hydrogen-bonded hydroxyl groups commonly found in glycosidic molecules. The absorption band observed at 1580.51 cm⁻¹ corresponded to C–O stretching vibrations associated with ketones, aldehydes, carboxylic acids, esters, lactones, anhydrides, amides and lactams. The peak at 1389.05 cm⁻¹ was attributed to alkyl C–H stretching vibrations, indicating aliphatic hydrocarbon chains, while the absorption band at 1067.15 cm⁻¹ represented C–O stretching vibrations of secondary cyclic alcohols within five- or six-membered alicyclic rings. These characteristic absorption bands are consistent with the structural features of cardiac glycosides and support the presence of oxygenated bioactive metabolites with potential antimicrobial properties (Silverstein et al., 2005).




[image: Screenshot 2023-04-04 223840]Fig. 1. FTIR spectrum of crude cardiac glycosides 





[image: ]Fig. 2. FTIR spectrum of crude alkaloid 




Fig. 3. FTIR spectrum of crude flavonoids 
The FTIR spectrum of the crude alkaloid fraction (Fig. 2) revealed a complex chemical profile characteristic of nitrogen-containing secondary metabolites. Strong absorption bands at 2921.38 cm⁻¹ and 2851.56 cm⁻¹ were assigned to sp³ C–H stretching vibrations arising from methyl, methylene and methine groups. A distinct peak at 1711.36 cm⁻¹ corresponded to the carbonyl (C=O) stretching vibration of carboxylic acids or lactams. Additional absorption bands at 1654.00 cm⁻¹ and 1605.09 cm⁻¹ were attributed to N–H bending vibrations of primary amines and amide carbonyl stretching, although the latter band may also indicate terminal C=CH₂ stretching in substituted aromatic systems. The peak at 1243.05 cm⁻¹ was assigned to C–N stretching vibrations of primary, secondary and tertiary aliphatic amines, while the bands at 1158.00 cm⁻¹ and 1032.61 cm⁻¹ corresponded to C–O stretching vibrations of alcohols and phenols. Furthermore, the absorption at 1376.00 cm⁻¹ indicated C–H bending vibrations of tert-butyl and isopropyl groups, whereas the peaks at 839.54 cm⁻¹ and 719.95 cm⁻¹ were assigned to N–H wagging or aromatic C–H out-of-plane bending vibrations. The detected FTIR absorption bands demonstrate the presence of characteristic functional groups associated with alkaloidal constituents, supporting their chemical identification. These assignments agree with standard FTIR spectral data reported for nitrogen-containing phytochemicals (Silverstein et al., 2005).
The FTIR spectrum of the crude flavonoid fraction (Fig. 3) exhibited several prominent absorption bands typical of polyphenolic compounds. A broad peak at 3235.29 cm⁻¹ corresponded to O–H stretching vibrations of hydroxyl groups in alcohols and phenols, reflecting the highly hydroxylated nature of flavonoids. The absorption band at 2927.20 cm⁻¹ was assigned to O–H stretching associated with carboxylic acid groups. A strong band at 1584.07 cm⁻¹ represented aromatic C=C stretching vibrations, confirming the benzene ring system characteristic of flavonoid structures. Additional absorption bands at 1257.20 cm⁻¹, 1157.55 cm⁻¹ and 1074.68 cm⁻¹ were attributed to C–O stretching vibrations of phenolic and alcoholic functional groups. These spectral characteristics are consistent with those commonly reported for flavonoids and other polyphenolic compounds (Silverstein et al., 2005).
The FTIR spectra of the cardiac glycoside, alkaloid and flavonoid fractions confirmed the presence of diverse functional groups, including hydroxyl, carbonyl, amino, aromatic and ether linkages, all of which are characteristic of pharmacologically active phytochemicals. These functional groups are known to contribute to antimicrobial activity through mechanisms such as disruption of microbial cell membranes, inhibition of essential enzymes, interference with nucleic acid synthesis and modulation of oxidative stress. Consequently, the FTIR findings corroborate the phytochemical screening results and provide molecular evidence supporting the antimicrobial potential of Mentha piperita. The observed spectral assignments are consistent with standard infrared spectroscopic interpretations reported by Silverstein et al. (2005), thereby strengthening the reliability of the structural characterisation presented in this study.
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	Test organisms
	Extract conc. (mg/mL) of alkaloids
	 Extract conc.(mg/mL) of cardiac glycosides
	Extract conc. (mg/mL) of flavonoids
	 Extract conc.(mg/mL)
(crude ethanol extracts)

	Staphylococcus aureus
	100
	ND
	250
	350

	Vibrio cholerae
	 200
	ND
	200
	150

	Salmonella sp
	 50
	ND
	ND
	ND

	Shigella sp
	 ND
	ND
	200
	150

	Escherichia coli
	 ND
	ND
	150
	350

	Pseudomonas aeruginosa
	 150
	ND
	300
	ND

	Aspergillus flavus
	 150
	100
	150
	150

	Candida albicans
	 350
	50
	350
	150

	Aspergillus niger
	 350
	100
	350
	200

	Saccharomyces cerevisiae
	 ND
	150
	100
	100


KEY: ND – Not Determined. 
3.3 Minimum Inhibitory Concentration (MIC) of the Isolated Phytochemicals and Crude Ethanol Extract
The minimum inhibitory concentration (MIC) values presented in Table 3 provide quantitative evidence of the antimicrobial potency of the crude ethanol extract and the isolated alkaloid, flavonoid and cardiac glycoside fractions of Mentha piperita. The MIC represents the lowest concentration of an antimicrobial agent capable of preventing visible microbial growth and is widely regarded as one of the most reliable indicators of antimicrobial efficacy. Lower MIC values indicate greater antimicrobial potency because smaller quantities of the extract are required to inhibit microbial proliferation (Taylor et al., 2005).
The results demonstrate considerable differences in antimicrobial activity among the isolated phytochemical fractions. The alkaloid fraction exhibited the broadest antibacterial spectrum, with MIC values ranging from 50 to 350 mg/mL depending on the test organism. Particularly noteworthy was its activity against Salmonella spp., which recorded the lowest MIC (50 mg/mL), indicating that this pathogen was highly susceptible to the alkaloidal constituents of M. piperita. Moderate inhibitory activity was also observed against Staphylococcus aureus (100 mg/mL), Vibrio cholerae (200 mg/mL), Pseudomonas aeruginosa (150 mg/mL) and Escherichia coli (150 mg/mL), whereas no inhibitory concentration was determined for Shigella spp. The high activity against Salmonella is particularly significant because this organism remains an important cause of food-borne and enteric infections worldwide. Similar antibacterial activities of alkaloid-rich plant extracts have been reported for Azadirachta indica, Enantia chlorantha and Landolphia owerrience, where alkaloids interfered with bacterial DNA replication, protein synthesis and membrane integrity (Okeke et al., 2001; Akpan et al., 2016; Li et al., 2016; Silva-Beltrán et al., 2023).
In contrast, the cardiac glycoside fraction exhibited comparatively limited antibacterial activity, with no measurable MIC recorded against most of the bacterial pathogens investigated. However, this fraction demonstrated remarkable antifungal potency, particularly against Candida albicans, where the MIC was only 50 mg/mL, and against Aspergillus flavus and Aspergillus niger, both inhibited at 100 mg/mL. Saccharomyces cerevisiae exhibited a higher MIC (150 mg/mL), suggesting relatively lower susceptibility. These observations indicate that cardiac glycosides may possess greater affinity for fungal rather than bacterial cellular targets. Previous studies have shown that cardiac glycosides interfere with membrane ion transport and intracellular signalling pathways while also exhibiting antifungal and anticancer activities (Gupta & Varma, 2019). The pronounced activity against Candida albicans is particularly encouraging because candidiasis remains one of the most common opportunistic fungal infections, especially among immunocompromised patients.
The flavonoid fraction exhibited broad-spectrum activity against both bacteria and fungi. MIC values of 150–350 mg/mL were recorded against bacterial pathogens, with the greatest antibacterial activity observed against Escherichia coli (150 mg/mL) and Vibrio cholerae (200 mg/mL), while higher concentrations were required to inhibit Staphylococcus aureus and Pseudomonas aeruginosa. Among the fungal isolates, the flavonoid fraction demonstrated appreciable activity against Saccharomyces cerevisiae (100 mg/mL) and Aspergillus flavus (150 mg/mL). The broad antimicrobial spectrum of flavonoids agrees with previous reports that these polyphenolic compounds disrupt microbial membranes, inhibit nucleic acid synthesis, suppress energy metabolism and interfere with microbial enzyme systems (Sharma et al., 2013; Taylor et al., 2005; Xu et al., 2018; Górniak et al., 2019). Their well-established antioxidant activity may further enhance antimicrobial effectiveness by reducing oxidative stress associated with microbial infections (Reddy, 2004).
The crude ethanol extract also exhibited broad-spectrum antimicrobial activity, with MIC values ranging from 100 to 350 mg/mL. The lowest MIC values (100 mg/mL) were recorded against Saccharomyces cerevisiae, whereas values of 150 mg/mL were observed for Vibrio cholerae, Shigella spp., Aspergillus flavus and Candida albicans. Higher concentrations were required to inhibit Staphylococcus aureus, Escherichia coli and Aspergillus niger. These findings indicate that the crude extract possesses appreciable antimicrobial activity despite containing numerous inactive constituents. Similar observations have been reported in Dacryodes edulis, Enantia chlorantha and Senna alata, where crude extracts exhibited lower potency than purified fractions because active metabolites remained diluted within complex phytochemical mixtures (Adedayo et al., 2001; Akpan et al., 2017; Oladejobi et al., 2022).
Comparison of the isolated fractions with the crude ethanol extract suggests that purification enhances antimicrobial activity by concentrating the active phytochemicals. This observation agrees with the principles of bioassay-guided fractionation, where chromatographic separation enriches biologically active constituents while eliminating inactive compounds (Ejele et al., 2012; Akpan et al., 2016). Nevertheless, the relatively good activity of the crude extract indicates that synergistic interactions among flavonoids, alkaloids, cardiac glycosides and other secondary metabolites also contribute significantly to the overall antimicrobial effect. Such synergism has become increasingly recognised as one of the major advantages of plant-derived medicines because multiple compounds simultaneously target different biochemical pathways, thereby reducing the probability of resistance development (Strobel & Daisy, 2003; Malczak & Gajda, 2023).
The broad-spectrum MIC profile observed in this study is particularly important in the context of the global increase in antimicrobial resistance. Resistant bacterial pathogens, including Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa and Salmonella spp., continue to pose major therapeutic challenges worldwide (Williams, 2000; Aibinu et al., 2003; Aibinu et al., 2004; World Health Organization, 2014). Consequently, the relatively low MIC values obtained for several pathogens suggest that Mentha piperita contains potent bioactive metabolites worthy of further purification and structural characterisation. These findings reinforce the growing evidence that medicinal plants remain an invaluable source of novel antimicrobial lead compounds and support continued research aimed at developing safe, affordable and environmentally sustainable therapeutics. 


                                                











Fig. 4. Antibacterial activity of ethanol extract of Mentha piperita (in mg/mL) and 20 mg/mL of Gentamycin














         
 
Fig. 5. Antibacterial activity of crude alkaloids extracted from Mentha piperita (in mg/mL) and 20 mg/mL of Gentamycin 



















 Fig. 6. Antibacterial activity of flavonoids extracted from Mentha piperita (in mg/mL) and 20 mg/mL of Gentamycin 

                                                                                                                                                                      






             
                 
 Fig. 7. Antibacterial activity of crude cardiac glycosides extracted from Mentha piperita (in mg/mL) and 20 mg/mL of Gentamycin 
















Fig. 8. Antifungal activity of ethanol extract of Mentha piperita (in mg/mL) and 50 mg/mL of Nystatin








Fig. 9. Antifungal activity of crude alkaloids from Mentha piperita (in mg/mL) and 50 mg/mL of Nystatin








Fig. 10. Antifungal activity of crude flavonoids from Mentha piperita (in mg/mL) and 50 mg/mL of Nystatin










Fig. 11. Antifungal activity of crude cardiac glycosides extracted from Mentha piperita (in mg/mL) and 50 mg/mL of Nystatin

3.4 Quantitative Phytochemical Composition of Mentha piperita and their Antimicrobial Activities
The antibacterial and antifungal activities of the ethanol extract and isolated phytochemicals of Mentha piperita are presented in Figures 4–11. The results clearly demonstrate that both the crude extract and the isolated phytochemicals possess broad-spectrum antimicrobial activity against the bacterial and fungal pathogens investigated, although the magnitude of inhibition varied among the phytochemical fractions and microbial species. In general, the antimicrobial activities were concentration-dependent, with the highest inhibition zones recorded at 500 mg/mL and progressively decreasing activity as the concentration declined to 100 mg/mL, indicating that the antimicrobial efficacy of the plant is directly related to the concentration of its bioactive constituents. Similar concentration-dependent antimicrobial responses have been reported for Azadirachta indica, Enantia chlorantha, Dacryodes edulis, Tragia involucrata, and Cola lepidota, where increasing extract concentration significantly enhanced microbial growth inhibition (Akpan et al., 2016; Akpan et al., 2017; Gobalakrishnan et al., 2013; Oladejobi et al., 2022; Uwanta & Akpan, 2024).
Among the bacterial isolates, the crude flavonoid fraction (Figure 6) exhibited the highest antibacterial activity, producing inhibition zones of up to 20 mm against Staphylococcus aureus and Salmonella spp. at 500 mg/mL. The crude alkaloid fraction (Figure 5) also demonstrated appreciable antibacterial activity, particularly against Shigella spp., Proteus spp., Staphylococcus aureus, and Escherichia coli, whereas the ethanol extract (Figure 4) produced moderate inhibitory effects. In contrast, the cardiac glycoside fraction (Figure 7) showed little or no antibacterial activity against the test organisms. 
The susceptibility pattern further revealed that the Gram-positive bacterium Staphylococcus aureus was generally more susceptible than the Gram-negative organisms. This observation agrees with previous reports that Gram-negative bacteria possess an outer lipopolysaccharide membrane that acts as an additional permeability barrier, thereby restricting the penetration of many plant-derived antimicrobial compounds (Aibinu et al., 2003; Aibinu et al., 2004; Akpan et al., 2016). Nevertheless, the inhibition observed against Gram-negative pathogens such as Escherichia coli, Proteus spp., and Shigella spp. demonstrates that Mentha piperita contains bioactive metabolites capable of overcoming, at least partially, the intrinsic resistance mechanisms of these organisms. This finding is particularly important considering the increasing prevalence of multidrug-resistant bacterial pathogens worldwide (Williams, 2000; World Health Organization, 2014).
The antifungal activities presented in Figures 8–11 similarly revealed concentration-dependent inhibition of all test fungal isolates. Unlike the antibacterial results, the cardiac glycoside fraction (Figure 11) exhibited the strongest antifungal activity, producing inhibition zones of 21 mm against Candida albicans, 20 mm against Aspergillus niger, and 19 mm against Saccharomyces cerevisiae at 500 mg/mL. The crude alkaloid fraction (Figure 9) also demonstrated considerable antifungal activity, whereas the flavonoid fraction (Figure 10) was active mainly against Aspergillus flavus and A. niger. The ethanol extract (Figure 8) exhibited moderate inhibition against all fungal isolates, suggesting that the combined action of multiple phytochemicals contributes to its antifungal efficacy. These findings agree with those reported for Enantia chlorantha and Dacryodes edulis, where crude extracts and purified metabolites exhibited varying degrees of antifungal activity depending on their phytochemical composition (Akpan et al., 2017; Oladejobi et al., 2022).
Although the inhibition zones produced by the extracts and isolated phytochemicals were generally lower than those of the standard drugs (20 mg/mL gentamicin and 50 mg/mL nystatin), the results remain highly significant because the phytochemicals were evaluated in relatively crude forms rather than as purified pharmaceutical compounds. Bioassay-guided purification has consistently been shown to improve antimicrobial potency by concentrating active constituents and eliminating inactive materials (Ejele et al., 2012; Akpan et al., 2016). Consequently, the antimicrobial activities observed in the present study provide strong scientific evidence supporting the ethnomedicinal use of Mentha piperita and justify further purification, structural elucidation, and pharmacological evaluation of its bioactive constituents.
The quantitative estimation of the major bioactive constituents of Mentha piperita (Table 3) revealed considerable variation in the abundance of the three isolated phytochemical classes, with flavonoids (21.80 ± 2.40%) occurring at the highest concentration, followed by cardiac glycosides (9.33 ± 1.71%), while alkaloids (4.47 ± 0.25%) were present at comparatively lower levels. These findings indicate that flavonoids constitute the predominant antimicrobial phytochemicals in the ethanol extracts of M. piperita, suggesting that they may play a central role in the biological activities observed in this investigation.
The presence of flavonoids at concentrations exceeding 20 % therefore suggests that these compounds contributed substantially to the inhibitory effects observed against both bacterial and fungal pathogens. The predominance of flavonoids is consistent with previous phytochemical studies on Mentha species and other medicinal plants, where flavonoids represent one of the largest groups of naturally occurring polyphenolic compounds responsible for diverse pharmacological activities (Edeoga et al., 2005; Rangari, 2012; Trevisan et al., 2017). Flavonoids are well recognised for their antibacterial, antifungal, antiviral, antioxidant and anti-inflammatory properties and have attracted increasing attention as promising alternatives to synthetic antimicrobial agents (Sharma et al., 2013; Singh et al., 2015; Górniak et al., 2019). Their relatively high concentration in M. piperita therefore provides a convincing biochemical explanation for the broad-spectrum antimicrobial activity demonstrated by the extracts.
Beyond their antimicrobial activities, flavonoids possess remarkable antioxidant properties that enable them to neutralize reactive oxygen species generated during microbial infections and inflammatory responses (Reddy, 2004). This dual antimicrobial–antioxidant function is particularly advantageous because oxidative stress frequently accompanies infectious diseases, leading to tissue damage and delayed recovery. Similar observations have been reported in Dacryodes edulis, Enantia chlorantha and Tragia involucrata, where flavonoid-rich extracts demonstrated enhanced biological activities attributable to their combined antimicrobial and antioxidant effects (Gobalakrishnan et al., 2013; Akpan et al., 2021; Oladejobi et al., 2022).
The superior activity of the flavonoid fraction may be attributed to the well-established ability of flavonoids to disrupt bacterial cell membranes (causing increased membrane permeability and leakage of intracellular constituents), inhibit nucleic acid synthesis, suppress ATP production, interfere with energy metabolism, and suppress bacterial virulence factors and inhibit enzymes required for microbial growth and replication (López et al., 2008; Trevisan et al., 2017; Taylor et al., 2005; Xu et al., 2018; Górniak et al., 2019). Likewise, alkaloids have been reported to inhibit DNA replication, protein synthesis, and essential metabolic enzymes while increasing membrane permeability, thereby contributing to their broad-spectrum antibacterial properties (Akpan et al., 2016; Silva-Beltrán et al., 2023). The limited antibacterial activity observed for the cardiac glycoside fraction suggests that these compounds may possess greater selectivity towards fungal organisms than bacteria.
The moderate concentration of cardiac glycosides (9.33 ± 1.71%) is equally noteworthy. Although cardiac glycosides are traditionally associated with cardiovascular therapy, increasing evidence indicates that they possess broad pharmacological activities, including antibacterial, antifungal, antiviral and anticancer properties (Gupta & Varma, 2019). Their biological activity has been linked to inhibition of membrane-bound Na⁺/K⁺-ATPase, disruption of ionic homeostasis and modulation of intracellular signalling pathways that ultimately impair microbial survival. The appreciable quantity of cardiac glycosides observed in the present study therefore suggests that they contribute significantly to the antimicrobial efficacy of M. piperita, particularly when acting synergistically with flavonoids and other secondary metabolites.
The relatively lower quantity of alkaloids (4.47 ± 0.25%) should not be interpreted as evidence of limited biological importance. Alkaloids are among the most potent naturally occurring antimicrobial compounds, and even at relatively low concentrations they exhibit significant pharmacological activity because of their high affinity for microbial molecular targets (Akpan et al., 2016; Silva-Beltrán et al., 2023). Numerous alkaloids inhibit DNA replication, interfere with protein synthesis, alter membrane permeability and suppress essential metabolic enzymes required for microbial proliferation (Li et al., 2016; Taylor et al., 2005). Consequently, the lower percentage recorded for alkaloids may still contribute substantially to the overall antimicrobial activity observed in this study. 
The quantitative differences among flavonoids, cardiac glycosides and alkaloids further illustrate the complexity of secondary metabolite biosynthesis in medicinal plants. The production and accumulation of these metabolites are influenced by numerous factors, including plant genotype, environmental conditions, developmental stage, geographical location, harvesting period and extraction method (Rangari, 2012; Akpan et al., 2021; Trevisan et al., 2017). Ethanol, the extraction solvent employed in the present study, is known to efficiently extract moderately polar phytochemicals such as flavonoids and glycosides, which may partly explain their higher abundance relative to alkaloids (Poojary et al., 2015).
An important observation arising from Table 3 is the potential relationship between phytochemical concentration and antimicrobial activity. The predominance of flavonoids corresponds closely with the strong antibacterial and antifungal activities exhibited by the flavonoid fraction in subsequent antimicrobial assays (Figures 6 and 10), suggesting a positive relationship between flavonoid concentration and biological efficacy. Similarly, the measurable quantities of cardiac glycosides and alkaloids are reflected in the antimicrobial activities observed for their respective fractions (Figures 5, 7, 9 and 11), indicating that all three phytochemical classes contribute to the overall antimicrobial potential of M. piperita.
The biological activity of medicinal plants is increasingly understood to result from synergistic interactions among multiple phytochemicals rather than from individual compounds acting independently. Flavonoids may compromise microbial membranes, alkaloids inhibit intracellular metabolic processes, while cardiac glycosides interfere with membrane transport systems. The simultaneous action of these compounds on different biochemical targets enhances antimicrobial efficacy and reduces the likelihood of resistance development (Ejele et al., 2012; Akpan et al., 2016; Malczak & Gajda, 2023). Such phytochemical synergy represents one of the principal advantages of plant-derived medicines over many conventional synthetic antibiotics, which often act on a single molecular target.
The quantitative phytochemical profile obtained in this study therefore provides compelling evidence that Mentha piperita is an exceptionally rich source of biologically active secondary metabolites with considerable pharmaceutical potential. The predominance of flavonoids, supported by appreciable concentrations of cardiac glycosides and alkaloids, establishes a strong biochemical basis for the antimicrobial activities reported in this investigation. These findings reinforce previous reports on the medicinal importance of M. piperita and related species (Sharma et al., 2013; Trevisan et al., 2017; Singh et al., 2015), while further highlighting the plant as a promising candidate for the discovery of novel natural antimicrobial agents capable of addressing the growing challenge of antimicrobial resistance. 
Conclusion
The study showed that Mentha piperita contains several classes of secondary metabolites that may contribute to its observed antimicrobial activity. Qualitative screening revealed the presence of alkaloids, flavonoids, tannins, phlobatannins, cardiac glycosides, steroids, triterpenoids, polyphenols, carbohydrates, and proteins, while quantitative analysis showed flavonoids as the dominant fraction, followed by cardiac glycosides and alkaloids. FTIR analysis indicated the presence of functional groups such as hydroxyl, carbonyl, amino, aromatic, alkyl, and ether-related groups, which are consistent with bioactive phytochemical fractions. The crude ethanol extract and the crude alkaloid, flavonoid, and cardiac glycoside fractions exhibited varying levels of antibacterial and antifungal activity against the tested organisms. Alkaloid fractions showed comparatively stronger activity against some bacterial isolates, while cardiac glycoside fractions showed activity against selected fungal isolates. These findings support further investigation of M. piperita as a source of antimicrobial phytochemical fractions. However, purification, structural elucidation, toxicity testing, and stronger antimicrobial validation are required before practical application can be recommended.
Limitations
This study was limited to in vitro testing of crude ethanol extract and crude phytochemical fractions of Mentha piperita. The isolated fractions were not purified individual compounds, and FTIR analysis provided functional-group information rather than complete structural identification. The manuscript does not clearly present negative solvent-control results, replicate statistics, or error estimates for inhibition zones. MIC values were relatively high and should be interpreted cautiously. Further work using chromatographic purification, GC-MS/LC-MS/NMR analysis, cytotoxicity testing, standardised controls, and in vivo validation is needed to confirm antimicrobial potential.
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Ethanol extract

500	
S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	18	0	0	0	15	0	400	
S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	15	0	0	0	12	0	300	
S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	11	0	0	0	9	0	200	S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	0	0	0	0	0	0	100	S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	0	0	0	0	0	0	Gentamycin	
S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	40	32	40	35	27	40	Pathogenic bacteria


Zones of Inhibition (mm)




Crude Alkaloids

500	
S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	15	12	15	0	17	14	400	
S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	13	10	11	0	14	11	300	
S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	10	0	9	0	11	8	200	
S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	0	0	0	0	9	0	100	S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	0	0	0	0	0	0	Gentamycin	
S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	40	32	40	35	27	40	Pathogenic bacteria 


Zones of Inhibition (mm)




Crude Flavonoids

500	
S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	20	18	14	20	0	0	400	
S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	16	12	11	17	0	0	300	
S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	13	8	9	14	0	0	200	
S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	11	0	0	11	0	0	100	
S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	0	0	0	8	0	0	Gentamycin	
S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	40	32	40	35	27	40	Pathogenic bacteria 


Zones of Inhibition (mm)




Crude Cardiac glycosides

500	S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	0	0	0	0	0	0	400	S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	0	0	0	0	0	0	300	S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	0	0	0	0	0	0	200	S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	0	0	0	0	0	0	100	S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	0	0	0	0	0	0	Gentamycin	
S. aureus	P. aeruginosa	Proteus sp.	Salmonella sp.	Shigella sp	E. coli	40	32	40	35	27	40	Pathogenic bacteria 


Zones of Inhibition (mm)




Ethanol extract

500	
S. cerevisiae	C. albicans	A. flavus	A. niger	12	19	14	17	400	
S. cerevisiae	C. albicans	A. flavus	A. niger	8	14	11	14	300	
S. cerevisiae	C. albicans	A. flavus	A. niger	0	10	8	10	200	
S. cerevisiae	C. albicans	A. flavus	A. niger	0	7	0	0	100	S. cerevisiae	C. albicans	A. flavus	A. niger	0	0	0	0	Nystatin	
S. cerevisiae	C. albicans	A. flavus	A. niger	37	41	30	32	Pathogenic fungi 


Zones of Inhibition (mm)




Crude Alkaloids

500	
S. cerevisiae	C. albicans	A. flavus	A. niger	20	13	17	10	400	
S. cerevisiae	C. albicans	A. flavus	A. niger	17	10	14	7	300	
S. cerevisiae	C. albicans	A. flavus	A. niger	14	8	11	0	200	
S. cerevisiae	C. albicans	A. flavus	A. niger	11	0	8	0	100	
S. cerevisiae	C. albicans	A. flavus	A. niger	8	0	0	0	Nystatin	
S. cerevisiae	C. albicans	A. flavus	A. niger	37	41	30	32	Pathogenic fungi 


Zones of Inhibition (mm)




Crude Flavonoids

500	
S. cerevisiae	C. albicans	A. flavus	A. niger	0	0	18	12	400	
S. cerevisiae	C. albicans	A. flavus	A. niger	0	0	15	9	300	
S. cerevisiae	C. albicans	A. flavus	A. niger	0	0	13	0	200	
S. cerevisiae	C. albicans	A. flavus	A. niger	0	0	9	0	100	S. cerevisiae	C. albicans	A. flavus	A. niger	0	0	0	0	Nystatin	
S. cerevisiae	C. albicans	A. flavus	A. niger	37	41	30	32	Pathogenic fungi 


Zones of Inhibition (mm)




Crude Cardiac glycosides

500	
S. cerevisiae	C. albicans	A. flavus	A. niger	19	21	17	20	400	
S. cerevisiae	C. albicans	A. flavus	A. niger	14	17	14	16	300	
S. cerevisiae	C. albicans	A. flavus	A. niger	11	14	11	13	200	
S. cerevisiae	C. albicans	A. flavus	A. niger	9	10	8	10	100	
S. cerevisiae	C. albicans	A. flavus	A. niger	0	8	0	7	Nystatin	
S. cerevisiae	C. albicans	A. flavus	A. niger	37	41	30	32	Pathogenic fungi 


Zones of Inhibition (mm)
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