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Background: The global threat of multi-drug-resistant bacteria has severely limited the options available for effective antibiotics. 
This study focuses on the antimicrobial activity and phytochemical characterization of C. oppositifolia extracts, aiming to identify 
novel plant-based therapeutic agents.
Methods: C. oppositifolia specimens-leaves and inflorescence. Specimens were cleaned, sterilized, dried, and ground into a fine 
powder. Extracts were obtained using methanol and petroleum ether via a Soxhlet apparatus, followed by fractionation with chloro-
form, n-butanol, and ethyl acetate. Volatile oil was extracted through hydro distillation using a Clevenger apparatus. Phytochemical 
analysis was conducted to identify bioactive compounds. Biophysical techniques, including UV-visible spectrophotometry, TLC, 
HPLC, GC-MS, FTIR, and NMR, were employed for characterization. Antimicrobial activity was tested against S. aureus ATCC25922 
and E. coli ATCC25922 using agar well and disc diffusion methods, and synergistic effects were assessed with erythromycin and 
amoxicillin.
Results: Methanol extract exhibited bacteriostatic activity with inhibition zones of 13.0 ± 0.2 mm for both S. aureus and E. coli. 
Petroleum ether, chloroform, n-butanol, and ethyl acetate fractions showed varying inhibition zones. Erythromycin demonstrated 
bactericidal activity, which was enhanced synergistically when combined with methanol extract and volatile oil, increasing inhibition 
zones against S. aureus. Phytochemical analysis identified phenols, flavonoids, tannins, coumarins, alkaloids, terpenoids, saponins, and 
glycosides. FTIR analysis revealed functional groups such as amines, aldehydes, nitriles, alkenes, and sulfones. GC-MS identified 24 
compounds, with α-pinene, caryophyllene, and carene as major components. NMR spectra indicated no complex formation between 
oils and antibiotics, suggesting the compounds act as synergists.
Conclusion: The C. oppositifolia extracts possess significant antimicrobial activity and synergistic potential, particularly against 
S. aureus. The presence of various bioactive compounds suggests a promising role in developing new plant-based therapeutics.
Keywords: C. oppositifolia, antimicrobial activity, phytochemical characterization, multidrug-resistant pathogens, synergistic effects

Introduction
Emergence of multi-drug-resistant (MDR) bacteria poses a global health concern, significantly limiting the current 
antibiotic therapies.1 This problem required an urgent need for novel therapeutic strategies to combat antibiotic-resistant 
pathogens. In recent years, natural products, particularly plant-derived essential oils, have garnered considerable attention 
for their potential to enhance antibiotic efficacy and offer alternative or complementary solutions to traditional 
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antibiotics.2 C. oppositifolia, commonly known as Indian Squirrel Tail, is a medicinal plant belonging to the Lamiaceae 
family. Traditionally used in various indigenous medical systems.3 This plant has been recognized for its therapeutic 
properties, including antimicrobial, anti-inflammatory, and antioxidant activities.4 Despite its long history of medicinal 
use, scientific investigations into the plant’s essential oils and their potential synergistic effects with antibiotics are 
relatively sparse.5 Essential oils are complex mixtures of volatile compounds, typically extracted from various parts of 
plants, including leaves, flowers, and stems.6 These oils have been widely studied for their antimicrobial properties 
against a range of bacterial, fungal, and viral pathogens.7 The antimicrobial activity of essential oils is primarily 
attributed to their high content of bioactive compounds such as terpenes, terpenoids, phenolics, and aldehydes. These 
compounds can disrupt bacterial cell membranes, interfere with enzyme activity, and inhibit biofilm formation, making 
essential oils potent antimicrobial agents. Specifically, terpenes can cause cell membrane destabilization, leading to 
increased permeability and cell lysis, while phenolic compounds can inhibit key enzymatic processes in bacterial 
metabolism.8,9 The objective of this study was to investigate the synergistic antibacterial activity of essential oils 
extracted from the leaves and inflorescences of C. oppositifolia in combination with conventional antibiotics against 
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli). The rationale behind this study stems from the 
hypothesis that combining essential oils with antibiotics could enhance their antimicrobial efficacy, potentially reducing 
the required dosage of antibiotics and mitigating the development of resistance as the study published.10,11 The 
antimicrobial potential of the extracted oils was assessed using the disc diffusion method, a standard technique for 
evaluating the efficacy of antimicrobial agents. The minimum inhibitory concentration (MIC) of the essential oils was 
determined to quantify their antimicrobial potency. To explore the synergistic effects of the essential oils with antibiotics, 
the checkerboard assay was employed, and the fractional inhibitory concentration (FIC) index was calculated. This assay 
allows for the identification of potential synergistic interactions between two antimicrobial agents, providing valuable 
insights into the combinatorial effects of essential oils and antibiotics. Further characterization of the essential oils was 
conducted using a suite of analytical techniques, enabling a comprehensive analysis of the chemical composition of the 
essential oils, and identifying key bioactive compounds responsible for their antimicrobial activity. By demonstrating 
significant synergistic effects with conventional antibiotics, these essential oils offer a promising avenue for developing 
new strategies to combat MDR pathogens. Further research is warranted to explore the safety, efficacy, and mechanisms 
of action of these essential oils in clinical settings, paving the way for their potential integration into modern 
antimicrobial therapy.

Methods
Plant Material and Extract Preparation
The C. oppositifolia was collected from two locations in Himachal Pradesh, India: Solan (altitude 1350 m, temperature 
20–30°C, humidity 55–68%) and Shimla (altitude 2202 m, temperature 12–25°C, humidity 62–80%). Plant specimens- 
leaves were collected in sterile plastic bags. The plant identification was confirmed by botanist Bhupinder Thakur at 
Dr. Y.S. Parmar University of Horticulture and Forestry, Nauni, Himachal Pradesh. A voucher specimen (GB-HFU-22) 
has been deposited in the university’s herbarium. There was no special approval required for this plant study according to 
university regulations. The collected specimens were cleaned with water and surface sterilized using 1% hydrogen 
peroxide (H2O2), followed by rinsing with autoclaved distilled water to remove any residual H2O2 as we well-established 
protocol in our laboratory. The surface-sterilized plant material was then dried in an oven at 40°C until completely dried. 
The dried plant material was ground into a fine powder using an electronic mixer grinder.

Solvent Extraction
Five grams (5 g) of the fine powder was subjected to extraction using a Soxhlet apparatus and the protocol was followed 
previously.12 Two different solvents, methanol and petroleum ether, were used for the extraction process: The powdered 
plant material was extracted with methanol and petroleum ether. The methanolic extract was evaporated using a rotary 
evaporator at 40°C to remove the solvent. The residue was collected and stored at −20°C until further use. The 
methanolic extract was further fractionated to isolate different phytochemical components: The methanolic extract was 
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dissolved in lukewarm water to make a suspension. The mixture was transferred into a separating funnel, and 100 mL of 
chloroform was added. The funnel was gently shaken, and the chloroform fraction was collected. This step was repeated 
five times, collecting the chloroform fractions each time. The same procedure was repeated using n-butanol and ethyl 
acetate to obtain different solvent fractions from the methanolic extract. The solvents may affect the solubility and 
stability of the bioactive compounds in the essential oils, which can alter their antimicrobial potency. Furthermore, 
certain solvents can exhibit intrinsic antibacterial properties, potentially affecting the overall assessment of antimicrobial 
activity when combined with antibiotics.

Extraction of Volatile Oil
Fresh specimens of leaves and inflorescence of C. oppositifolia were subjected to hydrodistillation using a Clevenger 
apparatus.13 Two hundred grams (200 g) of chopped specimens were placed in a round-bottom flask, and 400 mL of 
distilled water was added. The mixture was subjected to 3 hours of hydrodistillation. The organic phase was dried over 
sodium sulphate, and filtered, and the solvent was evaporated to dryness. The volatile oil was stored at 4°C until analysis.

Phytochemical Tests
Fresh stock solutions of each extract were prepared at a concentration of 100 mg/mL by dissolving 1 g of extract in 
10 mL of distilled water and shaking vigorously. For glycoside testing, 100 mg of extract was used. The procedures 
followed were described previously14,15 (Table 1).

Analysis of Phytochemicals and Their Derivatives by Biophysical Techniques
The sequential fractionation of methanolic leaf extract of C. oppositifolia was performed using chloroform, n-butanol, 
and ethyl acetate as solvents. UV-visible spectrophotometry was conducted using a Systronics double-beam UV spectro-
photometer to analyse spectral changes in drug-phyto-compound combinations, with absorbance measured in the 
200–800 nm range. Thin Layer Chromatography (TLC) was employed for the separation and purity determination of 
compounds, using a toluene acetate mobile phase and visualizing with vanillin dye. High-Performance Liquid 
Chromatography (HPLC) was performed with a C18 column, using acetonitrile and water as the mobile phases,16 and 
flow rates optimized for separation. Gas Chromatography-Mass Spectrometry (GC-MS) was utilized to observe the mass 

Table 1 Phytochemical Tests and Procedures Performed for Specimen-Leaves of C. Oppositifolia

Phytochemical Test Procedure Positive Result Indication

Phenols 2 mL of extract incubated at 45–50°C for 10 minutes, then 2 mL of 3% FeCl₃ added Green or blue color

Flavonoids 1 mL of extract mixed with 500 µL of 10% FeCl₃ Thick brownish precipitate

Tannins 1 mL of extract mixed with 1 mL of 3% FeCl₃ Greenish-black precipitate

Coumarins 1 mL of extract mixed with 1 mL of 10% NaOH Yellow color

Alkaloids 1 mL of extract stirred with 5 mL of 1% hydrochloric acid in a steam bath (60°C) for 
15 minutes and filtered. 1 mL of Mayer’s reagent added to 1 mL of filtrate

Slight yellow color

Terpenoids 5 mL of extract mixed with 2 mL of chloroform; 3 mL of concentrated sulfuric acid added 
carefully

Reddish-brown coloration 
between layers

Saponins 0.2 mL of extract mixed with 5 mL of distilled water and shaken vigorously for 5 minutes Persistent foam

Sterols  
(Salkowski’s Test)

2 mL of concentrated H2SO₄ added to 2 mL of extract Red precipitates at the 

bottom of the test tubes

Proteins A few drops of nitric acid added to 1 mL of extract Yellow color

Glycosides 100 mg of extract dissolved in 1 mL of glacial acetic acid containing 1 drop of 3% FeCl₃. 
1 mL of concentrated sulfuric acid added along the side of the test tube

Brown ring at the interface
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spectra of volatile oil constituents with a Varian cp sil 8 capillary column.17 Fourier Transform Infrared Spectroscopy 
(FTIR) was conducted with an Agilent Cary 630 Series spectrometer to identify functional groups in the samples. 
Nuclear Magnetic Resonance (NMR) spectroscopy was carried out using a Bruker Avance II 400 NMR spectrophot-
ometer for structural elucidation of samples,18 using CDCl₃ for erythromycin and DMSO d6 for amoxicillin.

Antimicrobial and Synergistic Assay
Antimicrobial activity was tested against S. aureus ATCC 25923 and E. coli ATCC25922 using both the agar well 
diffusion method and the disc diffusion method, as described by Perez et al. For the agar diffusion method, the Inoculum 
of each bacterium (2×108 cells from 12–14-hour cultures) was mixed with 0.7% Muller Hinton (M.H) agar (soft agar), 
which was overlaid on M.H agar plate. Wells were punched into the agar using an 8 mm cork borer, and 5 µg, 10µg, 
20µg, 30µg, and 40 µg of plant extract including solvent extract methanol and petroleum ether in addition to chloroform 
fractions each time. The same procedure was repeated using n-butanol and ethyl acetate was loaded into each well. Plates 
were incubated at 37°C for 12 hours, and the zone of inhibition was measured in mm.19 For the disc diffusion assay, discs 
made from Whatman filter paper no. 1 were autoclaved and loaded with plant extracts. The zones of inhibition (in mm) 
were measured for three independent experiments. Antibacterial activity was tested against S. aureus and E. coli. 
Erythromycin (30 µg) served as a positive control. The amount of extract used for antibacterial assays, alone and in 
combination with erythromycin, was 5 µg, 10µg, 20µg, 30µg, 40 µg. Ethanol was used as the solvent control. Synergistic 
activity was assessed using erythromycin (30µg) and amoxicillin (30 µg) discs alone and in combination with 40µg of 
plant extract. Synergy was indicated by an increased zone of inhibition compared to individual extracts or antibiotics. 
Well, no. 1: Solvent alone (control), Well no. 2: Crude plant extract, well no. 3: Drug alone Well no. 4: Combination of 
plant extract (1) and antibiotics. To determine whether the extracts/antibiotics exhibited bactericidal or bacteriostatic 
activity, cells from the zone of clearance were streaked onto nutrient agar plates and incubated at 37°C for 24 hours. 
Growth indicated bacteriostatic activity, while no growth indicated bactericidal activity.

Results
The identified plant specimen leaf was successfully sterilized and processed without contamination. The dried leaf was 
ground into a fine powder to facilitate efficient extraction.

Extraction
A total of Five grams of powder extracted was used for ethanolic extract. The yield of the ethanolic extract was found to 
be 12% (0.6 g from 5 g of dried leaf powder) while the yield of the volatile oil was found to be 0.8% (1.6 g from 200 g of 
fresh leaves). The resulting volatile oil was stored at 4°C until analysis.

Antimicrobial Activity and Synergistic Effects of C. Oppositifolia Extracts
The antimicrobial activity of C. oppositifolia extracts was evaluated against S. aureus and E. coli using both the agar well 
diffusion method and the disc diffusion method. The results, including the zones of inhibition (in mm) are summarized in 
Table 2. The methanol extract showed bacteriostatic activity with inhibition zones of 13.0 ± 0.2 mm for S. aureus and 
13.0 ± 0.2 mm for E. coli, consistent in both agar well and disc diffusion methods. Petroleum ether, chloroform, 
n-butanol, and ethyl acetate fractions also exhibited bacteriostatic effects with varying inhibition zones ranging from 9.0 
to 12.0 mm. Erythromycin demonstrated bactericidal activity against both strains, maintaining zones of inhibition at 14.0 
± 0.3 mm. Combining erythromycin with the methanol extract and essential oil enhanced its bactericidal effect 
synergistically against S. aureus. showing increased inhibition zones of 18 ± 0.1mm (Figure 1). Amoxicillin alone 
displayed bactericidal effects similar to erythromycin, but its combination with the methanol extract did not show 
a synergistic effect.

Phytochemical Compounds
The phytochemical analysis of the extracts revealed the presence of various bioactive compounds. Phenolic compounds 
were detected, which are known for their antioxidant properties. Flavonoids, known for their anti-inflammatory and 
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antimicrobial activities, were also present. Tannins, which have astringent properties, were found in the extracts. 
Coumarins, which possess anticoagulant, anti-inflammatory, and antimicrobial properties, were detected as well. The 
presence of alkaloids, known for their pharmacological effects, was confirmed. Terpenoids, which are known for their 
diverse therapeutic properties including antimicrobial and anti-inflammatory activities, were present in the extracts. 
Saponins, which have immunomodulatory and antimicrobial properties, were also detected. Glycosides, which can have 
various therapeutic effects including cardiac activity, were found in the extracts. However, sterols, which are important 
components of cell membranes and have various health benefits, were absent in the leaves (Supplementary Table 1).

Table 2 Antimicrobial and Synergistic Assay for C. Oppositifolia Extracts Using Agar Well Diffusion and Disc Diffusion Methods

Bacterial 

Strain

Treatment Zone of 

Inhibition  

(mm) - Agar

Zone of 

Inhibition  

(mm) - Disc

Synergistic 

Effect

Bactericidal/ 

Bacteriostatic

S. aureus Methanol Extract 13.0 ± 0.2 13.0 ± 0.2 - Bacteriostatic

Petroleum Ether Extract 11.0 ± 0.2 11.0 ± 0.2 - Bacteriostatic

Chloroform Fraction 12.0 ± 0.2 12.0 ± 0.2 - Bacteriostatic

N-Butanol Fraction 10.0 ± 0.1 10.0 ± 0.1 - Bacteriostatic

Ethyl Acetate Fraction 9.0 ± 0.1 9.0 ± 0.1 - Bacteriostatic

Erythromycin (30 µg) 14.0 ± 0.3 14.0 ± 0.3 - Bactericidal

Erythromycin + Methanol Extract (40 µg) 20.0 ± 0.3 20.0 ± 0.3 Yes Bactericidal

Amoxicillin (30 µg) 13.0 ± 0.2 13.0 ± 0.2 - Bactericidal

Amoxicillin + Methanol Extract (40 µg) 16.0 ± 0.2 16.0 ± 0.2 No Bactericidal

Essential oil 11.0 ± 0.2 11.0 ± 0.2 Bacteriostatic

Erythromycin +Essential oil 18± 0.1 18± 0.1 Yes Bactericidal

Amoxicillin +Essential oil 9.0 ± 0.1 9.0 ± 0.1 Bacteriostatic

E. coli Methanol Extract 13.0 ± 0.2 13.0 ± 0.2 - Bacteriostatic

Petroleum Ether Extract 11.0 ± 0.2 11.0 ± 0.2 - Bacteriostatic

Chloroform Fraction 12.0 ± 0.2 12.0 ± 0.2 - Bacteriostatic

N-Butanol Fraction 10.0 ± 0.1 10.0 ± 0.1 - Bacteriostatic

Ethyl Acetate Fraction 9.0 ± 0.1 9.0 ± 0.1 - Bacteriostatic

Erythromycin (30 µg) 13.0 ± 0.2 13.0 ± 0.2 - Bactericidal

Erythromycin + Methanol Extract (40 µg) 9.0 ± 0.2 9.0 ± 0.2 No Bactericidal

Amoxicillin (30 µg) 17.0 ± 0.2 17.0 ± 0.2 - Bactericidal

Amoxicillin + Methanol Extract (40 µg) 15.0 ± 0.2 15.0 ± 0.2 No Bactericidal

Essential oil (40 µg) 11.0 ± 0.1 11.0 ± 0.1 Bacteriostatic

Amoxicillin +Essential oil (40 µg) 12.0± 0.1 12.0± 0.1 No Bacteriostatic

Erythromycin +Essential oil (40 µg) 14.0± 0.1 14.0± 0.1 Bacteriostatic
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Phytochemicals Characterisation
FTIR Spectra Analysis of Ethyl Acetate Fractions of Methanolic Leaf Extract of C. Oppositifolia
The FTIR spectra analysis of the ethyl acetate fractions of the methanolic leaf extract with standard n- n-butanol fraction revealed 
the presence of several functional groups at various wavelengths (Supplementary Figure 1). An OH group was detected at 
3342 cm−1, an aromatic group at 1607 cm−1, sulfones, sulfonyl chloride, sulfates, and sulphonamide at 1272 cm−1, and sulfoxide at 
1074 cm−1.

Essential Oil Characterisation
FTIR Analysis
The FTIR analysis of the volatile oils extracted from the leaves and inflorescence revealed the presence of various functional 
groups. The leaf spectrum displayed several key peaks. At 3547 cm⁻¹ and 3499 cm⁻¹, N-H stretches indicated the presence of 
amines and amides. A peak at 2933 cm⁻¹ suggested the presence of a CH stretch associated with aldehydes. The presence of 
nitrile (C≡N) groups was confirmed by a peak at 2259 cm⁻¹. Additionally, a peak at 1640 cm⁻¹ was attributed to the C=C 
stretch characteristic of alkenes. An aromatic peak was identified at 1451 cm⁻¹, while a peak at 1380 cm⁻¹ corresponded to 
S=O stretches, which could be attributed to sulfones, sulfonyl chloride, sulfates, and sulfonamides. For the inflorescence, 
Peaks at 2921 cm⁻¹ and 2884 cm⁻¹ were identified as C-H stretches associated with aldehydes. A C-H bend indicative of 
alkanes was observed at 1451 cm⁻¹. Peaks at 1380 cm⁻¹ and 1220 cm⁻¹ suggested the presence of S=O stretches, indicating 
sulfones, sulfonyl chloride, sulfates, and sulfonamides. A peak at 1086 cm⁻¹ indicated the presence of amines, C-O stretches 
(associated with alcohols, esters, or ethers), or C-X stretches (fluorides). Lastly, a peak at 989 cm⁻¹ corresponded to out-of- 
plane bends characteristic of alkenes. The major difference in the functional groups of both specimens is indicated by the 
start (*) (Figure 2A–C). These findings highlight the complexity and diversity of the chemical composition of 
C. oppositifolia volatile oils, providing valuable insights into their potential chemical behaviour and applications.

Thin Layer Chromatography
TLC of the volatile oil of C. oppositifolia (leaf and inflorescence) revealed significant differences in the concentration of 
various compounds present. As shown in Figure 3A and B, the compounds in lanes 1, 3, 5, 8, and 10 exhibited lower 

Figure 1 Synergistic Antimicrobial Activity of Erythromycin Combined with Methanol Extract and Essential Oil Against S. aureus and Amoxicillin for E. coli. (A and D) (Ethyl 
acetate fraction), (B and E) (n- n-butanol fraction) and (C and F) (chloroform fraction). 
Note: c- Indicates solvent alone as control; 1- erythromycin (30µg); 2- amoxicillin (30 µg); 3- fraction alone; 4- The combination of erythromycin and fraction; 5- The 
combination of amoxicillin.
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concentrations in the leaf extract compared to the inflorescence oil, with the inflorescence displaying more intense bands 
indicative of higher concentrations. TLC effectively separates compounds based on their polarity and molecular weight; 
thus, more polar compounds migrate shorter distances and appear as distinct bands on the chromatogram. For instance, 
the presence of terpenoids in the inflorescence resulted in stronger bands compared to phenolic compounds found in the 
leaf, underscoring the chemical richness of the inflorescence oil. This method not only highlights the diversity of 
phytochemicals but also suggests potential therapeutic applications based on the identified compounds’ concentrations.

GC/MS Analysis
The GC/MS analysis of the volatile oil from the leaves of C. oppositifolia (inflorescence not performed) revealed the 
presence of 24 compounds in various concentrations (Table 3). The compounds present in the highest amounts in the 
whole oil were α-pinene (23.85), caryophyllene (11.312), and carene (13.642).

FTIR Spectra of Volatile Oil (Leaf and Inflorescence) and Combinations with 
Antibiotics
The overlay of FTIR spectra of volatile oils (leaves and inflorescence) (Figure 4A and B) with antibiotics-amoxicillin and 
erythromycin respectively (Figure 4C and D) showed significant changes, including the disappearance and shift of peaks. 
Notably, in the combination of leaf oil and amoxicillin, a peak shift was observed at 1599 cm⁻¹ and 1406 cm⁻¹, as shown by the 

Figure 2 FTIR Spectra Analysis of Ethyl Acetate Fractions of Methanolic Leaf Extract of C. oppositifolia. (A) Leaf Extract Spectrum. (B) Inflorescence Extract Spectrum. (C) 
Comparison of Functional Groups Present in Leaf and Inflorescence Extracts. 
Note: Detection of functional groups including OH at 3342 cm⁻¹, aromatic groups at 1607 cm⁻¹, sulfones, sulfonyl chloride, sulfates, and sulphonamide at 1272 cm⁻¹, and 
sulfoxide at 1074 cm⁻¹.
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star in Figure 4E. For the combination of leaf oil and erythromycin, the peak at 2259 cm⁻¹ disappeared, and a shift was observed 
at 1715 cm⁻¹ in the erythromycin spectrum, as illustrated in Figure 4F. These observations suggest that the combination of 
volatile oils and antibiotics leads to functional group changes, which could potentially enhance the potency of these traditional 
antibiotics.

Figure 3 Thin Layer Chromatography (TLC) of Volatile Oil of C. oppositifolia (Leaf and Inflorescence). (A): TLC profile of leaf volatile oil showing differences in compound 
concentration; (B): TLC profile of inflorescence volatile oil showing differences in compound concentration.

Table 3 Compounds Present in the Volatile Oil of Leaves in C. Oppositifolia Through GC/MS Spectra

Sr. No. Compounds Amount / RF Sr. No. Compounds Amount / RF

1 Toluene 3.5 13 α-terpineol 2.059

2 α-pinene 23.852 14 1,7,7-trimethylbicyclo (2,2.1), hept-2-yl 1.026

3 Camphene 0.696 15 Copene 2.418

4 Bicyclo (3,1,1) Heptane, 6,6-dimethyl-2-ME 2.169 16 Caryophyllene 11.312

5 β-pinene 0.871 17 α-caryophyllene 1.745

6 3-carene 13.642 18 β-cubebene 0.59

7 2,6-dimethyl, 1,3,5,7-octatetraene, EE 1.288 19 α-muurolene 3.83

8 Limonene 3.943 20 τ-cadinene 3.62

9 Eucalyptol 5.97 21 Δ-cadinene 5.626

10 Terpinolene 1.495 22 Calamenene 7.611

11 Linalool 0.638 23 Caryophyllene oxide 0.452

12 Camphor 1530 24 τ-muurolene 1.072
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UV Spectrophotometer Spectra of Volatile Oil (Leaf and Inflorescence) Combinations 
with Antibiotics
The overlays of UV-visible spectra for the combinations of oil (inflorescence and leaf) with erythromycin and amoxicillin 
did not show any changes in the peaks. When comparing the results with those of the oil and drug alone, as shown in 
Figure 5A–D, no significant differences were observed. This indicates that no complex formation occurred in these 
combinations.

NMR Spectra of Combinations of Oil (Leaf and Inflorescence) and Antibiotics
The NMR spectra of pure compounds (erythromycin and amoxicillin) and their mixtures with inflorescence oil and leaf 
oil are shown as peaks. The 1H NMR of amoxicillin (400 MHz, DMSO, δ with TMS=0) showed peaks at 1.08 (s, 6H), 
2.11 (s, 6H), 2.23 (s, 3H), 1.23 (s, 2H), 1.24 (s, 1H), 1.56 (s, 1H), 3.03 (s, 1H), and 3.00 (s, 1H). The 1H NMR of 
erythromycin (400 MHz, CDCl3, δ with TMS=0) displayed peaks at 1.05 (s, 6H), 1.00 (s, 6H), 1.17 (s, 3H), 1.99 (s, 2H), 
2.29 (s, 1H), 3.39 (s, 1H), 4.35 (s, 1H), 3.24 (s, 1H), 1.21 (s, 6H), 2.60 (s, 6H), 7.16 (s, 3H), 2.07 (s, 2H), 4.26 (s, 1H), 
4.17 (s, 1H), 2.29 (s, 1H), 5.48 (s, 1H), 11.96 (s, 1H), 17.16 (s, 1H), and 4.97 (s, 1H). The 1H NMR of volatile oil 
(leaves) (400 MHz, CDCl3, δ with TMS=0) revealed peaks at 0.09 (s, 6H), 0.39 (s, 6H), 0.10 (s, 3H), 0.17 (s, 2H), 0.19 

Figure 4 FTIR Spectra of Volatile Oils (Leaves and Inflorescence) and Their Combinations with Antibiotics. (A): FTIR spectrum of leaf volatile oil with key peaks including 
N-H stretches at 3547 cm⁻¹ and 3499 cm⁻¹, CH stretch at 2933 cm⁻¹, nitrile group at 2259 cm⁻¹, C=C stretch at 1640 cm⁻¹, aromatic peak at 1451 cm⁻¹, and S=O 
stretches at 1380 cm⁻¹; (B): FTIR spectrum of inflorescence volatile oil with key peaks including C-H stretches at 2921 cm⁻¹ and 2884 cm⁻¹, C-H Bend at 1451 cm⁻¹, S=O 
stretches at 1380 cm⁻¹ and 1220 cm⁻¹, and amines or C-O stretches at 1086 cm⁻¹; (C): FTIR spectrum of leaf volatile oil combined with amoxicillin showing significant 
changes including peak shifts; (D): FTIR spectrum of leaf volatile oil combined with erythromycin showing significant changes including disappearance of peaks; (E): 
Combination of leaf oil and amoxicillin showing peak shift at 1599 cm⁻¹ and 1406 cm⁻¹; (F): Combination of leaf oil and erythromycin showing disappearance of the peak at 
2259 cm⁻¹ and a shift at 1715 cm⁻¹.
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(s, 1H), 0.07 (s, 1H), 4.35 (s, 1H), 1.00 (s, 1H), 0.82 (s, 6H), 3.03 (s, 6H), 1.16 (s, 3H), 2.57 (s, 2H), 2.29 (s, 1H), 2.22 (s, 
1H), 2.13 (s, 1H), 1.06 (s, 1H), 1.30 (s, 1H), 2.47 (s, 1H), 1.11 (s, 1H), 1.22 (s, 1H), and 0.18 (s, 1H). The 1H NMR of 
volatile oil (inflorescence) (400 MHz, CDCl3, δ with TMS=0) showed peaks at 0.66 (s, 6H), 0.24 (s, 6H), 1.10 (s, 3H), 
0.67 (s, 2H), 1.00 (s, 1H), 0.95 (s, 1H), 1.15 (s, 1H), 1.07 (s, 1H), 6.97 (s, 6H), 9.54 (s, 6H), 3.20 (s, 3H), 10.59 (s, 2H), 
4.45 (s, 1H), 6.24 (s, 1H), 3.40 (s, 1H), 15.51 (s, 1H), 2.48 (s, 1H), 4.75 (s, 1H), 1.45 (s, 1H), 4.19 (s, 1H), 4.33 (s, 1H), 
0.79 (s, 1H), and 3.11 (s, 1H). The results suggested no complex formation was observed; all the independent peaks 
(Supplementary Figure 2) of drugs and oils remained at the same positions as shown by their independent spectra. From 
the spectral analysis, it could be concluded that no complex formation took place, and the compounds behaved only as 
synergists.

Discussion
C. oppositifolia, a plant with significant historical and medicinal value, has been utilized for its therapeutic properties in 
various traditional medicinal systems.20 The plant is known for its rich phytochemical composition, which includes 
compounds such as phenols, flavonoids, tannins, coumarins, alkaloids, terpenoids, saponins, and glycosides.21 These 

Figure 5 UV-visible spectra of Volatile Oil (Leaf and Inflorescence) Combinations with Erythromycin and Amoxicillin. (A): UV-visible spectrum of leaf volatile oil combined 
with erythromycin showing no changes in peaks; (B): UV-visible spectrum of inflorescence volatile oil combined with erythromycin showing no changes in peaks; (C): UV- 
visible spectrum of leaf volatile oil combined with amoxicillin showing no changes in peaks; (D): UV-visible spectrum of inflorescence volatile oil combined with amoxicillin 
showing no changes in peaks.
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bioactive compounds contribute to the plant’s antioxidant, anti-inflammatory, antimicrobial, and pharmacological properties, 
making it a potent candidate for developing new therapeutic agents.22,23 The rise of multidrug-resistant (MDR) bacteria has 
become a major global health threat. MDR pathogens are responsible for increasing mortality rates and complicating 
treatment protocols, leading to longer hospital stays and higher medical costs.24 According to the World Health Organization 
(WHO), antibiotic resistance is one of the biggest threats to global health, food security, and development today. This 
underscores the urgent need to discover new antibiotics and alternative treatments to combat resistant strains.25 Plants like 
C. oppositifolia, with their diverse and potent bioactive compounds, offer a promising avenue for developing new 
antimicrobial agents. In our study, the extraction of C. oppositifolia yielded 12% ethanolic extract and 0.8% essential oil. 
The relatively low yield, especially for the volatile oil, could be attributed to several factors including the extraction method 
used, the specific part of the plant processed, and the environmental conditions during plant growth. These yields are 
somewhat lower compared to other studies on similar plants. For instance, Dhanani et al reported a 13.2% yield from 
ethanolic extraction of a related species, and Pandey et al obtained a 10% yield from the volatile oil of another medicinal 
plant.26,27 Optimizing extraction parameters, such as solvent polarity, extraction time, and temperature, could enhance the 
efficiency and yield of bioactive compounds from C. oppositifolia. The lower yields in our study suggest that optimizing 
extraction parameters, such as solvent polarity, extraction time, and temperature, could potentially enhance the efficiency 
and yield of bioactive compounds from C. oppositifolia. Despite the lower yields, the potent antimicrobial activity observed 
in our extracts highlights the plant’s therapeutic potential. The antimicrobial activity of C. oppositifolia extracts against 
S. aureus ATCC25923 and E. coli ATCC25922 was evaluated using both the agar well diffusion and disc diffusion methods. 
The methanol extract demonstrated consistent bacteriostatic activity with inhibition zones of 13.0 ± 0.2 mm for both 
bacteria. This is comparable to the findings of Nigussie et al and his coworkers, who reported inhibition zones of 14 mm 
using methanol extracts from a similar plant.28 Additionally, petroleum ether, chloroform, n-butanol, and ethyl acetate 
fractions exhibited varying bacteriostatic effects, with inhibition zones ranging from 9.0 to 12.0 mm. These results align with 
studies by Besieged and Baek, who observed similar antimicrobial activities in various plant fractions.29 The synergistic 
effect of combining erythromycin with the methanol extract and essential oil of C. oppositifolia significantly enhanced the 
bactericidal effect against S. aureus, increasing the inhibition zone to 18 ± 0.1 mm. This suggests that the extract may 
enhance the efficacy of traditional antibiotics, potentially through a mechanism that alters bacterial cell membrane 
permeability or inhibits efflux pumps. Literature supports similar synergistic interactions, highlighting combinations of 
plant extracts and antibiotics against MDR bacteria. Such a synergistic effect is novel and has not been widely reported in 
previous studies. The selection of erythromycin and amoxicillin was based on their well-documented efficacy against 
S. aureus ATCC25923 and E. coli ATCC25922, respectively. This targeted approach is innovative and highlights the 
potential of combining plant extracts with traditional antibiotics to combat MDR bacteria effectively. Our phytochemical 
analysis revealed the presence of various bioactive compounds including phenols, flavonoids, tannins, coumarins, alkaloids, 
terpenoids, saponins, and glycosides. Each of these compounds is known for its unique therapeutic properties. For example, 
phenols and flavonoids are recognized for their antioxidant and anti-inflammatory activities, while alkaloids and terpenoids 
exhibit significant antimicrobial and pharmacological effects.30 The presence of these compounds in C. oppositifolia 
corroborates its traditional use in medicine and suggests a broad spectrum of therapeutic applications. The FTIR spectra 
analysis of the ethyl acetate fractions of the methanolic leaf extract revealed the presence of several functional groups, 
including OH, aromatic, sulfonyl, and sulfoxide groups. Notably, the FTIR spectra of the volatile oils from the leaves and 
inflorescence displayed key peaks indicative of various functional groups. The shifting peaks in FTIR spectra when 
combined with antibiotics suggest interactions that may enhance antimicrobial potency without forming new chemical 
entities.For instance, N-H stretches at 3547 cm⁻¹ and 3499 cm⁻¹ indicated the presence of amines and amides, while a peak 
at 2933 cm⁻¹ suggested the presence of a CH stretch associated with aldehydes. The presence of nitrile (C≡N) groups was 
confirmed by a peak at 2259 cm⁻¹. The shifting of peaks in the FTIR spectra, such as the shift observed at 1599 cm⁻¹ and 
1406 cm⁻¹ in the combination of leaf oil and amoxicillin, indicates potential interactions between the volatile oils and 
antibiotics, which could enhance the potency of these traditional antibiotics. The UV-visible spectra overlay for the 
combinations of volatile oil (inflorescence and leaf) with erythromycin and amoxicillin did not show any significant changes 
in the peaks. This indicates that no complex formation occurred in these combinations, suggesting that the oils and 
antibiotics act synergistically without forming new chemical entities. The NMR spectra of the pure compounds 
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(erythromycin and amoxicillin) and their mixtures with inflorescence and leaf oils showed no significant changes, with all 
independent peaks remaining at the same positions. This further supports the conclusion that no complex formation took 
place, and the compounds functioned as synergists. The consistent NMR peaks suggest that the bioactive compounds in 
C. oppositifolia enhance the efficacy of the antibiotics without altering their chemical structure. To fully realize the 
therapeutic potential of C. oppositifolia, further research should focus on purifying the identified bioactive compounds. 
This will allow for a more detailed investigation into their individual and synergistic effects. Additionally, understanding the 
molecular mechanisms underlying the observed antimicrobial synergy with antibiotics is crucial for developing new 
therapeutic formulations. Expanding the scope of antimicrobial testing to include a wider range of resistant bacterial strains 
will provide a more comprehensive understanding of the plant’s antimicrobial potential. Furthermore, evaluating the 
cytotoxicity of these compounds will be essential to ensure their safety for therapeutic use. The development of new 
formulations combining purified bioactive compounds from C. oppositifolia with traditional antibiotics could lead to novel 
treatments for combating MDR bacteria. Such formulations could be particularly valuable in clinical settings where 
traditional antibiotics are becoming less effective.

Conclusion
Our study demonstrated the significant therapeutic potential of C. oppositifolia, highlighting its antimicrobial activity 
against S. aureus and E. coli with inhibition zones of 13.0 ± 0.2 mm. Despite the relatively low extraction yields of 12% 
for the ethanolic extract and 0.8% for the essential oil, the extracts exhibited potent effects when combined with 
traditional antibiotics. Notably, the synergistic interaction with erythromycin resulted in an enhanced inhibition zone 
of 18 ± 0.1 mm against S. aureus, underscoring the effectiveness of this combination. The rich phytochemical profile, 
characterized by FTIR, UV, and NMR analyses, provides a strong foundation for future research. By focusing on 
purifying the identified bioactive compounds and exploring their synergistic mechanisms, we can develop new and 
effective treatments to combat the growing threat of multidrug-resistant bacteria.
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