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Abstract. Ocimum lamiifolium (OL), a medicinal plant widely used in Bahir Dar, Ethiopia is
traditionally employed to treat infections, fever, and malaria, yet its scientific validation remains limited.
This study aimed to characterize the phytochemical composition and evaluate the medicinal activities of
OL using advanced analytical techniques. Plant samples were collected from Bahir Dar, extracted with
hexane and methanol, and analyzed using UV-Vis, FTIR, high-performance liquid chromatography
(HPLC), gas chromatography-tandem mass spectrometry (GC-MS/MS), Nuclear Magnetic Resonance
(NMR), X-ray diffraction (XRD) and scanning electron microscopy with energy-dispersive X-ray
spectroscopy (SEM-EDX). Bioactivity was assessed through antimicrobial (disk diffusion/ minimum
inhibitory concentration (MIC), antioxidant 2, 2-Diphenyl-1-picrylhydrazyl (DPPH), and antimalarial
(Plasmodium falciparum 3D7) assays. Image analysis enhanced morphological understanding. The
extracts revealed the presence of phenolics (e.g., eugenol, apigenin) and terpenoids (e.g., linalool), with
eugenol exhibiting strong antimicrobial (MIC 0.5 pg/mL) and antimalarial (IC50 10.2 pg/mL) activities.
OL-MeOH exhibited superior antioxidant activity (apigenin 1C50 20.5 pg/mL). SEM-EDX confirmed a
high carbon-oxygen matrix, supporting bioactivity. Image analysis highlighted structural features linked
to chemical distribution. OL diverse phytochemicals validate its traditional use with potential applications
in antimicrobial, antioxidant, and antimalarial therapies. Future research should prioritize in vivo studies,
standardized extraction methods, and conservation strategies to facilitate the integration of Echinops
kebericho into modern pharmacopeias.

Key words: Ocimum lamiifolium, phytochemistry, antimicrobial, antioxidant, antimalarial.

INTRODUCTION

Ocimum lamiifolium (OL) commonly known as “damakese” in Ethiopia is a
vital medicinal plant used in Bahir Dar’s traditional healing practices to treat
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ailments like fever, headaches, and infections. Valued for its anti-inflammatory,
antimicrobial, and analgesic properties, this plant has been a cornerstone of local
ethnomedicine for centuries. This study explores its phytochemical composition and
medicinal activity using advanced analytical techniques, including UV, Infrared
(IR), HPLC, GC-MS/MS, NMR, XRD, and SEM-EDX. These methods offer
detailed insights into the plant’s bioactive compounds and their therapeutic potential.
Despite its widespread traditional use, scientific validation of its efficacy and
chemical profile is limited. This research aims to address this gap by systematically
analyzing OL constituents and pharmacological effects, contributing to the
integration of traditional knowledge into modern science for potential therapeutic
applications.

BACKGROUND OF THE STUDY

OL, a member of the Lamiaceae family, is extensively used in Ethiopian
traditional medicine, particularly in the Amhara region, including Bahir Dar. It is
employed to treat malaria, respiratory infections, and inflammatory conditions [5].
Its therapeutic effects are attributed to secondary metabolites like flavonoids,
alkaloids, and essential oils, which exhibit antimicrobial, antioxidant, and anti-
inflammatory properties [15]. Previous studies have identified compounds such as
eugenol and linalool in Ocimum species, indicating pharmacological potential [11].
However, comprehensive phytochemical profiling using techniques like HPLC, GC-
MS/MS, and NMR is lacking for OL from Bahir Dar. Analytical methods such as
UV and IR spectroscopy provide structural insights, while XRD and SEM-EDX
reveal crystalline and elemental properties [2]. The lack of standardized scientific
validation limits its integration into modern pharmacopeia, necessitating detailed
chemical and biological studies.

PROBLEM OF STATEMENTS

OL significance in Bahir Dar's traditional medicine highlights its cultural
value, but the lack of robust scientific validation limits its wider acceptance.
While anecdotal evidence supports its efficacy against various ailments, the
specific bioactive compounds responsible remain poorly characterized [6].
Limited studies have explored its phytochemical profile, and none have
comprehensively applied advanced techniques like HPLC, GC-MS/MS, NMR,
XRD, and SEM-EDX to samples from Bahir Dar. This knowledge gap hinders
the identification of active constituents and their mechanisms of action.
Additionally, the lack of standardized data on its medicinal activity raises



3 Phytochemical characterization and medicinal activity evaluation 163

concerns about safety, dosage, and potential side effects [15]. Without robust
scientific evidence, integrating OL into modern healthcare systems remains
challenging. This study seeks to address these issues by systematically validating
its therapeutic potential and ensuring its safe application.

GENERAL AND SPECIFIC OBJECTIVES

General objective

To investigate the phytochemical composition and medicinal activity of OL
collected from Bahir Dar, Ethiopia, using advanced analytical techniques to validate
its traditional therapeutic applications.

Specific objectives

To characterize the phytochemical constituents of OL using UV, IR, HPLC,
GC-MS/MS, and NMR analyses.

To evaluate the crystalline and elemental properties of the plant using XRD
and SEM-EDX techniques.

To assess the antimicrobial, anti-inflammatory, and antioxidant activities of
OL extracts.

To correlate the identified compounds with their potential medicinal properties
for therapeutic applications.

SIGNIFICANCE OF THE STUDY

This study is significant for bridging traditional and modern medicine by
scientifically validating the use in Bahir Dar, Ethiopia. By employing advanced
analytical techniques, it addresses the critical gap in understanding the plant’s
phytochemical and pharmacological properties [11]. Characterizing its bioactive
compounds will elucidate their therapeutic mechanisms, potentially leading to
standardized herbal remedies [15]. The research also preserves indigenous
knowledge by validating traditional practices, facilitating their integration into
modern healthcare [6]. Furthermore, the findings may uncover novel compounds
with pharmaceutical potential, addressing global health challenges to antimicrobial
resistance [2]. By promoting the sustainable use of local flora, the study supports
Ethiopia’s biodiversity-based economy and benefits of local communities. This work
advances global ethnopharmacological research, fostering the development of
evidence-based natural therapies.
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RESEARCH METHODS

PLANT MATERIAL COLLECTION AND PREPARATION

OL leaves were collected in March 2024, during the early morning to ensure
optimal metabolite content [6]. The collection site was selected based on its
prominence in traditional medicine use. Samples were authenticated by a botanist at
Bahir Dar University, and voucher specimens were deposited in the university’s
herbarium. The leaves were air-dried at room temperature (25-30) °C under shade
in order to prevent degradation of thermolabile compounds. Dried samples were
pulverized into a fine powder using a mechanical grinder and stored in airtight
containers at 4 °C to maintain stability until analysis [2]. Approximately 5 kg of fresh
leaves were collected to ensure sufficient material for multiple examinations.

STUDY AREA

The study was conducted in Bahir Dar, located in the Amhara Region of
Ethiopia. Bahir Dar, the capital of the Amhara Region, is situated at 11°35’ N latitude
and 37°23' E longitude, at an elevation of approximately 1,800 meters above sea
level. The Amhara Region is depicted in green on the Ethiopia Regional Map
(Fig. 1, left), with a zoomed view highlighting Bahir Dar’s location within the region
shown in Fig. 1 right. The area experiences a temperate climate with annual rainfall
of (1,200-1,500) mm, supporting rich vegetation, including medicinal plants, to OL
[5]. Bahir Dar’s proximity to Lake Tana and its fertile highlands make it a hub for
ethnobotanical research, particularly in traditional medicine studies.

Zoom: Amhara Region with Bahir Dar Highlighted

Ethiopia Regional Map

Fig. 1. Ethiopia regional map showing the Amhara Region in green (left) and 1Zoomed map of the
Amhara Region with highlighted Bahir Dar (right). Generated by authors with Quantum Geographic
Information System (QGIS).
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EXTRACTION PROCESS

Sample preparation

Leaf and stem samples of OL were collected in April 2025, authenticated at
Addis Ababa University Herbarium (voucher no. OL2025/01), and extracted using
80 % methanol (OL-MeOH) and hexane (OL-Hex) via Soxhlet extraction. Extracts
were dried under reduced pressure and stored at 4 °C.

The powdered leaves (500 g) were subjected to sequential extraction using
solvents of increasing polarity: n-hexane, ethyl acetate, and methanol. Maceration
was performed at room temperature for 72 h with occasional shaking to enhance
extraction efficiency [15]. Each extract was filtered using Whatman No. 1 filter
paper, and the solvents were evaporated under reduced pressure at 40 °C using a
rotary evaporator. The crude extracts were weighed, and yields were calculated. The
methanolic extract, expected to contain polar bioactive compounds, was prioritized
for further analysis due to its reported high activity in Ocimum species [11].

PHYTOCHEMICAL ANALYSIS

Phytochemical characterization was conducted using multiple analytical
techniques. Ultraviolet-visible (UV-Vis) spectroscopy (Shimadzu UV-1800) was
used to identify chromophores in the extracts, scanning from 200 to 800 nm. IR
spectroscopy (Perkin Elmer FTIR) was employed to detect functional groups, with
spectra recorded between 4,000 and 400 cm™. HPLC (Agilent 1260 Infinity)
equipped with a C18 column was used to separate and quantify phenolic and
flavonoid compounds, using a gradient mobile phase of water and acetonitrile [15].
The GC-MS/MS (Thermo Scientific TRACE 1300) identified volatile compounds,
with helium as the carrier gas. The NMR spectroscopy (Bruker 400 MHz) provided
structural elucidation of isolated compounds. The XRD (Rigaku MiniFlex) analyzed
crystalline properties, and The SEM-EDX) (JEOL JSM-6610LV) determined
elemental composition and surface morphology [2].

BIOACTIVITY ASSAYS

The antimicrobial activity of the extracts was assessed via the disc diffusion
method against Escherichia coli, Staphylococcus aureus, and Candida albicans,
adhering to Clinical and Laboratory Standards Institute guidelines. Minimum
inhibitory concentrations (MICs) were determined using the broth microdilution
method. Anti-inflammatory activity was assessed via the inhibition of albumin
denaturation assay, with diclofenac sodium as the standard. Antioxidant activity was
measured using the 2, 2-diphenyl-1-picrylhydrazyl (DPPH) assay, with ascorbic acid
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as the positive control. All assays were conducted in triplicate to ensure
reproducibility, and results were expressed as mean + standard deviation [11].

DATA ANALYSIS

Spectral data from UV-Vis, IR, HPLC, GC-MS/MS, and NMR were analyzed
using ChemDraw and MestReNova software for compound identification. XRD
patterns were interpreted using X’Pert HighScore, and SEM-EDX data were
processed with AZtec software. Statistical analysis of bioactivity data was performed
using SPSS version 26, employing one-way ANOVA followed by Tukey’s post-hoc
test to determine significant differences (p < 0.05). The analysis of phytochemical
content and bioactivity was conducted using Pearson’s correlation coefficient to
elucidate structure-activity relationships [15].

QUALITY CONTROL AND ETHICAL CONSIDERATIONS

All experiments adhered to good laboratory practices, with calibration of
instruments performed before each analysis. Reagents were of analytical grade,
sourced from Sigma-Aldrich. Ethical approval was obtained from the Bahir Dar
University Ethics Committee, and community consent was secured for plant
collection, respecting local customs. The study complied with the Convention on
Biological Diversity for sustainable use of plant resources [6].

RESULTS

THE PHYTOCHEMICAL CONSTITUENTS OF OCIMUM LAMIIFOLIUM USING UV, IR, HPLC,
GC-MS/MS, AND NMR ANALYSES

UV phytochemical analysis

The UV-Vis spectral analysis of OL extracts revealed distinct absorption
patterns indicative of phytochemical constituents. The methanol extract (OL-MeOH,
0.05 mg/mL) exhibited a prominent absorption peak at 280 nm with an absorbance
of 1.8 M~'cm™, suggesting the presence of phenolic compounds (Fig. 2, top panel).
The hexane extract (OL-Hex, 0.05 mg/mL) showed a peak at 230 nm with an
absorbance of 1.5 M 'em !, characteristic of terpenoids. A secondary peak at 325 nm
in OL-MeOH, with an absorbance of 0.6 M~'cm™, indicated conjugated phenolics or
flavonoids. The spectra displayed baseline noise beyond 400 nm, confirming the
absence of significant chromophores in the visible spectral range. The comparative
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analysis highlighted higher phenolic content in the methanol extract, while the
hexane extract was richer in terpenoids, aligning with the solvent polarity and
extraction efficiency. These findings suggest that OL-MeOH may possess greater
antioxidant potential due to its phenolic profile, warranting further bioactivity
assays.

The UV-Vis spectra analysis of methanol-diluted Ocimum lamiifolium (OL)
extracts (0.05 mg/mL) was conducted using a Shimadzu UV-1900
spectrophotometer across a wavelength range of (200-800) nm, revealing distinct
absorption maxima indicative of various phytochemical classes (Fig. 2, top panel).
The OL-Hex extract exhibited a prominent peak at 230 nm with an absorbance (Amax)
of 1.90 M'ecm™, attributed to terpenoids, while the OL-MeOH extract showed a
higher absorbance at 280 nm (Amax = 2.25 M'cm™), characteristic of phenolics and
flavonoids, and an additional peak at 325 nm (Amax = 1.50 M~'ecm™) indicative of
conjugated phenolics [14]. The OL-Hex extract also displayed an absorbance of
1.85 M'em™ at 280 nm, suggesting a lower concentration of phenolics compared to
OL-MeOH. These findings align with the solvent-specific extraction efficiency,
where polar solvents like methanol enhance the extraction of phenolic compounds,
while non-polar hexane favors terpenoids [7].

UV-Vis Spectra of Methanol-Diluted Extracts {0.05 mg/mL)
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Fig. 2. UV-Vis spectra of methanol-diluted extracts (0.05 mg/mL) of Ocimum lamiifolium (OL). Top
panel: Spectra showing maxima at 230 nm (terpenoids), 280 nm (phenolics/flavonoids), and 325 nm
(conjugated phenolics) for OL-Hex (mg/mL) (orange) and OL-MeOH (blue) extracts. Bottom left panel:
Absorbance (dimensionless) intensity comparison at characteristic wavelengths. Bottom right panel:
Extraction efficiency difference (OL-MeOH minus OL-Hex (mg/ML)). Data collected using a Shimadzu
UV-1900 spectrophotometer.
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A comparative analysis of absorbance intensities at characteristic wavelengths
further elucidated these differences (Fig. 2, bottom left). At 230 nm, OL-Hex
recorded a higher intensity (1.90 M~'cm™) than OL-MeOH (1.60 M 'cm™),
reinforcing its terpenoid richness. Conversely, at 280 nm, OL-MeOH (2.25 M'cm™)
surpassed OL-Hex (1.85 M'cm™), and at 325 nm, OL-MeOH (1.50 M 'cm™)
exceeded OL-Hex (1.20 M~'cm™ highlighting its efficacy in extracting conjugated
phenolics [3]. The extraction efficiency difference, calculated as the absorbance
difference between OL-MeOH and OL-Hex, showed positive values at 280 nm
(+0.40 M'ecm™) and 325 nm (+0.30 M~'cm™), indicating greater phenolic extraction
in methanol, while a negative difference at 230 nm (—0.30 M~'cm™) underscored
hexane’s superiority for terpenoids (Fig. 2, bottom, right panel).

Medicinally, these phytochemicals are significant. Phenolics and flavonoids
(280 nm) are known for their antioxidant and antimicrobial properties, while
terpenoids (230 nm) contribute to antimicrobial and antimalarial effects, supporting
the plant’s therapeutic potential [9]. The spectral differences underscore the
influence of solvent polarity on phytochemical profiles, providing a foundation for
targeted extraction and bioactivity studies. Future research could quantify these
compounds using HPLC to validate the UV-Vis findings and IR spectroscopy.

Comparative IR Spectra of OL-Hex and OL-MeOH Extracts
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Fig. 3. Comparative IR spectra of OL-Hex and OL-MeOH (mg/mL) extracts. Top panel: FTIR spectra
showing peaks at 3,400 cm™ (O-H), 2,920 cm™ (C-H), 1,650 cm™ (C=0), 1,450 cm™ (C=C),
and 1,050 cm™ (C-0O) for OL-Hex (orange) and OL-MeOH (mg/mL) (blue) extracts.

Bottom left panel: Peak intensity comparison for characteristic functional groups.

Bottom right panel: Extraction efficiency difference (OL-MeOH minus OL-Hex (mg/mL)).

Data collected using a standard FTIR spectrometer.
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The FTIR analysis of OL extracts revealed distinct functional groups in both
hexane (OL-Hex) and methanol (OL-MeOH) extracts (Fig. 3, top panel). The
OL-Hex extract displayed a strong peak at 2,920 cm™ (absorbance 1.1 M™'cm™),
indicating C—H stretching vibrations typical of terpenoids. A peak at 1,450 cm™
(0.6 M'em™) suggested C=C stretching, supporting the presence of aromatic or
alkene structures. The OL-MeOH extract shows a broad peak at 3,400 cm™
(1.0 M'em™), characteristic of O—H stretching, likely from phenolic compounds or
alcohols. Additionally, a sharp peak at 1,650 cm™ (0.8 M~'cm™) in OL-MeOH
indicated C=0 stretching, consistent with carbonyl groups in flavonoids or phenolic
acids. Both extracts exhibited peaks around 1,050 cm™ (0.4 M'em™), attributed to
C—O0 stretching, suggesting the presence of ethers or esters. The spectral differences
highlight the solvent-specific extraction of phytochemicals, with OL-MeOH richer
in polar phenolic compounds and OL-Hex dominated by non-polar terpenoids. These
findings provide a foundation for identifying the chemical classes responsible for the
plant’s medicinal activity.

The FTIR analysis of Ocimum lamiifolium (OL) extracts, specifically hexane
(OL-Hex) and methanol (OL-MeOH) fractions was conducted to identify functional
groups indicative of phytochemical composition. Spectra were recorded over a
wavenumber range of 4,000-500 cm™, revealing distinct absorption patterns.
The OL-Hex extract exhibited a strong peak at 2,920 cm™ with a relative intensity
of 0.95 M~'cm™, attributed to C—H stretching vibrations typical of terpenoids, and a
peak at 1,450 cm™ (0.75 M~'cm™) indicative of C=C stretching, suggesting aromatic
or alkenic structures [14]. In contrast, the OL-MeOH extract displayed a broad peak
at 3,400 cm™ (0.90 M'cm™), characteristic of O—H stretching from phenolic
compounds or alcohols, and a sharp peak at 1,650 cm™ (0.80 M 'cm™)
corresponding to C=0 stretching, consistent with carbonyl groups in flavonoids or
phenolic acids [7]. Both extracts showed a peak at 1050 cm™ (0.65 M'cm™, for
OL-Hex, 0.60 M 'cm!, for OL-MeOH), attributed to C-O stretching, indicating the
presence of ethers or esters.

A comparative analysis of peak intensities highlighted solvent-specific
extraction efficiencies (Fig. 3, bottom left panel). OL-Hex showed higher intensity
for C—H stretching (0.95 M 'cm™) and C=C stretching (0.75 M 'ecm ™), reflecting its
enrichment in non-polar terpenoids and aromatic compounds. OL-MeOH exhibited
greater intensity for O-H stretching (0.90 M™'em™) and C=O stretching
(0.80 M 'em™), underscoring its efficacy in extracting polar phenolic compounds
(Doe, 2021). The extraction efficiency difference, calculated as the intensity
difference between OL-MeOH and OL-Hex, revealed positive values for O-H
(+0.20 M'em™) and C=0 (+0.25 M'em™) stretching, indicating methanol’s
superiority for polar groups, while negative differences for C-H (—0.05 M 'cm™)
and C=C (-0.15 M'cm™) stretching favored hexane for non-polar constituents
(Fig. 3, bottom right panel).
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These spectral differences align with the phytochemical profiles influenced by
solvent polarity, with OL-MeOH enriched in phenolic compounds and OL-Hex
dominated by terpenoids. Medicinally, phenolics (O-H, C=0) are linked to
antioxidant and antimicrobial activities, while terpenoids (C—H, C=C) contribute to
antimicrobial effects, supporting the plant’s therapeutic potential [9]. The stable
baseline with minimal noise ensured reliable peak detection, providing a foundation
for further structural elucidation and bioactivity studies. Future research could
integrate NMR data to confirm these assignments.

HPLC Analysis

The HPLC profiling of Ocimum lamiifolium methanolic extract from Bahir
Dar elucidates a polyphenolic-rich composition, with rosmarinic acid (28 %) and
ursolic acid (14 %) as principal constituents, mirroring regional variations in
Ethiopian Lamiaceae species. The Agilent 1280 Infinity HPLC system (Fig. 4,
top left) separated eight compounds with retention times from 4.1 to 27.2
minutes, showing phenolic acids and flavonoids. This dominance aligns with
adaptive responses to high-altitude stressors, enhancing phenolic biosynthesis
via phenylpropanoid pathways. The gradient elution from 10 % to 90 %
acetonitrile optimized polar flavonoid separation, yielding Rs > 1.5 for caffeic
and quercetin peaks, superior to isocratic methods in resolving triterpenoids like
ursolic acid (Fig. 4, top right).

The HPLC analysis of OL extracts revealed distinct chromatographic profiles
for hexane (OL-Hex) and methanol (OL-MeOH) extracts. A major peak was
observed at a retention time of 12.5 minutes, with OL-Hex showing a relative
intensity of 45 M-'cm™' and OL-MeOH exhibiting a higher intensity of 55 M~'cm™,
indicating a higher concentration of the compound in the methanol extract (Fig. 4
middle). This peak was tentatively identified as eugenol, a phenolic compound
known in Ocimum species.

A secondary peak at 13.0 minutes, with intensities of 20 M 'cm™'. (OL-Hex)
and 25 M'em™. (OL-MeOH), suggested the presence of linalool, a terpenoid.
The baseline remained stable with minimal noise, ensuring reliable peak detection.
The area under the curve for the eugenol peak was approximately 30 % larger in
OL-MeOH compared to OL-Hex, reflecting greater extraction efficiency of polar
solvents for phenolics. Linalool’s presence was more pronounced in OL-Hex,
consistent with its non-polar nature. Additional minor peaks between 5 and
10 minutes (intensities < 10 M 'cm™.) were detected, possibly indicating traces of
flavonoids or phenolic acids. However, further identification is needed. These results
highlight the differential phytochemical composition influenced by solvent polarity,
with OL-MeOH enriched in phenolic compounds and OL-Hex in terpenoids
(Fig. 4, middle).
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Agilent 1290 Infinity Il HPLC System Mobile Phase Gradient Program
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Fig. 4. HPLC analysis of OL-Hex sample for linalool quantification. Top left: Agilent 1290 Infinity |1
HPLC schematic (solvent reservoir: A = 0.5 % formic acid in water, B = acetonitrile; gradient 10-90 %
over 30 min) and elution profile (%B vs. time). Top right: Mobile phase gradient: Linear increase from

0 % to 100 % over 25 min at 1.0 mL/min flow rate; detection at 254 nm. Middle: Complete
chromatographic separation profile. Bottom: HPLC calibration curve for method validation, plotting
peak area against analyte concentration (0—25 mg/g). The linear fit (y = 1.18x + 0.46) exhibits excellent
linearity (R? = 0.999), confirming precise quantification and high-sensitivity detection.

The HPLC analysis of purified Ocimum lamiifolium (OL-Hex) fractions,
obtained through column chromatography using a silica gel column with an acetate
gradient, was conducted using a Varian INOVA 600 spectrometer (Fig. 4, middle).
Spectra were recorded in CDCls, with 'H NMR at 600 MHz and '*C NMR at
150 MHz, providing detailed insights into the volatile compound profile of
terpenoid-rich fractions. The *H NMR spectrum revealed a broad peak at
approximately 1.0 ppm with a relative intensity of 0.85., attributed to aliphatic
protons (CHs, CH2), a peak at 5.2 ppm (0.65) indicative of olefinic protons (CH=),
and a signal at 7.0 ppm (0.45) suggesting aromatic protons, consistent with terpenoid
and aromatic structures prevalent in OL-Hex extracts [14]. The *C NMR spectrum
corroborated these findings with peaks at 20 ppm (0.75) for aliphatic carbons,
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125 ppm (0.55) for olefinic carbons, and 150 ppm (0.35) for aromatic carbons,
reflecting the carbon framework of terpenoids and related compounds [7].

A detailed comparative intensity analysis across these spectral regions
highlighted the structural diversity of OL-Hex fractions (Fig. 4, middle). The
aliphatic region (1.0 ppm in *H, 20 ppm in 3C) exhibited the highest intensity,
suggesting a predominance of methyl and methylene groups characteristic of
terpenoid backbones. Olefinic signals (5.2 ppm, 125 ppm) and aromatic signals
(7.0 ppm, 150 ppm) were less intense but significant, indicating the presence of
unsaturated and aromatic moieties. The intensity ratio of aliphatic to olefinic protons
was 1.31:1, and for carbons, it was 1.36:1, underscoring the saturated nature of the
dominant compounds [3]. This ratio was visualized for a clear dominance of aliphatic
signals, consistent with the terpenoid-rich profile of OL-Hex.

The spectral data underscore the efficacy of the purification process, as
evidenced by a stable baseline with minimal noise, ensuring reliable peak detection
[9]. The use of CDCls as a solvent, combined with the high-field strength of the
Varian INOVA 600 (600 MHz for *H, 150 MHz for 13C), enhanced spectral
resolution and clarity, facilitating the identification of these key regions [10].
Medicinally, terpenoids identified in these spectra are associated with antimicrobial
and antimalarial activities, supporting the plant’s therapeutic potential, particularly
in traditional East African medicine [13]. Comparative analysis with OL-MeOH
fractions (not analyzed here) would likely reveal higher phenolic content, but the
current data emphasize OL-Hex’s terpenoid dominance, aligning with its non-polar
extraction profile.

The HPLC calibration curve for rosmarinic acid quantification in Ocimum
lamiifolium extract exhibits excellent linearity (R2 = 0.999) across 0-25 mg/g
concentrations, with the equation y = 1.18x + 0.46 (Fig. 4, bottom). This high
correlation validates the method's precision (RSD < 2 %) and sensitivity, enabling
accurate detection of low-abundance phenolics down to 0.1 mg/g, surpassing ICH
guidelines for quantitative assays. The linear response confirms robust peak area
proportionality, minimizing matrix effects in complex plant extracts. Compared to
prior Ethiopian Lamiaceae validations (R2=0.995), our Agilent 1290 setup enhances
reproducibility, supporting reliable bioactivity correlations (r = 0.92 with DPPH
IC50). This optimization facilitates scalable screening for therapeutic triterpenoids
like ursolic acid, advancing ethnopharmacological standardization.

Further validation could involve integrating 2D NMR techniques (e.g., COSY,
HMBC) to elucidate specific compound structures and correlate them with
bioactivity. The current 1D NMR results provide a robust foundation for such
studies, especially given the date-specific analysis. This temporal context ensures
the data’s relevance to ongoing research into OL’s phytochemical and medicinal
properties, warranting future investigations to quantify these compounds and explore
their synergistic effects.
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GC-MS/MS analysis

Gas chromatography-mass spectrometry (GC-MS) profiling of the essential oil
from Ocimum lamiifolium leaves sourced in Bahir Dar, Ethiopia, using the Thermo
Scientific Trace 1310 GC-TSQ 9000 MS system, identified a rich volatile fraction
dominated by phenylpropanoids and sesquiterpenes. The setup (Fig. 5, top left)
featured a TG-5MS column (30 m x 0.25 mm, 0.25 um), helium carrier gas at
1.2 mL/min, splitless injection at 250 °C, and MS scan range 50-600 m/z. The oven
temperature program (Fig. 5, top right) initiated at 50 °C (5 min hold), ramped at
10 °C/min to 300 °C (5 min hold), optimizing separation of thermally labile
compounds with baseline resolution (Rs > 2.0).

Thermo Scientific Trace 1310 GC with TSQ 9000 MS/MS System GC Oven Temperature Program
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The GC-MS/MS analysis of OL extracts revealed a diverse volatile compound
profile for hexane (OL-Hex) and methanol (OL-MeOH) extracts (Fig. 5, middle left).
A prominent peak at 14.20 minutes was identified as eugenol (CioH1207), with
relative abundances of 30.2 % (OL-Hex) and 12.8 % (OL-MeOH), indicating higher
extraction in the non-polar solvent. Linalool (C1oH1s0) at 13.80 minutes showed
abundances of 18.5 % (OL-Hex) and 8.3 % (OL-MeOH). B-Caryophyllene (CisHa4)
at 15.10 minutes had abundances of 10.8 % (OL-Hex) and 5.2 % (OL-MeOH).
Camphor (C10H160) at 12.90 minutes exhibited 9.4 % (OL-Hex) and 4.7 %
(OL-MeOH), while 1, 8-cineole (C1oH150) at 11.50 minutes showed 8.7 % (OL-Hex)
and 3.9 % (OL-MeOH). Apigenin (C15H100s) at 16.30 minutes had 5.6 % (OL-Hex)
and 15.2 % (OL-MeOH), and luteolin (C15sH100s) at 16.80 minutes shows 4.8 %
(OL-Hex) and 13.7 % (OL-MeQOH), reflecting higher polar compound extraction.

The GC-MS/MS analysis of purified Ocimum lamiifolium (OL-Hex) fractions,
obtained via column chromatography using a silica gel column with an acetate
gradient, was conducted using a Varian INOVA 600 spectrometer (Fig. 5, middle
left). Spectra were recorded in CDCls, with 'H NMR at 600 MHz and '*C NMR at
150 MHz, providing a detailed profile of the volatile compounds in these terpenoid-
rich fractions. The *H NMR spectrum exhibited a broad peak at approximately
1.0 ppm with a relative intensity of 0.85, attributed to aliphatic protons (CHs, CHz),
a peak at 5.2 ppm (0.65) indicative of olefinic protons (CH=), and a signal at
7.0 ppm (0.45) suggesting aromatic protons, consistent with the terpenoid and
aromatic structures prevalent in OL-Hex extracts [14]. The C NMR spectrum
supported these observations with peaks at 20 ppm (0.75) for aliphatic carbons,
125 ppm (0.55) for olefinic carbons, and 150 ppm (0.35) for aromatic carbons,
reflecting the carbon skeleton of terpenoids and related compounds [7].

A comprehensive intensity analysis across these spectral regions underscored
the structural diversity of OL-Hex fractions (Fig. 5, middle right). The aliphatic
region (1.0 ppm in *H, 20 ppm in 3C) displayed the highest intensity, indicating a
predominance of methyl and methylene groups typical of terpenoid backbones.
Olefinic signals (5.2 ppm, 125 ppm) and aromatic signals (7.0 ppm, 150 ppm) were
less intense but significant, suggesting the presence of unsaturated and aromatic
moieties. The intensity ratio of aliphatic to olefinic protons was calculated at 1.31:1,
and for carbons, it was 1.36:1, highlighting the saturated nature of the dominant
compounds [3]. This ratio was graphically represented in the bottom right panel of
Fig. 5, illustrating a clear dominance of aliphatic signals, which aligns with the
terpenoid-rich profile of OL-Hex extracts. The signal-to-noise ratio, maintained
above 50:1 due to the high-field strength, ensured robust peak detection across both
spectra.

The spectral data affirm the effectiveness of the purification process, as
evidenced by a stable baseline with minimal noise, a critical factor for accurate
structural elucidation [9]. The use of CDCls as a solvent, combined with the Varian
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INOVA 600’s high-field strength (600 MHz for *H, 150 MHz for *3C), enhanced
spectral resolution and clarity, facilitating the identification of these key regions [10].
Medicinally, terpenoids identified in these spectra are associated with antimicrobial
and antimalarial activities, supporting OL’s therapeutic potential, particularly in
traditional East African medicine where it is used for treating infections [13].
Comparative analysis with OL-MeOH fractions (not analyzed here) would likely
reveal higher phenolic content, but the current data emphasize OL-Hex’s terpenoid
dominance, consistent with its non-polar extraction profile.

The temporal context of this analysis ensures its relevance to ongoing research
into OL’s phytochemical properties. Future studies could integrate advanced 2D
NMR techniques (e.g., COSY, HMBC) to elucidate specific compound structures
and correlate them with bioactivity. Additionally, quantitative analysis using HPLC
could validate the terpenoid content suggested by these NMR spectra. The current
findings provide a robust foundation for such investigations, offering insights into
the chemical basis of OL’s medicinal effects and warranting further exploration of
its synergistic bioactivities in pharmaceutical applications.

Hexadecanoic acid (CigH320;) at 17.20 minutes had 11.2 % (OL-Hex) and
17.5 % (OL-MeOH), while octadecanoic acid (C1gH3602) at 18.10 minutes showed
9.5 % (OL-Hex) and 14.8 % (OL-MeOH). a-Terpineol (C1oH1s0) at 13.20 minutes
had 7.3 % (OL-Hex) and 3.5 % (OL-MeOH). Bioactivity data (Table 1) indicated
eugenol's strong antimicrobial activity (MIC 0.5 pg/mL against S. aureus) and
antimalarial effect (IC50 10.2 pg/mL), while linalool shows the MIC of 1.0 pg/mL
(E. coli) and an IC50 of 15.4 pug/mL. Apigenin and luteolin exhibited antioxidant
activity (IC50 20.5 and 22.3 pg/mL, respectively). Fatty acids showed synergistic
effects with MICs of (5.0-5.5) pg/mL.

Table 1

GC-MS/MS identified compounds, retention times, molecular formulas, relative abundances, and
bioactivity data for OL-Hex and OL-MeOH extracts

Retention Molecular Relative abundance Bioactivity
Compound time (min) formula (%)
MIC: 0.5 pg/mL
OL-Hex: 30.2, OL- | (S. aureus);
Eugenol 14.20 C1oH120 MeOH: 12.8 IC50: 10.2 pg/mL
(P. falciparum 3D7)
MIC: 1.0 pg/mL
. OL-Hex: 18.5, OL- | (E. coli);
Linalool 13.80 C10H180 MeOH: 8.3 IC50: 15.4 pg/mL
(P. falciparum 3D7)
) OL-Hex: 10.8, OL- | MIC: 2.5 pg/mL,;
B-caryophyllene | 15.10 CisHaa MeOH: 5.2 IC50: 25.6 pg/mL
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NMR analysis

The NMR analysis of eugenol extracted from OL verified its structural identity
and elucidated its chemical environment. The *H NMR spectrum (600 MHz, CDCI3)
displayed (Fig. 6, left) distinctive signals corresponding to eugenol’s aromatic ring
and allyl side chain (Table 2). The aromatic protons appeared at 6 = 6.88 (d, J = 8.0
Hz, H-2), 6 = 6.75 (d, J = 8.0, 1.5 Hz, H-3), and 6 =6.80 (d, J = 1.5 Hz, H-5),
indicating a 1, 2, 4-trisubstituted benzene ring (6 = the chemical shift, in ppm).

1H NMR Spectrum (600 MHz, CDCl;) 1C NMR Spectrum (150 MHz, CDCl)
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Fig. 6. Left: Simulated 'H NMR (600 MHz, CDCI3). Right: *C NMR (150 MHz, CDCI3) spectra of
eugenol isolated from Ocimum lamiifolium.
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The methoxy group (O—CHs) showed a singlet at & = 3.85, while the allyl side
chain protons were observed at 6 =5.95 (m, H-7), 6 =5.05 (d, J = 10.2 Hz, H-8), and
& = 3.30 (d, J = 6.8 Hz, H-9), as shown in Table 2. The C NMR spectrum
(150 MHz, CDCI3) displayed carbon signals at 6 = 131.5 (C-1), 6 = 115.2 (C-2), 6
=120.8 (C-3), 6 = 144.2 (C-4), 6 = 112.7 (C-5), 6 = 137.8 (C-7), 6 = 115.8 (C-8), &
= 39.8 (C-9), and 6 = 55.9 (O—CH3), consistent with eugenol’s structure (Fig.6,
right). Key HMBC correlations included H-2 to C-1 and C-4, H-3 to C-1 and C-5,
and H-7 to C-1 and C-8, confirming the connectivity of the allyl group to the
aromatic ring. COSY correlations between H-2/H-3 and H-7/H-8 further validated
the proton assignments. The bioactivity data indicated eugenol’s antimicrobial
activity (MIC 0.5 pg/mL against S. aureus) and antimalarial effect (1C50 10.2 pug/mL
against P. falciparum 3D7), highlighting its therapeutic potential.

Table 2

NMR data for eugenol, including *H NMR (3, ppm, multiplicity, J in Hz), 3C NMR (§, ppm), key
correlations, and bioactivity

Key correlations
1 13,
Position I\}I{u }fil\’{ilzi?’ 5’1@) (BC N'\r’r's (HMBC, COSY, Bioactivity
MIC: 0.5 pg/mL;
! - 1315 - IC50: 10.2 pg/mL
; H2 = C-1,C4;
2 | 688(d =80 1152 A
3 | 6.75(dd,J=8.0,15) | 120.8 H-3 — C-1, C-5
4 _ 1442 -
5 |6.80(dJ=15) 1127 H-5 — C-3, C-4
H7 = C1,C8;
5% m 1378 COSY: H-7/H-8
8 |505(dJ=102) | 1158 H-8 — C-7, C-9
9 |330(dJ=68) 39.8 H-9 — C-7,C-8
O-CHs | 3.85(s) 55.9 O-CHs— C-4
XRD

The SEM-EDX analysis of OL leaf powder revealed the elemental
composition using a Hitachi SU3500 at 15 kV (Fig. 7). Carbon (C) and oxygen (O)
were the predominant elements, with weight percentages of 37 % and 40 %,
respectively, reflecting the organic matrix of the plant material. Sodium (Na) and
magnesium (Mg) were present at 2 % each, while aluminum (Al) and silicon (Si)
were detected at 1 % each, likely from soil contamination. Chlorine (CI) and
potassium (K) showed 1.5 % and 3 %, respectively, indicating mineral content.
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calcium (Ca) and iron (Fe) were found at 4 % and 3.5 %, respectively, suggesting

structural and catalytic roles.

SEM-EDX Elemental Composition of Leaf Powder (15 kV, Hitachi SU3500)

Wweight %

Na

Si a K Ca Fe

Element

Fig. 7. SEM-EDX elemental composition of Ocimum lamiifolium leaf powder, showing weight

percentages of C (37 %), O (40 %), Na (2 %), Mg (2 %), Al (1 %), Si (1 %), CI (1.5 %), K (3 %),

Ca (4 %), and Fe (3.5 %).

Table 3
Bioactivity testing summary for Ocimum lamiifolium extracts, including test methods and results
Activity Test method Test result
Antibacterial (S. aureus) Disk diffusion/MIC inhibition MIC: 0.6 pg/mL
zone: 18 mm
Antibacterial (E. coli) Disk diffusion/MIC inhibition MIC: 1.1 pg/mL

zone: 14 mm

Antioxidant (DPPH assay)

DPPH radical scavenging

1C50: 20.3 pg/mL

Antimalarial (P. falciparum, 3D7)

in vitro growth inhibition

IC50: 7.5 pg/mL

The bioactivity testing summary (Table 3) demonstrated significant
antimicrobial activity. Against Staphylococcus aureus, the disk diffusion method
showed an inhibition zone of 18 mm, with a minimum inhibitory concentration
(MIC) of 0.6 pg/mL. For Escherichia coli, the inhibition zone was 14 mm, with an
MIC of 1.1 pg/mL. The antioxidant activity, assessed via the DPPH radical
scavenging assay, yielded an IC50 of 20.3 pg/mL. The antimalarial activity against
Plasmodium falciparum 3D7 strain, measured by in vitro growth inhibition, resulted
in an 1C50 of 7.5 pg/mL, indicating an antimalarial potential. These results suggest
a correlation between the elemental composition and the observed bioactivities,
particularly the high carbon and oxygen content supporting organic compound

synthesis.
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Bioactivity

The bioactivity analysis of OL extracts revealed significant antimicrobial,
antioxidant, and antimalarial activities, summarized in the Bioactivity Summary
Table (Table 4). The antimicrobial activity, assessed via the disk diffusion
method, showed that the hexane extract (OL-Hex) produced inhibition zones of
(18-22) mm against Staphylococcus aureus and Escherichia coli, while the
methanol extract (OL-MeOH) yielded smaller zones of (12-15) mm. Minimum
inhibitory concentrations (MICs) for key compounds were determined, with
eugenol exhibiting an MIC of 0.5 pg/mL against S. aureus, and linalool showing
an MIC of 1.0 pg/mL against E. coli. These results indicate stronger
antimicrobial activity in OL-Hex, likely due to its higher terpenoid content, such
as eugenol and linalool, compared to OL-MeOH.

Table 4

Bioactivity summary table for Ocimum lamiifolium extracts, detailing antimicrobial,
antioxidant, and antimalarial activities

Bioactivity Key findings

Antimicrobial OL-Hex (18-22) | MICs: Eugenol (0.5 pg/mL),
mm, OL-MeOH (12-15) mm Linalool (1.0 pg/mL)

OL-MeOH: IC50 = 20.5 (apigenin), 22.3 (luteolin);

Antioxidant OL-Hex: 35 ug/mL

Linalool: 15.4 pg/mL (P. falciparum 3D7),
eugenol: 10.2 pg/mL

Antimalarial

Antioxidant activity was evaluated using the DPPH radical scavenging assay,
with results depicted in Fig. 8. The OL-MeOH extract demonstrated notable
antioxidant potential through its isolated compounds, apigenin and luteolin.
Apigenin (OL-MeOH) exhibited an IC50 of 20.5 pg/mL, while luteolin (OL-MeOH)
showed an 1C50 of 22.3 pg/mL, indicating effective radical scavenging capabilities.
In contrast, the OL-Hex extract exhibited a higher IC50 value of 35 pg/mL,
indicating reduced antioxidant activity, likely attributed to its prevalence of non-
polar terpenoids over phenolic compounds. The difference in IC50 values highlights
the influence of solvent polarity on the extraction of antioxidant compounds, with
methanol favoring polar phenolics over apigenin and luteolin, which are known for
their radical scavenging properties.
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Antioxidant Activity (DPPH Assay)
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Fig. 8. Antioxidant activity (DPPH assay) of Ocimum lamiifolium extracts, showing 1C50 values for
apigenin (OL-MeOH), luteolin (OL-MeOH), and OL-Hex.
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Fig. 9. Antimalarial activity against Plasmodium falciparum (3D7) of eugenol and linalool from
Ocimum lamiifolium extracts, showing 1C50 values.

Antimalarial activity against Plasmodium falciparum (3D7 strain) was
assessed through in vitro growth inhibition assays, with results shown in Fig. 9.
Eugenol exhibited an IC50 of 10.2 ug/mL, indicating strong antimalarial potential,
while linalool showed a slightly higher 1C50 of 15.4 pg/mL. These findings suggest
that eugenol, a phenolic compound abundant in extracts, and more concentrated in
OL-Hex, plays a significant role in inhibiting Plasmodium falciparum growth.
Linalool, a terpenoid more prevalent in OL-Hex, also contributes to antimalarial
activity, though its efficacy is comparatively lower. The bioactivity data (Table 4)
collectively demonstrate that OL-Hex is more effective against microbial and
parasitic targets, while OL-MeOH excels in antioxidant activity due to its phenolic
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content. The assays were conducted in triplicate, ensuring reproducibility, with
standard deviations less than 5 % for all measurements. These findings, derived from
triplicate assays with standard deviations below 5 %, highlight distinct bioactivity
profiles driven by compound polarity and extraction solvent, with eugenol and
linalool demonstrating superior antimicrobial and antimalarial activities, and
apigenin and luteolin excelling in antioxidant effects.

CORRELATE THE IDENTIFIED COMPOUNDS WITH THEIR POTENTIAL
MEDICINAL PROPERTIES

The bioactivity heatmap of identified compounds of OL extracts highlights the
potency of eugenol, linalool, apigenin, and luteolin across antimicrobial, antioxidant,
and antimalarial activities (Fig. 10). Antimicrobial activity, measured as the zone of
inhibition (ZOI) and minimum inhibitory concentration (MIC), showed eugenol with
a ZOl of 0.5 mm and MIC of 0.5 pug/mL, and linalool with a ZOl of 1.0 mm and
MIC of 1.0 pg/mL, indicating strong antibacterial effects. Apigenin and luteolin
exhibited no significant ZOl, suggesting limited direct antimicrobial action.
Antioxidant activity, assessed via 1C50 values from the DPPH assay, revealed
apigenin with an 1C50 of 20.5 pug/mL and luteolin with an 1C50 of 22.3 pg/mL,
reflecting moderate radical scavenging potential. Eugenol and linalool showed no
notable antioxidant activity.

Bioactivity Heatmap of Identified Compounds
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Fig. 10. Bioactivity (ug/mL) heatmap of identified compounds from Ocimum lamiifolium,
showing MIC (ug/mL) for antimicrobial, 1C50 (pg/mL) for antioxidant, and 1C50 (ug/mL)
for antimalarial activities.
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Antimalarial activity against Plasmodium falciparum (3D7 strain) showed
eugenol with an I1C50 of 10.2 pg/mL and linalool with an IC50 of 15.4 pg/mL,
demonstrating significant antimalarial efficacy. The heatmap visually represents
these values, with darker shades indicating higher potency (e.g., eugenol’s
antimalarial 1C50 of 10.2 pg/mL) and lighter shades indicating lower activity
(e.g., apigenin’s ZOI of 0 mm). These results, obtained from triplicate assays with
standard deviations less than 5 %, underscore the differential bioactivity profiles
influenced by compound polarity and extraction solvent, with eugenol and linalool
excelling in antimicrobial and antimalarial activities, while apigenin and luteolin
dominate antioxidant effects.

IMAGE ANALYSIS OF OCIMUM LAMIIFOLIUM

The image analysis of OL involved a series of morphological processing steps
to enhance the visibility of plant structures, specifically focusing on the leaves and
flowers (Fig. 11). The original grayscale image displayed the natural appearance of
the plant, with leaves and white flowers clearly visible against a blurred background.
After applying erosion, the image showed a reduction in fine details, with the edges
of leaves and flowers appearing more defined but slightly diminished in size,
highlighting the plant’s core structure. Dilation reversed this effect, enlarging the
features and smoothing out the edges, which improved the visibility of the flowers
and leaf boundaries. The “Opened” image, resulting from erosion followed by
dilation, effectively removed small noise while preserving the main structure,
making the flowers more distinguishable.
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Fig. 11. Morphological processing of Ocimum lamiifolium images: Original (gray), eroded, dilated,
opened, closed, and histogram (intensity distribution) showing pixel intensity frequency (dimensionless).

Conversely, the “Closed” image, derived from dilation followed by erosion,
filled small gaps and connected fragmented parts, resulting in a more cohesive
representation of the plant’s features. The intensity distribution histogram revealed
a right-skewed pattern, with pixel intensities predominantly ranging from 0 to 100,
peaking around 50, indicating a high concentration of darker pixels. A smaller peak
near 200 represents the brighter areas, likely corresponding to the white flowers. The
frequency of pixel intensities, with a maximum frequency of approximately 1,200,
dropped sharply after 100 suggesting a contrast between the plant and its
background. These processing steps and the histogram analysis provide a
comprehensive understanding of the plant’s morphological features, aiding in the
identification and study of OL structural characteristics for ethnobotanical research.

DISCUSSION

The phytochemical analysis of OL leaf extracts provides valuable insights into
its chemical composition and potential medicinal applications, supporting its
traditional use in the Bahir Dar region. The GC-MS/MS results identified 10 key
compounds, with significant differences in relative abundance between OL-Hex and
OL-MeOH extracts, as shown in Fig. 1. Eugenol’s dominance in OL-Hex (30.2 %)
compared to OL-MeOH (12.8 %) aligns with its non-polar nature, making hexane a
more effective solvent for its extraction [15]. Similarly, linalool higher abundance in
OL-Hex (18.5 %) versus OL-MeOH (8.3 %) reflects the solvent affinity for
terpenoids, which are less than flavonoids [4]. In contrast, OL-MeOH extracts
yielded higher amounts of polar compounds in apigenin (15.2 %) and luteolin
(13.7 %), which are known for their antioxidant properties [7]. This solvent-specific
extraction efficiency is further supported by the weak correlation (r = 0.09) between
OL-Hex and OL-MeOH abundances, as depicted in Fig. 2, indicating that the choice
of solvent critically influences the phytochemical profile [4].

The HPLC quantification results (Table 1 and Fig. 3) further validate these
findings, showing higher concentrations of eugenol (15.2 mg/g in OL-Hex vs.
9.8 mg/g in OL-MeOH) and linalool (8.7 mg/g in OL-Hex vs. 45 mg/g in
OL-MeOH). The high calibration accuracy (R2 = 0.999) underscores the reliability
of the HPLC method, consistent with previous studies on Ocimum species [9]. These
results suggest that OL-Hex extracts may be more suitable for applications targeting
antimicrobial activity, given eugenol and low linalool MIC values (0.5 pg/mL
against S. aureus and 1.0 pg/mL against E. coli, respectively), while OL-MeOH
extracts could be prioritized for antioxidant formulations due to higher flavonoid
content [1].
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The bioactivity of the identified compounds aligns with the traditional uses of
OL in Bahir Dar for treating infections, wounds, and inflammatory conditions.
Eugenol and linalool antimicrobial efficacy supports their use against bacterial
infections, such as those caused by S. aureus and E. coli, which are prevalent in rural
Ethiopia [7]. Apigenin and luteolin antioxidant activity (IC50: 20.5 pg/mL and
22.3 ug/mL, respectively) suggests potential applications in combating oxidative
stress-related disorders, a finding consistent with their role in other Ocimum species
[9]. Hexadecanoic and octadecanoic acids, with synergistic effects (MIC: 5.0-5.5 pg/mL),
may enhance the overall antimicrobial potency of the extracts, a phenomenon also
observed to other medicinal plants [4].

Machine learning (ML) could further enhance these findings by predicting
bioactivity and optimizing extraction processes. For instance, Random Forest
models could classify compounds based on their GC-MS/MS spectral data.
However, convolutional neural networks (CNNs) could predict antimicrobial
efficacy using quantitative structure-activity relationship (QSAR) modeling [8]. The
weak correlation between OL-Hex and OL-MeOH abundances suggests that ML
could also optimize solvent selection, maximizing the yield of target compounds in
eugenol or apigenin [11]. Such approaches could streamline the development of
herbal formulations, addressing the challenge of standardizing traditional medicines
in Ethiopia.

Environmental factors in Bahir Dar, such as altitude (1,800 m) and soil
composition, likely influence the phytochemical profile of OL. Compared to studies
from Mekelle (2,200 m), where eugenol levels were lower (25.6 % in OL-Hex), the
higher eugenol content in Bahir Dar samples may reflect altitudinal or climatic
differences [4]. This highlights the need for region-specific studies to ensure the
reproducibility of phytochemical data, especially for drug development purposes.

The study’s findings have implications for pharmaceutical and conservation
efforts. The high yield of bioactive compounds in eugenol and linalool in OL-Hex
extracts positions OL as a candidate for developing natural antimicrobial agents,
particularly in the context of rising antibiotic resistance [11]. Simultaneously, the
documentation of its phytochemical profile supports sustainable cultivation in Bahir
Dar, ensuring that traditional knowledge is preserved while meeting modern
healthcare needs [1]. However, challenges remain, including the need for larger
sample sizes and the integration of ML models into real-time analytical data to
enhance predictive accuracy [8]. Future research should focus on in vivo studies to
confirm these bioactivities and explore the synergistic effects of compounds like
hexadecanoic acid in clinical settings.

The antimicrobial activity results of OL leaf extracts from Bahir Dar,
underscore the plant therapeutic potential, aligning with its traditional use in treating
infections in the region. Fig. 4 demonstrates that eugenol, with an MIC of 0.5 pg/mL
in OL-Hex, is the most potent antimicrobial compound, particularly against
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Staphylococcus aureus, a common pathogen in rural Ethiopia [4]. Linalool’s MIC of
1.0 pg/mL in OL-Hex further supports its efficacy against Escherichia coli,
validating its use for infections like urinary tract issues [1]. The higher MIC values
for B-caryophyllene (2.5 pg/mL), apigenin (3.0 pg/mL), and luteolin (2.8 pg/mL)
suggest they play a secondary role in antimicrobial activity, potentially contributing
through synergistic effects [9].

The lack of significant differences in MIC values between OL-Hex and
OL-MeOH for B-caryophyllene, apigenin, and luteolin indicates that solvent polarity
has a limited impact on their antimicrobial potency, contrasting with their abundance
[4]. It suggests that bioactivity may be more dependent on compound structure rather
than concentration. Machine learning could enhance these findings by predicting
synergistic interactions and optimizing extraction for eugenol and linalool [8]. These
findings establish OL as a promising candidate for developing natural antimicrobial
agents to combat antibiotic resistance in Ethiopia, though further in vivo studies are
required to validate clinical efficacy.

The antioxidant activity results of OL leaf extracts highlight the plant potential
as a natural source of antioxidants, supporting its traditional use for oxidative stress-
related ailments [1]. Figure 5 reveals that apigenin and luteolin, with 1C50 values of
20.5 pg/mL and 22.3 pg/mL in OL-MeOH, respectively, exhibit the strongest
antioxidant activity, likely due to their high flavonoid content in methanol extracts
[9]. This aligns with studies on Ocimum species, where polar solvents are used to
enhance flavonoid extraction, contributing to free-radical scavenging [7]. In contrast,
B-caryophyllene's 1C50 of 25.6 pg/mL in OL-Hex indicates moderate antioxidant
potential among terpenoids, while eugenol (10.2 pg/mL) and linalool (15.4 pg/mL)
in OL-Hex show weaker activity, suggesting their primary role may be antimicrobial
rather than antioxidant [3, 4].

The solvent-specific differences highlight the importance of the extraction
method in optimizing antioxidant yield, with OL-MeOH favoring flavonoids and
OL-Hex enhancing terpenoid extraction. This variability could be leveraged to tailor
extracts for specific therapeutic needs, such as antioxidant-rich formulations for
chronic disease management. Machine learning (ML) could further refine these
findings by predicting optimal extraction conditions and identifying synergistic
antioxidant effects, enhancing formulation development [8, 10]. Environmental
factors in Bahir Dar, such as altitude (1,800 m), may influence these profiles,
differing from higher-altitude regions like Mekelle [4]. Future research should
include in vivo studies to validate these antioxidant effects and explore their clinical
relevance, particularly in herbal medicine [11].

The anti-inflammatory activity results of OL leaf extracts validate its
traditional use for inflammatory conditions such as fever and wounds, as practiced
in the region [1]. Figure 6 shows that eugenol in OL-Hex achieved the highest
inhibition at 80 %, followed by linalool at 70 %, indicating potent anti-inflammatory
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effects likely due to their ability to modulate pro-inflammatory pathways [7, 10].
This aligns with ethnobotanical reports of OL being used to treat “Mich” (fever) in
Bahir Dar, where hexane extraction enhances the yield of these compounds [4, 10].
B-caryophyllene, apigenin, and luteolin exhibited moderate inhibition (60-65 %) in
both OL-Hex and OL-MeOH, suggesting that their anti-inflammatory activity is less
dependent on solvent polarity, possibly due to their structural stability [9, 10].

The superior performance of OL-Hex for eugenol and linalool highlights the
importance of solvent selection, with hexane favoring non-polar terpenoids that
exhibit strong anti-inflammatory properties. In contrast, the consistent activity of
apigenin and luteolin in OL-MeOH suggests that methanol effectively extracts polar
flavonoids with anti-inflammatory potential [7]. ML could optimize these extraction
processes by predicting the best solvent-compound combinations, enhancing the
development of anti-inflammatory herbal formulations [9].

Environmental factors, such as Bahir Dar’s altitude (1,800 m), may influence
these profiles, differing from higher-altitude regions like Mekelle [3-4, 10]. Future
research should include in vivo studies to confirm these effects and explore
synergistic interactions, potentially leading to new treatments for inflammatory
diseases in Ethiopia [11].

The correlation analysis of bioactivities in OL leaf extracts provides
compelling evidence of the plant multifunctional therapeutic potential, aligning with
its traditional use for treating infections, inflammation, and oxidative stress-related
conditions [1]. Figure 7 reveals a strong correlation (r = 0.98) between antimicrobial
effectiveness and antioxidant effectiveness, suggesting that compounds like eugenol
(MIC: 0.5 pg/mL, 1C50: 10.2 pg/mL) and linalool (MIC: 1.0 pg/mL, 1C50: 15.4 pg/mL)
exhibit dual roles in combating bacterial growth and neutralizing free radicals [17].
This overlap likely stems from their ability to disrupt microbial membranes
and scavenge reactive oxygen species, a mechanism observed to other medicinal
plants [4].

The strong correlation (r = 0.92) between antioxidant effectiveness and anti-
inflammatory inhibition, exemplified by apigenin (IC50: 20.5 pg/mL, inhibition:
65 %) and luteolin (IC50: 22.3 pg/mL, inhibition: 65 %), indicates that these
flavonoids mitigate inflammation by reducing oxidative stress, a key driver of
inflammatory responses [20]. The slightly lower but still robust correlation (r = 0.85)
between antimicrobial effectiveness and anti-inflammatory inhibition, driven by
eugenol (inhibition: 80 %) and linalool (inhibition: 70 %), suggests a shared
pathway, possibly through the modulation of pro-inflammatory cytokines [7].

The consistency of these correlations across OL-Hex and OL-MeOH extracts
implies that the bioactivity relationships are intrinsic to the compound chemical
structures rather than the extraction solvent, highlighting the plant inherent
versatility [4]. This finding is significant for pharmaceutical development, as it
suggests that a single extract could address multiple health issues, reducing the need
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for complex formulations. ML enhances these insights by predicting optimal
compound combinations to maximize bioactivity synergies, using models in
Random Forest or Convolutional Neural Networks [8]. Environmental factors in
Bahir Dar, such as its altitude (1,800 m) and soil composition, may influence these
bioactivity profiles, differing from higher-altitude regions like Mekelle, where
similar correlations might vary [4].

The results position OL as a candidate for developing multifunctional herbal
medicines, particularly in the context of rising antibiotic resistance and chronic
inflammation in Ethiopia [11]. However, the reliance study on in vitro data
necessitates further in vivo and clinical trials to confirm these correlations and their
therapeutic efficacy [9-10]. Future research should also explore the molecular
mechanisms underlying these bioactivity overlaps, potentially using ML to integrate
phytochemical and bioassay data for more precise drug design [8].

The phytochemical and bioactivity analysis of OL leaf extracts validates its
traditional use for infections, inflammation, and oxidative stress, while highlighting
limitations in ML applications with small datasets. GC-MS/MS and HPLC results
(Figs. 8 and 9) demonstrate solvent-specific efficiencies, with OL-Hex yielding
higher eugenol (15.2 mg/g) and linalool (8.7 mg/g), and OL-MeOH favoring
apigenin (15.2 %) and luteolin (13.7 %) [9].

The correlation heatmap (Fig. 11) reveals unexpected inverse relationships
(r = -0.86 for MIC-anti-inflammatory and r = —0.98 for 1C50-anti-inflammatory),
contrasting with prior strong positive correlations (e.g., r = 0.98). This suggests that
higher antimicrobial or antioxidant activities may inversely affect anti-inflammatory
potential in OL-Hex, possibly due to compound-specific mechanisms or extraction
artifacts [11]. Eugenol and linalool dual roles in antimicrobial and anti-inflammatory
activities indicate synergistic pathways, while apigenin and luteolin antioxidant
effects may not translate to inflammation reduction in this context [7].

ML results, however, highlight significant challenges. The Random Forest
(RF) model for MIC prediction yielded an MSE of 0.80 and R2 of 0.01, indicating
poor fit despite a low error, likely due to the small dataset (5 compounds) and limited
features [8]. The neural network (NN) for IC50 prediction performed worse, with an
MSE of 236.04 and R2 of —18.83, suggesting severe overfitting and failure to
generalize, as the negative R? indicates predictions worse than the mean [11]. The
predicted 1C50 of 4.74 pg/mL for eugenol is unrealistically low compared to actual
values (10.2-25.6) pg/mL, reflecting NN limitations with small data. Extraction
optimization achieved an accuracy of 0.50, equivalent to random guessing,
underscoring the need for more data to train robust classifiers [8]. The predicted MIC
(1.25 pg/mL) and best solvent (OL-Hex, 1) align reasonably with eugenol profile,
but overall ML performance remains suboptimal.

These limitations suggest that while OL holds therapeutic promise, ML
requires larger datasets for effective prediction. RF and NN models thrive with
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abundant data, enabling better feature learning and generalization [8]. Future studies
should expand the sample size by including more compounds or Ocimum varieties
and incorporate environmental variables (e.g., Bahir Dar’s 1,800 m altitude), which
may influence bioactivity [4]. Simpler models like linear regression might
outperform NN on this dataset, avoiding overfitting [11].

The findings support OL potential in herbal medicine, with eugenol and
linalool offering antimicrobial and anti-inflammatory benefits, addressing antibiotic
resistance and inflammation in Ethiopia [11]. Apigenin and luteolin antioxidant
properties could target chronic diseases, enhancing rural healthcare [7]. Sustainable
cultivation of O in Bahir Dar could preserve this resource [1]. Future research should
validate these bioactivities OL, scale up ML datasets, and explore molecular
mechanisms to refine therapeutic applications [9].

The comparative analysis of OL phytochemical and medicinal profiles across
Bahir Dar, Enarj Enawga, Habru District, and Jawi District underscores the plant
adaptability and therapeutic versatility in Ethiopia, aligning with its traditional use
in herbal medicine. GC-MS/MS data (Fig. 11) reveal that Bahir Dar high eugenol
abundance (30.2 %) reflects its hexane extraction efficiency, a method favored in the
region, while Habru District’s elevated apigenin (15.0 %) suggests a flavonoid-rich
profile, possibly due to higher altitude (around 2,500 m) influencing secondary
metabolite production [9-10]. Enarj Enawga and Jawi District exhibit balanced
phytochemical levels, indicating environmental stability or mixed extraction
practices [4].

Ethnobotanical surveys (Fig. 11) show Bahir Dar’s dominant anti-
inflammatory use (80 %) correlates with eugenol’s known anti-inflammatory
properties, supporting its application for conditions like fever and wounds [1]. Habru
District’s high antimicrobial use (75 %) aligns with apigenin antimicrobial potential,
suggesting a regional focus on infection control, possibly linked to its rural setting
[7]. Enarj Enawga and Jawi District moderate use frequencies (65-70 %) for key
applications reflect a broader therapeutic scope, potentially due to diverse health
needs or less specialized extraction methods [11].

The observed regional variations may stem from ecological factors, such as
altitude, soil composition, and climate, which influence phytochemical biosynthesis.
Bahir Dar’s lower altitude (1,800 m) may favor terpenoid production (eugenol,
linalool), while Habru higher elevation may enhance flavonoid synthesis (apigenin,
luteolin) [4]. Extraction techniques also play a role, with hexane use in Bahir Dar
likely boosting non-polar compounds, whereas methanol or water-based methods
elsewhere may favor polar flavonoids [9]. These findings suggest that regional
cultivation and processing practices could be optimized to enhance specific
phytochemicals and medicinal uses.

The study’s implications for herbal medicine are significant. Bahir Dar’s OL
could be prioritized for anti-inflammatory formulations, leveraging its eugenol
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content to address chronic inflammation in Ethiopia [1]. Habru District’s apigenin-
rich profile supports antimicrobial applications, potentially combating rising
antibiotic resistance [11]. The balanced profiles of Enarj Enawga and Jawi District
offer versatility, suitable for multi-purpose remedies, enhancing rural healthcare
accessibility [7]. However, the small sample size and reliance on reported use
frequencies limit the generalizability of these findings, necessitating further
guantitative validation.

Future research should expand phytochemical and ethnobotanical data across
more regions, using standardized extraction methods to isolate environmental versus
methodological effects [9]. In vivo studies are needed to confirm medicinal efficacy,
particularly for apigenin antimicrobial potential and eugenol anti-inflammatory
effects [4]. Integrating machine learning could optimize cultivation by predicting
phytochemical yields based on environmental variables, though larger datasets are
required [8]. Sustainable harvesting practices should also be developed to preserve
OL as a natural resource in Ethiopia [1].

In conclusion, OL exhibits region-specific phytochemical and medicinal
profiles, with Bahir Dar and Habru District showing specialized potential. These
insights could guide targeted herbal product development, improving health
outcomes while preserving traditional knowledge [11].

The ethnobotanical survey in Bahir Dar confirms OL role in traditional
medicine, with its uses for fever, wounds, and respiratory issues reflecting deep
cultural knowledge [10]. Scientific findings strongly correlate with these
applications, as eugenol anti-inflammatory (80 % inhibition) and antimicrobial
(MIC: 0.5 pg/mL) properties validate its efficacy against fever and wound infections,
likely through cytokine modulation and bacterial membrane disruption [6]. Linalool
antimicrobial activity (MIC: 1.0 pg/mL) further supports wound healing, while
apigenin and luteolin antioxidant effects (IC50: 20.5-22.3 pg/mL) align with
respiratory benefits by reducing oxidative stress in lung tissues [3].

These correlations underscore the potential for therapeutic applications,
positioning OL as a candidate for natural remedies in Ethiopia, where access to
modern medicine is limited [10]. Eugenol-rich extracts could be developed into anti-
inflammatory formulations, addressing chronic conditions, while apigenin and
luteolin may support respiratory health products, tackling prevalent issues like
asthma [6]. However, the study highlights conservation challenges, with
overharvesting and habitat loss threatening sustainability, driven by urbanization in
Bahir Dar [3]. Community practices like home garden cultivation are promising but
insufficient without broader awareness and policy support.

To bridge traditional knowledge and scientific validation, conservation
strategies should integrate community education on sustainable harvesting and
cultivation, alongside protected areas for wild populations [10]. Collaborative efforts
between researchers and locals could facilitate the development of herbal products,
ensuring cultural preservation while meeting healthcare needs [6]. Future research
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should explore in vivo studies to confirm these bioactivities and assess the impact of
environmental factors like Bahir Dar’s altitude (1,800 m) on phytochemical profiles,
enhancing therapeutic and conservation outcomes [3].

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The comprehensive investigation into OL across Ethiopian regions,
particularly Bahir Dar, yields significant insights into its phytochemical, medicinal,
and conservation profiles. Ethnobotanical surveys in Bahir Dar document its primary
uses for fever (80 %), wound healing (65 %), and respiratory ailments (55 %),
reflecting a deep-rooted cultural reliance validated by scientific analysis.
GC-MS/MS and HPLC data confirm high eugenol (30.2 %) and linalool (18.5 %) in
Bahir Dar hexane extracts, correlating with anti-inflammatory (80 % inhibition) and
antimicrobial (MIC: 0.5 pg/mL) activities, while apigenin (5.6 %) and luteolin
(4.8 %) in methanol extracts support antioxidant effects (IC50: 20.5-22.3 pg/mL).
Regional comparisons reveal Habru District’s apigenin dominance (15.0 %) and
antimicrobial use (75 %), suggesting altitude-driven phytochemical variations, while
Bahir Dar excels in eugenol-based therapies.

ML efforts to predict bioactivities (MIC, 1C50) and optimize extraction
showed promise but were hampered by small datasets, with Random Forest yielding
an MSE of 0.80 (Rz 0.01) and Neural Networks an MSE of 236.04 (Rz —18.83),
indicating overfitting and poor generalizations. Extraction optimization achieved
only 50 % accuracy, underscoring the need for larger samples. Visualization through
bar plots and heatmaps highlighted regional phytochemical abundance (e.g., 30.2 %
eugenol in Bahir Dar) and medicinal use frequencies (e.g., 80 % anti-inflammatory
in Bahir Dar), reinforcing the plant versatile therapeutic potential.

Conservation assessments reveal a critical challenge, with 60 % of respondents
reporting overharvesting due to urbanization and agricultural expansion in Bahir
Dar. However, 40 % practice sustainable harvesting, and 25 % cultivate the plant in
home gardens, offering a foundation for preservation. The strong alignment (85 %)
between ethnobotanical uses and scientific findings validates traditional knowledge,
positioning OL as a valuable resource for natural remedies against inflammation,
infections, and oxidative stress in Ethiopia.

In conclusion, OL demonstrates region-specific phytochemical and
medicinal profiles, with Bahir Dar and Habru District showing a potential
specialized | treatment. While scientific validation supports its therapeutic
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applications, conservation efforts and enhanced ML models with larger datasets
are essential to sustain this resource and maximize its health benefits. These
findings advocate for integrated approaches combining traditional knowledge,
scientific research, and community action to ensure the plant’s long-term
viability and therapeutic utility.

RECOMMENDATIONS

Based on the findings of the OL studies, the following recommendations are
proposed to enhance conservation and therapeutic development in Ethiopia:

Community education and training

Implement workshops in Bahir Dar and other regions to educate local
communities on sustainable harvesting techniques and the benefits of home garden
cultivation. With 40 % already practicing sustainable methods and 25 % cultivating
the plant, targeted training could increase these figures, reducing overharvesting
pressure reported by 60 % of respondents.

Establish protected areas

Collaborate with local authorities to designate protected zones for wild OL
populations, particularly in Bahir Dar, where urbanization threatens habitat loss. This
would preserve genetic diversity and support long-term availability, aligning with
conservation needs identified in the study.

In vivo validation studies

Conduct clinical and animal studies to validate the anti-inflammatory (eugenol,
80 % inhibition), antimicrobial (MIC: 0.5 pg/mL), and antioxidant (IC50: 20.5—
22.3 ug/mL) properties observed in vitro. This would provide robust evidence for
therapeutic applications, addressing the current reliance on preliminary data.

Enhance machine learning models

Expand datasets by including more regions and compounds to improve ML
predictions (current MSE: 0.80-236.04, R?: 0.01 to —18.83). Partner with research
institutions to collect comprehensive bioactivity and phytochemical data, enabling
accurate optimization of extraction processes.

Develop herbal products

Leverage region-specific profiles (e.g., Bahir Dar’s eugenol for anti-
inflammatory products, Habru District’s apigenin for antimicrobials) to create
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standardized herbal formulations. Engage local herbalists and pharmaceutical
companies to ensure cultural relevance and market viability.

These recommendations aim to balance conservation with therapeutic
innovation, ensuring that OL remains a sustainable resource for Ethiopia’s healthcare
system while preserving its cultural heritage.

Declaration of generative Al and Al-assisted technologies in the writing process: We have
conducted a thorough manual revision of the manuscript beyond automated grammar checks and
Al-assisted editing tools (e.g., Quillbot). This included a detailed line-by-line review by all co-authors,
focusing on clarity, scientific precision, and flow.
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