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Abstract: Essential oils from star anise, nutmeg, clove buds, oregano, bay leaves, and lemon peel
were extracted via hydrodistillation. GC-MS, UV–Vis, FTIR, and 1H NMR spectroscopy were used to
identify the major compounds (trans-anethole, sabinene, eugenol, carvacrol, eucalyptol and limonene,
for star anise, nutmeg, clove buds, oregano, bay leaves, and lemon peel essential oil, respectively),
revealing that the spectra were dominated by the oils’ primary constituents. Antioxidant activity was
assessed using DPPH and ABTS assays, demonstrating high radical scavenging ability, especially
for bay leaf and oregano oils. Despite phenolic content being correlated with antioxidant activity,
discrepancies were found, suggesting that non-phenolic compounds and synergism also play a role.
Antibacterial evaluation showed significant activity for bay leaf and oregano oils, particularly against
Klebsiella pneumoniae and Pseudomonas aeruginosa, due to phenolic and terpene compounds. The
presence of trace metals in the oils, including those with antimicrobial and antioxidant properties
such as Cu, and Zn, was also analyzed. The risk assessment showed that toxic metals were below
harmful thresholds.

Keywords: essential oils; antioxidant; antimicrobial; GC-MS; FTIR; NMR; UV–Vis; metal content

1. Introduction

Essential oils are obtained from plants usually by water or steam distillation, by
mechanical process, or by dry distillation. They are complex mixtures of 20–60 volatile,
lipophilic and scented compounds, but some of essential oils may contain more than 300 dif-
ferent compounds. Typically, two or three compounds make up the majority (20–70%),
while the remaining substances are present in much smaller amounts. The main compo-
nents are responsible for the biological and pharmacological properties of the essential oils,
but minor components also contribute to their effectiveness [1]. The content of essential
oil in plant material usually varies from 1% to 3% of the plant weight, and its quality is
influenced by many factors, such as environmental factors, harvesting period, geographic
location, growth stage and processing of the plant material [2–4]. Essential oils have di-
verse biological properties, including antioxidative, anti-inflammatory, antimicrobial, and
antitumor activity, and for this reason, phytochemical characterization as well as biological
activity investigation is an important step in the discovery of promising herbal medicines.
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The analysis of an essential oil’s chemical composition is an inevitable step in quality
control, with gas chromatography coupled with mass spectrometry (GC-MS) or with flame
ionization detector (GC-FID) as the most widely used methods. Though they provide
information on the complete essential oil composition, they have several drawbacks, from
time consumption to column selection, and reference compounds [5]. New techniques
are being investigated to give faster and more cost-effective approaches to essential oil
characterization. Fourier-transform infrared spectroscopy (FTIR) is a widely used, non-
destructive technique that enables the rapid identification of the functional groups present
in the major constituents of essential oils [6]. Nuclear magnetic resonance spectroscopy
(NMR) is a more powerful method that can provide additional structural information
and the identification of components present in essential oils. The main advantage of
FTIR and NMR is obtaining direct information on the molecular structure and functional
groups of the constituents without preliminary separation [5,7]. By combining the above
spectroscopic methods or by comparing the spectra of the essential oils with the spectra of
the individual components, the main components can be identified.

Oxidative stress is caused by an imbalance in reactive oxygen species (ROS) and the
capacity of living organisms to remove these reactive species. In some cases, endogenous
antioxidants are not sufficient to neutralize ROS, which can damage cellular structures
and biomolecules leading to many oxidative-stress-related diseases, such as heart disease,
Alzheimer’s disease, cancer, arthritis and others [3]. There is also the growing need for
antimicrobial drugs of natural origin, due to the increasing number of resistant bacteria [8].
Essential oils have been recognized to have antioxidant and antimicrobial properties,
and because of their diverse compositions, are ideal candidates for investigation of new
applications in food, cosmetics and the pharmaceutic industry [9].

The content of metals in essential oils is associated with plant contamination, plant
species, soil composition, harvesting period, geographical origin and climate regime. Fe,
Cu, Ag and Zn contribute to the biological activities of essential oils, while Pb, Hg, Cd and
As can lead to toxic effects, even at low levels [10,11]. Therefore, it is extremely important
to determine the levels of metals in essential oils to predict their effects on human health.

Within this research, we evaluated six essential oils: lemon (LEO, from Citrus limon (L.)
Osbeck), bay leaf (BLEO from Laurus nobilis L.), clove (CEO, from Syzygium aromaticum (L.)
Merr. & L.M.Perry), star anise (SAEO, from Illicium verum Hook.f.), oregano (OEO, from
Origanum vulgare L.), and nutmeg (NEO, from Myristica fragrans Houtt.).

Essential oils were chosen for their wide availability and medicinal properties. They
are used in cosmetic, food and pharmaceutical industries due to their antimicrobial, an-
ticancerogenic and antioxidant activities. LEO is extracted from lemon peel and used
as a fragrance in cosmetic products and in the pharmaceutical industry [12,13]. BLEO
was proved to have functional and health-promoting activities [14], and CEO is recog-
nized as a safe, non-toxic oil with a broad spectrum of pharmacological activities, from
anti-inflammatory and anesthetic to antimicrobial and antioxidant activity [15]. The an-
tibacterial, anticancer and anti-inflammatory properties of SAEO are the basis for its use in
cosmetics, food products, and pharmaceuticals [16]. NEO was reported to have potential
antioxidant, antimicrobial, anti-inflammatory, antiulcer, and anticancer activity, while OEO
is well known for its antimicrobial and antioxidant properties [17].

The aim of this study was to extract and characterize the chemical constituents of se-
lected essential oils by GC-MS, explore the potential of UV–Vis, FT-IR and NMR to confirm
the major compounds in the complex matrix of essential oils, determine the polyphenol
content and antioxidant capacity of essential oils based on DPPH and ABTS radical scav-
enging activity, investigate the antimicrobial activity and evaluate the metal contents in the
essential oils. This study provides insight into the combination of spectroscopic techniques
for providing quick, safe and reliable analysis of essential oils’ constituents for the purpose
of their safe use.
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By encompassing all the aspects of essential oil characterization and biological effects
testing, with an emphasis on verifying their safety, we provide an insight into the full poten-
tial of these essential oils’ applications in the food, cosmetic and pharmaceutical industries.

2. Materials and Methods

Dried star anise (China), nutmeg (Grenada), clove buds (Sri Lanka) and oregano (EU),
were purchased from a local store. The ripe lemon fruit and bay leaves come from Kvarner,
Croatia. The lemon peel and bay leaves were cut into small pieces and dried at room
temperature. The plant material, except oregano, was ground in a grinder.

2.1. Chemicals

All chemicals used are listed in Table 1. All chemicals were used without
further purification.

Table 1. List of chemicals.

Chemical Manufacturer CAS Number

DPPH 1 Fluka (London, UK) 1898-66-4
ABTS 2 Thermo Scientific (Waltham, MA, USA) 30931-67-0

Gallic acid Thermo Scientific 149-91-7
Folin–Ciocalteu reagent VWR Chemicals (Radnor, PA, USA) 12111-13-6

BHT 3 Thermo Scientific 128-37-0
Potassium peroxydisulfate VWR Chemicals 7727-21-1

Sodium carbonate Kemika (Bayswater North, Australia) 497-19-8
Sodium sulfate Fisher Chemicals (Fair Lawn, NJ, USA) 7757-82-6

Methanol, HPLC grade J.T.Baker (Phillipsburg, NJ, USA) 67-56-1
n-Hexane, GC grade Fisher Scientific (Fair Lawn, NJ, USA) 110-54-3

Eugenol Aldrich Chemicals (St. Louis, MO, USA) 97-53-0
Eucalyptol Aldrich Chemicals 470-82-6
Carvacrol Aldrich Chemicals 499-75-2

trans-Anethole Acros Organics (Geel, Belgium) 4180-23-8
D-Limonene Acros Organics 5989-27-5

Nitric acid 67–69% Carlo Erba (Cornaredo, Italy) 7697-37-2
Hydrogen peroxide (30%) Gram-mol (Zagreb, Croatia) 7722-84-1

1 2,2-diphenyl-1-picrylhydrazyl. 2 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt. 3 butyl-
hydroxytoluene.

2.2. Essential Oil Extraction

The essential oils were extracted from the plant materials by hydrodistillation (Cle-
venger apparatus). The duration of each experiment was 2 h. A total of 500 mL of water
was used for each plant material. The masses of lemon peel, bay leaves, cloves, nutmeg,
star anise and oregano were 20, 50, 9.65, 10.56, 9.95 and 30.2 g, respectively. After extraction,
the essential oil was collected in a bottle, a small amount of anhydrous Na2SO4 was added
and stored in the dark at low temperature (4 ◦C).

The yield (%, v/w) of the essential oil was calculated as follows:

yield =
V
m
·100 (1)

where V is the volume of the extracted essential oil in mL and m is the mass of dry plant
material used for the extraction in g.

2.3. Characterization of Essential Oils

The essential oils were characterized using gas chromatography—mass spectrometry
(GC-MS), Fourier-transform infrared spectroscopy (FTIR), ultraviolet–visible spectroscopy
(UV–Vis) and nuclear magnetic resonance spectroscopy (NMR).
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2.3.1. Chemical Composition

The essential oil was analyzed by GC/MS on a 7890B gas chromatograph coupled
to a 5977A mass detector (Agilent, Santa Clara, CA, USA), equipped with a HP-5ms
capillary column (5% phenylmethylsiloxane, 30 m × 0.25 mm, film thickness 0.25 µm). The
operating conditions were as follows: carrier gas, helium at a flow rate of 1.2 mL/min; the
temperature program 2 min at 45 ◦C, then increasing to 250 ◦C at 4 ◦C/min, finally held at
250 ◦C for 2 min; injector temperature 240 ◦C; injection volume 1 µL; split ratio, 1:100. Mass
spectra were recorded at 70 eV and were scanned in the range 40–400 m/z. The individual
components of the essential oil were identified by comparing their retention indices with
those of the literature. The retention indices were determined in relation to a homologous
series of n-alkanes (C9–C23) under the same operating conditions. Further identification of
the essential oil components was carried out by comparing their mass spectra either with
the spectra stored in spectral data libraries or with mass spectra from the literature. The
relative amounts of the essential oil components were determined by normalizing the peak
area [18].

2.3.2. UV–Vis Spectrophotometry

The UV–Vis spectra of the essential oils and their main components were recorded
with a Shimadzu UV-1280 UV–Vis spectrophotometer (Kyoto, Japan), in the wavelength
range between 190 and 350 nm. Stock solutions of the essential oils and chemicals were
prepared by dissolving 10 µL of the sample in 10 mL of methanol. The solutions were
further diluted until separate peaks were formed.

2.3.3. FTIR Spectrophotometry

The FTIR spectra of the essential oils and standards (D-limonene, eucalyptol, eugenol,
trans-anethole and carvacrol) were recorded with a Bruker Vertex 70 spectrometer, in FTIR-
ATR mode in the wavenumber range between 4000 and 400 cm−1 (MIR). For each sample,
16 scans were acquired.

2.3.4. NMR Spectrophotometry

The NMR spectra were recorded on a Bruker Avance 600 NMR spectrometer using
a C/H dual 5 mm probe and z-gradient accessories at 298K in CDCl3 and TMS as the
internal standard. Proton spectra with spectral width of 12019 Hz were measured with
128 scans, FID resolution of 0.37 Hz and relaxation delay of 10 s. The assignment of the 1H
signals in the NMR spectra of the main compounds of oils was confirmed by cross peaks in
the 1H-1H COSY (correlation spectroscopy), 1H-13C HSQC (heteronuclear single quantum
coherence) 2D spectra and 1H-13C HMBC (heteronuclear multiple bond correlation). The
COSY (cosygpqf) with standard π/2 pulse sequence was measured with 2048 points in
dimension F2 and 512 increments in dimension F1. The latter was subsequently zero-filled
to 1024 points. The increments were obtained with 4 scans each, 16.00 ppm spectral width,
and a relaxation delay of 1.0 s. The FID resolution was 4.69 Hz/point and 37.51 Hz/point
in F2 and F1 dimensions, respectively. HSQC and HMBC spectra were recorded with
2048 points in the F2 dimension and 256 increments in the F1 dimension, subsequently zero-
filled to 1024 points. For each increment, 32 scans were collected using a relaxation delay of
1.0 s. Spectral widths were 9615 and 36220 Hz in f2 and f1 dimensions, with corresponding
resolutions of 8.78 and 212.22 Hz/point in the F2 and F1 dimensions, respectively.

2.4. Antioxidant Activity

The antioxidant activity of the essential oils was evaluated with three assays, Folin–
Ciocalteu, DPPH and ABTS. The results obtained from two radical scavenging assays
(ABTS and DPPH) were compared with the commercial antioxidant, BHT.

The reductive capacity of the antioxidants present in the essential oils was evaluated
using a Folin–Ciocalteu method [19]. The Folin–Ciocalteu reagent (mixture of phospho-
molybdic and phosphotungstic acids) was diluted by mixing 10 mL of the FC reagent with
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90 mL of distilled water. The essential oils were diluted with methanol. A measure of
100 µL of the methanolic solution was mixed with 0.4 mL of distilled water and 1 mL of
diluted FC reagent. After 10 min, 2 mL of a 7.5% aqueous Na2CO3 solution was added.
After 1 h, the absorbance was measured at 750 nm. Gallic acid was used as a standard.
Antioxidant activity, AA, was expressed as gallic acid equivalent (GAE) in mg GA/mL.

The radical scavenging ability of the essential oils was evaluated using a modified
DPPH assay, according to [20]. A 0.36 mM solution of the free radical DPPH was prepared
by dissolving it in methanol. A 0.1 mL sample solution (methanolic solution of the essential
oil) at different concentrations, was then mixed with 0.1 mL of DPPH solution in a 96-well
plate and incubated in the dark at 25 ◦C for 30 min. A blank sample was prepared by
mixing 0.1 mL of methanol with the DPPH solution. The absorbance of each reaction
mixture was measured at 517 nm.

The ABTS assay was performed according to the previously described procedure [21]
with slight modifications. To generate the ABTS radical, equal volumes of aqueous ABTS so-
lution (4.064 µg/mL) and aqueous potassium peroxydisulfate solution (0.704 µg/mL) were
mixed and incubated in the dark for 14 h. After the incubation period, the absorbance of the
prepared solution was adjusted to 0.7 by adding methanol at 734 nm. The reaction mixture
contained 200 µL of the sample solution, in different concentrations and 3800 mL of ABTS
solution. After an incubation period of 7 min (in the dark) the absorbance was measured at
734 nm. The blank sample contained 200 µL methanol and 3800 mL ABTS solution.

For both assays the inhibition was calculated as follows:

% inhibition =
ABS(blank)− ABS(sample)

ABS(blank)
·100 (2)

2.5. Antimicrobial Activity

The extracted compounds were evaluated for their in vitro antibacterial activity against
Gram-positive bacteria, including Enterococcus faecalis and Staphylococcus aureus (ATCC
25923), as well as Gram-negative bacteria: Escherichia coli (ATCC 25925), Pseudomonas
aeruginosa (ATCC 27853), and Klebsiella pneumoniae (ATCC 27736). The antibacterial testing
followed the standard broth microdilution protocol, in alignment with the Clinical and Lab-
oratory Standards Institute (CLSI) guidelines [22,23], to determine the minimum inhibitory
concentration (MIC) of each compound. The assays were conducted using U-bottomed,
sterile 96-well microdilution plates (Falcon 3077, Becton Dickinson Labware, New York,
USA) in cation-adjusted Mueller–Hinton broth (containing Ca2+ and Mg2+; Becton Dickin-
son and Co., Cockeysville, MD, USA). Serial two-fold dilutions were performed to prepare
compound concentrations ranging from 512 to 0.25 µg/mL. The bacterial inoculum was
standardized using the direct colony suspension method, with the final concentration ad-
justed to 5 × 105 CFU/mL, as described in CLSI document M7-A7. Following inoculation
with the test compounds, the plates were incubated at 35 ± 2 ◦C for 16 to 20 h in ambient
air. The determination of MIC was carried out using a BioSan Microplate Photometer,
HiPo MPP-96. This instrument enabled precise optical density measurements to be made
to quantify bacterial growth inhibition. After incubation, the absorbance was measured
at 600 nm to assess bacterial proliferation in each well. The MIC was identified as the
lowest concentration of the test compound that resulted in a significant reduction in ab-
sorbance, indicating no visible bacterial growth compared to the untreated control wells.
All measurements were performed in duplicate to ensure accuracy and reproducibility
of the results. Additionally, control experiments using known antibiotic standards were
included to validate the experimental setup and the observed antibacterial effects of the
test compounds.

2.6. Metal Content

The samples for elemental analysis were prepared by microwave digestion with nitric
acid and hydrogen peroxide [24]. Approximately 0.30 g of essential oil was weighed into
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a Teflon flask and 10 mL of nitric acid and 1 mL of hydrogen peroxide were added. Each
sample was run in triplicate, and one blank of nitric acid and hydrogen peroxide was used
for every 10 flasks. The conditions for microwave digestion (Milestone Ethos Easy, Sorisole,
Italy) are step 1: power of 600 W and heating time of 15 min to 120 ◦C with a holding time
of 10 min. Step 2: continuous heating to 175 ◦C for 15 min at 600 W with a holding time of
15 min.

All elemental analyses (analysis of Al, As, Cd, Co, Cr, Cu, Hg, Mg, Mn, Na, Ni, Pb, and
Zn) were performed using an inductively coupled plasma quadrupole mass spectrometer
(Shimadzu ICP-MS 2030, Shimadzu, Kyoto, Japan) with continuous nebulization. The
operating conditions were the use of a mini torch with nebulizer gas flowrates 0.70 L/min;
auxiliary gas flowrate: 1.1 L/min; plasma gas flowrate: 10 L/min; ICP RF power: 1.2 kW;
collision gas was helium with a flowrate of 6.0 mL/min. The calibration of the ICP-MS was
performed with certified standards (Inorganic Ventures, Christiansburg, VA, USA). Internal
standards were used to compensate for possible measurement drift (Y, Sc, Tb, Inorganic
Ventures, Christiansburg, VA, USA).

3. Results and Discussion

The essential oils of star anise, nutmeg, clove buds, oregano, bay leaves and lemon
peel were extracted from dried plant material by hydrodistillation. The yields (%, v/w) of
the essential oils were compared with published data and the results are shown in Table 2.
The lowest and highest reported yields are shown. For the essential oil from lemon peel,
a slightly higher yield was obtained than reported in the literature (1.24–3%), which is
probably due to the different origin. In addition, the lemon peel used in this study were
not treated with pesticides. The yield of all other essential oils was within the range of the
published data.

Table 2. Yield of essential oils—experimental data compared to the published data.

Plant Material Yield (exp), % Yield (lit) 1, % Ref.

Lemon peel 4.90 1.24–3.00 [25,26]
Bay leaf 0.74 0.57–3.25 [27,28]

Clove buds 9.43 3.80–18.00 [29,30]
Nutmeg 9.19 3.40–17.00 [31,32]

Star anise 9.65 3.00–9.00 [33,34]
Oregano 1.62 1.10–2.90 [17,35]

1 The literature yields are given for the lowest and highest reported yields.

3.1. Characterization of Essential Oils
3.1.1. Chemical Composition

Essential oils are complex mixtures of sometimes more than 200 components, but the
main components (with the highest percentage) are responsible for the bioactivity and
chemical properties of the essential oil. The extraction yield of an essential oil, as well
as its composition, is influenced by many environmental and processing factors. Growth
environment, harvest season, climatic conditions, genetic origin of the plants, vegetative
plant phases and sapling time, extraction method and quantification techniques may have
impacts on the essential oil’s composition [13,28,35]. For these reasons, the identification of
essential oil components is mandatory.

The identification of the essential oils’ components was elucidated through mass
spectral data, the retention time, and calculated retention indices. The obtained data were
then compared to the available literature and NIST library databases. The results are
presented in Table 3.

The identified components in lemon essential oil accounted for 95.92% of the total
composition. The major components were limonene (67.39%), γ-terpinene (10.86%), and β-
pinene (8.11%). Myrcene and α-pinene were present in percentages of 1.90 and 2.12%, while
all other components were in percentages lower than 1%. Paw et al. [12] analyzed C. lemon
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peel from India with major components of limonene (55.40%) and neral (10.39%), while
trans-verbenol was present in the intermediate concentrations (6.43%). The predominant
compound in lemon essential oil from Egypt was β-pinene (31.38%), while the amount of
limonene was only 14.57% [13]. Limonene (29.52%) was also dominant in lemon essential
oil from Iraq, followed by β-pinene (23.89%), R-citronellal (15.10%) and thymol (9.79%) [36].
On the other hand, lemon essential oil from Italy showed a more similar content to our
sample, with limonene as the highly predominant compound (64.13%) followed by β-
pinene (12.59%) and γ-terpinene (10.20%) [37].

For the bay leaf essential oil, 94.54% of the components were identified. Eucalyptol
was present in the highest percentage (43.48%), α-terpinyl-acetate and methyl-eugenol were
represented at 9.49 and 6.10%, while linalool, α-pinene, β-pinene, and terpinene-4-ol were
present in percentages of 4.30, 4.28, 3.24, and 3.10%, respectively. These findings agree with
analysis of bay leaf essential oil from Spain, which was also rich in eucalyptol (50.57%) and
had significant amounts of α- and β-pinene (6.81 and 2.36%), linalool (6.78%), α-terpinyl-
acetate (10.25%), methyl-eugenol (2.74%) and terpinene-4-ol (2.24%) [38]. Similar results
were found in bay leaf essential oil from Turkey with main components linalool (41.4%), α-
pinene (5.9%) α-terpinyl-acetate (5.7%), β-pinene (4.5%), and terpinene-4-ol (1.8%) [14]. The
sample from Morocco had a lower percentage of eucalyptol (36.58%), a higher percentage
of α-terpinyl-acetate (15.42%), and sabinene as one of main compounds (12.08%) [4]. Clove
essential oil has two predominant components—eugenol (61.44%) and β-caryophyllene
(24.64%). Of the components, 99.27% were identified. Eugenol-acetate, α-humulene, α-
copaene, and δ-cadinene were present in amounts higher than 1%. Other components can
be considered as minor ones (linalool, chavicol, α-cubebene, γ-cadinene and caryophyllene
oxide). Similar results were found in samples from Slovakia, Saudi Arabia, Brazil and Iraq,
with the percentage of the main compound eugenol ranging from 59.87 to 84.63% [15,39–41].
Star anis oil had trans-anethol as the major compound, reaching 92.56% of total amount.
Only limonene and anisaldehyde were present in amounts higher than 1%, while all other
components were in percentages under 1%. The samples from China, Egypt, France,
and USA showed similar chromatographic profiles, with percentages of trans-anethole
varying from 77.47 to 93.39% [16,42–44]. Although the chromatographic profile was similar,
the variability in the proportion of trans-anethole was significant. Oregano essential oil
primarily consisted of carvacrol (67.20%), p-cymene (13.02%), and thymol (8.22%), with
99.29% of components identified. The literature data on the oregano essential oil differed
greatly due to the essential oil chemotype. The Greek oregano was rich in carvacrol
(67.98%) [9], thus belonging to the carvacrol chemotype, while oregano from Serbia was of
the thymol chemotype, with 41.6% of thymol [45]. Sabinene, α- and β-pinene were major
compounds of the nutmeg essential oil with 36.89, 13.20, and 11.26%. The intermediate
compounds were limonene (6.20%), γ-terpinene (2.63%), terpinene-4-ol (5.16%), myristicin
(2.77%), myrcene (2.26%) and α-thujene (1.83%). A total of 96.11% of compounds were
identified. Samples from Romania and Serbia were also rich in sabinene (21.71–42.30%)
while nutmeg essential oil from Grenada was rich in β-pinene (26.61%) [8,46,47]. The great
variability in the percentages of the essential oils’ main components indicates the need for
reliable, simple and fast methods for main component identification.

Table 3. Chemical composition of essential oils obtained by GC/MS.

N. RI*exp RIref Compound
%

LEO BLEO CEO SAEO OEO NEO

1 926 930 α-Thujene 0.52 0.61 - - 0.18 1.83
2 933 939 α-Pinene 2.12 4.28 - 0.38 0.66 13.20
3 948 954 Camphene 0.06 0.13 - - 0.17 0.24
4 973 975 Sabinene 1.00 8.0 - 0.02 0.17 36.89
5 976 979 β-Pinene 8.11 3.24 - 0.05 - 11.26
6 978 986 1-Octen-3-ol - - - - 0.44 -
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Table 3. Cont.

N. RI*exp RIref Compound
%

LEO BLEO CEO SAEO OEO NEO

7 991 991 Myrcene 1.90 0.73 - 0.08 0.35 2.26
8 1005 1003 α-Phellandrene 0.10 0.28 - 0.10 0.07 0.61
9 1011 1010 δ-3-Carene - 0.78 - 0.23 0.06 0.78
10 1017 1017 α-Terpinene 0.43 0.48 - - 0.73 1.61
11 1022 1026 o-Cymene - 0.27 - - - -
12 1024 1025 p-Cymene 0.79 0.64 - - 13.02 0.91
13 1028 1029 Limonene 67.39 1.62 - 2.64 0.51 6.20
14 1031 1031 Eucalyptol - 43.48 - 0.26 0.15 0.18
15 1037 1039 trans-β-Ocimene 0.11 - - - 0.07 -
16 1047 1051 cis-β-Ocimene 0.15 - - - - -
17 1058 1060 γ-Terpinene 10.86 0.85 - 0.08 2.06 2.63
18 1088 1089 Terpinolene 0.72 0.28 - 0.06 0.13 1.09
19 1101 1097 Linalool 0.16 4.30 0.02 0.21 0.19 -
20 1165 1169 Borneol - - - - 0.49 -
21 1166 1166 δ-Terpineol - 0.42 - - - -
22 1177 1177 Terpinen-4-ol 0.53 3.10 - 0.17 1.03 5.16
23 1186 1183 p-Cimene-8-ol - - - - 0.1 -
24 1190 1189 α-Terpineol 0.56 3.13 - - 0.21 -
25 1229 1230 Nerol 0.1 0.17 - - - -
26 1244 1245 Carvacrol methyl ether - - - - 0.72 -
27 1254 1250 Anisaldehyde - - - 1.05 - -
28 1258 1250 Chavicol - - 0.07 - - -
29 1271 1267 Geranial 0.59 - - - - -
30 1285 1289 Bornyl-acetate - - - - - 0.1
31 1287 1287 Safrole - - - - - 0.88
32 1289 1285 trans-Anethol - - - 92.56 - -
33 1293 1290 Thymol 0.90 - - - 8.22 -
34 1306 1299 Carvacrol - - - - 67.20 -
35 1317 1318 δ-Terpinyl-acetate - 0.54 - - - -
36 1348 1351 α-Cubebene - - 0.31 - - 0.4
37 1349 1349 α-Terpinyl-acetate - 9.49 - - - -
38 1357 1349 Eugenol - 2.62 61.44 - - -
39 1365 1362 Neryl-acetate 0.23 - - - - -
40 1374 1377 α-Copaene - - 1.47 0.07 - 1.08
41 1391 1391 β-Elemene 0.11 0.24 - - - -
42 1405 1404 Methyl-eugenol - 6.10 - - - 0.57
43 1414 1413 cis-α-Bergamotene - - - 0.09 - -
44 1417 1419 β-Caryophyllene 0.28 0.47 24.64 0.16 0.68 0.16
45 1434 1435 trans-α-Bergamotene 0.29 - - 0.26 - 0.11
46 1451 1455 α-Humulene - - 2.94 0.02 0.08 -
47 1456 1457 trans-β-Farnesene - - - 0.09 - -
48 1478 1485 D-Germacrene 0.08 - - - - 0.94
49 1507 1506 β-Bisabolene 0.42 - - 0.06 0.62 0.08
50 1512 1514 γ-Cadinene - - 0.10 - -
51 1521 1519 Myristicin - 2.77
52 1522 1523 δ-Cadinene - 0.13 1.70 - 0.10 -
53 1528 1523 Eugenol-acetate - - 6.32 - - -
54 1558 1557 Elemicin - 0.10 - - - 4.41
55 1575 1578 Spathulenol - 0.39 - - 0.15 -
56 1580 1583 Caryophyllene oxide - 0.58 0.26 - 0.73 -
57 1647 1654 α-Eudesmol - 0.22 - - - -
58 1677 1678 Foeniculin - - - 0.46 - -

Kovats retention index determined relative to the retention time (tR) of a series of n-alkanes (C9–C23) on an
HP-5ms capillary column. The identification of the compounds was performed based on the comparison of their
relative retention time and mass spectra with those of the published data NIST, WILLY library data of the GC/MS
system, and/or published data [2–4,8,9,12,13,15,16,27,36,38–44,46–55].
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3.1.2. UV–Vis

The UV–Vis spectra of the investigated essential oils and their main constituents
are shown in Figure 1. The UV–Vis spectra of nutmeg essential oil are consistent with
previously reported spectra from the literature [56]. In the UV–Vis spectra of all essential
oils examined in this study, the peaks of the main constituents predominate. The presence
of additional peaks, such as the absorption maximum at 278.8 nm in the spectra of BLEO,
is due to the other compounds present in the essential oil. Additional compounds in the
essential oils can cause shifts in the absorption maxima.
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Figure 1. UV–Vis spectra of essential oils and their main compounds (except for the NEO).

3.1.3. FTIR Spectrophotometry

The FTIR spectra of the essential oils (LEO, BLEO, CEO, SAEO and OER) and their
main compounds are shown in Figures 2–6. The vibrational bands in the FTIR spectra of
these essential oils predominantly reflect their main components.

The FTIR spectra of essential oils were also compared with the previously published
spectra. Characteristic peaks of D-limonene are clearly visible in the previously published
FTIR spectra of LEO [57]. The small variations between the FTIR spectra of BLEO obtained
in this study and those reported by Ordoudi et al. [6] may be due to differences in the main
compound’s concentration. When comparing the obtained FTIR spectra of CEO with those
published by Biernasiuk et al. [58], the same vibrational bands can be observed due to the
similar concentrations of the main compounds (eugenol, β-caryophyllene, α-humulene and
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eugenol acetate). The FTIR spectra of SAEO closely resemble those published by Zhang
et al. [59], particularly in relation to the high trans-anethole content (91.38%).
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NEO spectra were compared with the published data [60–62] and are shown in Figure 7.
The differences between the FTIR spectra of nutmeg essential oil can be explained by the
different compositions of the essential oils investigated. Myristin-rich NEOs, for example,
have completely different FTIR spectra [60]. Bands at 1650 and 864 cm−1 can be observed
for sabinene-rich essential oils [61]. In addition, the vibrational bands at 2928.04, 1652.78
and 1445.94 cm−1 can also be assigned to sabinene [6]. The vibrational bands corresponding
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to sabinene [63] are annotated in the NEO spectrum. As can be seen, the majority of the
vibrational bands in the NEO spectrum belong to sabinene.
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The variation in the chemical composition of the essential oils which are responsible for
differences in the EOs’ FTIR spectra can be correlated to various factors such as geographical
origin, growing conditions, plant maturity, harvest time, etc., [20,33,64]. In addition,
extraction method and solvent used for extraction also affect the chemical composition of
essential oils [35].
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3.1.4. NMR Spectroscopy

NMR spectroscopy is a powerful tool for the structural characterization of complex
mixtures like essential oils, enabling the identification of key compounds [7,65]. In this
work, 1H NMR spectroscopy was used to characterize different types of essential oils
and their main compounds. The assignment of the main components of the essential oil
samples studied was achieved by analyzing the resonances in the 1H NMR spectra and
comparing them with previously published data [5,65–68] and spectra of major components.
1H NMR spectra with the assignment of the main components of the essential oils are
shown in Figures 8–13. The majority of the chemical shifts in the 1H NMR spectra of the
extracted essential oils can be assigned to the main compounds. Peaks with lower intensity
correspond to other components that are present in a larger proportion in the essential oils.
The chemical shifts of some compounds are as follows:

1. LEO:

• γ-Terpinene (1.01, 1.24, 2.60 ppm);
• β-Pinene (0.72, 1.23, 1.27, 1.50–2.50, 4.54–4.66 ppm);
• α-Pinene (0.83, 1.15, 1.50–2.50 ppm);
• Myrcene (~1.70, 4.7–5.35 ppm);

2. BLEO:

• Sabinene (0.64, 0.82–0.98, 1.16, 3.33, 3.85, 4.55–4.85 ppm);
• Methyl eugenol (3.63, 3.87, 5.01–5.17, 5.94, 6.64–6.92);
• Terpinyl propionate (1.11–1.22, ~1.40, 1.60 ppm);

3. CEO:

• Caryophyllene (0.98, 1.00, 1.61, 1.84–2.56, 4.82, 4.95, 5.30 ppm);
• Eugenol acetate (2.29, 3.36, 3.81 ppm);
• Humulene (1.07 ppm);

4. OEO:

• p-Cymene (1.25, 2.32, 3.17, 7.11 ppm);
• Thymol (1.25, 2.26, 6.52–7.42 ppm);

5. NEO:

• α-Pinene (0.84 ppm);
• β-pinene (0.72 ppm).
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Due to overlapping signals in the NMR spectra, some of functional groups could not
be distinctly identified. For example, most of the aliphatic groups resonated in a narrow
range of the spectra and the signals could not be separated well.
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3.2. Antioxidant Activity of Essential Oils

Medicinal aromatic plants, which contain essential oils, are rich sources of antioxidants
with beneficial properties for human health. When the overproduction of ROS occurs, it
may lead to the damage of cellular structures and biomolecules such as lipids, proteins
and DNA. Essential oils are the source of numerous compounds with the potential to
interfere with ROS through different molecular mechanisms. Their diverse phytochemical
composition provides them with pharmacological properties that make them useful in the
prevention of oxidative stress-associated diseases [3].

Since the phenolic compounds act as antioxidants, the antioxidant activity, AA, of the
extracted essential oils was determined experimentally. Antioxidants reduce the anionic
derivatives of phosphotungstic and phosphomolybdic acids, resulting in a visible colori-
metric transition from yellow (FC reagent) to blue. The final intensity of the blue color is
directly proportional to the antioxidant capacity of the essential oil. The Folin–Ciocalteu
method is based on reducing the power of phenolic antioxidants and can be used as a
measurement of total phenolic content, but non-phenolic reducing agents can contribute
to the reduction in the FC reagent [69]. The results obtained were compared with the
published data in Table 4. The AA of lemon peel, bay laurel and star anise essential oils are
within the published data. Clove buds, nutmeg and oregano essential oils have a higher
AA. These differences are attributed to factors such as plant origin, harvest time, extraction
methods and environmental conditions.

Table 4. Antioxidant activity of essential oils determined by F-C assay—experimental data compared
to the published data.

Essential Oil AA (exp),
mg GAE/g EO

AA (lit) 1,
mg GAE/g EO

Ref.

Lemon peel 18.29 ± 1.16 0.0032–94.95 [70,71]
Bay leaf 59.74 ± 6.64 0.1686–494.86 [72,73]

Clove buds 739.38 ± 25.36 1.136–653.29 [19,74]
Star anise 26.73 ± 3.31 0.0334–59.60 [75,76]
Oregano 328.77 ± 3.43 0.1718–47.54 [35,77]
Nutmeg 24.27 ± 2.15 4.04–7.49 [32,78]

1 The literature AA are given for the lowest and highest reported values.

The antioxidant activity of the essential oils was evaluated using two radical scaveng-
ing assays (DPPH and ABTS). In both assays, the antioxidants from essential oils reduce the
radical (dark blue ABTS•+ and dark purple DPPH•) into colorless ABTS or yellow DPPH.
The higher the amount of antioxidant in an essential oil, the higher the degree of decoloriza-
tion will be achieved. The effects of essential oil concentration in the methanolic solutions
on the inhibition of ABTS•+ and DPPH• radicals are shown in Figure S1 (Supplemental
Data). Increasing the concentration of the essential oil concentration led to a corresponding
increase in scavenging activity in both assays. The highest scavenging activities achieved
for each essential oil and referent compound (BHT) are as follows:

• DPPH assay: BLEO (90.28% at 5.00 mg/mL) > BHT (90.22 at 0.31 mg/mL) > OEO
(89.29% at 10.00 mg/mL) > NEO (88.17% at 40.00 mg/mL) > CEO (89.14% at 0.63
mg/mL) > SAEO (79.80% at 160.00 mg/mL) > LEO (77.64% at 160.00 mg/mL);

• ABTS assay: BHT (100% at 1.61 mg/mL) > OEO (100% at 7.37 mg/mL) > LEO (98.97%
at 170.47 mg/mL) > CEO (97.4% at 0.68 mg/mL) > NEO (67.46% at 41.41 mg/mL) >
BLEO (63.26% at 5.10 mg/mL) > SAEO (53.92% at 548.28 mg/mL).

The different scavenging activities observed with the DPPH and ABTS assays is due
to the different affinities of ABTS•+ and DPPH• radicals towards the compounds contained
in the essential oils. While both assays are used to evaluate antioxidant activity, the ABTS
assay is more versatile and suitable for a wider range of compounds [79,80].

Although phenolic compounds are strong antioxidants [41,75,81], the results from
this study do not fully support the correlation between results obtained by F-C assay and
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two radical scavenging assays. The results obtained in this study did not agree with this
statement for all essential oils. This suggests that other compounds present in the essential
oils influence antioxidant activity. The phenolic content is often used as an indicator
of antioxidant activity, as some essential oils contain significant amounts of phenolic
compounds such as thymol, carvacrol or eugenol, which show high antioxidant activity in
radical scavenging assays. While essential oils with a high phenolic content often exhibit
strong antioxidant activity, this is not always a direct or exclusive correlation. The overall
antioxidant capacity of essential oils is influenced by several factors, including the presence
of non-phenolic antioxidants (e.g., terpenes, carotenoids, vitamins, metals), synergistic
effects, the structure and reactivity of the phenols, and the variability in assay methods.
Therefore, essential oils with a lower phenolic content may still exhibit strong antioxidant
activity. In addition, other non-phenolic reducing agents in the sample may inflate the
antioxidant activity, resulting in discrepancies with the antioxidant activity measured by
DPPH or ABTS assays, as the Folin–Ciocalteu reagent reacts with any reducing compound.
Previous investigations have indicated that terpenes also contribute to the antioxidant
potential of essential oils. Moreover, the presence of conjugated double bonds in the
terpene structure (α-terpinene, farnesene, α-phellandrene, citral, ocimene) contributes to
the free radical scavenging activity. Investigators also showed antioxidant synergistic and
antagonistic interactions between terpenes, which can significantly affect the antioxidant
potential of essential oils, regardless of the phenolic component proportion [82].

Since antioxidant activity is often expressed by IC50 values, these values were evalu-
ated based on the dependence of radical scavenging inhibition for both assays. The results
obtained were compared with the literature data and are reported in Tables 5 and 6.

Table 5. IC50 values of essential oils in DPPH assay—experimental data compared to the pub-
lished data.

Essential Oil IC50 (exp), mg/mL IC50 (lit) 1, mg/mL Ref.

Lemon peel 17.4888 ± 1.1356 0.66–83.76 [20,25]
Bay leaf 0.3777 ± 0.0063 0.05–1.43 [73,83]

Clove buds 0.0130 ± 0.0002 0.008–0.109 [19,64]
Star anise 49.1026 ± 1.0012 0.154–409.14 [33,84]
Oregano 0.3643 ± 0.0101 0.0047–4.34 [35,77]
Nutmeg 5.2875 ± 0.0213 0.003–1.35 [8,56]

1 The literature IC50 values are given for the lowest and highest reported values.

Table 6. IC50 values of essential oils in ABTS assay—experimental data compared to the pub-
lished data.

Essential Oil IC50 (exp), mg/mL IC50 (lit) 1, mg/mL Ref.

Lemon peel 29.9995 ± 1.5516 3 [20]
Bay leaf 3.9897 ± 0.0064 0.0448–0.0998 [85,86]

Clove buds 0.1954 ± 0.0012 0.0083–0.0789 [19,29]
Star anise 306.4840 ± 3.4531 - -
Oregano 0.2681 ± 0.0101 0.08–2.14 [77,87]
Nutmeg 27.9003 ± 2.0015 0.1 [88]

1 The literature IC50 are given for the lowest and highest reported values.

The IC50 values obtained with the ABTS assay were higher than those obtained
with the DPPH assay for all essential oils except OEO. Gülçin et al. [89] also obtained a
higher antioxidant activity of clove oil with the ABTS assay and explained the differences in
antioxidant activity with different reaction mechanisms. It was also reported that significant
differences were obtained by different methods [77]. Similar antioxidant activity is also
found in the published articles [19], where high antioxidant activity was attributed to high
phenolic content. The correlation between antioxidant activity determined by F-C assay
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and IC50 values from DPPH and ABTS assays is not always clear due to differences in
antioxidant mechanisms, phenolic compound structure, assay sensitivities, reaction kinetics,
and the presence of non-phenolic antioxidants. While phenolic content provides an estimate
of the total amount of phenolics, the actual antioxidant activity in terms of IC50 values
depends on the quality, type and interaction of the antioxidants present. Therefore, phenolic
content alone cannot fully predict antioxidant performance in radical scavenging assays.

Comparing the most abundant constituents in the essential oils from lemon [20],
bay leaf [85,86], clove buds [19,29] and nutmeg [88] with the literature data, a significant
difference in composition can be observed. Since the biological activity of EO is influenced
by both the primary and secondary components, variations in the IC50 values for EOs are
to be expected. Due to differences in method protocols, IC50 values are also sometimes
difficult to compare.

The interaction of the compounds contained in essential oils (synergistic and antag-
onistic effects) can influence the antioxidant activity of essential oils. Some examples are
as follows:

• Destro et al. reported a significantly higher antioxidant activity from star anise essential
oil and explained this with a synergistic effect between trans-anethole, limonene and
estragole [76];

• Teles et al. reported a higher antioxidant activity from eugenol than from clove
essential oil, indicating an antagonistic influence from some compounds in clove
essential oil [29].

• The scavenging activity of thymol and carvacrol is significantly lower than that of
oregano essential oil [45].

• According to Kelen and Tepe [90], α-pinene and β-pinene did not show strong antioxi-
dant activity when tested individually.

• It has also been published that myristicin contributes to the antioxidant activity of
nutmeg essential oil [56]. After separation of myristicin from nutmeg essential oil by
fractional distillation, the IC50 value (DPPH assay) was increased from 3.181 ppm to
33.254 ppm.

3.3. Antimicrobial Activity of Essential Oils

The antibacterial activity of essential oils derived from lemon, laurel, clove, nutmeg,
anise, and oregano was assessed in vitro against both Gram-positive bacteria, including
Enterococcus faecalis and Staphylococcus aureus (ATCC 25923), and Gram-negative bacteria
such as Escherichia coli (ATCC 25925), Klebsiella pneumoniae, and Pseudomonas aeruginosa
(ATCC 27853). The efficacy of these essential oils was compared to that of standard
antibiotics, ceftazidime (CAZ) and ciprofloxacin (CIP). Minimum inhibitory concentrations
(MICs) were determined, and the results for selected oils are summarized in Table 7.
The antibacterial evaluation indicated that lemon, clove, nutmeg, and anise exhibited
minimal inhibitory effects on the tested Gram-positive and Gram-negative strains. In
contrast, laurel and oregano demonstrated significant antibacterial activity, particularly
against K. pneumoniae, P. aeruginosa, and S. aureus. Bay leaf and oregano essential oils
demonstrated antimicrobial activity likely due to the presence of bioactive compounds,
such as phenols, terpenes, and flavonoids, which are known for their strong antimicrobial
properties. Oregano oil, for example, contains high levels of carvacrol and thymol, two
phenolic compounds with potent antibacterial effects, particularly against Gram-positive
and Gram-negative bacteria. These compounds disrupt bacterial cell membranes, leading
to leakage of cellular contents and eventual cell death. Bay leaf oil, on the other hand, is
rich in eucalyptol, which also exhibits antimicrobial activity by interfering with bacterial
cell walls and inhibiting essential enzymes. The synergistic interaction of these compounds
likely enhances the antibacterial efficacy of bay leaf and oregano oils.
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Table 7. Antimicrobial activities of selected compounds, lemon, laurel, clove, nutmeg, anise and
oregano, against Gram-positive bacteria S aureus and E. faecalis, and Gram-negative bacteria including
E. coli, K.pneumoniae and P. aeruigonsa.

MIC µg/mL

Compound Escherichia
coli

Enterococcus
faecalis

Klebsiella
pneumonia

Pseudomonas
aeruginosa

Staphylococcus
aureus

Lemon peel >512 >512 128 256 128
Bay leaf 64 256 32 128 16
Clove 128 >512 256 >512 >512

Star anise >512 256 128 >512 >512
Oregano >512 256 64 64 32
Nutmeg >512 256 256 >512 >512

CAZ 0.5 256 256 4 64
CIP <0.125 0.5 256 <125 0.5

The antimicrobial efficacy of essential oils can be directly attributed to their complex
chemical constituents, dominated by bioactive constituents such as phenolics, terpenes, and
various volatile compounds [91]. These molecules, synthesized by plants in response to bi-
otic and abiotic stressors, often possess highly specific biochemical activities, making them
potent antimicrobial agents. Each constituent may employ a unique mode of action within
bacterial cells, allowing essential oils to target bacteria via diverse and often complementary
mechanisms. The primary mode of action is generally linked to membrane destabilization.
Essential oils, due to their lipophilic nature, integrate readily into bacterial membranes,
where they disrupt membrane integrity and increase permeability. This destabilization
compromises membrane functions crucial to cell viability, such as nutrient uptake, energy
transduction, and waste efflux, and is particularly effective because essential oils can per-
meate both the outer envelope and the cytoplasmic membrane. The resultant increase in
membrane permeability typically leads to leakage of vital ions and intracellular metabolites,
which can trigger osmotic imbalances and cellular stress responses that bacteria cannot
sustain [92]. On a molecular level, essential oils are known to disrupt membrane potential,
inhibit proton motive force, and deplete ATP reserves. This energy depletion severely
impacts bacteria’s ability to maintain homeostasis. For instance, in studies by Cox et al. [93],
tea tree oil was shown to effectively compromise Staphylococcus aureus and Escherichia coli
by inducing potassium ion leakage, which directly impacted cellular respiration. Essential
oils also interfere with membrane lipid organization, often disturbing the phospholipid
bilayer and polysaccharide matrix. This action may lead to the coagulation of intracellular
materials, further compromising cellular structure and function. Importantly, the structural
composition of the target bacteria influences their susceptibility. Gram-positive and Gram-
negative bacteria, with differences in cell wall thickness and outer membrane structure,
display varying sensitivities to essential oils [94]. Gram-negative bacteria, with an addi-
tional outer membrane, often present a greater barrier to hydrophobic agents. However,
certain essential oils can penetrate this layer, demonstrating broad-spectrum activity.

In contrast, the other essential oils, such as lemon, clove, nutmeg, and anise, contain
fewer or less concentrated antimicrobial components. While they may possess some minor
antibacterial properties, the concentration of active substances like citral (lemon), eugenol
(clove), and anethole (anise) might not be sufficient to produce a strong inhibitory effect on
the tested bacterial strains, especially when compared to the potent compounds found in
oregano and laurel oils [95–100].

3.4. Metal Content

The presence of metals in essential oils is influenced by various factors such as plant
species, climatic conditions, soil composition, age of the plant, harvesting period, and
geographical origin. The primary source of these metals is the soil, which the plants absorb
through their root system [101]. According to the literature, elements such as Fe, Cu,
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Ag, and Zn are associated with antimicrobial, antioxidant, and other beneficial biological
activities [102]. The mechanism of antimicrobial action of these ions can destroy the cell
walls and membranes of microbes, leading to leakage of cell contents and eventual cell
death. They can also generate reactive oxygen species in microbial cells, further damaging
cell structures, proteins and DNA. Antioxidant mechanisms such as antioxidants play a
role in reducing oxidative stress in human cells by supporting enzymes such as superoxide
dismutase that neutralize harmful free radicals. This helps to protect cellular components
from oxidative damage and maintain cellular health. In summary, they support immune
defense through their antimicrobial action and help control oxidative damage, which
promotes overall cellular resilience [103]. Conversely, elements such as As, Cd, Pb, and Hg
are known to have toxic effects, even at relatively low concentrations [11].

The general principles of chemical risk assessment came out of four steps: hazard
identification, hazard characterization, exposure assessment, risk characterization, and
toxicokinetic and toxicity aspects [104]. The potential health risks associated with these
elements have been evaluated using the methodology proposed by the US-EPA [105].
The non-carcinogenic risk was estimated based on the target hazard quotients (THQs),
calculated using the formula THQ = CDI/RfD, where CDI represents the chronic daily
intake and RfD represents the chronic reference dose for each heavy metal. The RfDs are
as follows: 1000 (Al), 3 (CrVI), 140 (Mn), 43 (Co), 20 (Ni), 40 (Cu), 300 (Zn), 0.304 (As), 1
(Cd), 0.571 (Hg), and 3.57 (Pb) µg/kg body weight/day [10]. On the other hand, Mg and
Na in these quantities and concentrations are not toxic and only have positive effects on
human health.

The content of metals in the essential oils is shown in Table 8.

Table 8. Metal content in essential oils.

Element
RfD [10], µg/kg

bw/day
Concentration, mg/kg

Lemon Peel Laurel Clove Star Anise Oregano Nutmeg

Cu 50 17.61 6.71 13.03 1.95 21.44 2.91
Zn 300 77.78 7.69 17.69 3.43 15.51 5.24
Al 1000 14.14 28.17 10.17 15.48 29.73 23.47
Co 43 0.06 0.02 0.06 0.03 0.02 0.02
Cr 3 0.51 0.19 0.36 0.37 0.32 0.31
Mn 140 0.95 0.30 0.59 0.71 0.35 0.23
Ni 20 1.03 0.19 0.84 0.09 1.19 0.03
Mg - 12.22 7.41 8.40 6.00 14.33 2.46
Na - 30.75 52.99 35.25 54.66 46.62 17.61
As 0.304 0.48 0.76 0.34 0.19 0.38 0.45
Cd 1 0.05 0.05 0.06 0.01 0.02 0.02
Hg 0.571 0.60 0.71 0.88 0.47 0.46 0.27
Pb 3.57 0.65 0.42 0.79 1.52 0.82 0.62

The RfD indicates the level of exposure at which harm is unlikely, with lower RfDs
reflecting higher toxicity. The results show that elements with greater toxicity (lower RfD)
typically have concentrations below 1.00 mg/kg, while elements with potential antioxidant
properties, such as Cu, Zn, and Al, are found at higher concentrations (above 10 mg/kg) in
the selected essential oils. Other trace elements are also present in very low concentrations
in the essential oils.

Several metals and their compounds are known to possess both antimicrobial and
antioxidant activities [106–108]. These metals play a crucial role in biomedical applications,
food preservation, and environmental protection due to their ability to fight pathogens
and neutralize oxidative stress. Some metals can contribute to the radical scavenging
activity in assays like DPPH and ABTS. Their role depends on factors such as the form of
the metal (nanoparticles or ions), their concentration, the interaction with the essential oil
components and the stability of the metals in the oil. The combination of the activity of the
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metals with the natural antioxidants present in the essential oil could lead to an enhanced
free radical scavenger due to synergistic effects.

4. Conclusions

This study demonstrates the potent antioxidant and antibacterial properties of essential
oils, particularly from bay laurel and oregano. These oils exhibited high radical scavenging
activity in DPPH and ABTS assays due to their rich phenolic and terpene contents, such as
thymol, carvacrol, and eucalyptol. While phenolic content often correlates with antioxidant
activity, the results revealed that non-phenolic compounds and synergistic interactions
between oil constituents also contribute significantly to this activity, explaining why some
oils with lower phenolic content still showed strong scavenging ability.

Bay leaf and oregano oils also demonstrated notable antibacterial effects against
Klebsiella pneumoniae, Pseudomonas aeruginosa, and Staphylococcus aureus, likely due to the
presence of bioactive compounds that disrupt bacterial cell membranes. In contrast, essen-
tial oils from lemon, clove, nutmeg, and star anise showed minimal antibacterial effects,
possibly due to lower concentrations of antimicrobial compounds.

The analysis of metal content in the oils revealed that beneficial metals like Cu, and
Zn were present in safe concentrations, while toxic metals were found at negligible levels,
ensuring the oils’ safety for potential applications. Overall, the study supports the use of
these essential oils as natural antimicrobial and antioxidant agents in various fields.

UV–Vis, FTIR, and 1H-NMR were proved to be valuable methods for main component
detection in essential oils. Characterizing essential oils with UV–Vis, FTIR, GC-MS, and
1H NMR provides a comprehensive understanding of their composition and properties,
with each method offering unique advantages. By combining these methods, researchers
can obtain a comprehensive and multidimensional analysis that ensures a thorough under-
standing of both the chemical composition and functional properties of the essential oil.
Each method complements the others and provides insights into different aspects of the
oil profile.

Six essential oils were evaluated in this study, each containing several main com-
pounds. Each compound may contribute to the bioactivity of the essential oils, and many
of them have synergistic effects. Therefore, it would be interesting for future studies to test
the bioactivity of different combinations of the major components compared to the major
components of each essential oil.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app142311094/s1, Figure S1: Influence of essential oil concentration
on the antioxidant activity determined by DPPH and ABTS assays.
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86. Kivrak, Ş.; Göktürk, T.; Kivrak, İ. Assessment of Volatile Oil Composition, Phenolics and Antioxidant Activity of Bay (Laurus
nobilis) Leaf and Usage in Cosmetic Applications. Int. J. Second. Metab. 2017, 4, 148–161. [CrossRef]

87. Deleanu, M.; Popa, E.E.; Popa, M.E. Chemical Composition and Active Properties Evaluation of Wild Oregano (Origanum
Vulgare) and Ginger (Zingiber Officinale-Roscoe) Essential Oils. Rev. Chim. 2018, 69, 1927–1933. [CrossRef]

88. Suthisamphat, N.; Dechayont, B.; Phuaklee, P.; Prajuabjinda, O.; Vilaichone, R.-K.; Itharat, A.; Mokmued, K.; Prommee, N.
Anti-Helicobacter pylori, Anti-Inflammatory, Cytotoxic, and Antioxidant Activities of Mace Extracts from Myristica fragrans. Evid.
Based Complement. Alternat. Med. 2020, 2020, 7576818. [CrossRef] [PubMed]
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