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Abstract: The genus Syzygium, an important member of the Myrtaceae family, comprises over 1200
species, primarily found in the tropical regions of Asia. Syzygium species are valued throughout their
range for their medicinal and economic importance. Characterized by aromatic shrubs and trees, these
species are prolific producers of essential oils that are widely used for their natural therapeutic effects
in food, medicine, and cosmetics. In recent years, studies have focused on the essential oils of Malaysian
Syzygium species, many of which have reported interesting pharmacological activities. This review
attempts to summarize the information on the essential oils of Malaysian Syzygium species in terms of
their medicinal uses, chemical composition, and bioactivity. The information on Syzygium species was
collected through electronic searches (PubMed, SciFinder, Scopus, Google Scholar, and Web of
Science) and a library search for articles published in peer-reviewed journals. Our results cover eight
Syzygium species in Malaysia and highlight eugenol, caryophyllene, a-pinene, a-humulene, and
viridiflorol as the predominant components. Multivariate chemometric analyses, including hierarchical
cluster analysis (HCA) and principal component analysis (PCA), were used to discriminate the essential
oils based on their chemical profiles. Antibacterial and cytotoxic activities were the most frequently
reported bioactive properties. In addition, molecular docking simulations provided insights into the
binding interactions of the major components with the active sites of enzymes related to these
bioactivities. This review aims to provide comprehensive information on the chemical components and
biological properties of the essential oils of Malaysian Syzygium species and provide guidance for the
selection of accessions or species with optimal chemical profiles.
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1. Introduction

Over millions of years, natural products have evolved a unique chemical diversity that
influences their biological activities and drug-like properties, making them a crucial factor in
the development of new drugs for the treatment of human diseases [1]. Essential oils, in the
form of phytocomplexes, and individual classes of compounds such as polysaccharides,
phenols, alkaloids, steroids, lignins, resins, and tannins, are extracted from plants due to their
great importance in many sectors such as medicine, agriculture, food, and cosmetics. To date,
scientists have identified over 3,000 essential oils from approximately 2,000 different plant
species, with around 300 being commercially used for a wide variety of applications [2].
Research has consistently shown that essential oils exhibit a broad spectrum of
pharmacological activities, including antioxidant, antimicrobial, antiviral, anti-mutagenic, anti-
cancer, anti-inflammatory, and immunomodulatory effects [3].

The genus Syzygium (Figure 1) is one of the largest and most important aromatic and
medicinal plants of the Myrtaceae family, comprising over 1,200 species distributed across
tropical and subtropical regions. Syzygium species are the most representative within the
Myrtaceae family [4]. Common characteristics of Myrtaceae taxa include glossy green leaves
and brightly colored flowers, making them popular ornamental plants. The leaves have oil
glands that make them aromatic when crushed. These plants typically have simple, opposite
leaves with entire margins and bisexual, actinomorphic flowers with numerous stamens. The
flowers have subtended ovaries, and the fruits are usually capsules, berries, or drupes with
many seeds [5].

Figure 1. Malaysian Syzygium species: (a) S. aromaticum; (b) S. polyanthum; (¢) S. dyerianum;
(d) S. malaccense; (e) S. aqueum; (f) S. grande; (g) S. samarangense.

Syzygium species have long been used in traditional medicine to treat diseases,
demonstrating this genus’s economic importance in herbal medicines. For example, the leaves
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of S. aqueum are traditionally used to treat stomach ache, the roots of S. cordatum are used to
treat colds, and the fruits of S. caryophyllum are used to treat diabetes [6]. In Malaysia,
Syzygium species, commonly known as “jambu” and “kelat”, are extensively utilized. The fruits
of Syzygium samarangense (wax apple) and Syzygium malaccense (Malay apple) are often
eaten raw by the local population. “Jambu” is widespread in Malaysia, where these plants are
often found in residential areas, indicating their integration into daily life and traditional
practices. Additionally, the fruit holds value in local markets with increasing consumer demand
for high-quality fruits [7]. Beyond human treatment, Syzygium is also used in the food industry.
S. aromaticum has been found to act as a disinfectant to improve the freshness of fruit for
export [8]. Furthermore, S. cumini has the potential to be used as one of the alternative
treatments for the current COVID-19 outbreak [9].

Extensive research on Syzygium species has led to the identification of numerous
pharmacologically active compounds, including flavonoids, tannins, anthocyanins, and
triterpenoids. They have been extensively investigated as sources of new natural products with
potential antioxidant, antimicrobial, antifungal, anticholinesterase, anti-inflammatory, anti-
tyrosinase, and insecticidal activities [6,10,11]. Recently, interest in essential oils and other
aromatic compounds extracted from plants and used in alternative medicine has increased.
Therefore, a comprehensive review of Syzygium essential oils is needed to consolidate and
summarise the available information. The data for this review were collected through electronic
searches in databases such as Scopus, PubMed, ScienceDirect, SciFinder, and Google Scholar.
This review aims to provide an overview of the chemical composition, biological activities,
and medicinal applications of Malaysian Syzygium essential oils based on all published reports.

Recently, chromatographic fingerprint analysis has become established for quality
control in herbal medicine. It can effectively address problems related to the identification and
authentication of multicomponent substances such as herbal extracts and essential oils.
Combining chromatographic fingerprint data with multivariate analyses enables a
comprehensive understanding of the overall chemical composition [12]. Multivariate analysis,
a statistical technique for analysing complex data sets with multiple variables simultaneously,
has been used extensively in this field to investigate the interactions between different chemical
constituents due to the inherent complexity and diversity of natural products [13]. Principal
component analysis (PCA) is a tool for multivariate exploratory data analysis that helps to
identify similarities and differences between samples, group them together, and examine the
correlations between variables. In contrast, hierarchical clustering analysis (HCA) groups items
based on their similarities using certain characteristic variables. HCA is becoming increasingly
popular in the quality control of plant materials. The combination of PCA and HCA helps to
determine the variation of chemical components in individual Malaysian Syzygium essential
oils and to reveal the relationships between species from different regions and their chemical
compositions. These methods also help researchers to develop ideas about the possible
activities of the chemical clusters of the phytocomplex. PCA and HCA are therefore recognised
as valuable tools for the quality control of herbal medicine [14].

Molecular docking, a well-known biomolecular simulation technique, is used to predict
the binding values of ligand-target complexes with high accuracy. This calculation method
evaluates various energy profiles, including binding energy, binding length, binding strength,
and binding constants. By calculating the interaction strengths and quality between
micromolecular ligands and macromolecular protein targets, molecular docking defines
preliminary interaction parameters [15]. In addition, these techniques facilitate the prediction
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of binding modes and affinities at the molecular or atomic level, which promotes drug
discovery and the identification of new bioactive compounds. Molecular docking, widely used
in drug discovery and virtual screening, helps in the discovery of new active biomolecules,
such as bioactive peptides [16]. Starting from the bioactivities, we perform molecular docking
of the main components in Malaysian Syzygium essential oils to the active sites of the enzymes
related to these bioactivities. The molecular docking simulations were performed using the
AutoDock Vina program integrated in PyRx.

2. Search Strategy

The protocol for conducting this study was designed in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [17]. First,
duplicate articles were excluded. The titles and abstracts were screened based on the inclusion
and exclusion criteria. Next, the full texts of the remaining articles were screened, applying the
criteria again. Figure 2 illustrates the flowchart of the article identification and selection
process, which resulted in the final selection of articles for the study.

STEP1
| Searching database (Total: 161) |
STEP 2 '
Exclusion of duplicated articles

‘v Excluded articles: 73 | Remaining articles: 88
STEP 3
Reading of article and abstract |
[ Excluded articles: 30 ' Remaining articles: S8
. R L
‘ STEP 4
‘ Reading of full article
Excluded articles: 37 R‘-"h"l'";‘ﬂ d;‘lcvlt;zr
(absence of one of the a [
keywords, review | [ HATA COLLECTION |
articles, and full text FOR REVIEW

article not found)

Figure 2. PRISMA flow diagram of included studies.

The systematic review included searches in Scopus, PubMed, ScienceDirect, SciFinder,
and Google Scholar using the keywords ‘Syzygium’, ‘essential oil’, and ‘biological activity’,
covering the period from the start of the respective database to 2025. In addition, a manual
search of the reference lists from included studies was performed as a secondary strategy. The
review included studies on the genus Syzygium reported from Malaysia, focusing on traditional
uses, essential oils, and bioactivities. The inclusion criteria were: (1) original research articles,
(2) articles in English, (3) articles presenting the chemical composition of Malaysian Syzygium
essential oils, and (4) articles discussing the bioactivity of these oils. The exclusion criteria
were: (1) articles without search terms in the title or abstract, (2) review articles, (3)
inaccessible full-text articles, (4) articles in which one of the keywords was missing, and (5)
articles that did not provide information on the composition of the essential oils. Values are
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presented as mean + SEM, and statistical significance was determined using one-way ANOVA.
Differences were considered significant at p < 0.05. To evaluate variations in essential oil
profiles according to geographic origin, multivariate analyses were applied, specifically
principal component analysis (PCA) and hierarchical cluster analysis (HCA). Both PCA and
HCA were conducted using MINITAB Version 16.2.3 statistical software (Minitab
Incorporated, State College, PA, USA).

3. Medicinal Uses

Syzygium species have long been recognised for their medicinal properties. Essential
oils are extracted from various parts of the plant, including leaves, cloves, fruits, roots, stems,
and bark, and are used for different purposes: (i) in medicine, (ii) for direct consumption, and
(ii1) in therapeutic applications. These essential oils are traditionally consumed as daily
remedies to treat ailments and promote overall physical and mental health. They are also widely
used in perfumes, cosmetics, health, medicine, flavoring, and food industries [18]. Table 1
shows the medicinal uses of Malaysian Syzygium species.

Table 1. Medicinal uses of several Malaysian Syzygium species.

Species Local Name Part Medicinal uses
. ‘Haji Samat’, ‘Lebai Samat’, | Leaf, stem, . .
S. dyerianum “Ubai Samak’ To0ts Enhancing sexual desire [4].
Treating asthma, digestive system and respiratory
S aromaticum ‘Pokok Halau Nyamuk’ Clove disorders, headaches, sore throat, toothache, sore gums,

and oral ulcers, and are also employed in dentistry, as
natural repellents, and as herbs and spices [19-22].

: Treating gastritis, hypercholesterolemia, skin diseases
Bay leaves, ‘Serai Kayu’, g g , hyp R ,

S. polyanthum \ - , Leaf diabetes mellitus, malaria, postpartum, hypertension,
Daun Salam’, "Kelat diarrhea, endometriosis, and as herbs and spices [22-24].
S malaccense ‘Jambu Bol’, ‘Jambu Fruit, Root, Used in dermatological, digestive, head and throat, and
) Merah’, Malay Apple Leaf endocrine remedies [25].
S. aqueum Watery Rose Apple, Water Leaf, Root Treating a crackeq tongue, 'rehevmg itching, and
Apple reducing swelling [26].
S. grande Sea Apple, ‘Jambu Ayer Fruit Treating cough, piles, tooth diseases, dysentery,

Laut’, ‘Jambu Laut’, ‘Jemba’ bronchitis, and diabetes [27].

Treating edema, skin itching, menstrual pain, asthma,
bronchitis, fever, waist pain, mouth ulcers, sore throat,

. s Fruit, Leaf, and high blood pressure. They also act as stimulants to
Wax Apple, ‘Wax Jambu’, Flower, . . . . L
S. samarangense . e . increase urine levels, improve blood circulation in the
Jambu Air’, Bell Fruit Root, . . .
Stem. Bark pelvis and uterus, serve as astringents for treating

diarrhea, relieve thirst, treat a cracked tongue, reduce
swelling, and relieve itching [28,29].

4. Chemical Composition of Essential Oils

In earlier studies, we have analysed the composition of the essential oils from eight
Syzygium species. These species include S. aromaticum, S. polyanthum, S. pyrifolium, S.
cerinum, S. dyerianum, S. fliforme, S. malaccense, and S. variolosum. They were mainly found
in Pahang, as well as in Selangor, Terengganu, and Kuala Lumpur. One species, namely, S.
aromaticum, was purchased from a local market in Malaysia [30]. The essential oils were
mainly extracted from the leaves, cloves, stems, and fruit of these plants. The essential oil of
S. aromaticum has been extensively studied in Malaysia, especially its clove part. This oil
contains significant amounts of eugenol, ranging from 24.3% to 74.0%, and caryophyllene,
ranging from 7.5% to 19.4%. Remarkably, the clove essential oil of S. aromaticum from
Selangor contains the highest number of components, with fifty-two identified constituents.
Due to its versatility and numerous benefits, S. aromaticum was considered the most
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remarkable species within the genus Syzygium. Meanwhile, S. dyerianum has the highest
percentage of total oils with thirty-one identified constituents, accounting for about 99.5% of
the total oils [4]. The chemical analysis of the essential oils of Syzygium shows that the oil is
mainly composed of oxygenated monoterpenes, sesquiterpene hydrocarbons, oxygenated
sesquiterpenes, phenylpropanoids, ketones, fatty acids, and alcohols. Table 2 shows the major
constituents identified in the essential oils of Syzygium from different states in Malaysia.

Table 2. Major components identified from the essential oils of Malaysian Syzygium species.

Species I(Jﬁza;)lég Part To(tz;}ol)\lo. Method (Yield) Major components
S. Pahang Leaf 31 Hydrodistillation | p-Pinene (15.6 %), a-terpineol (13.3%),
dyerianum (SDL) (99.5%) (0.2%) a-pinene (11.1%) [4].
Steam Eugenol (49.0%), caryophyllene
Tirseggcgf)n“ F lg’cvjzrvz)“d (71900/) distillation (7.5%), 2-propanone (4.2%),
e (3.0%) methylhydrazone (5.6%) [19].
Selangor 0 Igobomyl propanoate (53.2 %), (E)-
(SAC3) Clove (71.3%) NS 1soeugenol((11 ; ;;t )“/E;,O )j-muurolene
. 0 .
S. Pahang Clove 30 Hydrodistillation Eugenol (48.9%), B-caryophyllene
aromaticum (SAC4) (88.7%) (NS) (19.4%), eugenol acetate (11.8%) [21].
Local market Leaf 10 NS Eugenol (65.8%), eugenol acetate
(SAL) (98.5%) (19.2%), caryophyllene (8.6%) [30].
Local market 12 Eugenol (74.0%), caryophyllene
(SAF) Floralbud 1 ¢ 1o/ NS (12.g2%), o(c—humuienerzl.g"/zl) [30].
Kuala Lumpur Clove 10 Hydrodistillation Eugenol (24.3%), phenol (18.2%),
(SAC2) (56.0%) (NS) caryophyllene (9.4%) [31].
TS Hexanoic acid (12.2%), methyl
Selangor 15 Hydrodistillation . o o
¢ (SML) Leaf (64.1%) (104.1mg) salicylate (8.3 A>),[235-§1exen-l—ol (7.8%)
malaccense Selangor ' 1 Hydrodistillation n-Hexade;canqw acui)l (18.6%), 9-
(SMF) Fruit (51.8%) (89.2mg) octadecynoic .amd 9.4%), (£,2)-9-12-
octadecadien-1-0/ (6.9%) [25].
Selangor Leaf 18 Hydrodistillation Trans-p-nerolidol (30.9%), farnesol
(SPOL1) (62.2%) (0.24%) (6.2%), viridiflorol (2.3%) [23].
Selangor Stem 23 Hydrodistillation | Cubenol (14.2%), n-hexadecanoic acid
S. (SPOS) (56.8%) (0.09%) (11.2%), a-cadinol (6.9%) [23].
polyanthum Terengganu Leaf 29 Hydrodistillation | a-Pinene (38.5%), octanal (21.0%), (E)-
(SPOL3) (95.2%) (1.6%) methyl-cinnamate (7.2%) [24].
Pahang Leaf 34 Hydrodistillation o-Pinene (30.9%), octanal (18.3%),
(SPOL2) (93.9%) (NS) caryophyllene (6.2%) [32].
. Pahang 39 Hydrodistillation | p-Caryophyllene (22.2%), a-humulene
8. cerinum (SCE) Leaf (95.8%) (0.2%) (19.8%), B-selinene (7.2%) [33].
S. Pahang Leaf 32 Hydrodistillation | Geraniol (73.8%), f-pinene (7.0%), a-
pyrifolium (SPYL) (99.5%) (0.9%) pinene (5.7%) [34].
S. Pahang Leaf 32 Hydrodistillation | p-elemene (20.2%), bicyclogermacrene
variolosum (SVL) (98.9%) (0.15%) (13.5%), viridiflorol (11.1%) [35].
. Pahan, 34 Hydrodistillation | a-Cadinol (23.3%), t-muurolol (9.1%),
S. filiforme (SFL)g Leaf (96.1%) g (0.1%) geraniol (6.6%) [36].

NS - not stated

The main components of Syzygium essential oils were oxygenated monoterpenes and
sesquiterpene hydrocarbons. Eugenol was identified as the predominant component in the
clove oil of S. aromaticum [19, 21, 30,31]. Among sesquiterpene hydrocarbons, caryophyllene
was also a major constituent, found significantly in the clove oil of S. aromaticum [19, 21,
30,31] and in the leaf oil of S. polyanthum [32]. Additionally, S-caryophyllene, an isomer of
caryophyllene, was abundant in the clove oil of S. aromaticum [21] and in the leaf oil of S.
cerinum [33]. Furthermore, a- and f-pinene were dominantly present in the leaf oils of S.
polyanthum [32,24], S. pyrifolium [34], and S. dyerianum [4]. In other studies, a-humulene was
found in the floral bud oil of S. aromaticum [30] and S. cerinum [33], while f-elemene was
detected in the leaf oil of S. variolosum [35].
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Additionally, oxygenated sesquiterpenes were found in several Syzygium essential oils.
Viridiflorol was present in the leaf oil of S. polyanthum [23] and S. variolosum [35]. Geraniol
was an abundant constituent in the leaf oil of S. pyrifolium, with a high percentage (73.8%)
[34] compared to S. filiforme, which had only 6.6% [36]. Conversely, a-cadinol was the
principal compound in the leaf oil of S. filiforme with 23.3% [36] compared to the stem oil of
S. polyanthum, which contained only 6.9% [23]. Meanwhile, trans-f-nerolidol and cubenol
were significant constituents in the leaf oil of S. polyanthum [23]. On the other hand, fatty acids
were also found as major constituents in the oil. Hexanoic acid was identified in the leaves,
while n-hexadecanoic acid was found in the fruits of S. malaccense oil [25].

The differences in the chemical composition of Syzygium species can be attributed to a
variety of factors, including the stages of development and the different habitats from which
the plants were collected. The intricate interplay of climatic conditions, vegetation stages, and
genetic variations influences the chemical and biological diversity observed in aromatic and
medicinal plants such as those of the genus Syzygium. These factors shape the biosynthetic
pathways in plants and thus change the relative proportions of the most characteristic
compounds. As secondary metabolites, essential oils play a central role in plant adaptation by
enhancing resistance to biotic (e.g., pathogens and herbivores) and abiotic (e.g., UV radiation
and temperature extremes) stress factors. During periods of water stress and elevated
temperatures, terpenes volatilize and generate air currents that contribute to cooling the plant
and reduce transpiration, leading to increased terpene production. In addition, climatic
conditions, including temperature and humidity, as well as edaphic factors such as altitude and
soil conditions, significantly influence essential oil yield [37].

5. Biological Activities

The literature emphasises the need for extensive research into the pharmacological
properties of the essential oils of Syzygium species. While some studies have revealed their
biological activities, which include antimicrobial, antioxidant, and cytotoxic effects, there
remains a great potential that has not yet been fully realized. The traditional use of the genus
Syzygium reveals its rich medicinal diversity. However, many species traditionally used to treat
various diseases are still largely unexplored regarding their bioactivity. This presents a
promising avenue for the discovery of new pharmacological properties within this genus. The
elucidation of the properties of essential oils is of great importance, as it is essential for
functional food and pharmaceutical applications. In the case of Malaysian Syzygium essential
oils, significant antibacterial [19-20,22,30,31] and cytotoxic [23,35,36] activities have been
predominantly reported, with detailed results listed in Table 3.

Table 3. Bioactivity of the essential oils of Malaysian Syzygium species.

Bioactivity Species Description
The leaf oil showed activity against Candida albicans and Streptococcus mutans
with MIC values of 125 and 250 pg/mL, respectively [4].
The leaf oil decreases the biofilm formation by 20.11% for Candida albicans and
32.10% for Streptococcus mutans at a concentration of 250 pg/mL [4].
The flower bud (clove) oil showed activity against Escherichia coli and
Streptococcus agalactiae, with MIC values 0.062 pg/mL and 0.015 pg/mL,
respectively [19].
The clove oil showed activity against Enterococcus faecalis and Streptococcus
mutans with MIC values of 0.63 mg/ml and 1.25 mg/ml, respectively [20].
The leaf oil showed activity towards Streptococcus aureus and Klebsiella aerogenes
with inhibition zones of 27.18 mm and 19.45 mm, and MIC/MBC values of
0.125/0.125% and 0.125/0.125%, respectively [30].

Antifungal S. dyerianum

Antibiofilm S. dyerianum

Antibacterial S. aromaticum
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Bioactivity Species Description
The clove oil showed activity towards Streptococcus mutans and S. anginosus with
inhibition zones of 10.33mm and 11.00mm, and MIC/MBC values of 100/400 pg/ml
and 100/200 pg/ml, respectively [31].
The leaf oil showed DPPH radical scavenging with an ICso value of 75.6 ug/mL
[33].

The leaf oil showed strong inhibitory activity on acetylcholinesterase (AChE)

Acetyl- enzyme with a percentage of inhibition of 82.5% [34].
cholinesterase . The leaf oil showed AChE activity at a concentration of 1,000 pg/mL with 35.2%

S. variolosum o ..
inhibitory activity [35].

Antioxidant S. cerinum

S. pyrifolium

An.tl_ S. variolosum The leaf oil showed activity of tyrosinase inhibition with 42.5% [35].
tyrosinase

Anti- . The leaf oil showed activity at a concentration of 1,000 ug/mL with 48.6%
. S. variolosum R .
inflammatory inhibitory activity [35].

The leaf oil showed toxicity against human peripheral blood mononuclear cells
S. polyanthum (PBMCs) with a maximum concentration of 11.0 mg/mL and a percentage of cell
viability of 72.6-94.0% [23].

Cytotoxicity The leaf oil showed activity against three cancer cell lines, HepG2, MCF7, and

8. filiforme A549, with the ICso values of 95.2, 90.2, and 92.5 pg/mL, respectively [35].

The leaf oil showed toxicity against cancer cell lines HepG2, MCF7, and A549 with
ICso values of 88.1, 70.2, and 75.5 pg/mL, respectively [36].

S. variolosum

Notably, two essential oils from Syzygium have shown promising antibacterial activities
against Gram-negative bacteria (Escherichia coli and Salmonella enteruica): S. aromaticum
[19] and S. polyanthum [22]. Meanwhile, S. aromaticum from Kuala Lumpur, sourced from
local markets, showed remarkable activity against Gram-positive bacteria, including
Streptococcus mutans, S. anginosus, S. oralis, S. mitis, S. pneumoniae, S. salivaris, and S.
aureus [30,31]. Eugenol, the main component most commonly identified in the above-
mentioned essential oils of Syzygium, has a bacteriostatic effect against Gram-positive and
Gram-negative bacteria by damaging the cell membrane, resulting in a low static effect on
bacterial growth [38,39]. The cytotoxicity of the essential oils of three Syzygium species has
already been reported. In particular, the leaf oil of S. polyanthum showed toxicity towards
human peripheral blood mononuclear cells (PBMCs) [23].

Meanwhile, the leaf oils of S. filiforme and S. variolosum showed toxicity against
various cancer cell lines, including HepG2, MCF7, and A549 [35,36]. In eukaryotic cells such
as PBMCs, essential oils have been observed to cause depolarisation of mitochondrial
membranes, thereby lowering the membrane potential and contributing to the observed
cytotoxic effects [40]. In addition, the composition of these essential oils includes a variety of
bioactive compounds, including terpenes and phenols, which can disrupt cellular processes by
interacting with cell membranes, proteins, and DNA, thereby triggering cell death. Terpenes,
for example, can affect the integrity of cell membranes, while phenols have the ability to
generate reactive oxygen species (ROS), which trigger oxidative stress and damage cellular
components. This complex mechanism is likely responsible for the cytotoxic effects observed
in both normal and cancer cells [41]. Other reported biological activities of Syzygium essential
oils include inhibition of acetylcholinesterase, antioxidant, antifungal, antibiofilm,
antityrosinase, and anti-inflammatory properties.

6. Molecular Docking Analyses

Molecular docking of the main components of the Malaysian Syzygium essential oils
was performed on the active sites of the enzymes associated with the reported bioactivities.
The 3D structures of the main essential oil compounds from each Syzygium species, as shown
in Table 4 and Figure 3, were downloaded from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov/) in SDF format [42]. Then, optimization of the structures,
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including energy minimization and molecular dynamics, was performed separately using the
OpenBabel tool in PyRx software with default parameters [43]. The parameters used included
100 steps of the steepest descent with a step size of 0.02 (A), followed by 100 steps of the
conjugate gradient, also with a step size of 0.02 (A), and an update interval of 10 [44]. To
validate the docking protocol, redocking was performed using the co-crystallized ligands of
selected target proteins. The root-mean-square deviation (RMSD) between the docked and
crystallographic ligand poses was calculated. All RMSD values were within acceptable limits
(2.0 A), confirming the reliability of the docking protocol.

Table 4. Binding free energy of major components in Malaysian Syzygium essential oils against key enzymes.

. Major component . Binding energy
Species (PubChem CID) EOs Drug target protein (keal/mol)
1C14 (E. coli) -6.1
SACI 6YOC (8. agalactiae) -5.5
Eugenol SAC2 3L9T (S. mu.tans) -5.0
g » (3314) 3BIE (S. anginosus) -5.3
- aromaticum SAL TRWZ (S. aureus) 5.3
1FWIJ (K. aerogenes) -3.8
Isobornyl propanoate SAC3 3CLQ (E. faecalis) -4.3
(23617864) 3L9T (S. mutans) -4.3
Trans-f-nerolidol 5GMM (Human peripheral
S. polyanthum (8888) SPOL1 blood mononuclear cells) 6.2
. 8SZL (HepG2) -54
S. filiforme (‘116(333‘81?5061) SFL 6HQU (MCF7) 5.8
601T(A549) -6.4
8SZL (HepG2) 4.6
6HQU (MCF7) -5.3
. f-elemene 601T (A549) -6.2
S. variolosum (6918391) SVL 6TTO (AChE) -8.7
2Y9X (Tyrosinase enzyme) -5.6
1YPQ (5-LOX) 4.7
e Geraniol
S. pyrifolium (637566) SPYL 6TTO (AChE) -6.6
. S-Caryophyllene
S. cerinum (5281515) SCE 3N2S (DPPH) -5.6
. [-Pinene 1IYL (C. albicans) -5.9
S. dyerianum (14896) SDL 3L9T (S. mutans) 52
HO@\A ©

Eugenol Isobornyl propanoate
H\_/
2 x 3
HO 3
=
H:bH
trans-f-nerolidol a-Cadinol
) =" 0H
|
f-elemene Geraniol
@ 7%)
f-Caryophyllene f-Pinene

Figure 3. Chemical structures of major components of Malaysian Syzygium essential oils.

https://nanobioletters.com/

9 of 18


https://doi.org/10.33263/LIANBS143.180
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS143.180

The 3D crystal structures of the target enzymes were downloaded from the Research
Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB)
(https://www.rcsb.org/) in PDB format [45]. The PDB codes for the enzymes were as follows:
1C14 (E. coli), 6YOC (S. agalactiae), 3L9T (S. mutans), 3B1E (S. anginosus), TRWZ (S.
aureus), 1FWJ (K. aerogenes), 3CLQ (E. faecalis), SGMM (Human peripheral blood
mononuclear cells), 8SZL (HepG2 cell line), 6HQU (MCF7 cell line), 601T (A549 cell line),
6TTO (AChE), 2Y9X (tyrosinase enzyme), 1YPQ (5-LOX), 3N2S (DPPH), and 1IYL (C.
albicans). Docking of the optimized structures to the active sites of these enzymes was
performed using the PyRx virtual screening tool with the AutoDock Vina Wizard approach to
evaluate the interactions between the major components and enzyme receptors. The X, Y, and
Z grid box center values were adjusted to ensure sufficient coverage of the binding pocket
residues, allowing the ligands to move freely [44]. The optimal binding free energy values were
determined using the PyRx virtual screening tool, both from the GUI and log files. The selected
docking poses were determined by comparing their alignment with the X-ray structure of the
reference ligand for each respective enzyme [46].

Table 4 summarises the binding free energy values (in kcal/mol) of the main
components of the different Malaysian Syzygium essential oils against various target proteins
(enzymes) from different species. The free energy of binding reflects the strength of the
interaction between a ligand (in this case, the major component of the oil) and a particular
target protein, with lower (more negative) values indicating stronger binding [47]. The range
of binding energies observed in this study highlights the varying strength of interactions
between the essential oil components and their respective protein targets. Compounds
exhibiting strong binding (below -6.0 kcal/mol), such as f-elemene with the AChE enzyme (-
8.7 kcal/mol), a-cadinol with the A549 cell line (-6.4 kcal/mol), and geraniol with AChE (-6.6
kcal/mol), show high affinity for their target proteins, suggesting potential efficacy in inhibiting
these proteins. Moderate binding energies (between -6.0 and -5.0 kcal/mol), such as those
observed for eugenol against various bacteria (-5.0 to -5.5 kcal/mol) and f-elemene with the
MCEF7 cell line and the enzyme tyrosinase (-5.3 to -5.6 kcal/mol), indicate moderate affinity.
These compounds may still be effective, though higher concentrations might be required to
achieve optimal biological activity. Weak binding energies (above -5.0 kcal/mol), as observed
with eugenol against K. aerogenes (-3.8 kcal/mol) and multitarget isobornyl propanoate (-4.3
kcal/mol), indicate fewer effective interactions that may benefit from further chemical
optimisation to improve efficacy at lower concentrations.

Numerous components show activity against multiple targets, indicating potential
broad-spectrum biological activities. The binding energy data (kcal/mol) allow the study and
comparison of the binding affinity between different ligands or compounds and their respective
target receptor molecules. The binding energy is defined as the total internal energy minus the
energy associated with the unbound system [48]. A lower binding energy indicates a stronger
affinity of the ligand for the receptor, which makes it appear more favourable in the docking
results and suggests its potential as a drug candidate for further research [49]. f-Elemene from
S. variolosum (SVL) shows the strongest binding to the AChE enzyme (6 TTO0) with a binding
energy of -8.7 kcal/mol. Eugenol from S. aromaticum (SAC) demonstrated binding to multiple
bacterial enzymes, highlighting its potential antibacterial properties. Additionally, a-cadinol
from S. filiforme (SFL) and f-elemene from S. variolosum (SVL) showed significant binding
energies against cancer cell line targets (HepG2, MCF7, A549), indicating potential anticancer
activity. The binding free energy data emphasise the diversity of binding affinities among the
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components of Malaysian Syzygium essential oils for a range of enzyme targets. This diversity
not only indicates their potential as versatile bioactive compounds but also emphasises their
prospective therapeutic utility in a range of conditions, including bacterial infections, cancer,
and other diseases. The strong binding of f-elemene to AChE, in particular, indicates a
promising area for further exploration of its potential applications.

7. Multivariate Chemometric Analyses

Interpretation of the results and evaluation of the influence of geographical origin on
chemical composition were carried out by subjecting the major constituents of Syzygium
essential oils from different Malaysian locations to multivariate chemometric analyses,
specifically hierarchical cluster analysis (HCA) and principal component analysis (PCA). HCA
and PCA were performed using MINITAB Version 16.2.3 statistical software (Minitab
Incorporated, State College, PA, USA). Prior to the chemometrics analyses, the spectral data
of the Malaysian Syzygium essential oils were recorded in a Microsoft Excel spreadsheet. These
statistical analyses were used for calculations to point out some considerations regarding the
similarities between each of the Syzygium species. The data for the diagrams were first created
using the PCA technique, which depicts both the oil samples (objects) and the first three main
components of the oil (variables). The HCA was then performed to create a classification tree
that organized the locations of the samples (objects). By combining these two methods, it was
possible to determine the relationship between all the Malaysian Syzygium species studied and
their essential oil compositions [50].

The HCA technique shows three clusters: Cluster I, Cluster II, and Cluster III (Figure
4). The first cluster (Cluster I) contained S. aromaticum from clove oil (SAC1, SAC2, SAC4),
floral oil (SAF), and leaf oil (SAL) due to a similar high abundance of eugenol (24.3-74.0%)
and caryophyllene (7.5-19.4%).

Dendrogram
Complete Linkage, Correlation Coefficient Distance

r—— _l_

Cluster]IT

63.21

Clusten I

Similarity

gLl w Cluster III
100.00 F'——‘J:‘ —

N 3 % ™ £V » < 5 >
& F X RSl S S

Variables
Figure 4. HCA analyses of Malaysian Syzygium essential oils.

In addition, the second cluster (Cluster II) had the highest number of species, namely,
S. aromaticum (SAC3), S. cerinum (SCE), S. polyanthum (SPOS, SPOL1), S. malaccense
(SMF, SMVL), S. pyrifolium (SPYL), S. fliforme (SFL), and S. variolosum (SVL). PCA biplot
analysis revealed that the main compounds in this group were 2-propanone, methylhydrazone,
phenol, isobornyl propanoate, (E)-isoeugenol, y-muurolene, f—caryophyllene, eugenol acetate,
a-humulene, trans-f-nerolidol, farnesol, viridiflorol, cubenol, n-hexadecanoic acid, a-cadinol,
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geraniol, p-selinene, z-muurolol, hexanoic acid, methyl salicylate, 3-hexen-1-ol/, 9-
octadecynoic acid, (Z, Z)-9-12-octadecadien-1-0/, f-elemene, and bicyclogermacrene. The
third cluster (Cluster III) consisted of S. polyanthum (SPOL2, SPOL3) and S. dyerianum
(SDL), which were characterised by the presence of a- and f-pinene, octanal, (£)-methyl-
cinnamate, and a-terpineol. PCA scatter biplot (Figure 5) showed the same results as HCA,
affirming the differentiation of the three clusters.

0.2-

0.1 Cluster II
0.0
e
g -o1
:?: Cluster I
c -0.2
(o]
Q.
g
S -03
o Cluster IIT
S -04
()
wv
-0.5
-0.6
07 = 3 T T T
-0.5 -0.4 -0.3 0.2 0.1 0.0

First Component (67%)
Figure 5. PCA analyses of Malaysian Syzygium essential oils.

Five factors were identified that account for the cumulative variation (12.60%-54.30%)
in the data, each with a corresponding eigenvalue and variance (Table 5). The first principal
component, accounting for 12.60% of the variation with an eigenvalue of 3.92, was considered
the most significant. The main contributors to this factor were 3-hexen-1-o/, 9-octadecynoic
acid, and (Z, Z2)-9-12-octadecadien-1-0/, all with an eigenvalue of 3.92 and a significance level
of 12.60%. Viridiflorol was the only significant contributor to factor 3, explaining 10.40% of
the variance with an eigenvalue of 3.22. For factor 5, a-pinene was the only significant
contributor, explaining 10.00% of the variance with an eigenvalue of 3.09. The fourth principal
component explained 10.30% of the variance with an eigenvalue of 3.10 and represented
isobornyl propanoate, (E)-isoeugenol, y-muurolene, z-muurolol, hexanoic acid, and methyl
salicylate. The second main component had no significantly related components.

Table 5. Eigenvalues and cumulative variance of the factors derived from principal component analysis (PCA)
of the chemical composition of essential oils from Malaysian Syzygium species

Composition Factors
1 2 3 4 5

Eugenol 0.19 -0.36 -0.08 0.01 -0.23
Caryophyllene 0.18 -0.32 -0.06 0.01 -0.08
2-Propanone, methylhydrazone 0.07 -0.14 -0.03 0.01 -0.08
Phenol 0.08 -0.14 -0.03 0.01 -0.08
Isobornyl propanoate 0.02 0.17 0.31 0.41* -0.13
(E)-Isoeugenol 0.02 0.17 0.31 0.41* -0.13
y-Muurolene 0.02 0.17 0.31 0.41* -0.13
p—Caryophyllene 0.09 -0.16 -0.04 0.01 -0.17
Eugenol acetate 0.11 -0.20 -0.05 0.01 -0.15
a-Humulene 0.09 -0.17 -0.04 0.01 -0.15
Trans-f-nerolidol 0.02 0.26 -0.26 0.01 -0.07
Farnesol 0.02 0.26 -0.26 0.01 -0.07
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Composition Factors
1 2 3 4 5

Viridiflorol 0.03 0.38 -0.48* 0.01 -0.11
Cubenol -0.15 -0.01 0.01 0.01 0.01
n-Hexadecanoic acid -0.45 -0.07 -0.01 0.01 -0.01
a-Cadinol -0.14 0.01 0.01 0.01 0.01
a-Pinene 0.08 0.01 0.05 0.01 0.54*
Octanal 0.07 -0.03 0.03 0.01 0.34
(E)-methyl-cinnamate 0.04 0.01 0.03 0.01 0.29
Geraniol 0.04 0.04 0.04 0.01 0.36
p-Pinene 0.05 -0.10 -0.03 0.01 -0.11
pS-Selinene 0.03 0.03 0.03 0.01 0.29
a-Terpineol -0.03 0.02 0.01 0.01 0.01
t-Muurolol 0.01 0.17 0.31 -0.41* -0.13
Hexanoic acid 0.01 0.17 0.31 -0.41* -0.13
Methyl salicylate 0.01 0.17 0.31 -0.41* -0.13
3-Hexen-1-o0l -0.46* -0.10 -0.02 0.01 -0.02
9-Octadecynoic acid -0.46* -0.09 -0.02 0.01 -0.02
(Z, Z)-9-12-octadecadien-1-ol -0.46* -0.09 -0.02 -0.01 -0.02
f-elemene 0.02 0.23 -0.31 0.01 -0.07
Bicyclogermacrene 0.02 0.23 -0.26 0.01 -0.07
Eigenvalue 3.92 3.40 3.22 3.19 3.09

% of variance 12.60 11.00 10.40 10.30 10.00
Cumulative (%) 12.60 23.60 34.00 44.30 54.30

*significant > 0.4

The separation emphasized by the HCA and PCA analyses of the investigated essential
oils can be attributed to the significant influence of geographical variations on the chemical
composition of the essential oils. The composition of essential oils is shaped by multiple
determinants, such as genetic and evolutionary traits, environmental and geographical factors,
physiological conditions, socio-political influences, and the timing of harvest [13].
Consequently, genetically and climatically diverse plants grown in their natural habitats can
serve as valuable sources for the discovery of new chemotypes, which is particularly important
for the cosmetic, perfume, pharmaceutical, and food industries. Understanding metabolite
diversity in plants from different natural habitats helps to determine the optimal growing
conditions for plant domestication and breeding. In addition, the chemical variability of
Syzygium essential oil due to geographical differences should be considered for different
pharmaceutical applications [51-53].

Evidence from other geographical regions reinforces this observation. A comparison of
Malaysian Syzygium essential oils with those reported from other regions reveals distinct
chemotypic patterns. For instance, clove bud oil from Indonesia and Madagascar consistently
contains very high eugenol content (77-82%), along with differing levels of eugenol acetate
(2.8-10.6%) and caryophyllene (2.8-8.6%). In contrast, Malaysian S. aromaticum exhibits a
broader composition diversity, with eugenol ranging from 24.3% to 74.0%, and notable
proportions of other minor oxygenated terpenoids. Similarly, leaf essential oils of S. cumini
from India are dominated by 7-cadinol and r-muurolol (21.4% and 12.0% respectively), while
samples from Brazil and Egypt predominantly feature a-pinene, f-pinene, (E)-f-caryophyllene,
a-terpineol, and caryophyllene oxide [55]. These differences illustrate the influence of
ecological, climate, and genetic factors on essential oils chemotype and underscore the
uniqueness of Malaysian Syzygium species as potential sources of novel bioactive compounds.

8. Conclusions

This article reviews the relevant literature on the medicinal uses, chemical composition,

and bioactivity of essential oils from Malaysian Syzygium species. Research shows that the
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essential oils of Syzygium species contain monoterpenes and sesquiterpenes that exhibit
potential bioactivities such as antibacterial and cytotoxic properties. Significant differences in
the chemical composition of the essential oils of Syzygium species collected from different
locations were highlighted. Molecular docking was employed to elucidate the interactions
between the bioactive components of these oils and target proteins. Hierarchical cluster
analysis (HCA) and principal component analysis (PCA) were used to identify three different
clusters based on their similarities. The observed diversity in quantitative and qualitative
components may be attributed to genetic variations or environmental conditions affecting the
plant material from different geographic locations. Further pharmacological studies are
necessary to explore the full therapeutic potential of Syzygium species. Additionally, preclinical
analyses and clinical trials, similar to those conducted for essential oils from other species, are
needed to assess the potential of Syzygium essential oils for drug development. The data
collected in this review may prove valuable in selecting species with high potential for
applications in the pharmaceutical industry.

Author Contributions

Conceptualization, W.M.N.H.W.S.; methodology, A.S.S.; writing original draft preparation,
F.A.M.R.; review and editing, S.G., N.J.A., and M.H.A. All authors have read and agreed to
the published version of the manuscript.

Institutional Review Board Statement

Not applicable.

Informed Consent Statement

Not applicable.

Data Availability Statement

Data supporting the findings of this study are available upon reasonable request from the
corresponding author.

Funding

This research was supported by the Geran Penyelidikan Universiti (Kecemerlangan@UPSI)
under grant number 2025-0012-103-01, funded by Universiti Pendidikan Sultan Idris.

Acknowledgments

The authors would also like to thank the Department of Chemistry, Faculty of Science and
Mathematics, UPSI, for its research facilities.

Conflicts of Interest

The authors declare no conflict of interest.

https://nanobioletters.com/ 14 of 18


https://doi.org/10.33263/LIANBS143.180
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS143.180

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

Salleh, W.M.N.H.W.; Tawang, A.; Jauri, M.H. Mini-Review on Phytochemistry and Pharmacological
Studies of Piper regnellii (Miq.) C.DC. Biointerface Res. Appl. Chem. 2022, 12, 1791-1802,
https://doi.org/10.33263/BRIAC122.17911802.

Gupta, I.; Singh, R.; Muthusamy, S.; Sharma, M.; Grewal, K.; Singh, H.P.; Batish, D.R. Plant Essential
Oils as Biopesticides: Applications, Mechanisms, Innovations, and Constraints. Plants 2023, 12, 2916,
https://doi.org/10.3390/plants12162916.

Azman, N.N.A.N.M.A.; Salleh, W.M.N.H.W.; Ghani, N.A. Essential oils composition and bioactivities of
most prevalent species of genus Piper in Malaysia: a scope review. Rivista Italiana Delle Sostanze Grasse
2023, 100, 109-116.

Rahim, F.A.M.; Salleh, WM.N.H.W.; Arzmi, M.H.; Salihu, A.S. Chemical composition, antifungal,
antibiofilm, and molecular docking studies of Syzygium dyerianum essential oil. Z. Naturforsch. C 2024,
79, 179-186, https://doi.org/10.1515/znc-2023-0133.

Mitra, S.K.; Irenaecus, T.K.S.; Gurung, M.R.; Pathak, P.K. TAXONOMY AND IMPORTANCE OF
MYRTACEAE. Acta Hortic. 2012, 959, 23-34, https://doi.org/10.17660/ActaHortic.2012.959.2.

Kadir, N.H.A.; Salleh, W.M.N.H.W.; Ghani, N.A. A systematic review on essential oils and biological
activities of the genus Syzygium (Myrtaceae). Rivista Italiana Delle Sostanze Grasse 2022, 99, 165-178.
Nigam, V.; Nigam, R.; Singh, A. Distribution and Medicinal Properties of Syzygium species. Curr. Res.
Pharm. Sci. 2012, 2, 73-80.

Soraggi Battagin, T.; Nicolas Caccalano, M.; Dilarri, G.; Felipe Cavicchia Zamuner, C.; Alleoni, N.;
Leonardo Saldanha, L.; Bacci Jr, M.; Ferreira, H. Syzygium aromaticum (clove) essential oil: An alternative
for the sanitization of citrus fruit in packinghouses. J. Food Process. Preserv. 2021, 45, ¢15496,
https://doi.org/10.1111/jfpp.15496.

Nur Sofiatul, A.; Viol Dhea, K.; Muhammad Hermawan, W.; Ahmad Affan Ali, M.; Rasyadan Taufiq, P.;
Dora Dayu Rahma, T.; Muhammad Badrut, T.; Vikash, J.; Devni Prima, S.; Muhammad Thoriq, A.; Devi,
P.; Muhammad Arya, G.; Muhammad Raffi, G.; Riso Sari, M.; Muhardi; Budhi, O.; Trisna Kumala, S.;
Titi, S.; Putri, A.; Mirella Fonda, M.; Ansori, A.N.M.; Rahadian, Z. In Silico Screening of Bioactive
Compounds from Syzygium cumini L. and Moringa oleifera L. Against SARS-CoV-2 via Tetra Inhibitors.
Pharmacogn. J. 2022, 14,267-272, https://doi.org/10.5530/pj.2022.14.95.

Chua, L.K.; Lim, C.L.; Ling, A.P.K.; Chye, S.M.; Koh, R.Y. Anticancer Potential of Syzygium Species: a
Review. Plant Foods Hum. Nutr. 2019, 74, 18-27, https://doi.org/10.1007/s11130-018-0704-z.

Uddin, A.B.M.N.; Hossain, F.; Reza, A.S.M.A.; Nasrin, M.S.; Alam, A.H.M.K. Traditional uses,
pharmacological activities, and phytochemical constituents of the genus Syzygium: A review. Food Sci.
Nutr. 2022, 10, 1789-1819, https://doi.org/10.1002/fsn3.2797.

Mahboubifar, M.; Zidorn, C.; Farag, M.A.; Zayed, A.; Jassbi, A.R. Chemometric-based drug discovery
approaches from natural origins using hyphenated chromatographic techniques. Phyfochem. Anal. 2024,
35, 990-1016, https://doi.org/10.1002/pca.3382.

Salleh, W.M.N.H.W.; Shaharudin, S.M. Multivariate statistical analysis of the essential oils of five
Beilschmiedia species from Peninsular Malaysia. Bol. Latinoam. Caribe Plant. Med. Aromat. 2021, 20,
61-70, https://doi.org/10.37360/blacpma.21.20.1.5.

Zaini, N.N.M.; Salleh, W.M.N.H.W_; Salihu, A.S.; Shaharudin, S.M. Assessment of Variability of Essential
Oil Components in the Genus Lindera (Lauraceae) by Multivariate Analysis. Malays. J. Chem. 2024, 26,
271-280, https://doi.org/10.55373/mjchem.v26i1.271.

Idris, M.O.; Adeneji, S.E.; Habib, K.; Adeiza, A.A. Molecular Docking of Some Novel Quinoline
Derivatives as Potent Inhibitors of Human Breast Cancer Cell Line. Lab in Silico 2021, 2, 30-37,
https://doi.org/10.22034/labinsilico21021030.

Vidal-Limon, A.; Aguilar-Toala, J.E.; Liceaga, A.M. Integration of Molecular Docking Analysis and
Molecular Dynamics Simulations for Studying Food Proteins and Bioactive Peptides. J. Agric. Food Chem.
2022, 70, 934-943, https://doi.org/10.1021/acs.jafc.1c06110.

Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G. Preferred reporting items for systematic reviews and
meta-analyses: the PRISMA statement. BMJ 2009, 339, b2535, https://doi.org/10.1136/bmj.b2535.
Haro-Gonzalez, J.N.; Castillo-Herrera, G.A.; Martinez-Velazquez, M.; Espinosa-Andrews, H. Clove
Essential Oil (Syzygium aromaticum L. Myrtaceae): Extraction, Chemical Composition, Food

https://nanobioletters.com/ 150f 18


https://doi.org/10.33263/LIANBS143.180
https://nanobioletters.com/
https://doi.org/10.33263/BRIAC122.17911802
https://doi.org/10.3390/plants12162916
https://doi.org/10.1515/znc-2023-0133
https://doi.org/10.17660/ActaHortic.2012.959.2
https://doi.org/10.1111/jfpp.15496
https://doi.org/10.5530/pj.2022.14.95
https://doi.org/10.1007/s11130-018-0704-z
https://doi.org/10.1002/fsn3.2797
https://doi.org/10.1002/pca.3382
https://doi.org/10.37360/blacpma.21.20.1.5
https://doi.org/10.55373/mjchem.v26i1.271
https://doi.org/10.22034/labinsilico21021030
https://doi.org/10.1021/acs.jafc.1c06110
https://doi.org/10.1136/bmj.b2535

https://doi.org/10.33263/LIANBS143.180

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Applications, and Essential Bioactivity for Human Health. Molecules 2021, 26, 6387,
https://doi.org/10.3390/molecules26216387.

Lee, S.; Najiah, M.; Wendy, W.; Nadirah, M. Chemical composition and antimicrobial activity of the
essential oil of Syzygium aromaticum flower bud (Clove) against fish systemic bacteria isolated from
aquaculture sites. Front. Agric. China 2009, 3, 332-336, https://doi.org/10.1007/s11703-009-0052-8.
Zainol, S.N.; Said, S.M.; Abidin, Z.Z.; Azizan, N.; Majid, F.A.A.; Jantan, B. Synergistic Benefit of Eugenia
Caryophyllata L. and Cinnamomum Zeylanicum Blume Essential Oils against Oral Pathogenic Bacteria.
Chem. Eng. Trans. 2017, 56, 1429-1434, https://doi.org/10.3303/CET1756239.

Abd Hamid, H.; Silvarajoo, N.; Hamid, N.A. Chemical Composition and Repellent Activity against
Mosquito Aedes Aegypti of Pelargonium radula, Syzygiumaromaticum and Citrus aurantifolia Essential
Oils. Mater. Sci. Forum. 2020, 981, 253-257, https://doi.org/10.4028/www.scientific.net/MSF.981.253.
Nurhazwani, S.; Munirah, A.Z. Antimicrobial potential of essential oils from herbs and spices used in
traditional Malaysian cuisine against selected food-borne pathogens. J. Trop. Agric. Food Sci. 2023, 51,
67-74.

Jumaat, S.R.; Tajuddin, S.N.; Sudmoon, R.; Chaveerach, A.; Abdullah, U.H.; Mohamed, R. Chemical
constituents and toxicity screening of three aromatic plant species from peninsular Malaysia. BioRes. 2017,
12, 5878-5896.

Mahmoud, A.D.; Ali, A.M.; Khandaker, M.M.; Nur Fatihah, H.N.; Awang, N.A.; Mat, N. Discrimination
of Syzygium polyanthum Cultivars (Wight) Walp Based on Essential Oil Composition. 1.J. Agrobiotech.
2019, 70, 1-9.

Ismail, 1.S.B.; Ismail, N.; Lajis, M. Ichthyotoxic properties and essential oils of Syzygium malaccense
(Myrtaceae). Pertanika J. Sci. Technol. 2010, 18, 1-6.

Osman, H.; Rahim, A.A_; Isa, N.M.; Bakhir, N.M. Antioxidant Activity and Phenolic Content of Paederia
foetida and Syzygium aqueum. Molecules 2009, 14, 970-978, https://doi.org/10.3390/molecules14030970.
Abdusalam, K.B.; Yee, L.S.; Mediani, A.; Akhtar, M.T.; Buzgaia, N.; Rukayadi, Y.; Ismail, I.S.; Shaari,
K. '"H NMR-Based Metabolomics Profiling of Syzygium grande and Oenanthe javanica and Relationship
Between Their Metabolite Compositions and Antimicrobial Activity Against Bacillus species. Rec. Nat.
Prod 2022, 16, 128-143, https://doi.org/10.25135/mp.258.21.01.1927.

Idris, N.S.; Khandaker, M.M.; Rashid, Z.M.; Majrashi, A.; Alenazi, M.M.; Nor, Z.M.; Mohd Adnan, A.F_;
Mat, N. Polyphenolic Compounds and Biological Activities of Leaves and Fruits of Syzygium
samarangense cv. ‘Giant Green’ at Three Different Maturities. Horticulturae 2023, 9, 326,
https://doi.org/10.3390/horticulturac9030326.

Khandaker, M.M.; Sarwar, J.; Mat, N.; Boyce, A.N. Bioactive constituents, antioxidant and antimicrobial
activities of three cultivars of wax apple (Syzygium samarangense L.) fruits. Res. J. Biotechnol. 2015, 10,
7-16.

Al-Mijalli, S.H.; El Hachlafi, N.; Abdallah, E.M.; Jeddi, M.; Assaggaf, H.; Qasem, A.; Alnasser, S.M.;
Attar, A.; Naem, M.A.; Lee, L.-H.; Bouyahya, A.; Mrabti, H.N. Exploring the antibacterial mechanisms of
chemically characterized essential oils from leaves and buds of Syzygium aromaticum (L.) Merr. et Perry
against Staphylococcus aureus and Pseudomonas aeruginosa. Ind. Crop. Prod. 2023, 205, 117561,
https://doi.org/10.1016/j.indcrop.2023.117561.

Ariffin, Z.Z.; Mohammad, N.S.; Safian, M.F.; Mohammad Al, N.A. Antibacterial and ferric reducing
ability activities of selected herbs essential oils. J. Eng. Appl. Sci. 2017, 12, 6934-6938.

Nur Amalina, A.; Natanamurugaraj, G.; Mashitah, M.Y.; Nurul Ashikin, A.K. Chemical Composition,
Antioxidant and Antibacterial Activities of Syzygium Polyanthum (Wight) Walp. Essential Oils. Open
Conf. Proc. J. 2013, 4, 139, http://dx.doi.org/10.2174/2210289201304010139.

Rahim, F.A.M.; Salleh, W.M.N.H.W.; Ghani, N.A.; Salihu, A.S. Analysis of Essential Oil from Syzygium
cerinum. Chem. Nat. Compd. 2024, 60, 345-346, https://doi.org/10.1007/s10600-024-04320-8.

Kadir, N.H.A.; Salleh, W.M.N.H.W.; Ghani, N.A.; Khamis, S.; Juhari, M.A.A. CHEMICAL
COMPOSITION AND ACETYLCHOLINESTERASE ACTIVITY of Syzygium pyrifolium (Blume) DC.
ESSENTIAL OIL. Lat. Am. Appl. Res. 2023, 53, 357-359, https://doi.org/10.52292/j.1aar.2023.1121.
Rahim, F.A.M.; Salleh, W.M.N.H.W.; Ab Ghani, N.; Salihu, A.S.; Arzmi, M.H. Chemical composition and
biological activities of essential oil of the Malaysian endemic Syzygium variolosum (King) Chantar. &
J.Parn. Nat. Prod. Res. 2025, 39, 4176-4181, https://doi.org/10.1080/14786419.2024.2353914.

https://nanobioletters.com/ 16 of 18


https://doi.org/10.33263/LIANBS143.180
https://nanobioletters.com/
https://doi.org/10.3390/molecules26216387
https://doi.org/10.1007/s11703-009-0052-8
https://doi.org/10.3303/CET1756239
https://doi.org/10.4028/www.scientific.net/MSF.981.253
https://doi.org/10.3390/molecules14030970
https://doi.org/10.25135/rnp.258.21.01.1927
https://doi.org/10.3390/horticulturae9030326
https://doi.org/10.1016/j.indcrop.2023.117561
http://dx.doi.org/10.2174/2210289201304010139
https://doi.org/10.1007/s10600-024-04320-8
https://doi.org/10.52292/j.laar.2023.1121
https://doi.org/10.1080/14786419.2024.2353914

https://doi.org/10.33263/LIANBS143.180

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Rahim, F.A.M.; Salleh, W.M.N.H.W.; Kadir, N.H.; Ghani, N.A.; Salihu, A.S. Chemical components and
cytotoxicity of Syzygium filiforme var. filiforme (Myrtaceae). Riv. Ital. Sostanze grasse 2023, 100, 187-
191.

Mohammedi, H.; Mecherara-Idjeri, S.; Hassani, A. Variability in essential oil composition, antioxidant and
antimicrobial activities of Ruta montana L. collected from different geographical regions in Algeria. J.
Essent. Oil Res. 2020, 32, 88-101, https://doi.org/10.1080/10412905.2019.1660238.

Walsh, S.E.; Maillard, J.Y.; Russell, A.D.; Catrenich, C.E.; Charbonneau, D.L.; Bartolo, R.G. Activity and
mechanisms of action of selected biocidal agents on Gram-positive and -negative bacteria. J. Appl.
Microbiol. 2003, 94, 240-247, https://doi.org/10.1046/j.1365-2672.2003.01825.x.

Marchese, A.; Barbieri, R.; Coppo, E.; Orhan, L.E.; Daglia, M.; Nabavi, S.F.; Izadi, M.; Abdollahi, M.;
Nabavi, S.M.; Ajami, M. Antimicrobial activity of eugenol and essential oils containing eugenol: A
mechanistic viewpoint. Crit. Rev. Microbiol. 2017, 43, 668-689,
https://doi.org/10.1080/1040841X.2017.1295225.

Bakkali, F.; Averbeck, S.; Averbeck, D.; Idaomar, M. Biological effects of essential oils — A review. Food
Chem. Toxicol. 2008, 46, 446-475, https://doi.org/10.1016/j.fct.2007.09.106.

Masyita, A.; Mustika Sari, R.; Dwi Astuti, A.; Yasir, B.; Rahma Rumata, N.; Emran, T.B.; Nainu, F.; Simal-
Gandara, J. Terpenes and terpenoids as main bioactive compounds of essential oils, their roles in human
health and potential application as natural food preservatives. Food Chem. X 2022, 13, 100217,
https://doi.org/10.1016/j.fochx.2022.100217.

Sampangi-Ramaiah, M.H.; Vishwakarma, R.; Shaanker, R.U. Molecular docking analysis of selected
natural products from plants for inhibition of SARS-CoV-2 main protease. Curr. Sci. 2020, 118, 1087—
1092, https://doi.org/10.18520/cs/v118/i7/1087-1092.

Chaudhary, B.; Singh, S. Molecular docking studies on pyrazolopyrimidine and their derivatives as human
phosphoinositide 3-kinase inhibitors. Int. J. Adv. Bioinform. Comp. Biol. 2012, 1-11.

Salihu, A.S.; Salleh, W.M.N.H.W. Chemical Composition, Anti-tyrosinase Activity and Molecular
Docking Studies of Knema malayana Warb. Essential Oil. J. Essent. Oil-Bear. Plants 2023, 26, 253-260,
https://doi.org/10.1080/0972060X.2023.2191792.

Agosto, N.J.; Alambatin, P.B.; Bacalso, J.; Cabisada, J.; Carating, B.D. The Evaluation of Citrus bergamia
Phytochemicals as Potential Cholesterol-Lowering Agents against HMG-CoA Reductase: An In Silico
Molecular Docking Study. Biol. Life Sci. Forum 2024, 35, 7, https://doi.org/10.3390/blsf2024035007.
Tuli, H.; Sood, S.; Pundir, A.; Choudhary, D.; Dhama, K.; Kaur, G.; Seth, P.; Vashishth, A.; Kumar, P.
Molecular Docking studies of Apigenin, Kaempferol, and Quercetin as potential target against spike
receptor protein of SARS COV. J  Exp. Biol Agric. Sci. 2022, 10, 144-149,
https://doi.org/10.18006/2022.10(1).144.149.

Cozzini, P.; Fornabaio, M.; Marabotti, A.; Abraham, D.J.; Kellogg, G.E.; Mozzarelli, A. Free Energy of
Ligand Binding to Protein: Evaluation of the Contribution of Water Molecules by Computational Methods.
Curr. Med. Chem. 2004, 11, 3093-3118, https://doi.org/10.2174/0929867043363929.

Carlsson, J.; Coleman, R.G.; Setola, V.; Irwin, J.J.; Fan, H.; Schlessinger, A.; Sali, A.; Roth, B.L.; Shoichet,
B.K. Ligand discovery from a dopamine D3 receptor homology model and crystal structure. Nat. Chem.
Biol. 2011, 7, 769-778, https://doi.org/10.1038/nchembio.662.

Henrich, S.; Feierberg, I.; Wang, T.; Blomberg, N.; Wade, R.C. Comparative binding energy analysis for
binding affinity and target selectivity prediction. Proteins: Struct., Funct., Bioinf- 2010, 78, 135-153,
https://doi.org/10.1002/prot.22579.

Asri, M\IN.M.; Desa, W.N.S.M.; Ismail, D. Combined Principal Component Analysis (PCA) and
Hierarchical Cluster Analysis (HCA): an efficient chemometric approach in aged gel inks discrimination.
Aust. J. Forensic Sci. 2018, 52, 38-59, https://doi.org/10.1080/00450618.2018.1466913.

Fattahi, B.; Nazeri, V.; Kalantari, S.; Bonfill, M.; Fattahi, M. Essential oil variation in wild-growing
populations of Salvia reuterana Boiss. collected from Iran: Using GC-MS and multivariate analysis. Ind.
Crop. Prod. 2016, 81, 180-190, https://doi.org/10.1016/j.indcrop.2015.11.061.

Benomari, F.Z.; Sarazin, M.; Chaib, D.; Pichette, A.; Boumghar, H.; Boumghar, Y.; Djabou, N. Chemical
Variability and Chemotype Concept of Essential Oils from Algerian Wild Plants. Molecules 2023, 26,
4439, https://doi.org/10.3390/molecules28114439.

Nurzynska-Wierdak, R. Chemical Diversity, Yield, and Quality of Aromatic Plants. Agronomy 2023, 13,
1614, https://doi.org/10.3390/agronomy13061614.

https://nanobioletters.com/ 17 of 18


https://doi.org/10.33263/LIANBS143.180
https://nanobioletters.com/
https://doi.org/10.1080/10412905.2019.1660238
https://doi.org/10.1046/j.1365-2672.2003.01825.x
https://doi.org/10.1080/1040841X.2017.1295225
https://doi.org/10.1016/j.fct.2007.09.106
https://doi.org/10.1016/j.fochx.2022.100217
https://doi.org/10.18520/cs/v118/i7/1087-1092
https://doi.org/10.1080/0972060X.2023.2191792
https://doi.org/10.3390/blsf2024035007
https://doi.org/10.18006/2022.10(1).144.149
https://doi.org/10.2174/0929867043363929
https://doi.org/10.1038/nchembio.662
https://doi.org/10.1002/prot.22579
https://doi.org/10.1080/00450618.2018.1466913
https://doi.org/10.1016/j.indcrop.2015.11.061
https://doi.org/10.3390/molecules28114439
https://doi.org/10.3390/agronomy13061614

https://doi.org/10.33263/LIANBS143.180

54.  Gaylor, R.; Michel, J.; Thierry, D.; Panja, R.; Fanja, F.; Pascal, D. Bud, leaf and stem essential oil
composition of Syzygium aromaticum from Madagascar, Indonesia and Zanzibar. Int. J. Basic Appl. Sci.
2014, 3,224-233, http://dx.doi.org/10.14419/ijbas.v3i3.2473.

55.  Sarma, N.; Begum, T.; Pandey, S.K.; Gogoi, R.; Munda, S.; Lal, M. Chemical Composition of Syzygium
cumini (L.) Skeels Leaf Essential Oil with Respect to its Uses from North East Region of India. J. Essent.
Oil-Bear. Plants 2020, 23, 601-607, https://doi.org/10.1080/0972060X.2020.1796822.

Publisher’s Note & Disclaimer

The statements, opinions, and data presented in this publication are solely those of the individual author(s) and
contributor(s) and do not necessarily reflect the views of the publisher and/or the editor(s). The publisher and/or
the editor(s) disclaim any responsibility for the accuracy, completeness, or reliability of the content. Neither the
publisher nor the editor(s) assume any legal liability for any errors, omissions, or consequences arising from the
use of the information presented in this publication. Furthermore, the publisher and/or the editor(s) disclaim any
liability for any injury, damage, or loss to persons or property that may result from the use of any ideas, methods,
instructions, or products mentioned in the content. Readers are encouraged to independently verify any
information before relying on it, and the publisher assumes no responsibility for any consequences arising from
the use of materials contained in this publication.

https://nanobioletters.com/ 18 of 18


https://doi.org/10.33263/LIANBS143.180
https://nanobioletters.com/
http://dx.doi.org/10.14419/ijbas.v3i3.2473
https://doi.org/10.1080/0972060X.2020.1796822

