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Abstract

Antibiotic resistance is increasing rapidly and is a major health problem worldwide. As a result, researchers are actively investigating safe and
superior alternative therapeutic agents. Medicinal plants contain a wide array of bioactive compounds have found certain viability for such a
purpose. Moringa oleifera is among such medicinal plants that exhibit several pharmacological features and are receiving attention for their
antibiotic potential, represented by broad-spectrum antimicrobial action. The present review article emphasizes the antimicrobial potential
of M. oleifera, highlighting the phytochemical profile, antibacterial mechanisms and its usage in the green synthesis of nanomaterials. The
mentioned plant has a varied range of bioactive compounds e.g., flavonoids, glucosinolates, phenolic acids, alkaloids, sterols and terpenes
that provide broad-spectrum antimicrobial activity by interfering with cell wall physiology, inhibiting protein synthesis and interfering with
DNA replication. It has strong anti-quorum sensing and antibiofilm properties in addition to its direct antibacterial effects. The green synthesis
of nanoparticles using M. oleifera has also been explored as a non-toxic and sustainable method of producing new antimicrobial materials.
Overall, M. oleifera is a natural antibacterial agent that shows great promise and has a variety of therapeutic uses. Besides, antivirulence and
nanotechnology approaches provide creative answers to address the rising issues of antibiotic resistance in current medicine.
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Introduction been utilized in treating digestive problems, providing nutritional
supplements, therapeutic qualities and is suitable for arid climates
(6). The most commonly occurring species in the Moringaceae is
M. oleifera, often termed the “drumstick tree” or “miracle tree”, with
origins from the Indian subcontinent. It is a rapidly growing drought
resistant tree, native to the Indian subcontinent (7). M. oleifera
contains high levels of bioactive compounds such as flavonoids,
glucosinolates, isothiocyanates and phenolic acids, contributing to
its vast range of medicinal and therapeutic properties (Fig. 1) (8). The
leaves, seeds, pods and roots of M. oleifera are utilized in traditional
medicine to treat various ailments like inflammation, infections,
malnutrition and diabetes (9). The primary aim of this review is to
explore the antimicrobial potential of plants from the Moringaceae
family, with a particular focus on M. oleifera. Besides, it explores the
phytochemical profile, mechanisms of action, anti-quorum-sensing
and anti-biofilm activities. Green synthesis of nanoparticles from M.
oleifera is also included will also be discussed as a promising agent in
the development of future antimicrobial therapies.

The rapid increase in antibiotic resistance is a pressing global health
crisis, intensified by the misuse and overuse of antibiotics in human
use (1). Consequently, there is an urgent need to develop effective,
safe and environmentally friendly new therapies to address this
challenge. One of the promising therapies is the use of plant-based
antimicrobials, which offer a wide range of bioactive compounds
with antibacterial properties such as alkaloids, flavonoids, tannins,
terpenoids and others. These compounds have antimicrobial
properties and, therefore, can be used in place of conventional
antibiotics (2). Researchers are prompted to explore plant families,
particularly those with traditional uses and rich phytochemical
profiles. The Moringaceae family has gained interest due to their
potential therapeutic or medicinal uses, specifically their
antibacterial uses. The four most closely studied species in this genus
are Moringa stenopetala, Moringa peregrine, Moringa drouhardii and
Moringa oleifera.

M. stenopetala (African Moringa tree) is recognised for its
medicinal, nutritional properties, drought resistance and ability to
purify water, particularly in Ethiopia and Kenya (3, 4). M. peregrine M- oleifera is well known for its medicinal effects, which are mediated
(Ben oil tree) is traditionally acknowledged for its stable edible oil by its !oioactive compounqs. Flavono?ds, alkaloids, phenolic acids,
and medicinal uses (5). M. drouhardii (Bottle Tree or Malagasy) has glucosinolates,  terpenoids, peptides and many other

Key bioactive compounds found in Moringaceae
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Fig. 1. Overview of therapeutic compounds found in different parts
of Moringa oleifera (leaves, seeds, roots and pods).

phytochemicals with powerful antimicrobial, antioxidant and anti-
inflammatory effects are present in the plant. Such bioactive
components are not only useful for their traditional functions in
infection treatment but also offer great potential for the
manufacture of novel therapeutics. The antioxidant activity in the
genus Moringa is largely due to the flavonoid content attributed to
the genus. Flavanols and flavonoid glycosides are the primary
flavonoids in the genus. The elimination of free radicals and the
health benefits that flavonoids provide to plants are well known (7).
The Moringa species also contains glucosinolates, a group of
biologically important sulfur-containing compounds. When plant
tissues are damaged due to chewing or cutting, myrosinase is
released. This myrosinase enzyme promotes the conversion of
glucosinolates to isothiocyanates, a much biologically active class of
compounds (10). The Moringa genus also contains triterpenoid
glycosides and sterol glycosides. The genus does not possess a-
carotene, which is usually present in leafy green plants. It is assumed
that all of the a-carotene had been converted into lutein (11). The
major bioactive constituents and their biological activities are
detailed in Table 1.

Antimicrobial activity

M. oleifera leaf extract displays considerable antibacterial activity
against various pathogenic bacteria e.g., Bacillus subtilis,
Enterococcus faecalis, Escherichia coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa, Salmonella typhimurium, Streptococcus

Table 1. Key bioactive compounds found in Moringaceae

pyogenes, Staphylococcus aureus and Vibrio cholerae (12). Literature
reports inhibition zones ranging from 12.5 + 0.5 mm to 23.5 + 0.45
mm, with minimum inhibitory concentrations (MIC) ranging from
0.652 to 5.265 mg/mL. The extract was most effective against
Bacillus cereus (MIC 0652 mg/mL) and least effective against
Pseudomonas aeruginosa (MIC 5265 mg/mL) (13). Likewise, a
previous study conducted in vitro trials against pathogenic bacteria
mentioned earlier and reported inhibition zones of 14-24 mm and
MIC in the range of 6.25-12.5 mg/mL. Together, these observations
evidence broad-spectrum antibacterial activity of M. oleifera
extracts; however, the activity varies based on strain (14). The leaf
and root extracts of M. oleifera also show antifungal effect against
Aspergillus flavus, Aspergillus terreus, Aspergillus nidulans, Aspergillus
niger, Aspergillus oryzae, Cladosporium cladosporioides, Fusarium
solani, Penicillium sclerotigenum, Penicillium species, Pullarium
species, Rhizoctonia solani and Trichophyton mentagrophytes (15).
Earlier research examined aqueous leaf extracts of Moringa against
various pathogenic fungi and yeast (13). The extracts exhibited
variable antifungal activity, with inhibition zones ranging from 6.6 +
0.47 mm (Alteraria sp.) to 18 + 0.54 mm (C. parapsilosis) and
corresponding mean growth inhibition percentages of 20.3+0.75 %
to 80.0 + 0.70 %, indicating the highest potency against C.
parapsilosis and the lowest against Alternaria sp., F. oxysporum and
C. albicans. MIC values ranged from 3.20 mg/mL (Rhizopus stolonifer)
to 18.75 mg/mL (Fusarium oxysporum), with Alternaria sp. and C.
albicans showing no detectable inhibition (13). Similarly, previous
findings examined the methanolic and ethanolic extracts of the
leaves of M. oleifera for antifungal activity against A flavus and R.
stolonifer. They reported inhibition zones of 12.80 + 0.20 mm
(methanolic) and 11.40 + 0.10 mm (ethanolic) for A. flavus and 9.66 +
0.33 mm (methanolic) and 8.67 + 0.10 mm (ethanolic) against R.
stolonifer. The minimum inhibitory concentrations (MICs) for A flavus
and R. stolonifer were determined to be 75 mg/mL and 100 mg/mL,
respectively (16).

The antibacterial and antifungal effects of M. oleifera can be
attributed to the phenolic constituents in its leaves (7),
pterygospermin in its seed extracts (17), N-benzylethyl thioformate
(@ deoxyniazimin aglycone) in its root extract (18) and 4-(alpha-L-
rhamnosyloxy) benzyl isothiocyanates in its seed extracts (19).
Certain studies have pointed out that the leaf extracts of Moringa can
be more effective than the conventional antibiotics (20, 21). An
earlier study describes a safe profile of the extracts of M. oleifera with
negligible adverse effects, even at slightly high doses (22). The
extracts prepared from the leaves, root and seed of M. oleifera still

Phytochemical class Representative compounds Reported activities References
- - Marumoside A, marumoside B, pyrrolemarumine-4"-0O-a-L- .
Alkaloid glycosides (leaves) thamnopyranoside Therapeutic (60)
Apigenin, kaempferol, quercetin, isorhamnetin, astragali,
daidzein, epicatechin, genistein, rutin, kaempferol-3-0- - .
Flavonoids glucoside, kaempferol-3-rutinoside, kaempherol-3-O-a- A?r;c;:tl);rl‘::l;r;tt,;ntl (7,10, 29, 61-66)
rhamnoside, kaempferide 3-0-(2",3"-diacetylglucoside), cardio rotectix;e
luteolin, myricetin, procyanidins, vicenin-2, quercetin-3-0- P
glucoside, quercetin-3-0-(6"-malonyl) glucoside
Glucosinolates/Isothiocyanates GMG, 4-(a-L-rhamnosyloxy) benzyl isothiocyanate (GMG-  Anticancer, antimicrobial, (25,75, 76)
(leaves and seeds) ITC), glucotropaeolin antidiabetic
) o o S I Antioxidant, antimicrobial, (7,69,77)
Phenolics Gallic acid, Chlorogenic acid, Ferulic acid, Ellagic acid anti-inflammatory
- Anti-inflammatory,
Sterols (leaves and seeds) [B-sitosterol cholesterol-lowering (10)
Carotenoids (leaves) Lutein, E-luteoxanthin, 13-Z-lutein, 15-Z-B-carotene, Eye health, antioxidant (11,78)

Zeaxanthin, B-carotene derivatives
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need more in-depth investigations, particularly vis-a-vis long-term
toxicity, to fully understand the safe and adverse effects of the
extracts.

Mechanism of action

The genus Moringa contains a variety of bioactive components that
inhibit bacterial growth in different ways, such as inhibition of
enzymatic activities, destruction of the cellular wall and nucleic acid
replication (23). The action of quercetin, in particular, has been
extensively studied in the case of M. oleifera, where it inhibits
bacterial DNA gyrase, crucial for replication (24). Kaempferol causes
damage to the bacterial cell wall and membranes, which results in
increased permeability and leakage of cell contents (25).
Glucosinolates and isothiocyanates, on the other hand, inhibit
bacterial growth by interfering with enzymatic activities and protein
synthesis (26). These mechanisms highlight the multi-targeted
approach of antibacterial activity in M. oleifera, making it effective
against a wide range of pathogens (Fig. 2).

Biofilminhibition and quorum sensing interference

Bacterial communication relies on a small signaling molecule that
regulates gene expression through a process known as quorum
sensing (QS). Quorum sensing has a profound impact on the
regulation of virulence factors and biofilm formation, both of which
play an important role in chronic infections. Inhibiting QS signaling
represents a novel approach to controlling bacterial infections
without bactericidal activity (27). This approach is attractive from a
pharmaceutical perspective because it does not promote antibiotic
resistance. A previous study assessed the QSI activity of
phytochemicals derived from varied plant parts of M. oleifera (28).
The aqueous seed extract was identified as the strongest violacein
pigment inhibitor with high QS| activity based on Chromobacterium
violaceum 12472 as a bioindicator strain. The biofilm dispersion was
highest against Pseudomonas spp. (35 %) followed by Klebsiella spp.
(25 %). Phytochemical analysis confirmed the presence of cardiac
glycosides, phytosterols, saponins, triterpenes and volatile oils.
Saponins and cardiac glycosides showed high QSI activity.
Surprisingly, the crude seed extract outperformed the pure
compounds, suggesting that its constituents worked in concert.

3

These findings support the use of the seed extract of M. oleifera as a
natural QSI agent to treat biofilm-induced infections (28).
Furthermore, the superior performance of crude extracts over
isolated compounds points to a synergistic effect, which is a useful
characteristic in drug formulation. Earlier research examines the
antibacterial and anti-quorum sensing activities of the ethanolic leaf
extract of M. oleifera against P. aeruginosa PAO1 and C.violaceum
(29). Phytochemical screening of the extract showed the presence of
alkaloids, flavonoids, phenolics, steroids, terpenoids and tannins.
The extract showed MIC and MBC values of 10 mg/mL and 20 mg/
mL, respectively, against both test strains. It dramatically repressed
QS by inhibiting the biosynthesis of violacein and pyocyanin, the
major pigments associated with virulence. Moreover, the extract
interrupted biofilm development and swarming motility, further
supporting its value as a natural antivirulence candidate (29). The
most bioactive antioxidant fraction was isolated and characterized
from M. oleifera leaf extract and named MOEF (30). MOEF
suppressed violacein production by more than 70 % in C. violaceum
12472. It also strongly inhibited several virulence factors of P.
aeruginosa PAQO1 at sub-MIC concentrations. Additionally, MOEF
suppressed prodigiosin production, protease activity and swarming
motility in Serratia marcescens and exhibited broad-spectrum
antibiofilm activity, suppressing biofilm formation by more than 70
% against tested pathogens. Microscopy analyses (SEM and CLSM)
also validated a significant suppression of biofilm growth. GCG-MS
revealed major constituents like 2-oleo-palmitostearin and 4-O-
methylphorbol-12,13-didecanoate, whereas LC-qTOF-MS
elucidated rich bioactive constituents further. Collectively, these
studies suggest that M. oleifera extracts can serve as lead candidates
for antivirulence drug development by targeting virulence
mechanisms rather than bacterial survival. Such natural compounds
offer a promising, resistance-evasive strategy to complement or
replace conventional antibiotics (30).

Green synthesis of metallic nanoparticles from Moringa spp.

Green synthesis is a clean, non-toxic and eco-friendly alternative to
conventional physical and chemical methods of synthesising
nanoparticles (31). The bioactive compounds act as reducing agents
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Fig. 2. Proposed antibacterial mechanisms of bioactive compounds of Moringa oleifera.
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Fig. 3. General steps in green synthesis of metal nanoparticles using leaf extracts of Moringa oleifera.

stabilizers in the synthesis process, which results in nanoparticles
with enhanced antimicrobial properties (Fig. 3). The biosynthesizing
of metal nanoparticles with the plant extracts of Moringa comprises
three primary stages (1) the initiation phase in which the reduction of
metal ions and the nucleation of reduced metal atoms occurs (2) the
growth phase in which nanoparticles aggregate and form larger
particles (3) the termination phase in which the ultimate
morphology of the nanoparticles is decided (32). Nanoparticles
assume the most energetically favourable configuration in the
termination phase (33). Heat has a crucial role in commencing and
sustaining the reaction system during the green synthesis of
nanoparticles (NPs). It remains persistent until the capping agents
derived from Moringa extracts become active and inhibit the growth
of high-energy atomic planes, leading to the formation of specific
nanoparticles (NPs). Phytochemicals present in the extracts act as
organic reducing agents by donating electrons to metal ions and
changing them into their zerovalent state, which causes the metal
ions to aggregate into stable nanoparticles. Functional moieties,
such as amine groups from proteins, hydroxyl and carboxyl groups
from polyphenols and groups derived from amino acids and
polysaccharides, support metal ion chelation, thereby improving the
reduction process and stabilizing nanoparticles. These biomolecules
also act as capping agents, preventing uncontrolled aggregation and
imparting long-term stability to the synthesized NPs. A diverse range
of nanoparticles, including silver (Ag), gold (Au), titanium dioxide
(TiO,), iron oxide (FeO) and zinc oxide (ZnO), have been successfully
synthesized from different parts of M. oleifera through this eco-
friendly biogenic approach. Thus, highlighting its potential as a
sustainable resource for nanomaterial fabrication.

Metallic nanoparticles from Moringa spp.

Phytochemicals such as flavonoids, reducing sugars and phenolic
compounds in M. oleifera act as natural reducing and capping
agents, facilitating green synthesis (34). A wide range of metal and
metal oxide nanoparticles, including silver, gold, iron, ZnO and TiO,,
have been synthesized using M. oleifera, exhibiting notable biological
activities (35, 36).

Silver nanoparticle (Ag-NP)

Several parts of the M. oleifera i.e., flowers, leaves, seeds and stem

bark, have been successfully used for the synthesis of silver
nanoparticles (AgNP). Flower-extracted AgNPs (~8 nm) inhibited
antimicrobial activity against K. pneumoniae and S. aureus, while leaf
-derived AgNPs displayed substantial antimicrobial activity against
E.coli and S.aureus, with enhanced efficacy under sunlight as an
energy source (37). The morphology of biosynthesized AgNPs varied
e.g., colloidal, nanorods and triangular shapes, depending on the
method of extraction (38). Polyethylene glycol (PEG)-mediated AgNP
synthesis using M. oleifera extracts has been recognized as
biocompatible, cost-effective and sustainable (39). Khor reported a
simple and efficient method using aqueous leaf extract, yielding
spherical nanostructures (40). Similarly, multivariate optimization of
AgNP synthesis from flower extracts, leaf and stem bark resulted in
sphere-shaped nanoparticles measuring 273.98 nm, 96.72 nm and
95.12 nm, respectively (41). A rapid and eco-friendly method was
developed to produce stable, crystalline AgNPs with centered-cubic
shapes (~32 nm) from leaf extract (42). Another study used leaf and
seed extracts to reduce AgNO; in the presence of tannic acid,
forming a dark grey colloidal solution stabilized with sodium citrate.
Additionally, stem bark extracts were used to generate stable AgNPs
with potential anticancer applications, while a cold synthesis
approach using aqueous extracts was reported as non-toxic and
efficient (43).

Gold nanoparticles (AuNPs)

Gold nanoparticles (AuNPs) have been created using leaves, pods,
flowers, seeds and gum extracts of M. oleifera. A one-pot synthesis,
from the leaf extract of M. oleifera, caused a quick color change from
pale yellow to red-brown, which is due to the surface plasmon
resonance (SPR) of the nanoparticles. Additionally, gum extracts
serve as stabilizing and reducing agents, giving SPR its ruby red hue
(44). AuNPs are reduced and stabilized with the help of leaf proteins
and metabolites. AUNPs were synthesized using aqueous extracts
prepared from whole flowers of M. oleifera (45). The presence of
colloidal AuNPs was confirmed through UV-Vis spectroscopy (200-
800 nm). TEM analysis showed different shapes, including triangular,
hexagonal and irregular spherical particles, with an average size of
about 100 nm (45). Flower extracts mediate AUNP synthesis by the
formation of pink-hued, stable nanoparticles (46). Yet another study
demonstrated the green synthesis of AUNPs using methanolic extracts
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of M. oleifera seeds at room temperature. UV-Vis spectroscopy
confirmed nanoparticle formation with a characteristic Surface
Plasmon Resonance (SPR) peak at 546 nm, while TEM analysis
revealed spherical particles. FTIR spectra indicated the involvement of
bioactive compounds in the reduction of gold ions. AuNPs are
reported to exhibit strong antioxidant activity (via DPPH radical
scavenging) and antimicrobial effects against E. coli and
Staphylococcus aureus, with minimum inhibitory concentrations
(MICs) of 400 ug/mL and 200 pg/mL, respectively (47).

Titanium dioxide nanoparticles (TiO,-NPs)

TiO,-NPs has gathered substantial attention for their effective
antimicrobial properties, chiefly when synthesized or modified using
biocompatible agents. One approach is the green synthesis of TiO,-
NPs using leaf extract from M. oleifera, which serves as both a
reducing and stabilizing agent. This method not only improves the
physical and chemical properties of TiO, but also introduces
biological activity due to the bioactive compounds in Moringa. The
resulting TiO,-Moringa nanocomposites demonstrate strong
antimicrobial, antibacterial and anti-inflammatory effects. This
makes them suitable for biomedical applications. Titanium tetra
isopropoxide (TTIP) and titanium dioxide solutions are often used as
starting materials. Different synthesis methods have led to TiO,-NPs
with various shapes and sizes e.g,, using ethanolic leaf extracts with
TTIP stirred at 50 °C for 4 hr created tetragonal TiO,-NPs (~12 nm).
Other research with aqueous leaf extracts generated spherical TiO,-
NPs (~100 nm), while ball-milling with Moringa seed extract resulted
in similar properties (39, 48). These nanoparticles showed
photocatalytic activity by breaking down methylene blue dye under
sunlight, demonstrating their potential for environmental cleanup
(49). TiO,-NPs were synthesized using aqueous leaf extract of M.
oleifera and tested their wound healing ability in albino rats, showing
significant improvements in wound closure rates. The antibacterial
action of the TiNPs was also assessed, showing strong effectiveness
against both Gram-positive and Gram-negative bacteria (50). In a
similar study, the effect of TiO,-NPs incorporated in a gelatin matrix
on methicillin-resistant S. aureus (MRSA) infected skin wound
healing was evaluated in a rat model (51). The TiO,/gelatin
composite significantly increased wound contraction, reduced
bacterial load and stimulated fibroblast growth, collagen buildup
and reepithelialization compared to controls. These findings
highlight the broad potential of TiO,-NPs, especially when combined
with natural biopolymers for antimicrobial treatment and wound
healing (51).

Iron oxide nanoparticles (FeO-NPs)

FeO-NPs, particularly in the forms of magnetite (Fe;0,), hematite (a-
Fe,05) and maghemite (y-Fe,0,), are important for biomedical
applications. They possess magnetic properties, making them
suitable for MRI and hyperthermia therapy in cancer treatment.
Green synthesis of FeO-NPs uses different plant parts such as leaves,
fruit, seeds and oils (52, 53). In one method, researchers prepared
iron nanoparticles by gradually adding a 0.5 Miron salt solutionto an
M. oleifera extract in a sonicated reactor. The formation of FeO-NPs
was indicated by a color change to black, which was further
confirmed by UV-Vis spectroscopy that showed a peak around 400
nm. The structures were irregularly shaped, with an average
diameter of 45 nm, as observed through transmission and scanning
electron microscopy. These FeO-NPs are of interest because they
can be used in antimicrobial food coatings, catalysis, cosmetics and
especially in biomedical fields. They can be modified with ligands or

antibodies for targeted drug delivery, offering a more effective and
precise therapeutic option. The green synthesis process using M.
oleifera is not only eco-friendly and free of toxic substances but also
cost-effective (54). This is especially advantageous for low- and
middle-income countries where M. oleifera is easily accessible. Green
synthesis of FeO-NPs with M. oleifera extracts has been confirmed
through UV-Vis spectroscopy, TEM, SEM and XRD. The nanoparticles
exhibit spherical, cubic, or rod-like shapes depending on the
synthesis conditions (53, 55). Functionalization with Moringa-derived
biomolecules improved their stability and compatibility with
biological systems.

Zinc oxide nanoparticles (ZnO-NPs)

ZnO-NPs can be prepared from the leaves, flowers, seeds, roots and
crude gum of M. oleifera using eco-friendly green synthesis methods
like precipitation. The ZnO-NPs exhibit a hexagonal wurtzite
structure, with particle sizes ranging from 10.8 to 60 nm depending
on the plant part used for preparation (56). The leaf extracts
produced the smallest nanoparticles, with average crystallite sizes as
low as 10.81 nm, along with improved properties such as surface
area, reactivity and optical behavior. Air annealing at 500 °C was
essential for obtaining the pure wurtzite phase. Doping copper into
the ZnO lattice with Moringa leaf extract improved its ability to
adsorb Congo red dye, showing potential for environmental cleanup
(57). ZnO-NPs were produced from M. oleifera gum using a simple
green synthesis method that is both eco-friendly and cost-effective.
These ZnO-NPs displayed strong antibacterial activity against E. coli
and S. aureus, with effectiveness against methicillin-resistant S.
aureus (MRSA) (58). UV-Vis spectroscopy confirmed the formation of
ZnO-NPs, showing a surface plasmon band at 223.5 nm. FTIR
analysis identified the functional groups involved in the synthesis.
SEM-EDS analysis revealed well-defined nanostructures with good
stability and XRD confirmed their crystalline nature. The average
particle size was about 15.3 nm, which verifies their nanoscale
dimensions. The biosynthesized ZnO-NPs showed strong
antimicrobial activity against various bacterial and fungal strains,
emphasizing their potential in biomedical applications (59).

Challenges and future directions

Moringa spp. holds greatimportance due toits antimicrobial activity,
but several challenges exist in the development of these findings into
clinical uses. The absence of standard extraction formulation
processes, poor knowledge of pharmacokinetics and bioavailability
of the active metabolites are limitations. Furthermore, advances in
nanotechnology and drug delivery systems could help to improve
the stability, absorption and targeted delivery of Moringa-derived
compounds to make the most of their therapeutic benefits. Future
studies need to focus on developing targeted nanoformulations of
Moringa bioactives to improve stability and controlled release; co-
delivery strategies that combine Moringa compounds with
conventional antibiotics to tackle multidrug resistance; detailed
toxicity and safety studies at the cellular, animal and clinical levels
and standardizing extraction, purification and formulation methods
to ensure consistent results.

Conclusion

The Moringaceae family, particularly M. oleifera, offers a rich source
of antibacterial agents with potential applications in medicine and
industry. M. oleifera exhibits broad-spectrum antimicrobial activity
due to its diverse bioactive compounds such as flavonoids,
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glucosinolates, phenolic acids, alkaloids, sterols and terpenes. These
compounds contribute  significantly to their antioxidant,
antimicrobial, anti-inflammatory and therapeutic potential, which
are distributed across various plant parts (leaves, seeds, bark, etc.).
The potent antibacterial activity occurs through multiple
mechanisms, including disruption of cell walls, inhibition of protein
synthesis and interference with DNA replication. These multifaceted
actions make Moringa a strong natural candidate for developing
novel antimicrobial therapies. M. oleifera exhibits strong quorum-
sensing inhibitory and antibiofilm activities against multiple
pathogenic bacteria. Its extracts, particularly from seeds and leaves,
interfere with key virulence factors, swarming motility and pigment
production. These findings highlight M. oleifera as a promising
natural antivirulence agent for combating resistant biofilm-
associated infections. Green synthesis using M. oleifera offers a
sustainable, non-toxic approach to nanoparticle production,
harnessing the plant’s rich phytochemical profile. The resulting
nanoparticles exhibit diverse morphologies and potent
antimicrobial properties, with applications in medicine. Continued
exploration of Moringa-based nanomaterials could lead to
innovative solutions in combating microbial resistance and
enhancing human health. Future studies should focus on clinical
validation and formulation development to establish M. oleifera-
derived compounds and nanomaterials as next-generation
therapeutic candidates.
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