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Abstract
Moringa oleifera Lam. This multipurpose medicinal plant is one of the well-studied plants in
pharmacognosy and phytochemistry known as Moringa, also called the "miracle tree,"
containing leaves, seeds, and pods loaded with flavonoids, phenolic acids, vitamins,
carotenoids, glucosinolate, isothiocyanate (ITCs), alkaloids, and bioactive peptides with
antioxidant-, anti-inflammatory-, antimicrobial-, anticancer-, hepatoprotective-, and
cardioprotective effects. Great amounts of overviews at this time point of polyphenol-discussed
extracts from Moringa plants, and lately it is a chock-all-natural program in which metal-metal-
oxide nanoparticles are eco-friendly synthesizers. However, this unusual pharmacological
chance is severely limited by physicochemical properties such as low aqueous solubility and
chemical and thermal instability. Polyphenol redox chemistry provides a unifying mechanistic
connection linking the contributions of bioactive compounds in M. oleifera to its therapeutic
roles with those molecular processes involved in the biosynthesis and stabilization of
nanoparticles, thereby establishing the plant as both a phytotherapeutic resource and green
nanotechnology platform. At the biochemical level, they act on the liberation of free radicals via
several mechanisms, namely through activating the NRF2 (Nuclear Factor Erythroid 2-Related
Factor 2)/phase-1l antioxidant enzyme axis (SOD, CAT, GPx) and inhibition of NF-xB
(Nuclear factor kappa B)-mediated inflammatory signalling and metabolic modulation of
enzymes such as o-amylase and a-glucosidase; moreover, nanocarrier systems exhibited
enhanced stability with typical encapsulation efficiencies, which are reported to be 70-95%,
along with controlled-release profiles, followed by green-biosynthesized nanoparticles (5-50
nm) marked by antimicrobial, photocatalytic, and cytotoxic properties due to equivalently
acting electron-lending polyphenolic-hydroxyl groups prompting defence mechanisms against
oxidative stress whilst simultaneously driving redox processes responsible for reducing/capping
metal ions during synthesis. This review strives to present an integrated overview of Moringa
through the incorporation of its phytochemical/pharmacognostic attributes, biochemical
mechanisms, and nano-promoted bioactive components
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INTRODUCTION

Medicinal plants continue to be an important pillar of pharmacognosy and a fruitful avenue for new
therapeutic opportunities, reflecting the fact that natural products continue to fuel the majority of newly
approved drugs [1]. Among them, Moringa oleifera Lam. (family Moringaceae) is one of the most
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investigated multipurpose medicinal trees, grown in Africa, Asia and Latin America and appreciated
for many pharmacological activities [2]. Beyond its medicinal role, it is inexpensive and among the
fastest-growing non-wood plants, widely available and socioeconomically important, particularly in
low- and middle-income regions [3]. Nutritionally, its leaves, pods, and seeds possess extremely high
concentrations of proteins, minerals, vitamins, and antioxidants, which both explain its widespread
moniker as "the miracle tree." [4]. Its leaves in particular are rich in flavonoids, phenolic acids,
carotenoids, glucosinolate, and vitamins that account for much of its bioactivity [5]. Nevertheless,
many of these phytochemicals are characterized by poor aqueous solubility, chemical and thermal
instability and high susceptibility to oxidation that restrict their practical formulation and storage [6]. In
common with most dietary polyphenols, they are also rapidly metabolized and poorly absorbed in vivo,
resulting in limited systemic bioavailability and a persistent gap between high activity in vitro and
inconsistent in vivo efficacy [7]. Given the nutraceutical and pharmacological potential of M. oleifera
across multiple organ systems, including antioxidant, anti-inflammatory, antidiabetic, hepatoprotective,
and cardioprotective effects [8]. it is important to overcome these limitations in the most efficient way
possible. Its low cost and ease of adaptation has already been a motivation for its incorporation into
functional foods, dietary supplements, and value-added products [9]. By contrast, reliable delivery of
its bioactive could result in major public-health and economic gains against the global burden of
malnutrition and non-communicable disease, particularly in resource-limited settings [10].
Mechanistically, its pharmacological actions here are based on well-defined phytochemical-
biochemical interactions as opposed to non-specific effects, though these mechanisms have rarely been
explicitly linked to the delivery strategy [11]. Despite its rich polyphenol extracts also facilitating green
synthesis of metal and metal-oxide nanoparticles, the phytotherapeutic and green-nanotechnology
literatures have evolved mostly independently from each other, and so far, no review has woven
together the biochemistry, nanodelivery and green nanotechnology of M. oleifera under one
mechanism-based umbrella [12]. This review seeks to integrate these strands through a single
mechanistic spine, polyphenol redox chemistry, and sequentially cover the phytochemical profile,
biochemical mechanisms, bioavailability hurdles, green delivery systems and green synthesis as well as
the biomedical prospect of M. oleifera environmental issues such as safety and regulations pertinent to
translation [13].

Pharmacognostic and Phytochemical Profile

Moringa oleifera Lam. (family Moringaceae), commonly called drumstick tree, horseradish tree, or
moringa, is a fast-growing multipurpose tree native to the Indian subcontinent and widely naturalized
in tropical and subtropical regions. seeds, bark, Leaves, pods, flowers, and roots are used as food and in
traditional medicine.

Botanical identity

e  Scientific name: Moringa oleifera Lam.

e Common names: Moringa, drumstick tree, horseradish tree, ben oil tree, mulangay (Philippines).

e Family: Moringaceae.

e Habit: Fast-growing deciduous tree up to 10-12 m; pinnate leaves, slender drooping branches,
long tapering pods (drumsticks).

e Used Parts: Leaves (fresh/dried), leaf powder, pods (immature/ripe), seeds, seed oil, flowers, roots,
bark

e Distribution: Native to South Asia and cultivated/naturalized throughout Africa, Southeast Asia the
Caribbean and Central and South America; well-drained soils in tropical/subtropical climates.

e Collection: Most collections are done in the morning, young leaves/pods widely used. The
variability of phytochemical content includes seasonal patterns, age of plant at harvest, cultivar
and post-harvest handling.

Macroscopic (organoleptic) characteristics
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Leaves: Bipinnate; leaflets small, oblong to elliptic 1-2 cm long; fresh leaves green soft and
aromatic with slight pungent cabbage-like taste sufficing a debris of leaves brittle olive to dark
green dried leathery than pale yellow diagnostic.

Leaf powder: Green pulverulent; finely to coarsely powdered; odour characteristic, taste slightly
bitter to astringent.

Pods (young drumsticks): Long, slender and green, reaching 30-50 cm with a soft inner
mesocarp while they are young.

Seeds: Almost spherical, 1-1.5 cm in diameter with a papery seed coat; kernels white.

Flowers: Fragrant, small, whitish-creamy.

Microscopic (anatomical) features

Leaf (common diagnostic characteristics detected in transverse sections and powder

Dorsiventral leaf with thin cuticle.

The cuticular micromorphology may include one or two different types of simple epidermis cells,
with the unicellular non-glandular trichomes being rare and the anomocytic.

Palisade and spongy mesophyll clearly demarcated; palisade is usually a single layer of elongated
cells.

Some accessions show the presence of both glandular and non-glandular trichomes.
Well-developed collateral vascular bundles.

Microscopy of powder: fragments of parenchyma, spiral and annular xylem vessels, fibers/fiber
groups, stomatal fragments, pollen grains, and even calcium oxalate crystals (prismatic/druse) in
some cases

Stem/bark: Cortex with collenchyma, phloem fibers, and sclerenchyma; wood exhibits vessels,
fibers, and parenchyma typical of dicotyledonous trees and the seed with endosperm [14].

Physicochemical parameters and quality tests
e Loss on drying/moisture content: fresh leaves are high (up to 75-80%); dried leaf powder should be
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low, ideally <8-10%, for storage stability.

Total ash: averages ~6-12% (dependent on part and source).
Acid insoluble ash: as a low fraction, this indicates there is low earthy contamination; typical values

are ~0.5-2%.

Water-soluble ash: Variable; done with total ash.
Extractive values: Water extractive (hydrophilic constituents) and ethanol extractive (70% ethanol,

routinely reported; percent yields depend on solvent and material (e.g., 10-30% w/w for leaves
depending on method).

Foreign matter: it should be at a very low level; the specification is usually <2% wi/w.
pH of aqueous extract: acidic to neutral based on preparation.
Contaminants: for heavy metals (Pb, Cd, As, Hg)—from pharmacopoeial/regulatory limits, pesticide

residues, and microbial burden.

Preliminary phytochemical screening (qualitative)

Flavonoids (quercetin, kaempferol glycosides) — strongly present.

o Glucosinolates and isothiocyanates (nitrogen- and sulphur-containing secondary
metabolites)—a typical feature for Moringa, especially leaves and seeds; characterized by
pungent aroma but possessing many bioactivities.

o One of the most important bioactive markers is alkyl glucosinolates (e.g., glucomoringin) and
their enzymatic hydrolysis products (moringin, moringin isothiocyanate).

o Abundant in vitamins (A, C, E), minerals (Ca, K®, Fe, Mg), and amino acids—especially in
leaves.

Nonvolatile oil (present in seed): high level of oleic acid (ben oil).
Proteins: leaves protein-rich with amino acids [15].



Quantitative phytochemical determinations

e Total phenolic content: often expressed as mg GAE (gallic acid equivalents)/g of extract sep.

e Total flavonoid content: mg quercetin or rutin equivalents per g.

e Total alkaloids, saponins, and tannins: methods are varied; the report is done with a
description of the assay.

e Specific marker quantification:

o Marker used as chemotaxonomic / quality marker in some studies: Glucomoringin (and/or
moringin) by HPLC/LC-MS;

o  Common flavonoid markers—HPLC quercetin and kaempferol glycosides.

o Fatty acid profile of seed oil (GC/GC MS): oleic acid replaced by palmitic and behenic
acids.

o Assay selection (Minerals and Vitamins, AAS, ICP-MS, HPLC).

Chromatographic and spectroscopic profiling

e TLC fingerprinting: multi-solvent systems for bioactive compounds (flavonoids and
glucosinolates; visualization under UV254/365 nm and spray reagents (e.g., NP/PEG for
flavonoids; anisaldehyde or vanillin for terpenes.)

o Reversed-phase HPLC—UV detection for flavonoids and glucosinolates. Methanolic extracts
of samples were utilized to analyze marker compounds, including quercetin-3-glucoside (QR),
kaempferol glycosides (KGA), and glucomoringin (GMr). Retention Times and Calibration
Curves.

e LC MS/LC MS/MS: for sensitive identification of glucosinolates, isothiocyanates, and minor
compounds (4, 22), 25-29.

e GC/GC MS: Potent method for volatile fraction (flowers, leaves) and fatty acid-methyl ester
(FAME) profiling of seed oil.

e NMRand IR for structural confirmation of the isolated compounds.

Extraction and isolation notes

e Common extraction solvents: water, ethanol (30-80%), methanol, ethyl acetate, and hexane (for
lipophilic fractions).

e Leaves: aqueous/ethanolic extracts for nutraceuticals and flavonoid-rich fractions.

e Seeds: oil extraction by cold-pressing or solvent extraction; protein-rich press cake used for water
purification (coagulant).

e  Glucomoringin is water-soluble but may be extracted more efficiently with polar organic solvents
followed by chromatographic purification.

e Enzymatic activity: myrosinase-like enzymes in Moringa convert glucosinolates to isothiocyanates
upon tissue damage — important when processing (fresh vs. heat-treated) because heating can
inactivate the enzyme and alter the profile of bioactive products [16].

Biochemical Mechanisms of Action

M. oleifera bioactives' pharmacological activities are supported by well-defined biochemical
mechanisms [17]. Flavonoids and phenolic acids not only scavenge free radicals directly by donating
hydrogen atoms from their phenolic hydroxyl groups to react with reactive oxygen and nitrogen
species, but also enhance the expression of phase-1l cytoprotective and antioxidant enzymes via up-
regulating nuclear factor erythroid 2-related factor 2 (Nrf2)/antioxidant response element pathway as
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they promote the gene/protein expressions of superoxide dismutase (SOD), catalase (CAT) and
glutathione peroxidase(GPx) [18]. While bioactive compounds derived from M. oleifera such as the
isothiocyanate moringin (generated enzymatically from glucomoringin via myrosinase) directly
activate Nrf2 and inhibit nuclear factor-xB (NF-«xB) signalling to down-regulate the expression of
inflammatory mediator genes, including TNF-o, IL-6, inducible nitric oxide synthase (iNOS) and
cyclooxygenase 2 (COX-2) [19]. Reductions in postprandial blood glucose are partly ascribed to
inhibition of a-amylase and a-glucosidase, the carbohydrate-hydrolysing enzymes that slow
postprandial glucose release, whereas metabolic effects in lowering lipids and myocardial cardio-
protection also involve modulation of lipid-metabolizing enzymes and angiotensin-converting enzyme
(ACE) [20]. Biochemical mechanisms underlying anticancer activity include induction of intrinsic
(mitochondrial) apoptosis, caspase activation, cell-cycle arrest, and modulation of redox balance [21].
Importantly, this same redox chemistry of phenolics therefore also dictates green nanoparticle
synthesis: Hydroxyl groups found in polyphenols reduce (Ag**—Ag°®) and phytochemicals and proteins
serve structural capping and stabilizing agents via a mechanism confirmed spectroscopically by FTIR
shifts corresponding to O—H, C=0 and C-O functional groups [22]. Figure 1 conceptually summarizes
the dual role, and Table 1 provides a mechanistic mapping with representative constituents.
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OH
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- 1 - by phytochemicals and proteins
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Figure 1. Unifying biochemical mechanism

Table 1. Biochemical mechanisms of representative M. oleifera bioactive constituents

Bioactive constituent Biochemical target / pathway Biochemical effect Ref.
. . Nrf2/ARE axis; ROS; SOD, Radical scavenging; induces antioxidant
Quercetin, kaempferol (flavonoids) CAT. GPx enzymes [16]
Chlorogenic / caffeic acid a-amylase, a-glucosidase; lipid . . . .
(phenolics) enzymes Antihyperglycaemic; hypolipidaemic [4]
Moringin / glucomoringin Nrf2 activation; NF-xB Anti-inflammatory (| TNF-a, IL-6, [17]
(isothiocyanate) inhibition iNOS, COX-2)
Bioactive peptides / proteins ACE; oxidative-stress markers Antihypertensive; antioxidant [1]
Flavonoid/phenolic aglycones (in MItOChOﬂdI’-Ia| apoptosis; Pro-apoptotic; antiproliferative [22]
extracts) caspases; cell cycle
Polyphenol hydroxyl groups Metal-ion redox reduction; Green nanoparticle formation and 2]
(synthesis role) biomolecular capping stabilization
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Bioavailability Barriers

A substantial proportion of the phytochemical derived from Moringa oleifera M. oleifera
phytochemical, have poor biopharmaceutical properties like water solubility decreases dissolution and
absorption; chemical and thermal instability, which is due to oxidation and degradation of polyphenols
through processing, storage and digestion [18], first-pass metabolism results in a reduction of systemic
exposure. The inconsistent responses are compounded by the changing composition of crude extracts
depending on plant part, harvest and solvent [19]. These restrictions account for the frequently large
difference between activity in vitro versus in vivo and provide a strong justification for developing
nanoscale delivery strategies [9].

Nanodelivery Approaches for Bioactives from M. oleifera

Nanodelivery enhances solubility, stabilizes labile compounds, and tailors the release profile [20]. High
better encapsulation efficiency (reported to be ~85-90%) allowing a controlled release under
conditions mimicking gastrointestinal ones was achieved, by alginate/chitosan nanocapsules of an
antioxidant-rich fraction obtained from roasted M. oleifera leaf extract [21]. Although the high
encapsulation of bioactives from leaf extract was obtained in composite polymeric nanoparticles, e.g.,
PCL/montmorillonite [22], Chitosan-based mucoadhesive carriers lengthened the retention in mucosae
[23], mucosae retention time lengthened using chitosan-based mucoadhesive carriers. and flexible M.
oleifera-encapsulated nanoliposomes displayed cell-penetrating ability as evidenced by their anti-
photoaging activity employing UVB-exposed HaCaT cells [24]. Hydrophobic constituents are the
properties of solid lipid nanoparticles and nanostructured lipid carriers [25]. When carriers protect the
labile phenolic groups from oxidation, they preserve the biochemical (redox and enzyme-modulating)
activity of encapsulated bioactives, frequently enhancing activity at lower doses than provided by their
respective conventional extracts [26]. Table 2: Comparison of representative carrier systems.

Table 2. Comparison of representative nanocarrier systems for M. oleifera bioactives [27]

Nanocarrier type Encapsulated cargo Typical size / EE* Release / functional outcome
Alginate/chitosan Antioxidant-rich roasted- ~200-400 nm; EE Sustained Gl release; preserved
nanocapsules leaf fraction ~85-90% antioxidant activity
Chitosan mucoadhesive S ~150-300 nm; EE Prolonged mucosal residence;
- Leaf bioactives / extract
nanoparticles ~70-85% enhanced uptake
Flexible nanoliposomes M. oleifera isothiocyanate  ~80-150 nm; EE ~75—  Improved intracellular delivery;
P (moringin) 85% anti-photoaging (HaCaT)
Solid lipid NPs/ NLC Hydrophobic constituents ~507209 nm; EE Controlled r_eleas_e of lipophilic
variable bioactives
PCL/montmorillonite High-efficiency encapsulation;

Leaf-extract bioactives Sub-micron; high EE

composite NPs thermal protection

Maltodextrin/gum-arabic Enhanced thermal / storage

micro/nano Leaf phenolics Micro—nano range stability

*EE = encapsulation efficiency. Values are representative ranges from the cited primary studies and should be
verified against original sources

Green Synthesis of M. oleifera-Mediated Nanoparticles and Their

Biomedical/Environmental Applications

M. oleifera is widely used as a green nanofactory platform, and its extracts containing polyphenols are
mostly utilized for reducing, capping and stabilization agents [28]. Spherical AgNPs (5--50 nm)
synthesized from leaf extracts/methods/status are highly effective as antimicrobial and catalytic agents
[29]; plant based anti-cancer activity of AgQNPX through Apoptosis inducing selective cytotoxicity on
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carcinoma cell lines has been reported previously [30]. Iron nanoparticles based on green processes
have been proposed as sustainable platforms that could be relevant in low- and middle-income settings
[31], while M. oleifera-based synthetic routes yielded ZnO nanoparticles with well-defined physical
properties and formation mechanisms [32]. Likewise, fabricated palladium and TiO. NPs by M.
oleifera extracts to be used in antibacterial and larvicidal and photocatalytic activity applications,
respectively. The basic biochemical mechanism underlying these reactions—redox reduction of metal
ions by polyphenol hydroxyls and biomolecular capping [33] (Figure 1)—supports both uses attributed
to M. oleifera: being a source of phytotherapy and a green nanotechnology platform.

This illustrates the biomedical-environmental continuum of these functional biogenic nanoparticles
held together through a shared redox chemistry engendered by polyphenols, where we know that
polyphenol-rich extracts maintain high amounts of antioxidants over time [28]. From a biomedical
perspective, together with the strong antimicrobial activity reported for AgNPs and similar
nanoparticles supporting surface coatings and wound care applications as well as disinfection selected
nanoparticles also induce selective cytotoxicity against cancer cell lines which relates to the well-
characterized antiproliferative effect of M. oleifera extracts. Nanoparticles containing its bioactive
compoutds stimulate antioxidant biotype responses and modulate inflammatory as well. On the
environmental view point, it is in this same chemistry direction to be employed on a water treatment
and/or degradation of dye or vector control applications [34], since both processes explicitly mentioned
lie within this path due to common factor type mix of nature based reduction/capping active as opposed
to the more traditional separate/mix /technology branch [25]. Finally, the broad pharmacological
properties of this plant—namely hepatoprotective, cardioprotective, antidiabetic and neuroprotective
activities—constitutes the biomedical end of this continuum [1].

Safety, Regulatory, and Translational Considerations

Despite this trend, many obstacles remain before mass adoption is achieved. The long-term toxicity,
immunogenicity, off-target effects, and biodistribution of M. oleifera-derived nanocarriers and biogenic
nanoparticles are still not fully understood [31]. Plant source, extraction, and synthesis parameters are
variable to inconsistent particle size, shape, and surface chemistry that greatly affect activity and safety.
Nanomaterials undergo a considerably more rigorous regulatory process than conventional herbal
products, and scalable, reproducible manufacturing with adequate quality assurance is still in its
infancy. There are, so far, no clinical trials of nanoformulated bioactives of M. oleifera.

DISCUSSION

Moringa oleifera is a one-of-a-kind medicinal plant; it possesses an unparalleled nutritional density and
extreme phytochemical diversity, can be globally sustainably cultivated, and is culturally ubiquitous,
yet it ironically embodies the biopharmaceutical challenges common throughout almost all other green
medicine paradigms. In this context, the current synthesis adds to these efforts, that is, mapping every
clinical endpoint where a positive pharmacological effect has been reported in the literature with
respect to some particular biochemical target (Section 4; Figure 1) that supports an overarching
rationale for nanotherapeutics: nanoencapsulation protects polyphenolic bioactives from oxidation or
thermal degradation [35]. which are critical mechanisms of attenuation of redox- and enzyme-
modulating activity. All these observations concur with the previously available data showing that
nanosizing M. oleifera extracts (~100 nm) greatly increases the bioavailability and therapeutic
efficacies of their phytoconstituents versus conventionally processed crude formulations (microns).

Importantly, while previous reviews have separately analyzed the therapeutic nanoencapsulation of M.
oleifera bioactives and various green-synthesis applications as distinct pathways of bioactive cargo, this
analysis demonstrates that a single polyphenol-driven reduction—capping pathway common to both
applications governs their installation together in ways not previously articulated in the literature. The
strategic convergence of mechanisms offers an integrative theoretical framework with translational
applications where advances in chemical stabilization strategies for the rational production of
standardized nutraceuticals and a broad category of engineered biogenic nanoparticles for
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environmental applications may benefit from reciprocal knowledge. Therefore, nanodelivery and green
nanoparticle synthesis should now be nominated as non-competitive technology but more like
complementary/mechanistically coherent (yet divergent) biotic inputs to some intrinsic bioavailability
hurdles faced by plants.

Nonetheless, those advancements have not (as yet) resolved some critical gaps. There are gaps in a
direct pharmacokinetic comparison between nanoformulations and conventional formulations, limited
capacity of bioavailability studies derived from solid predictive in vivo models, lack of systematic
evaluation of toxicity, genotoxicity, and immunotoxicity potential, and absence of clear regulatory
guiding principles. These issues, which would include but are not limited to the intrinsic variability of
plant-based metabolites, lack of standardized procedures, and limited toxicological information, have
regularly been cited as primary barriers towards the reproducible and safe-to-scale delivery of
Moringa-derived nanomaterials [36].

CONCLUSION

From a biochemical perspective, Moringa oleifera provides a multifaceted experimental platform: its
abundant and chemically diverse phytochemicals interact with central enzyme and gene pathways,
which helps explain its reported antioxidant, anti-inflammatory, and antidiabetic actions. As many of
these bioactives are chemically labile and possess low bioavailability—a generalized feature of
botanical medicines—the M. oleifera model is well positioned to screen delivery strategies that aim to
stabilize and boost activity. Importantly, polyphenolic hydroxyl groups that activate cellular
antioxidant defenses also have had active chemical functions in metal ion reduction and nanoparticle
capping during green synthesis. Thus, nanoencapsulation and green biosynthesis mediate retention of
labile chemistry as well as the emergence of new desirable properties (amines, agglomerates, and
micronized forms convert 5-50 nm nanoparticles to potent antimicrobial/antiviral photocatalytic
activity) in otherwise unreactive chemical systems unique to the specific sources of nucleic acids. This
review integrates biochemical data on M. oleifera into a mechanistic framework, providing this just-in-
time due to the parallel development of moringa-derived nanoformulations. Hence, the role of the
prioritization towards developing nanodelivery techniques in stabilizing and standardizing
nutraceuticals and therapeutics derived from moringa is to utilize green synthesis with particular
relevance to scalable, eco-friendly antimicrobial and water treatment applications (particularly for
LMICs); pursue reproducible pharmacokinetic, in vivo, and toxicological studies within
multidisciplinary consortia that enable transparent regulatory pathways and industrial-level
manufacturing quality. However, we note that the vast majority of the available evidence is at a
preclinical level, and translational and clinical research are needed before confirming safety and
efficacy.

REFERENCES

1. Pareek, A., Pant, M., Gupta, M. M., Kashania, P., Ratan, Y., Jain, V., Pareek, A., & Chuturgoon, A. A.
(2023). Moringa oleifera: an updated comprehensive review of its pharmacological activities,
ethnomedicinal, phytopharmaceutical formulation, clinical, phytochemical, and toxicological
aspects. International journal of molecular sciences, 24(3), 2098.

2. Perumalsamy, H., Balusamy, S. R., Sukweenadhi, J., Nag, S., MubarakAli, D., EI-Agamy Farh, M.,
Vijay, H., & Rahimi, S. (2024). A comprehensive review on Moringa oleifera nanoparticles:
importance of polyphenols in nanoparticle synthesis, nanoparticle efficacy and their applications.
Journal of Nanobiotechnology, 22(1), 71.

3. Alegbeleye, O. O. (2018). How functional is Moringa oleifera? A review of its nutritive, medicinal,
and socioeconomic potential. Food and nutrition bulletin, 39(1), 149-170.

4. Leone, A., Spada, A., Battezzati, A., Schiraldi, A., Aristil, J., & Bertoli, S. (2015). Cultivation,
genetic, ethnopharmacology, phytochemistry and pharmacology of Moringa oleifera leaves: An
overview. International journal of molecular sciences, 16(6), 12791-12835.

66



5. Saini, R. K., Sivanesan, I., & Keum, Y.-S. (2016). Phytochemicals of Moringa oleifera: a review of
their nutritional, therapeutic and industrial significance. 3 Biotech, 6(2), 203.

6. Kou, X., Li, B., Olayanju, J. B., Drake, J. M., & Chen, N. (2018). Nutraceutical or pharmacological
potential of Moringa oleifera Lam. Nutrients, 10(3), 343.

7. Abd Rani, N. Z., Husain, K., & Kumolosasi, E. (2018). Moringa genus: a review of phytochemistry
and pharmacology. Frontiers in Pharmacology, 9, 108.

8. Nobossé, P., Fombang, E. N., Singh, D., & Mbofung, C. (2021). Nanoencapsulation of antioxidant-
rich fraction of roasted Moringa oleifera L. leaf extract: physico-chemical properties and in vitro
release mechanisms. Food Nutr. Sci,

9. Pop, O. L., Kerezsi, A. D., & Ciont, C. (2022). A comprehensive review of Moringa oleifera
bioactive compounds—cytotoxicity evaluation and their encapsulation. Foods, 11(23), 3787.

10. Motawea, A., Abd El Hady, W. E., & Ahmed EI-Emam, G. (2022). The protective impact of
adapted trimebutine maleate-loaded nanostructured lipid carriers for alleviating the severity of
acute colitis. Drug delivery, 29(1), 906-924.

11. Moodley, J. S., Krishna, S. B. N., Pillay, K., Sershen, F., & Govender, P. (2018). Green synthesis of
silver nanoparticles from Moringa oleifera leaf extracts and its antimicrobial potential. Advances
in Natural Sciences: Nanoscience and Nanotechnology, 9(1), 015011.

12. Bindhu, M., & Umadevi, M. (2015). Antibacterial and catalytic activities of green synthesized
silver nanoparticles. Spectrochimica acta part A: molecular and biomolecular spectroscopy, 135,
373-378.

13. Milla, P. G., Pefalver, R., & Nieto, G. (2021). Health benefits of uses and applications of Moringa
oleifera in bakery products. Plants, 10(2), 318.

14. George, T. T., Oyenihi, A. B., Rautenbach, F., & Obilana, A. O. (2021). Characterization of
Moringa oleifera leaf powder extract encapsulated in maltodextrin and/or gum arabic coatings.
Foods, 10(12), 3044.

15. Aditya, N., & Ko, S. (2015). Solid lipid nanoparticles (SLNs): Delivery vehicles for food
bioactives. RSC advances, 5(39), 30902-30911.

16. Vergara-Jimenez, M., Almatrafi, M. M., & Fernandez, M. L. (2017). Bioactive components in
Moringa oleifera leaves protect against chronic disease. Antioxidants, 6(4), 91.

17. Waterman, C., Cheng, D. M., Rojas-Silva, P., Poulev, A., Dreifus, J., Lila, M. A., & Raskin, I.
(2014). Stable, water extractable isothiocyanates from Moringa oleifera leaves attenuate
inflammation in vitro. Phytochemistry, 103, 114-122.

18. Anwar, F., Latif, S., Ashraf, M., & Gilani, A. H. (2007). Moringa oleifera: a food plant with
multiple medicinal uses. Phytotherapy Research: An International Journal Devoted to
Pharmacological and Toxicological Evaluation of Natural Product Derivatives, 21(1), 17-25.

19. Vongsak, B., Sithisarn, P., & Gritsanapan, W. (2013). Bioactive contents and free radical
scavenging activity of Moringa oleifera leaf extract under different storage conditions. Industrial
Crops and Products, 49, 419-421.

20. Devi, M., Othman, R., & Mohan, K. (2023). Nanoencapsulation of Moringa Oleifera L. Extract in
Composite Ultrafine Particles Using Salting-Out Method. International Conference on Biomass
Utilization and Sustainable Energy,

21. Prasad, T., & Elumalai, E. (2011). Biofabrication of Ag nanoparticles using Moringa oleifera leaf
extract and their antimicrobial activity. Asian Pacific Journal of Tropical Biomedicine, 1(6), 439-
442,

22. Vasanth, K., llango, K., MohanKumar, R., Agrawal, A., & Dubey, G. P. (2014). Anticancer activity
of Moringa oleifera mediated silver nanoparticles on human cervical carcinoma cells by apoptosis
induction. Colloids and surfaces B: Biointerfaces, 117, 354-359.

23. Katata-Seru, L., Moremedi, T., Aremu, O. S., & Bahadur, 1. (2018). Green synthesis of iron
nanoparticles using Moringa oleifera extracts and their applications: Removal of nitrate from
water and antibacterial activity against Escherichia coli. Journal of Molecular Liquids, 256, 296-
304.

67



24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36

Matinise, N., Fuku, X., Kaviyarasu, K., Mayedwa, N., & Maaza, M. (2017). ZnO nanoparticles via
Moringa oleifera green synthesis: Physical properties & mechanism of formation. Applied surface
science, 406, 339-347.

Surendra, T., Roopan, S. M., Arasu, M. V., Al-Dhabi, N. A., & Rayalu, G. M. (2016). RSM
optimized Moringa oleifera peel extract for green synthesis of M. oleifera capped palladium
nanoparticles with antibacterial and hemolytic property. Journal of Photochemistry and
Photobiology B: Biology, 162, 550-557.

Elango, G., Roopan, S. M., Dhamodaran, K. I., Elumalai, K., Al-Dhabi, N. A., & Arasu, M. V.
(2016). Spectroscopic investigation of biosynthesized nickel nanoparticles and its larvicidal,
pesticidal activities. Journal of Photochemistry and Photobiology B: Biology, 162, 162-167.

Coppin, J. P., Xu, Y., Chen, H., Pan, M.-H., Ho, C.-T., Juliani, R., Simon, J. E., & Wu, Q. (2013).
Determination of flavonoids by LC/MS and anti-inflammatory activity in Moringa oleifera.
Journal of Functional Foods, 5(4), 1892-1899.

Choudhary, R., Kumari, A., Kachhwaha, S., Kothari, S., & Jain, R. (2024). Moringa oleifera:
Biosynthesis strategies for enhanced metabolites and role in green nanoparticle synthesis. South
African Journal of Botany, 170, 271-287.

Aghajanyan, A., Timotina, M., Manutsyan, T., Harutyunyan, A., Ginovyan, M., Schubert, R.,
Aydinyan, S., Trchounian, K., Gabrielyan, L., & Gabrielyan, L. (2025). A novel approach for
synthesizing silver nanoparticles with antibacterial and cytotoxic activities using the leaf extract
of hydroponically grown Moringa oleifera. Scientific Reports, 15(1), 16637.

Zi Khor, K., Joseph, J., Shamsuddin, F., Lim, V., Moses, E. J., & Abdul Samad, N. (2020). The
cytotoxic effects of Moringa oleifera leaf extract and silver nanoparticles on human kasumi-1
cells. International journal of nanomedicine, 5661-5670.

Kiwumulo, H. F., Muwonge, H., Ibingira, C., Lubwama, M., Kirabira, J. B., & Ssekitoleko, R. T.
(2022). Green synthesis and characterization of iron-oxide nanoparticles using Moringa oleifera: a
potential protocol for use in low and middle income countries. BMC research notes, 15(1), 149.

Bhalla, N., Ingle, N., Jayaprakash, A., Patel, H., Patri, S. V., & Haranath, D. (2023). Green
approach to synthesize nano zinc oxide via Moringa oleifera leaves for enhanced anti-oxidant,
anti-acne and anti-bacterial properties for health & wellness applications. Arabian Journal of
Chemistry, 16(3), 104506.

Irfan, M., Munir, H., & Ismail, H. (2021). Moringa oleifera gum based silver and zinc oxide
nanoparticles: green synthesis, characterization and their antibacterial potential against MRSA.
Biomaterials research, 25(1), 17.

Achudhan, D., Vijayakumar, S., Malaikozhundan, B., Divya, M., Jothirajan, M., Subbian, K.,

Gonzalez-Sanchez, Z. I., Mahboob, S., Al-Ghanim, K. A., & Vaseeharan, B. (2020). The
antibacterial, antibiofilm, antifogging and mosquitocidal activities of titanium dioxide (TiO2)
nanoparticles green-synthesized using multiple plants extracts. Journal of Environmental
Chemical Engineering, 8(6), 104521.

Wanjiru, J., Gathirwa, J., Sauli, E., & Swai, H. S. (2022). Formulation, optimization, and evaluation
of Moringa oleifera leaf polyphenol-loaded phytosome delivery system against breast cancer cell
lines. Molecules, 27(14), 4430.

. Turnbull, D., Chugh, R., & Luck, J. (2023). Systematic-narrative hybrid literature review: A
strategy for integrating a concise methodology into a manuscript. Social Sciences & Humanities
Open, 7(1), 100381.

68



Loy gal) cild B L ol g Adadill) il pall gilil) Jaan g dadii] g ¢ juadld) gilil) A8l ALalii dayf s
f_adal g

uaija&\

gl o ymyy Alatll elaally liall Ao 3 Al o clilal) ST (e cilaladin¥) aneie ada il |yl of Ly ) sall il aay
Ciligaliall 5 4 gidl) Galeally Sy i) e Alle L o oy Sl 1 Gl s M aad) 5iad" s
320U aliaall ol il <l U gl g Adaill cilagiadll 5 by 518U I TCS) ) il o s 31 5 Y 3 35S slall g i o S
153505 by sall Gl (30 il sl bl Jon 2l (e 23l Sl 85 ol sl 5 Sl s Saall s el
LalSaY) o2n ( eelld o Al dGam S i ol gaS 4 gl Gabaal) 2T Cilapn 48 2230505 JalSIL Gl el s el
el bl jEul axe 5 elall (8 Leihsd paliasl Jie Al s Ak 5l lpaibiad e 5ady 53 53a By Hdll 4 5all
Ly sall (3 G sl astal) IS all cilaabiaa (g Jas o 13a s G Ul ) J i sall J1 53831 5 8308 elaaS i3 (500 als
yame bl Jras Lea ey sl Cilasual) )il 5 5 send) Galal) 8 AS i) A Sa) clileall s L Slall sl gaf 81yl f
e bl sl s e LSl ods Jesd e sl 5 st Lo ol i) 5Ll L gl ST daie s il 2 el
U all/(2 6l yandl LBAIL Jas pall 55 5il JallINRF2 (520SY) Cilobins oy 33 ) sae Jasdill JOA (g 123aa3 5 Boanie
2 Janills (@ WS 55 JBINF-kB ( Ledansiy ) 4y @l Lay) Lawiiy GPX) «CAT «SOD) 4l
et BeliS wa Liluad 150 i) Ayl 85 Aadail @ pelal celly e 5 50e ¢ ) oSsla iy Salial Wl e ey 3330
e (e sl 50-5) Usas Aalad 5l Clasn Lealis Lo &aia (3] ailead il 696955 70 0 5l 55 dndsad
Sy Jass A J sl Badeie S 5 p2ed) e sane Judady @lld 5 (LIAT Alas 5 i s 8 Jan 5 iy 5 Sl Balian (ailbads
O Agsaall JIFAY 30uSY) Gllee andi Clgll 8 5a8 Laiy oSl sleal) o gl Ul 5aa5 3l o ilSae
A e Ly sl Gl e AlalSile dale 3 ka1 i ) Axal el 038 oaasi ginal] dilae o1 (alaall il ol /) i)
) A 5 5l Ui Y g Al i s 5 ey o) ALtLaacSO) T 5 ) all/Alall Zilaal) dailiasd o

4 il Al Clapn <5 sl Calaill (NP2 Jlose ol 3 5820811 ;A alidal) cilalsl)

69



