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ABSTRACT: Selenium nanopatticles (SeNPs) have

nanomaterials that combine the biological relevance of selenium with size-dependent

emerged as

physicochemical properties. This review examines biogenic SeNP production, the
relationships between structural attributes and biological performance, and the
mechanisms underlying antioxidant activity. Plants, bacteria, fungi, yeasts, algae, and
isolated biomolecules can reduce selenium oxyanions to elemental selenium while
simultaneously generating a surface corona that influences nucleation, growth, colloidal
stability,

temperature, reaction time, precursor concentration, extract composition, and biomass

cellular  interactions, and toxicity. Synthesis variables—including pH,
ratio—govern particle size, morphology, crystallinity, charge, aggregation, and dissolution.
These characteristics determine protein adsorption, membrane interaction, cellular
uptake, intracellular selenium availability, and ultimately the balance between antioxidant

and pro-oxidant effects.

At appropriate exposures, biogenic SeNPs may support glutathione peroxidase and
thioredoxin reductase systems, increase glutathione, activate Nrf2—Keap1—-ARE signaling,
limit reactive oxygen and nitrogen species, preserve mitochondrial function, and reduce
lipid, protein, and DNA oxidation. Reported applications include protection in metabolic,
inflammatory, neurodegenerative, hepatic, renal, and reproductive models, as well as
antimicrobial and anticancer strategies in which controlled oxidative stress may be
desirable. Translation remains limited by inconsistent biological starting materials,
incomplete characterization, variable dose insufficient

nanoparticle reporting,
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pharmacokinetic evidence, and a lack of standardized long-term safety studies. Future
progress requires quality-by-design synthesis, reference materials, mechanistically linked
structure—activity datasets, physiologically relevant models, and transpatent reporting.
Biogenic SeNPs are promising antioxidant platforms, but their clinical value depends on

reproducible manufacture and exposure-specific safety evaluation.

1. INTRODUCTION

Selenium is a trace element that is known to play a role in the regulation of the redox status through 25 human selenoproteins,
such as glutathione peroxidases, thioredoxin reductases and iodothyronine deiodinases, which participate in the metabolism of
thyroid hormones, immunity, reproduction and cell survival. Both deficiency and toxicity are detrimental, and the relatively
small window between requirement and toxicity makes supplementation a tricky business. (3) Distribution, metabolism and
biological effect are strongly affected by selenium speciation (inorganic selenite and selenate are not pharmacologically
equivalent to elemental selenium or organic selenomethionine). The advantages of SeNPs are that, at the nanoscale, Se can
possess a high surface area, be rendered more reactive, and exhibit decreased acute toxicity in many experimental systems
compared to soluble inorganic forms. (4) Biological identity is not restricted to the selenium core, but is defined as a
combination of size, morphology, crystallinity, surface charge, aggregation state, dissolution and the corona of adsorbed
biomolecules or biogenic origin. (5) Biogenic synthesis involves usage of plant extracts, microorganisms or purified
biomolecules as a reducing and stabilizing system, which reduces the use of harsh reductants and increases the production of
naturally capped particles with potentially useful bioactivity. As detailed in Figure 1, the selenium oxyanions are reduced to
elemental selenium via nucleation and growth processes that are influenced by the reaction conditions, followed by biomolecular
capping that influences downstream function of the colloid. The aim of this review is to combine the key biogenic production
pathways, discuss the characterisation required to define the structure of SeNP, and link physicochemical properties to
bioavailability and antioxidant activity, and critically evaluate safety and translational challenges. Special attention is directed
towards exposure dependent redox properties, as the same material can be protective in antioxidant activity in normal tissues,

and may create oxidative damage at high levels or in susceptible cells. (7)
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Figure 1. Biogenic synthesis of selenium nanoparticles using plants, microorganisms, and biomolecules.
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2. BIOGENIC SYNTHESIS AND CHARACTERIZATION OF SELENIUM NANOPARTICLES

The most typical pathways for the biogenic synthesis of SeNP involve the use of selenite or selenate and the reduction properties
of plant metabolites, microbial enzymes or isolated macromolecules. The plant extracts provide polyphenols, flavonoids, sugars,
organic acids, terpenoids and proteins which chelate the selenium ions and are bound to the surface of the particle as stabilizing
ligands. Bacteria can recover by intracellular or extracellular reduction via respiratory detoxification, redox enzymes, glutathione
related pathways and secreted metabolites, but intracellular recovery may complicate purification. Fungi and yeasts provide high
biomass along with good metal tolerance, and also have good amounts of extracellular proteins while algae provide pigments,
polysaccharides and phenolic compounds that can undergo reduction and capping. Purified polysaccharides, proteins, peptides
and microbial exopolymers can be used to enhance compositional control and can lead to narrower particle distributions than
crude extracts (10). The presence of nanoparticles is typically confirmed by a red to orange color, and a characteristic UV—
visible response, but color is not a definitive identifier of nanoparticles. Primary size and morphology should be determined by
transmission or scanning electron microscopy, hydrodynamic diameter and polydispersity should be reported by dynamic light
scattering, dispersion behavior by zeta potential, and surface groups, elemental state and selenium content by FTIR, Raman
spectroscopy, XPS or ICP-based methods. Nucleation, growth, aggregation, yield, and corona composition are affected by (12)
reaction pH, temperature, reaction time, concentration of precursor, extract-to-precursor ratio, agitation, oxygen availability,
and post-synthesis purification. Table 1 shows the information that should be reported for synthesis—property—application,
which is compared with representative biological sources. Interpretable comparisons of biological effects require batch controls,
blank extracts, measurement of residual precursor, storage stability, sterility or endotoxin testing, as well as both mass and
particle-based dose metrics. Standardized workflows are particularly crucial as they can alter the reducing capacity of biological
materials depending on the season, geographic location, growth phase, and extraction, and thus affect the final product of
SeNP. (14)

Table 1. Biological sources, synthesis conditions, physicochemical characteristics, and applications of biogenic selenium
nanoparticles.

Principal

Biological Key process Expected SeNP

attributes

Representative

reducing/capping

system variables applications

components

Plant extracts

Polyphenols, flavonoids,

sugars, proteins,

Species, plant part,
extraction, pH,

Often spherical;

variable corona and

Antioxidant,

antimicrobial, anti-

, temperature C .
terpenoids b > size distribution inflammatory
precursor ratio
) Strain, growth . .
Reductases, thiols, '8 Intracellular or Bioremediation,
. . phase, oxygen, y )
Bacteria proteins, extracellular extracellular; antimicrobial,
precursor tolerance, . . )
polymers protein/EPS capped  biomedical
recovery
Biomass, incubation  High-yield
Secreted enzymes, time, pH, aeration, extracellular particles;  Antioxidant,

Fungi and yeasts

proteins, polysaccharides ~ downstream strong biomolecular anticancer, agriculture
purification capping
Pigments, phenolics, Species, light, Polysaccharide-rich Nutraceutical,
Algae proteins, sulfated salinity, extract corona; potentially antimicrobial,
polysaccharides concentration stable colloids environmental

Natural Resources for Human Health (NRFHH)

https://nrfhh.com

761



Natural Resources for
Human Health

elSSN: 2583-1194

: n Principal .
Biological . . Key process Expected SeNP Representative
reducing/capping

system variables attributes applications
components

Molecular weight,
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Better-defined corona fug aeivery,

and tunable stability

Purified Polysaccharides, peptides
. y . » PP ’ targeted and
biomolecules proteins, enzymes . .
mechanistic studies

3. STRUCTURE-ACTIVITY RELATIONSHIPS OF BIOGENIC SELENIUM NANOPARTICLES

Biogenic SeNPs do not act solely in response to the nominal selenium concentration, but rather by a complex structure—
exposure relationship. Smaller particles tend to have higher specific surface area and potentially to be able to dissolve, adsorb
biomolecules, or enter cells more easily, but can also aggregate or cause toxicity if the delivered intracellular dose is too high.
(15) Shape and crystallinity modify exposed facets, defect density, chemical reactivity and dissolution kinetics, and broad size
distributions could obscure the identity of the subpopulation responsible for a measured response. The surface charge has an
effect on the stability of the colloids and their interaction with membranes but may vary significantly in the presence of serum
and gastrointestinal fluid or in cell culture media. The biogenic corona is especially noteworthy as these proteins, polysaccharides
and polyphenols can inhibit aggregation, have inherent antioxidant activity, influence protein adsorption and mediate receptor-
mediated uptake. Therefore, the effects of the biological material must be compared with the effects of the precursor, biological-
extract, and corona materials to separate the effects of the selenium core from the effects from surface-associated molecules.
The nature of the activity (from the intact particles, released selenium species, or both) is determined by dissolution or
transformation, which depends on pH, ionic strength, thiols, enzymes, and residence time. Structural properties influence the
nano-bio interface which in turn determines uptake, intracellular selenium availability, antioxidant signaling and tissue
protection as shown in Figure 2. An optimized particle can be used for slow release selenium and for using it as part of the
mechanisms that support selenoprotein function without causing a high transient load, while an unstable or very reactive particle
can lead to aggregation, an overload of selenium, mitochondrial disturbance, and pro-oxidant injury. (20) For meaningful
structure—activity studies, matched batches that differ only by one feature are desirable, so is complete characterization in
relevant media, quantitative uptake and dissolution measurements, and dose—response modeling based on both administered
and cellular doses. These can then be used in multivatiate analysis and/otr quality-by-design methods to determine critical

material attributes and establish a reproducible design space for antioxidant applications. (21)
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Figure 2. Structure—activity relationships governing the antioxidant activity of biogenic
selenium nanoparticles.
4. ANTIOXIDANT MECHANISMS AND BIOLOGICAL APPLICATIONS

Biogenic SeNPs can modulate oxidative stress in the direct chemical interactions, but more significantly, via cellular antioxidant
systems. Reducing molecules and phenolics found in surface preparations may be able to scavenge radicals in cell-free assays
which is not indicative of in vivo efficacy and should be confirmed by showing uptake, metabolism, and pathway engagement.
The release and/or metabolic availability of selenium from SeNPs can facilitate the production ot function of glutathione
peroxidases and thioredoxin reductases, which may facilitate peroxide elimination, thiol redox regulation and the regeneration
of antioxidant networks. (23) SeNP has also been shown to act as an activator of Nrf2, its dissociation from Keap1-dependent
repression, nuclear translocation, and activation of genes that contain antioxidant response elements, such as HO-1, NQO-1
and glutathione metabolism enzymes. In experimental models these responses can raise glutathione, superoxide dismutase,
catalase and glutathione peroxidase activity and lower malondialdehyde, protein carbonylation, inflammatory signaling and
oxidative DNA injury. Mitochondrial protection can be achieved by maintaining membrane potential, minimizing electron
leakage, ATP homeostasis and apoptosis suppression due to stress. These mechanisms have been successfully applied to studies
of hepatic, renal, metabolic, neurodegenerative, reproductive, inflammatory, and ischemic injury models. (26) Table 2 will sort
mechanism end points (MEPs), models, and safety observations to evaluate claims. A different interpretation is needed for its
antimicrobial and anticancer applications: controlled ROS generation, mitochondrial depolarization and apoptosis can be
protective in the one biological context and pro-oxidant in another, hence a pro-oxidant formulation can be protective in one
case and pro-oxidant in another. Cell and animal studies continue to dominate the evidence, there is a great deal of variability
in synthesis, dose units, comparator, exposure duration, and endpoint selection. An evaluation of antioxidant activity should
include chemical assays of antioxidant activity, cell-based redox imaging, enzyme activity and gene expression, mitochondrial
endpoints, oxidative damage markers, pharmacokinetics, histopathology, and functional outcomes. Mechanistic inhibitors
and/or genetic models are required to prove causation, rather than simply a cortelation between SeNP treatment and indices
of antioxidant markers. (28)
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Table 2. Antioxidant mechanisms, experimental models, biological outcomes, and toxicity considerations of biogenic

selenium nanoparticles.

Typical
Mechanistic Representative P Essential safety

experimental Interpretation

domain measurements controls
models

. DPPH/ABTS, ROS Screening only unless Assay interference
Radical and o Cell-free systems;
. probes, H202, lipid supported by cellular and extract/corona
peroxide control o stressed cells ;
peroxidation evidence controls
. . . . Compare selenite,
Selenoenzyme GPx and TrxR activity;  Cells, liver, kidney, =~ Improved peroxide and lenate. SeMet and
selenate, SeMet an
leni iati boli del hiol-red lad ’
support selenium speciation metabolic models thiol-redox regulation clemental Se
Nrf2 translocation; Oxidative, . . o
Ner—I.ieapll— H;_ 1’r§1(sz(())ci ?}%L C inf)fl;rjlrr‘lf:tory and Adapm‘m Fytoprotectlve Path\x.zay 1n'h1b%t10n or
ARE signaling ) . transcription genetic validation
expression toxicant models

GSH/GSSG, SOD,

Time course, dose

Endogenous Cell and animal Network-level .
& CAT, GPx; MDA and . . response, baseline Se
defenses disease models antioxidant response
carbonyls status
. . Membrane potential, Neuronal, hepatic, . . Cellular uptake,
Mitochondrial . p . p, Reduced mitochondrial . . P
. ATP, respiration, renal and cardiac o dissolution and
protection . ROS and cell injury o
apoptosis models viability
Context- L May conttibute to Normal-cell
ROS, depolarization, Tumor cells and ’ . . ..
dependent pro- . . anticancet/antimicrobia  selectivity and
L caspases, DNA damage  microorganisms ) . ..
oxidation 1 action systemic toxicity

5. SAFETY, CHALLENGES, FUTURE PERSPECTIVES, AND CONCLUSION

The major hurdle in the translation of bioengineered SeNPs is the translation of a variable biological product into a reproducible
and exposure-controlled nanomedicine or functional ingredient. Safety margins are small, and toxicity of nanoparticles may be
size-dependent, surface chemistry-dependent, aggregation-dependent, dissolution-dependent, dose-dependent, route-
dependent, frequency-dependent and condition-dependent. Inadequate short-term cytocompatibility: genotoxicity,
immunotoxicity, reproductive effects, organ accumulation, selenium speciation, excretion and recovery following repeated
exposure should be studied. Protein corona and blood or gastrointestinal fluid changes can affect biodistributions and uptake
by liver, spleen, and mononuclear phagocyte systems can result in tissue-specific exposure. Seasonal variation in plant extracts,
microbial strain drift, endotoxin or biomaterial contamination, residual selenium salts, inconsistent purification of extracts and
scale dependent mixing and oxygen transfer are also manufacturing challenges. (32) Progress depends on the use of
authenticated biological sources, specified critical quality attributes, validated assays, reference batches, stability-indicating
methods and reporting standards which link synthesis parameters to particle identity and biological response. Long-term studies
with an adequate number of animals and adequate benckmarking of selenium comparators, physiologically relevant models,
disease-relevant models and sex-balanced animals should be conducted before clinical testing (33). The classification, good
manufacturing practice (GMP), evaluation of environmental risk, and justified specifications for size distribution, elemental

state, corona composition, potency, impurities and release will be necessary for regulatory development. Finally, the use of
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biogenic SeNPs is a versatile platform to modulate oxidative stress; however, the safety and efficacy of “green” synthesis is not

guaranteed. They must be manufactured reproducibly, structure-activity relationships have to be mechanistically understood

and shown to have an antioxidant benefit within a well-defined therapeutic window. (35)
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