Open Access Article. Published on 03 April 2024. Downloaded on 1/11/2025 9:57:57 PTG.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Advances

REVIEW

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2024,
5, 3602

Received 15th December 2023,
Accepted 28th March 2024

DOI: 10.1039/d3ma01126g

rsc.li/materials-advances

Plant-derived selenium nanoparticles:
investigating unique morphologies, enhancing
therapeutic uses, and leading the way in tailored
medical treatments
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Selenium (Se) is a paramount micronutrient, indispensable for the holistic health of humans, animals, and
microorganisms. At its core, Se is instrumental for the genesis of selenocysteine, an exclusive amino acid
vital for the assembly of selenoproteins, critical factors in human physiology. While the health dividends
of Se are profound, its therapeutic potential is intricately tethered to a precise dosage window,
underlining the imperativeness of meticulous calibration. Emerging from this backdrop, selenium
nanoparticles (SeNPs) have become the gold standard in nanomaterials, distinguished by their
unparalleled immunomodulatory prowess, superior biocompatibility, and enhanced bioavailability. Their
reduced toxicity further consolidates their preeminence in biomedical applications. Synthesis
methodologies for SeNPs span a spectrum from physical and chemical to biological approaches. Yet, it
is the phyto-synthesized SeNPs that reign supreme, characterized by their singular morphological and
biochemical attributes, which impart an unmatched compatibility with human tissues. Strikingly, despite
their in the
pharmaceutical arena. Contemporary research not only extols the therapeutic potency of SeNPs but
also underscores their formidable efficacy against formidable adversaries like cancer cells, microbial
pathogens, and viral threats, as well as their robust antioxidant capabilities. This review embarks on a

evident superiority, plant-derived SeNPs remain conspicuously underrepresented

rigorous exposition of the vanguard in plant-mediated SeNPs synthesis, traversing the diverse botanical
landscape. It further ventures into the frontier of SeNPs functionalization, illuminating prospects for
precision-targeted drug delivery. Conclusively, the review furnishes a comprehensive elucidation of the
intricate therapeutic mechanisms harnessed by SeNPs, charting a blueprint for the future of personalized
medical interventions.

Introduction

As the 21st century unfolds, nanotechnology emerges not
merely as an innovative domain, but as a transformative force,
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laying the foundation for intricate nanoscale constructs
imbued with unparalleled functional capabilities. Distinctively
characterized by their size-dependent properties, these nano-
architectures transcend the limitations of their macroscopic
counterparts, forging path-breaking avenues across sectors —
from catalysis and avant-garde electronics to the frontiers of
biomedicine, advanced therapeutics, and precision biosensing.
Central to this technological renaissance is the emergence of
nanoparticles, which, propelled by rapid innovations, have
established a formidable footprint in therapeutics and the
broader spectrum of medicine. In this context, the intersection
of nanotechnology with medical applications birthed ‘nanome-
dicine’, a novel paradigm poised to overhaul conventional
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diagnostic, detection, and treatment modalities, pushing the
boundaries of medical science. Navigating this vast ocean of
possibilities, green nanotechnology emerges as a beacon of sustain-
ability and ecological consonance. It represents an overarching
commitment to scientific pursuits hallmarked by safety, judicious
energy consumption, minimalistic waste generation, and substan-
tive reductions in greenhouse gas footprints.> Anchored in the
bedrock principles of green chemistry and engineering, this
approach, symbolized by the epithet “green”, draws inspiration
and raw materials from nature’s vast repertoire, especially plant-
based matrices. Green nanotechnology’s core ethos revolves around
the synthesis of benign, eco-affable nanomaterials, orchestrated
under benign conditions, capitalizing on minimal energy and
ideally, renewable resources. A distinctive hallmark of this eco-
centric paradigm is its unparalleled precision in nanoparticle
morphogenesis, courtesy of the plants’ inherent capabilities as
stabilizers and reducing agents. Notably, green nanoparticles, as
empirical evidence suggests, demonstrate a superior therapeutic
profile compared to their chemically derived counterparts.’
Facilitating this transformative synthesis are a plethora of
water-soluble phytochemicals, encompassing flavones, tan-
nins, quinones, and a spectrum of organic acids. Phytoconsti-
tuents, encapsulating nature’s timeless wisdom, have graced
therapeutic traditions since time immemorial. These plant-
derived metabolites, ubiquitously distributed across the bota-
nical landscape, serve not just as functional biomolecules but
as powerful pharmacological agents. Many medicinal flora
house metabolites endowed with potent anticancer and cyto-
toxic proclivities.* Exemplifying this are bioactives like triterpe-
noids, polyphenolic flavonoids, and specific alkaloids, which,
through a myriad of molecular mechanisms, exert antineoplas-
tic effects, modulate cellular signaling pathways, reinforce DNA
repair cascades, and invoke potent antioxidant responses.’
However, harnessing the full potential of these phytomedicines
remains an intricate challenge. While many display profound
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in vitro efficacies, their inherent solubility patterns, absorption
kinetics, and inability to effectively navigate lipidic barriers
often impede their in vivo therapeutic prowess. Recognizing
this, contemporary research has shifted its gaze toward inte-
grating these extracts within nanostructured systems. The
underlying postulate is compelling: encapsulating these bioac-
tives within nano-constructs could amplify their therapeutic
footprint, minimize untoward effects, and enhance overall
efficacy.® This review, in its essence, seeks to chart this con-
fluence of traditional phytomedicine with modern nanotech-
nological innovations. What sets our discourse apart is the
meticulous exploration of the novelty in green nanotechnology
applications, especially in the context of therapeutic interven-
tions, thereby presenting an enriched, holistic perspective for
both researchers and practitioners.

Selenium nanoparticles (SeNPs)

The name selenium” (Se) comes from the Greek word “‘Selene”,
which means “moon”. With an atomic number of 34, this
element can be found in the periodic table. Swedish scientist
Berzelius initially discovered selenium. Historically, Se was
thought to be poisonous to humans. Scientists didn’t learn
that Se was an essential trace element until much later in the
1950s. Dietary Se is obtained from plants that utilize methio-
nine as a protein precursor to transform inorganic selenium
from the soil into selenomethionine.” Se is a semisolid metal
that resembles sulphur and tellurium chemically and looks as a
red powder, a black vitreous material, and a metallic grey
crystalline solid. The oxidation states of Se include 2%, 47, 6",
0", and -2". Selenium is a transition metal that appears in three
forms: selenate SeO,>”, selenide Se? and selenite SeO5”.
Humans store selenium in the form of selenoproteins, which
can be synthesised from either organic or inorganic selenium,
as illustrated in Fig. 1. Absorption of elemental selenium is
difficult unless it is nanosized; however, the digestive tract has
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no trouble absorbing organic selenium (mainly selenomethio-
nine) or ionic selenium (e.g., selenite and selenate).® Humans
can safely consume organic food sources of selenium however,
inorganic selenium supplied with chemicals has a limited
therapeutic-to-toxic impact spectrum.’ To exert its physiologi-
cal effects after being absorbed into the bloodstream, selenium
forms a complex in vivo with several proteins (selenoprotein).*

Physiological roles of SeNPs

SeNPs possess the unique qualities of being biocompatible and
biodegradable, setting them apart from precious metals like
platinum, gold, and silver. The toxicity of Se in its nanoforms is
lower, and its anti-oxidant and anti-tumor potential is higher
than those of its organic and inorganic analogs.'""* Incorpor-
ating selenium into various organoselenium compounds (syn-
thetic and natural) often results in beneficial pharmacological
activity. The type of selenium linkage in an organic molecule
significantly influences the biological activity of these com-
pounds, i.e., whether they exhibit a beneficial effect (reactive
oxygen species (ROS) uptake, oxidative capacity) or a toxic effect
(ROS induction or release of elemental Se). Se-containing
compounds can affect gene expression, cell signal pathways,
DNA repair/damage, as well as angiogenesis and metastasis
through the formation of ROS and the oxidation of protein thiol
groups. Evidence revealed that these compounds induce anti-
oxidant effects at low levels when selenium is incorporated into
SePs, while pro-oxidant and anticancer effects occur at high
doses. Some compounds have also been found endowed with
chemosensitising properties, potentiating the efficacy of anti-
cancer drugs.****

Both selenite (SeO;, SeL) and its sodium salt, sodium
selenite (disodium selenite, Na,SeO3, SS) belong to a group of
inorganic compounds, which were tested as the first Se-
containing compounds, and the scope of research on their
anticancer properties was very extensive. During the metabo-
lism of SS in vivo, the formation of hydrogen selenide (H,Se)
occurs which is then methylated forming methylselenol.>*>®
The in vivo study concluded that SeL (3 mg per kg body weight
(bw)) was well tolerated but was genotoxic, while at a concen-
tration of about 127 puM Se, it was toxic and genotoxic to
primary human keratinocytes (NHK).>® This is due to the fact
that medium (3-5 ppm; 0.3-0.5 mg Se per kg bw) or dietary
(0.1 ppm; 0.01 mg Se per kg bw) doses of SeL are metabolized to
selenide (Se®”), which is then incorporated into selenoproteins.
In turn, higher concentrations (>5 ppm; > 0.5 mg Se per kg bw) of
this compound lead to its reaction with oxygen and the formation
of ROS, which causes oxidative stress, and this ultimately results in
the cytotoxic and genotoxic effects.

Diselenides are a class of organic selenium compounds that
contain the Se-Se bond in their structure and have the general
chemical formula R,Se,. Dimethyl diselenide is a compound
found in nature that exhibits antioxidant properties and
strongly induces NADPH quinone oxidoreductase, whereas
dipropyl diselenide and dibutyl diselenide are known for their
prooxidant effects, even at low concentrations. In vivo studies
revealed that diphenyl diselenide can be toxic, depending on its
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route of administration and dosage. Mainly, this compound
was studied for its antioxidant activity, while there is less
research on its cytotoxic effects on cancer cells. Another class
of selenoorganic compounds is selenides (also called seleno-
ethers), with the general formula R-Se-R. Among them, there
are derivatives with chemopreventive properties, involving the
binding of heavy metals or Gpx-like (glutathione peroxidase-
like) activity. Meanwhile, the anticancer activity of the com-
pounds was tested on various cancer cell lines, including colon,
uterine, lung, liver, and breast cancer.'”> In herbs and living
systems, selenium plays a substantial role in biosynthesis;
however, its toxicity surges above trace levels. Selenium, like
selenoenzymes, can be easily incorporated into proteins (glu-
tathione peroxidase). It has been hypothesized that it functions
as an anti-oxidant enzyme, mitigating free radical damage to
cells.'® Numerous inorganic Se, organic Se compounds and Se
nanoparticles have shown promise as possible anti-cancer
agents. It is thought that Se compounds, by virtue of their
direct or indirect anti-oxidant qualities, play a significant role
in the prevention of cancer by shielding healthy cells from the
oxidative damage induced by reactive oxygen species (ROS) and
thereby maintaining the cellular redox balance.'” Diseases
including heart disease, cancer, rheumatoid arthritis, and
cystic fibrosis benefit from selenium treatment. The toxicity
of selenium oxyanions is reduced when it is present in its
elemental form, but at higher amounts, it can be harmful to
humans.'® Selenium is well known for its anti-oxidant proper-
ties; it is primarily used in metabolic disorders associated with
oxidative stress, such as atherosclerosis, diabetes mellitus, and
fatty liver. Selenoproteins are responsible for selenium’s anti-
oxidative stress action.'® Selenocysteine (SeC) and seleno-
methionine (SeM) are amino acids in proteins known collec-
tively as selenoproteins. Somewhere around 25 unique
selenoproteins have been identified in cells and tissues. Among
the functionally classed selenoproteins, there is only one SeC
residue in the structures of five glutathione peroxidases (GPx)
and three thioredoxin reductases (TrxR). The most abundant
selenoprotein identified in plasma is selenoprotein P (SEPP),
which includes ten SeC residues. Many health problems linked
with low selenium consumption are thought to be attributable
to the absence of one or more specific selenoproteins, which is
why selenium insufficiency inhibits the cell’s capacity to
synthesize selenoproteins.>®>" There is mounting evidence that
selenium helps the immune and host defense systems do their
jobs. The immune system and the host’s defense mechanisms
protect the body from harmful bacteria and viruses. The
immune system may be significantly influenced by selenium.
Anti-oxidants like glutathione peroxidase (GPx) may protect
neutrophils from damage caused by oxygen radicals produced
during digestion. In order to prevent peroxidative damage to
lipid-containing organelles and cell membranes, GPx relies on
the presence of the selenium molecule. Together with vitamin
E, it helps maintain healthy cell membranes by participating
in redox processes that generate hydrogen peroxide with
glutathione (GSH).>*> The already harmful effects of redox
by-products and oxidative stress on cell membranes are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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compounded by selenium deficiency. Acceptors of electrons are
the SeO;>” ions, whereas donors are enzymes like NADH
dehydrogenase or other parts of electron transport chains.
Selenium nanoparticles stand out for their intended use as
ligands due to their high surface area per unit volume and high
permeability.”>** Nano-selenium is a low-toxicity antioxidant
that boosts the activities of glutathione peroxidase (GSH-Px)
and thioredoxin reductase. Since the nanoparticle’s size affects
its biological activity, it may be useful.>>*® SeNPs between 5 and
200 nm in size bind free radicals in a size-dependent manner.
The majority of selenium nanoparticles are obtained through
chemical reduction.’” A precursor containing an appropriate
reducing agent can reduce it to an atomic structure. A typical
green approach is selenate/selenite reduction in the presence of
phytoextracts rich in polyphenols, flavonoids, alcohols, alde-
hydes, and amines to manufacture Se nanoparticles.”®*° As
shown in, researchers are captivated by selenium nanoparticles
(Nano-Se) because to its remarkable biopotential, enhanced
biocompatibility, and reduced toxicity Fig. 2.%°

Biocompatibility of SeNPs

Surface embellishments improve the biocompatibility of sele-
nium nanoparticles. SeNPs derived from plants are considered
superior to elemental selenium due to their biocompatibility.*"
Physicochemical reaction parameters representing different
surface Plasmon resonance bands and the ideal concentration
of the plant extract used determine SeNPs’ biocompatibility
(SPR).?* The biocompatibility of Emblica officinalis fruit extract
phytofabricated selenium nanoparticles (PF-SeNPs) was stu-
died. Compared to sodium selenite, PF-SeNPs exhibited a much
higher IC5, in N2a cells. Compared to sodium selenite, PF-
SeNPs had a substantially smaller effect on mitochondrial
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Fig. 2 Biopotential of selenium nanoparticles.
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membrane potential (MMP) and caspase-3. In definitive cyto-
toxic studies, PF-SeNPs were significantly less harmful and
safer than sodium selenite.>® Thermosensitive nanocomposite
hydrogels based on CS chitosan glycerol phosphate and their
complex selenium nanoparticles were effectively fabricated,
and the antioxidant characteristics and biocompatibility of
hydrogels were examined in vitro (Wu et al. 2021). The CS/GP/
SeNPs system, having optimal doses of SeNPs, exhibited potent
antioxidative activity and excellent biocompatibility with GES-1
cells.>® Fang et al. (2017) coated SeNPs with folic acid and
baicalin and was used to treat hepatocellular cancer (B-SeNPs-
FA). Increased cellular uptake of folic acid is facilitated by the
nano-incorporation systems of folic acid, which in turn
increases the expression level of folic acid receptors (FARs) on
the cell membranes of cancer cell types. Baicalin flavonoid is
highly recommended for treating viral illnesses such as hepa-
titis B or cancer; nevertheless, its applicability is restricted due
to low biocompatibility and hydrophobicity. To improve the
properties of baicalin, selenium nanoparticles with exceptional
biocompatibility, high stability, and minimal toxicity to healthy
cells were included.*®

Biodistribution and metabolism of SeNPs

The biodistribution of nanoparticles in normal mice is primar-
ily determined by particle size and capping agent.*® Selenium is
mostly absorbed in the small intestine’s lower portion through
various methods dependent on the selenium type. Se’s biolo-
gical activities mostly depend on this metalloid’s incorporation
into selenoproteins as the amino acid selenocysteine.”® Sele-
nium nanoparticles (SeNPs) have drawn much interest as
potential drug delivery systems. For starters, selenium (Se), a
trace element, plays a significant role in many human

Enhances Immune
And Host Defense

Minimize risk of
iron
over-abundace

Regulates
Endocrine System

Mater. Adv., 2024, 5, 3602-3628 | 3605


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma01126g

Open Access Article. Published on 03 April 2024. Downloaded on 1/11/2025 9:57:57 PTG.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

SELENIUM .,
SOURCE

I
I
I
I
I
I
|
I
\

1\

Diet “ SeCys

y-Glutamyl-CH3SeCys \

View Article Online

Review

-~
A —————. Selenate
Non-specific Inorganic Se
Incorporation Metabolism
Into Proteins

GSSeSG
Ser-tRNAUGA

\

I

I

I

I

- Lyase !
I

ZSe_, HSePO,* _Z. Selenoproteins |
— |

I

e ] |

I

I

I

I

‘ B-Lyase ‘ i % Selenoprotein
CH,SeCys \, cH é( H,0,40,- Synthesis

A ——
Methylation (CH) Se(breath)
Excretion i Se0,
A—
Selenosu ar(Urine
\ (CHz)Jse(Uflne) geritiee) R :
Ve y

o —

SeMet, selenomethionine; SeCys, selenocysteine; GSSeSG, selenodiglutathione; y -glutamyl-CH3SeCys, y -glutamy |-Se-
methyl-selenocysteine; HaSe, hydrogen selenide; HSePO,, selenophosphate; CH3SeCys, Se-methylselenocysteine; CH3SeH,
methylselenol; (CH3),Se, dimethyl selenide; SeO, selenium dioxide;(CH3), Set, trimethyl selenonium ion.

Fig. 3 Mechanisms and pathways governing the transformation of nano selenium within the body.

physiological processes. Liver and kidney Se accumulations
were observed in in vivo experiments using animal models
treated with Se or SeNPs. Mechanisms and pathways governing
the transformation of nano selenium within the body are
shown in Fig. 3. According to Zhang et al.,’” selenium content
in mice’s blood, liver, and kidneys was not significantly differ-
ent after 7 days of repeated administration of SeNPs or methyl
selenocysteine at dietary levels (0.035 and 0.070 mg kg™ * bw per day).
Se concentration increased in methyl selenocysteine-exposed rats
when a supra-nutritional dose (1 mg kg™ bw per day) was given.
Loeschner et al.,*® quantifiable findings for the proportion of total
Se concentration found in the liver, kidneys, and feces were
displayed in their experiment. Results showed that Se was detect-
able in biological samples collected after administering SeNPs or
Se(v) at both dose levels. Se intake from feed was 0.03 mg kg™*
body weight per day, leading to a detectable Se level in the range
of 5-10% in the control samples. Se was also found in the kidney
and liver samples of rats given 0.05 mg kg~ " bw per day, but this
was not different from the corresponding controls and was not
related to the dosage form. This result demonstrated that the
Se concentration was well within the capability of elimination
by natural mechanisms, therefore minimizing the risk of
organ toxicity. In contrast, rats given a tenfold higher dose, ie.
0.5 mg kg " bw per day, had between 17 and 40% of their total Se
concentration concentrated in their livers and kidneys, up from
2 to 7% in control and low-dose rats. Whether Se is given as Se-
NPs or Se(v), the varied physicochemical and microbiological
conditions in the rat intestine’s compartments may be affected

3606 | Mater. Adv., 2024, 5, 3602-3628

differently after gavage delivery of the dose. The similar fraction of
Se present and the identical concentration of Se discovered in the
blood, and the organs after oral administration of Se as Se-NPs or
Se(1v) suggest that the two chemical forms were metabolized along
the same pathways. The reduction of Se(wv) to Se and the oxidation
of Se-NPs to inorganic Se oxo-anions are conceivable in a micro-
bial environment.* A different study showed that Se-NPs have a
nephroprotective role against the progression of acute kidney
injury by ameliorating the histological alterations brought on by
glycerol injection and restoring normal kidney biochemical char-
acteristics. Se therapy decreased the alterations in kidney function
measures and conserved the histological structure of renal tissue
in a mouse model of acute kidney injury.*’

Toxicity of Se-NPs

Se-NPs have a greater effect on organisms than inorganic Se
forms. In addition, each individual’s need for antioxidant
defense determines how Se affects health status. Se becomes
toxic if it is present in excess. Se toxicity in general and
Se-NP toxicity have been assumed to be related. Both Se and
Se-NPs possess pro-oxidative properties that produce reactive
oxygen species (ROS) at higher concentrations. The bioaccu-
mulation phenomenon may amplify this effect in various
tissues, of which the liver is most susceptible.*’ To yet, only
antioxidant system function, body weight, and bioaccumula-
tion in the liver, kidney, and heart have been given much
attention in the toxicological examination of SeNPs. Very little
is known about how SeNPs interact with the immune system,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the gastrointestinal tract, bioaccumulation in muscles, and
other indirect targets of Se. SeNPs and other nanoparticles
seem more reactive and display better biodistribution in organ-
isms than other forms of Se, likely because of their huge surface
area and tiny size.*> Compared to inorganic Se, SeNPs are less
harmful in most tests. Sublethal dosages of 20 nm SeNPs at
0.05, 0.5, or 4 mg Se per kg body weight (bw) per d showed no
difference in brain neurotransmitters or hematological mar-
kers between the control and sodium selenite-treated groups
(0.5 mg Se per kg bw per d) during a 28-day trial.*’ A detailed
toxicological evaluation revealed that SeNPs with a size range of
20-50 nm increased Se accumulation in whole blood, liver, and
kidneys in a dose-dependent manner when compared to the
control. It was found that SeNPs did not bioaccumulate more
efficiently in blood and tissues at the dietary amount of Se
(10 mg Se per kg bw). Plasma, liver, and kidney GPx activity did
not differ between Se-methionine and SeNPs. SeNPs displayed
less immediate liver injury and abridged toxicity compared to
Se-Met. A reduction in dietary Se stockpile and a surge in the
lethal dosage in SeNPs fed mice demonstrates the efficacy of
employing SeNPs to avoid Se toxicity. The hypothesized mecha-
nism operates through the cell’s unique Se uptake and phase 2
response. Despite the varying toxicological effects of SeNPs, it
has been stated that biologically or ecologically fabricated and
altered NPs have enhanced the impact on the health of animals
and abridged their toxicity. The technique of biogenic fabrica-
tion of SeNPs with bioactive chemicals appears to be their
principal benefit with unique features.***

Drug delivery by selenium nanoparticles

Targeted medication delivery and regulated drug release are
two advantages of functional nano-systems that can inspire
novel therapeutic methods to treat disease. Due to their low
toxicity, high bioavailability, and biocompatibility, Se nano-
particles can be conjugated with various agents for precise drug
administration.’® The anticancer effects of SeNPs can be greatly
enhanced since medications can be put into them at quantities
that exceed their inherent solubility.*® Drug efficacy and safety
were improved when selenium nanoparticles were combined
with other treatments because of their enhanced selectivity for
cancer cells, high bioactivity, increased drug solubility, and
targeting effects.”” The selenium nanoparticles’ surface chem-
istry must be modified so that they can be conjugated with
ligands that precisely target cancer cells. Because of its ability to
attach to a receptor on the surface of cancer cells, this complex
could improve the selective uptake and accumulation of nano-
material in tumor-containing organs while reducing toxicity to
healthy cells. Conjugating various drugs to the nanoparticle’s
capping group results in a highly specific drug delivery
mechanism.*® Consequently, the nanoparticles can function
as drug-delivery vehicles. To a large extent, surface decorators
aid cancer cell’s uptake of nanoparticles by the cells them-
selves. Many therapeutic drugs can be successfully delivered to
tumour sites that overexpress Tf receptors with the help of
transferrin (Tf), a targeting ligand. However, cancers at either
the primary or secondary stage could be targeted with a
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nanoparticle with transferrin conjugated.*® Using selenium
nanoparticles coated with ATP improves their uptake and
stability within cells and their selectivity for cancer cells over
healthy ones. Nanomaterials are widely used as ‘“nanocarriers”
for chemotherapeutics due to their propensity to concentrate in
cancer cells via a process known as passive targeting. Since the
chemotherapeutics are being administered randomly, this
technique has drawbacks. Targeted medication administration
can take advantage of the fact that cancer cells have a signifi-
cantly lower pH than healthy cells to limit the chance of off-
target effects.’® The multivalent surface of SeNPs allows for
efficient binding to chemical medicines or biomacromolecules
via covalent or non-covalent linkages. In the field of medication
delivery, SeNPs stand out as highly-tunable, adaptable nano-
carriers. Naked stabilizers, or unreacted ions, are found on the
surface of the SeNPs. These species can form conjugates with
the amino, carbonyl, carboxy, and hydroxyl groups in pharma-
ceuticals and can be positively or negatively charged (API).
Because of this, SeNPs have a greater adsorption capacity,
making them better suited for drug loading, stabilisation, and
delivery.>!

Se-based nanoparticles formulation can be manufactured
using two methods:

(I) Reduction-based in situ formation and (II) nanoparticle-
based fabrication; in the first approach, selenium nitride
nanoparticles (Se-Ni-NPs) are produced by a chemical reaction
that uses various precursor materials, and reducing and stabi-
lizing agents. Various selenium compounds, including sodium
selenite, sodium selenate, and selenic acid, are present in the
precursors. Reducing agents include ascorbic acid, mercap-
toethanol, and glutathione sulphate, just a few examples.
Inorganic nanoparticles can be employed for drug delivery
thanks to stabilizers that facilitate the creation of physically
stable colloidal SeNPs and bestow functionality on SeNPs. Due
to the functionality stabilizers impart to SeNPs, inorganic
nanoparticles can be employed for drug administration. In
several steps of the manufacturing process, polysaccharides,
proteins, and polymers are used to create selenium nano-
particles (SeNPs). These factors affect the physicochemical
characteristics and bioavailability of selenium nanoparticles.
Second, selenium-plated nanoparticles can be created by plat-
ing the surface of premade nanoparticles with selenium, which
involves attaching selenium to the surface of the nanoparticles.
Both methods have been shown in Fig. 4.

For the first tactic to succeed, the size of the SeNPs must be
managed, and a suitable functional modifier must be chosen if
the drug loading and pharmacokinetic characteristics are to be
optimized. This can be done by controlling the amount of space
between the SeNPs. The second strategy allows for flexible drug
loading. The first strategy encapsulates the payload in nano-
particles. Many researchers are interested in SeNPs’ potential as
a nano-vehicle for transporting medicinal compounds for a
synergistic impact. Because of their versatility and ease of
application, selenium nanoparticles are gaining much atten-
tion in engineering. When ligands are added to SeNPs, they can
be directed to certain cells or organelles. This technique can

Mater. Adv,, 2024, 5, 3602-3628 | 3607
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target cancerous cells and cell mitochondria. Nanomedicines,
inspired by nanotechnology and used to treat mitochondrial
dysfunction, is a major focus of precision medicine. Mitochon-
drial dysfunction is linked to cancer, CVD, diabetes, and other
diseases.>™>*

Synthesis of selenium nanoparticles (SeNPs)

SeNPs have a more complex chemical structure than standard
organic or inorganic selenium compounds. Size, dispersion,
content, shape, and surface property are just a few factors
that must be considered while designing and synthesizing
SeNPs for biomedical purposes. Functional agents, morpholo-
gical features, and surface properties are important in design-
ing novel SeNPs with variable size distribution.>® The
traditional Se material in dietary supplements or additives
presented significant absorption and bioavailability problems.
SeNPs-containing nutritional supplements are advantageous
because they increase the bioavailability and controlled release
of selenium in an organism’s body, thereby enhancing the
efficacy and effectiveness of supplements. Sadly, a high sele-
nium intake can cause a variety of fatal diseases. Controlling
the therapeutic dose is crucial because selenium’s toxicity and
activity are typically altered at high doses. In addition, despite
their excellent therapeutic potential, high amounts of methyl
selenium, sodium selenite, and selenocysteine pose significant
toxicity concerns. The aforementioned issues are linked to
selenium levels that are too high. There may also be therapeutic

3608 | Mater. Adv,, 2024, 5, 3602-3628

uses for nanotechnology outside of the medical area. Nanoscale
selenium has attracted much attention worldwide because of
its potential as both a powerful therapeutic agent with low side
effects in medicine and a food additive, particularly for
selenium-deficient patients.>® To begin with, SeNPs, like other
NPs, were manufactured by several chemical procedures. How-
ever, due to the high production cost and harmful by-products,
new procedures for the synthesis of NPs have been developed.

Factors affecting synthesis of SeNPs

Principal factors in the production of SeNPs are reducing and
stabilizing agents. Phenolics, tannins, saponins, flavonoids,
sugars, amino acids, and proteins are the biomolecules in plant
extracts known for medicinal value, which can also act as
potential selenium-reducing agents. A stabilizer is often used
to avoid the aggregation of nanoparticles by coating the parti-
cles with a thin layer of polymer or surfactant that reduces their
interactions.”” The primary objective of selenium nanoparticle
synthesis is the creation of particles with the smallest possible
size and the highest possible stability.

Temperature, extract concentration, pH, time, agitation, and
reactant concentration are a few variables that influence nano-
particle synthesis, as depicted in Fig. 5.>>°%>°

Effect of pH on the fabrication of SeNPs

A pH value aids in the measurement of a solution’s acidity and
basicity. The solution pH has a crucial role in plant-mediated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanoparticle biogenesis. The effect of pH on synthesizing
SeNPs and other metallic oxide nanoparticles has been
reported in the literature. Researchers have shown that the
pH of the solution medium influences the crystal’s size, shape,
and crystallinity.®® This process is caused by creating nuclea-
tion centers, which increase as pH rises. The reduction of metal
ions into metal nanoparticles occurs at higher nucleation
centers. Simultaneously, the pH of a solution affects the activity
of the functional groups in a plant extract or biomass and the
rate of reduction of a metal salt. Changes in UV-vis spectra and
solution color, surface plasmon resonance (SPR) peak intensity,
and solution color depth were influenced by pH. With either
low or high pH, the solution displayed a pale hue and weak SPR
peaks.®!

Some nanoparticles biosynthesized from plant extracts have
been shown to have a size and texture highly sensitive to the pH
at which they are created. In addition, pH variations were used
to regulate the form and size of the nanoparticles.®” Alipour
et al.®® reported that the medium’s pH impacts the particle size
and polydispersity index (PDI) of produced SeNPs. The particle
sizes ranged from 136 to 190 nm, indicating that the nanopar-
ticle sizes were comparable at pH 6, 7, and 8 but were much
larger at pH 5. The PDI ranged from 4.2-16.6, with pH 6 and
7 exhibiting significantly lower values than pH 5 and 8.

Effect of plant extracts and concentrations on the fabrication of
SeNPs

The volume and concentration of the plant extract and the
kinds and numbers of biomolecules it contains have significant
effects on the quality of the SeNP made from the extract. The
concentration of plant extracts can affect the size of synthesized
nanoparticles. Researchers have shown that increasing the
concentration of an extract accelerates the bio-reduction and

© 2024 The Author(s). Published by the Royal Society of Chemistry

stability of nanoparticles, as more chemical ingredients are
present in the solution to bond with the precursor. The ratio of
plant extract volume to selenium precursor concentration
needs to be optimized to produce SeNPs under ideal
conditions.®* Alam et al.** described the effect of leaf extract
concentration on the synthesis of SeNPs by recording UV-Vis
spectra. The spectra revealed that absorption intensity
increases as the concentration increases and reaches its max-
imum. The increase in concentration causes a decrease in
absorption intensity and an increase in absorbance max. The
change in maximum sodium selenite concentration for the
SeNPs was due to forming nanoparticles with a larger diameter.
Maximum synthesis is achievable with a sodium selenite
concentration of 25 mM. In order to determine the time of
SeNPs synthesis, 5% leaf extract and 25 mM sodium selenite
were incubated at a ratio of 1:9. In the UV-Vis spectra, a
distinctive peak of selenium nanoparticles was seen at
381 nm as a function of time, showing that biosynthesis was
complete in 3 hours. The two controls, sodium selenite in
distilled water and leaf extract, lacked a 381 nm peak. There-
fore, metal ion concentrations, reducing agent concentrations,
and incubation times are crucial for synthesizing SeNPs.*® The
quantity of extract used in the synthesis of SeNP has a sig-
nificant impact on the yield. The research has stated that the
amount and type of extract used in the synthesis of nano-
particles have a significant impact on their morphological
characteristics and biological activities.®® When reducing
agents are present in smaller amounts, nanoparticles grow
in size.

Because the nucleation and growth processes are modified
by the relative concentrations of the reducing agent and the
precursor, this behavior is similar to that seen in several nano-
system chemical reduction procedures. We hypothesize that

Mater. Adv., 2024, 5, 3602-3628 | 3609
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the nucleation process is faster than particle development at
greater concentrations, leading to smaller particles. To amplify
this action, apply a strong reducing agent.®’

Effect of time on the fabrication of SeNPs

An incubation time influences the morphological properties
and qualities of the fabricated nanoparticles. A lengthy incuba-
tion period causes particle aggregation and contraction. Sani-e-
Zahra et al.®® assessed the stability of SeNPs by utilizing UV
spectrometry analysis. Their findings recorded the absorbance
peak at 350 nm for SeNPs. Immediately after combining the
plant extract and salt solution, the reaction mixture was incu-
bated for three hours at a temperature of 75 °C before being
cooled to 37 °C and incubated for 24, 48, 72, and 96 hours. Here
stability of fabricated Solanum lycopersicum SeNPs was robust
after 96 hours of incubation SeNPs yielded the highest peak at
350 nm. According to Alipour et al.®® the size measurements
performed under various light exposure conditions, the devel-
opment of SeNPs with a size of roughly 150 nm occurred under
a 12 h dark/12 h light cycle, which is on par with the size
formed under continuous light exposure. The formation of
nanoparticles smaller than 200 nm took place during the other
illumination cycles, the other hand. It demonstrated the impor-
tance of light exposure time in the fabrication of nanoparticles.

Effect of temperature on the fabrication of SeNPs

SeNPs and other metallic oxide nanoparticles are best created
utilizing plant extracts at temperatures between 25 °C and
100 °C, as the temperature is one of the most significant
variables in synthesizing metallic oxide nanoparticles. Since
some of the secondary metabolites included in plant extracts

View Article Online
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are volatile, SeNP production often occurs at room temperature.
The shape of nanoparticles can be altered by changing the
reaction solution temperature. Plant-based, environmentally
friendly synthesis of metal oxides at elevated temperatures
has been established. However, the yield of nanoparticles is
poor at high temperatures due to the potential inactivation of
the biomolecules responsible for reducing the iron precursor.
Akeay et al.®® reported that the influence of reaction tempera-
ture on the production of SeNPs was investigated by adjusting
the pH of a supernatant containing 6.4 mM SeO, to 9 and
incubating the mixture between 30 °C and 45 °C. There was no
change in the reaction solution colour at 45 °C, but a reddish-
orange hue formed at temperatures of 30 °C, 33 °C, and 40 °C.
In order to achieve maximal absorbance, the ideal temperature
was determined to be 33 °C. According to Mollania et al.,* the
reduction of selenium ions may have been hindered by inter-
actions between temperature (45 °C) and pH (9). In light of
these findings, it is possible to conclude that an increase in
temperature inhibits the formation of SeNPs.

Various methods for the fabrication of SeNPs

A variety of methods have been developed for the synthesis of
SeNPs. The two most common types of these techniques are
chemical reduction and biological reduction. When living
things like bacteria or plant extracts are used to break down
selenium compounds, both organic and inorganic, the result-
ing SeNPs are safe and useful. Chemical substances are used as
reducing agents. The energy source or equipment used during
the reaction can further categorize this method, as shown in
Fig. 6. In this field, scientists have mostly documented using
sonochemical, hydrothermal, and microwave techniques.”

SELENIUM NANOPARTICLES
Se Precusors
Se0,, Na,Se0;, Na,Se0,, H,S¢0,,5¢0,, H,Se¢0,

SeNPs Synthesis

Reduction via Biological Agents

(Plant extract, Micoorganisms)

Biological Methods

Reduction via Chemical Reagents
(Ascorbic acid, N,H,.H,0, Na,S,0,)

Chemical Methods

I

Plant Extracts
Microorganism

Fig. 6 Various methods of selenium nanoparticles synthesis.
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Chemical method of reduction for synthesis of SeNP

Reducing Se salts is the most widely used and straightforward
approach for generating SeNPs. Sources that can lower the
oxidation state include ascorbic acid and other reagents/che-
micals. In contrast, it has been found that NPs manufactured
from natural components are safer than those prepared with
chemicals. To generate a stable colloidal solution of SeNPs for
diverse applications, a chemical reduction is used to reduce the
element, its salt, or compounds, and the size is regulated by
applying surfactants or growth-terminating reagents.

Hydrothermal method of SeNP synthesis

The lack of the literature indicates that the hydrothermal
method is not widely used to synthesize biologically compatible
SeNPs. Shar et al.”* reported a simple hydrothermal method
that uses ascorbic acid as a reducer and stabilizer and sodium
selenite (Na,SeO;) as a precursor for creating SeNPs. The size
range of the SeNPs that were obtained was 169.11 nm. The
synthesis described is yet another illustration of an environ-
mentally friendly synthesis. Hatami et al.”> a colloidal solution
was hydrothermally treated in a laboratory autoclave at 121 °C
and 1.5 atm for 15 minutes. The zeta potential of the synthe-
sized SeNPs was 44.9 mV, and their size range was 110 nm. The
polydispersity index was 0.226. The use of coffee bean extract to
reduce Na,SeO; to Se has been reported by Abbasian et al.”? the
reaction that was completed in fifteen minutes at a moderate
temperature. The Na,SeO; was reduced using N,HgCl,, and
nanoparticles with a mean size of 15 nm were produced.

Microwave method of SeNP synthesis

The microwave approach is now widely employed in the
chemical process of material production. The process is fre-
quently referred to as a ‘“green synthesis route” because it is
quick, simple, affordable, clean, and produces a fair amount of
the desired product. Microwave heating is more uniform and
effective than traditional heating techniques that rely on con-
duction because the radiation interacts directly with the mole-
cules. Because of these merits, scientists have begun employing
this technique to synthesize SeNPs. However, microwave radia-
tion for the preparation of SeNPs has received surprisingly little
attention. As a reducing and stabilizing agent for generating
SeNPs, the bean shells of Theobroma cacao L. (CBS) have been
reported for the first time by Mellina et al.>® In order to find the
best possible conditions for a reaction, the authors have devel-
oped a model utilizing a central composite design approach.
Parameters such as time, power, and precursor quantity, ie.,
Na,SeO;, Z-potential, and crystallite size, were entered for
23 samples. Using this model, we found that the best reaction
conditions for producing particles with a diameter of less than
42 nm were 15.6 minutes in duration, 788.6 watts of power,
0.14 g of Na,SeO;, and 50 mL of a CBS extract solution.
After two months of stability, the TEM images showed that
the particles were consistently spherical, with a diameter of
1-3 nm. This work presents a new strategy for the microwave-
assisted synthesis of SeNPs and highlights their industrial

© 2024 The Author(s). Published by the Royal Society of Chemistry
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implications in the food and medical industries. Sheikhlou
et al.”* has reported that the extract of the walnut tree leaves
(Juglans regia L.) contains bioactive chemicals that can be used
as a reductant and stabilizing agent for the manufacture of
SeNPs. Two synthetic variables, the volume of selenium salt
solution (15-25 mL) and the volume of walnut leaf extract
(1-5 mL), were tested for their effects using the response
surface methodology. Colloidal solutions containing SeNPs
were measured for their broad emission peak (max) and
absorbance. Using microwave radiation (800 W for 4 minutes)
and 5 mL of walnut leaf extract, and 15 mL of selenium salt
solution, SeNPs were successfully synthesized, as evidenced by
their absorbance of 375 nm, the particle size of 208 nm,
polydispersity index of 0.206, and zeta potential values 24.7 mV.

Plant mediated green synthesis of SeNPs

Researchers have paid great attention to developing environ-
mental friendly methods for synthesizing metal NPs over the
past 20 years. Researchers have used biological materials to
their advantage to develop a cheap and eco-friendly process for
producing metallic nanoparticles. In biological (green) synthe-
sis, biological mass or extract is used to reduce metal ions
within or outside the cell. Catalytic reactions in an aqueous
medium at standard temperature and pressure, as well as the
process’s flexibility, as it may be done in almost any setting and
on any scale, are two further advantages of the biological
approach over conventional physical and chemical approaches.
The main disadvantage of inorganic selenium compounds over
SeNPs is that they are poorly taken up by cells. SeNPs need to be
manufactured in a biological setting to maximize their biocom-
patibility and stability. The chemical-reducing and stabilizing
agents needed for the above-mentioned techniques can be
hazardous, ruling them out for usage in living systems. It is
commonly accepted that biological agents derived from plant
extracts are preferable to chemical techniques to address the
rising demand for inexpensive, nonhazardous preparation
methods. It is believed that bioactive compounds can operate
as bio-reducers and nanoparticle stabilizers. Biogenic synthesis
is simple because it requires no special instruments or a
controlled environment. In this category of reagents, organisms
include bacteria, fungi, algae, proteins, and plant extracts. An
emphasis of the study was placed on their potential green NP
synthesis. The following plant extracts were used in the produc-
tion of SeNPs as an example of green synthesis: T. arjuna leaf
extract, C. dentata plant leaf extract, A. sativum aqueous extract,
and U. pinnatifida polysaccharide solutions. When compared to
other biological approaches, the biosynthesis of nanomaterials
from plant extracts offers greater benefits due to its low cost
and lack unusual environmental requirements.”> To synthesize
SeNPs, multiple physical and chemical techniques have been
employed, requiring various chemical compounds and physical
methods. Unfortunately, these technologies are expensive and
result in the incorporation of harmful chemical residues limit-
ing the therapeutic application potential of SeNPs. Compared
to microbial enzymes, synthesizing SeNPs using plant extracts
is safer, easier, and cheaper. As cited in Fig. 7. Table 1, a

Mater. Adv,, 2024, 5, 3602-3628 | 3611
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Fig. 7 Plants parts utilized in green synthesis of SeNPs.

plethora of plant species has been successfully investigated for
the synthesis of SeNPs.

Biomimetic attributes of selenium nanoparticles

SeNPs are being evaluated for treating numerous diseases
due to their superior qualities over Se. SeNPs enhance bioavail-
ability while also reducing toxicity. Both prooxidant and
anti-oxidant effects simultaneously open new lines of investiga-
tion in several clinical disorders. SeNPs exhibit antioxidant,
antibacterial, antimalarial, anti-inflammatory, antidengue,
antileishmanial, hepatoprotective, anticancer, antistress,
immunomodulator, antiviral, and antidiabetic activity. The
progress of targeted tactics and sophisticated applications of
SeNPs is summarized below in Fig. 8.

Selenium nanoparticles as a potential anti-cancer agent

Doctors and scientists today worry a great deal about cancer
because it is one of the most devastating diseases of this
century. Unfortunately, the situation has been made worse by
the growing issue of drug-induced toxicity and resistance.
Numerous therapy options exist in the fight against cancer,
and various approaches are applied.”® The nanotechnology
approach enables the design & synthesis of tailored medicine
to enhance target-specific drug delivery, which obviates
the toxicity of normal cells. Several inorganic nanoparticles,
including SeNPs, have been shown to induce cytotoxicity in
cancer cells.”® SeNP-based strategies have shown promise in
overcoming drug resistance and reducing the side effects of

3612 | Mater. Adv, 2024, 5, 3602-3628
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chemotherapeutics. SeNPs as a vehicle for delivering che-
motherapeutics to a specific site has the great potential.’*
SeNPs have a disparity of effects on malignant and normal cells
as depicted in Fig. 9.

SeNPs have pro-oxidant activity within malignant cells,
owing to the diseased cell’s unique osmotic and redox states.
Selenium has a regulated release profile with an increased
cellular bioavailability in its nanoparticulate form. SeNPs exhi-
bit less toxicity than their inorganic counterparts, even if the
underlying mechanism of cellular death stays the same due to
the significant distinction between malignant and ordinary
cells. SeNPs’ putative mechanism of action against numerous
cancer types is depicted in Fig. 10.

Selenium’s anti-cancer processes and the modality of biological
activities

The prooxidant conversion of SeNPs in a cancer cell micro-
environment result in the production of additional free radi-
cals, the disruption of the mitochondrial membrane, and the
release of mitochondrial (Mt) proteins. Contrarily, this causes
endoplasmic reticulum stress (ER). Several proteins are
released when the mitochondrial outer membrane (Mt) is
broken, and the cell death pathway caspase is activated. Multi-
ple biochemical pathways, such as NFB, PI3K/Akt/mTOR, Wnt/
3-catenin, MAPK/Erk, and apoptotic, become activated in
response to this cellular stress state. Cells’ Homeostasis is
disrupted by inflammation signals and oxidative stress induced
by the NF-B pathway. Because oncogenic signaling depends on

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma01126g

Open Access Article. Published on 03 April 2024. Downloaded on 1/11/2025 9:57:57 PTG.

Review

Table 1 List of plants utilized in green synthesis of SeNPs
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Plant Common name Plant part Shape Size in nm Biological activity Ref.
Azolla pinnata Mosquito fern Entire plant Spherical 30-40 Antioxidant 76
Aloe vera Aloe Fresh leaves Spherical 7-48 Anticancer 77
Aloe vera Aloe Dried leaves Spherical 121 Antimicrobial 59
Asteriscus graveolens — Aerial Spherical 216 Anticancer 13
Allium sativum Garlic Buds, clove Spherical 8-100 Antioxidant 78
Bougainvillea spectabilis Bougainvillea Flowers Spherical 18-35 Antioxidant 79
Crataegus hupehensis Hawthorn Fruits Spherical 113 Antitumor 80
@ Catharanthus roseus Vinca Flowers Spherical 32 Anticancer 81
% Citrus reticulata Orange peel Peels Spherical 70 Antihelminthics 82
2 Clausena dentata Kadu karabevu Leaves Spherical 46-79 Insecticidal 83
= Citrus limon Lemon plant Leaves Spherical 60-80 Protective 84
E Chaenomeles speciosa Chinese quince Fruit Spherical 80.5 Antitumor 85
=3 Cassia auriculata Avaram Leaves Spherical 10-20 Antileukemic 57
S Cassia auriculata Avaram Flower Globular 263 Antimicrobial 86
Q Diospyros montana Persimmon Leaves Spherical 4-16 Antimicrobial 87
® Enicostema axillare Whitehead Leaves Spherical 98.18 Anticancer 88
2 Emblica officinalis Amla Fruit Spherical 20-60 Antimicrobial 33
3 Ficus benghalensis Banyan Leaves Spherical 45-95 Photocatalytic 89
£ Glycosmis pentaphylla Orangeberry Leaves Spherical 56.21 Antibacterial 90
ﬁ Juglans regia Walnut Leaves Spherical 150 Antibacterial 74
5 Leucs lavandulifolia Lavender Plant Oval 55-75 Antifungal 91
E Moringa oleifera Drumstick Leaves Spherical 25-35 Photocatalytic 50
e} Orthosiphon stamineus Java tea Leaves Spherical 80-144 Cytotoxic 92
% Pelargonium zonale Geranium Leaves Spherical 50 Antibacterial 31
2 Psidium guajava Guava Leaves Spherical 8-20 Antibacterial 32
E Solanum lycopersicum Tomato Fruit seeds Spherical 1155 Antimicrobial 62
O Tinospora cordifolia Giloy Stems Spherical 100-200 Anticancer 93
; Trigonella foenumgraecum Fenugreek Seed Oval 50-150 Anticancer 94
k. Terminalia arjuna Arjuna Leaves Spherical 10-80 Antitoxin 95
> Theobroma cacao Coca Bean shell Spherical 1-3 Antioxidant 58
-§ Vitis vinifera Resins Raisin Nanoballs 3-18 Antioxidant 96
§ Withania somnifera Ashwagandha Leaves Spherical 40-90 Antibacterial 97
)
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Fig. 8 Pharmacological applications of selenium nanoparticles.

the PI3K/Akt/mTOR, MAPK/Erk, VEGF, and Wnt/-catenin sig-
naling pathways, SeNPs can block these pathways and hence
cellular proliferation, reducing growth-promoting signals in the
tumour microenvironment. To add insult to injury, Fig. 11

© 2024 The Author(s). Published by the Royal Society of Chemistry
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shows that SeNPs can suppress angiogenic signaling in cancer
cells, effectively stopping cell growth and proliferation. DNA
damage occurs when these disruptive biological activities con-
verge, causing a cell to stop dividing and die.
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Fig. 10 Putative mechanism of actions of SeNPs’ against numerous types of cancers.

Cell apoptosis induced by selenium nanoparticles

progression known as automated cell death.'®* Several studies

Apoptosis, an active form of cell death, is a genetically regulated
suicide mechanism that aids in the growth and protection of
multicellular organisms. Apoptosis is another name for the

3614 | Mater. Adv., 2024, 5, 3602-3628

have linked ROS production to the mitochondrial electron
respiratory chain, both of which play important roles in the
apoptosis process. In most cases, it has been discovered that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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SeNPs are capable of producing excessive ROS. This, in turn,
can inhibit the electron transport pathway, leading to cell
death. Since SeNPs cause an increase in intracellular ROS
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generation, these molecules can directly kill cancer cells by
inducing apoptosis and stopping cell cycle progression, as
shown in Fig. 12."° Apoptosis can also kill cancer cells in
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two different ways: extrinsic and intrinsic. One way to initiate
the extrinsic pathway is when a pro-apoptotic ligand binds to a
death receptor and activates caspase 8.'°® On the other hand,
the intracellular caspase 9-mediated intrinsic mechanism can
be triggered by cellular DNA damage or oxidative stress.

Excessive ROS production is responsible for Se-NPs’ cyto-
toxicity, damaging DNA and triggering apoptosis.'”” Most
often, apoptosis triggered by selenium nanoparticles (Se NPs)
is used to eliminate cancer cells.*® The production of reactive
oxygen species (ROS), the down-regulation of anti-apoptotic
genes, the up-regulation of pro-apoptotic genes, and the activa-
tion of caspases are all crucial signaling events in this process.
Apoptosis is the most common form of natural cell death, and
SeNPs, if internalized, can seemingly rapidly begin extrinsic
signaling pathways, such as DISC/caspase-8/caspase-3 signal-
ing. Meanwhile, the cell cycle analysis results demonstrate that
Se-NPs can induce apoptosis dose-dependently, with the parti-
cipation of G2/M phase arrest. The activation of the mitochon-
drial apoptosis pathway may also be facilitated by
mitochondrial malfunction brought on by ROS overproduction,
such as the disturbance of the mitochondrial membrane
potential (MMP). An increase in cytochrome c¢, which triggers
the activation of caspase-9, may result from an excess of
reactive oxygen species (ROS). Caspases-9 acts as a crucial
pro-apoptotic protein by stimulating the activation of
caspase-3 in the cell’s downstream pathway, leading to intrinsic
apoptosis. SeNPs’ high cytotoxicity toward cancer cells and low
cytotoxicity toward normal cells could help suppress tumour
growth in vivo.>

Selenium nanoparticles in cancer treatments

Al-Otaibi et al. (2022) established that MCF-7 cells were induced
to commit suicide by SeNPs-apigenin, demonstrating that the
cells would rather die than continue to grow in the lab. In order
to detect apoptosis, flow cytometry and PCR were utilized. In
order to determine the effects that SeNPs had on the cells,
assays for cell migration and invasion were performed.
Apigenin-SeNPs reduced the growth and viability of MCF-7 cells
in cytotoxicity tests. Flow cytometry and PCR both demon-
strated that SeNPs-apigenin brought on the death of MCF-7
cells. When SeNPs-apigenin are added to MCF-7 cells, they
quickly begin to target Bcl-2, Bax, and caspase-3. This results in
the DNA being damaged and the cells being killed. The cell
death process began when cytochrome ¢ migrated from the
mitochondria to the cell’s cytoplasm. The oxidative stress and
ROS levels in MCF-7 cells increased when SeNPs-apigenin was
added to the culture. According to the study’s findings, SeNPs-
apigenin can potentially be a cytotoxic agent for breast
cancer."®® Chen et al. (2018) studied a new radiosensitizer,
selenium nanoparticles (Nano-Se). This research examined
how well nano-Se and irradiation work against MCF-7 breast
cancer cells and what processes are at play. Radiation doesn’t
break down selenium nanoparticles, but it can increase intra-
cellular Nano-Se toxicity by increasing selenium ion concen-
tration. MCF-7 cells were irradiated and given Nano-Se. More
cells were killed, autophagy was activated, the cell cycle was
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arrested in the G2/M phase, and more reactive oxygen species
were produced in the combo therapy compared to irradiation
alone. Autophagy was upregulated metabolically in stressful
tumour mass regions early and late in tumour progression. To
that end, the researchers hypothesized that the method used to
suppress autophagy in this study might reduce tumour cells’
ability to adapt to radiation treatment, raise tumour cells’
susceptibility to metabolic stress and, ultimately, cause cell
death and the suppression of tumour cell proliferation. These
results indicate that combining Nano-Se with radiotherapy
could enhance breast cancer treatment.'® Yang et al. (2021)
Overproduction of free radicals in the body is associated with
diabetes, which can cause tissue and cell damage, decreased
autoimmunity, and increased tumour risk. Diabetes patients
produce more free radicals due to high blood sugar and
inflammation. SeNPs are a form of nanoparticle with antiox-
idant and anti-tumor activities. Also, metformin is commonly
used to treat type 2 diabetes. So, this study used functionalized
SeNPs and metformin to investigate a cancer treatment. Met-
formin and TW80-SeNPs synergize in MCF-7 cells. As illustrated
in Fig. 13, this synergistic effect was achieved by inducing cell
cycle arrest, upregulating p21 expression, downregulating
cyclin-dependent kinases, and upregulating DNA-damage-
related proteins such p-ATM, p-ATR, and p38. This is all due
to synergy. Modifications to AMPK expression influenced mito-
chondrial membrane potential for a synergistic impact.'*°

Mary et al. (2016) elucidated thoroughly on the synthesis
methodology and usage of PEG-SeNPs as a cancer-selective
transport mechanism to heighten the anticancer potential.
PEG-SeNPs were conjugated with Crocin extracted from dried
Crocus sativus stigmas to optimize its therapeutic potential.
PEG-SeNPs released Crocin, a promising cancer treatment, in a
pH-triggered fashion. The in vivo anticancer efficacy of crocin
conjugated PEG-SeNPs was assessed by treating nude mice
implanted with A549 xenografts with different doses of the
treatment. Upon the conclusion of 486 experiments, the mice
were terminated, and the researchers obtained measurements
of the tumors’ mass and size. The outcomes indicate that the
anti-proliferative effects of crocin conjugated PEG-SeNPs are
dependent on the dose, as evidenced by the reduction in tumor
volume and weight. Furthermore, the surface embellishment of
crocin did not appear to influence the mineral side effect of
PEG-SeNPs, as indicated by the lack of body mass reduction in
nude mice. The outcomes demonstrate that PEG-SeNPs mod-
ified with crocin demonstrate a potent capability to stifle
tumors in vivo. The PEG-SeNPs’ cytotoxicity towards lung
cancer cells significantly increased following the conjugation
with Crocin. SeNPs’ design presents a unique means of treating
cancer by precisely targeting cancer cells resulting in dimin-
ished side effects and heightened effectiveness.""*

Purohit et al. (2017) demonstrated SeNPs targeting thiore-
doxin reductase (TrxR), a selenoenzyme, could be a promising
therapy for impeding tumor growth in cancer treatment.
Target-specific DOX delivery was achieved hyaluronic acid
(HA)-functionalized selenopolymeric nanocarriers Se@CMHA.
The Se@CMHA-DOX NPs showed better cytotoxicity towards

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cancer cells than free DOX at the same concentration, selec- primary ways chemotherapy works is by inducing apoptosis,
tively targeting cancer cells depicted in Fig. 14. One of the which involves regulating various cellular factors. To determine
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the necessary number of anti-apoptotic and pro-apoptotic
proteins required for cancer cell death, strict regulation and
conservation of Bcl-2 family proteins is crucial. The western
blot analysis revealed that the Se@CMHA-DOX NPs induced
apoptosis, leading to cell death, as evidenced by the expres-
sions of tumor suppressor protein p53 and Bcl-2 family pro-
teins. DOX’s capacity to intercalate with DNA and augment ROS
generation, leading to the destruction of cancer cells, is a
widely acknowledged mechanism of its chemotherapeutic
potency. The expression of Bcl-2 was suppressed, whereas
pro-apoptotic proteins PUMA and Bax were upregulated in
response to Se@CMHA-DOX NPs, as seen in the western blot
results. This was attributed to the activation of the tumor
suppressor transcription factor p53. As a result of these effects,
the outer membrane of mitochondria was permeabilized, lead-
ing to the induction of Cyt ¢. Through translocation, Cyt ¢ was
transferred from the mitochondria to the cytoplasm. Western
blot analysis showed Se@CMHA-DOX NPs induced p53 and
increased PUMA and Bax. The NPs suppressed anti-apoptotic
protein Bcl-2. Outer mitochondrial membrane permeabiliza-
tion, induced by these effects, ultimately leads to Cyt ¢ The
cytoplasm relies on mitochondria to effectively translocate
Cyt c¢. The activation of caspase-9 is initiated by releasing
Cyt ¢ from the mitochondria into the cytoplasm, which inter-
acts with apoptotic protease activating factors. The classic
apoptotic cascade involves procaspase-3 activation by caspase-
9 cleavage, leading to nuclear changes and DNA fragmentation,
ultimately resulting in cell death. The absence of caspase does
not hinder the process of apoptosis, as AIF and Endo-G can
activate this pathway. Chromatin condensation and DNA frag-
mentation occur when mitochondrial membrane permeabiliza-
tion happens, which releases AIF and Endo-G from the inter-
membrane space of mitochondria and Cyt ¢ to the nucleus.
MCF7 cells undergo caspase-independent apoptosis when
exposed to Selenocysteine, an organic selenium compound that
acts through AIF. The combination of DOX and Se NPs in the
polymeric carriers led to a synergistic effect, with Se NPs
progressively inhibiting TrxR activity and enhancing the anti-
cancer efficacy of DOX. The molecular studies conducted on
MCF?7 cells showed that Se@CMHA-DOX NPs exposure induced
p53 mediated caspase independent apoptosis and G2/M cell
cycle arrest. A 3D tumor sphere model was used to evaluate the
effectiveness of the developed nanosystem in reducing tumor
activity in vivo settings. The results showed that our nanocar-
riers were highly effective in this regard. Se@ CMHA-DOX NPs
have shown promising results, indicating their potential as an
effective cancer treatment modality.'*?

Yazdi et al. (2012) reported Se-NPs stimulating an immuno-
logical response to 4 T1 breast cancer tumors in mice. To begin,
15 female BALB/c mice were split into two groups between the
ages of 6 and 8 weeks. Before mice formed tumors, they were
given selenium nanoparticles orally for two weeks. Each rat
received (1 x 10°) 4T1 cells subcutaneously. Nanoparticles were
given orally once a day for three weeks to develop cancer
artificially. Tumor development and survival were assessed in
treated and untreated rats, along with immunological markers
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like cytokine level and DTH reaction. Selenium nanoparticles
increased Th1 cytokine production in spleen cells. Cytokines
include IFN- and IL-12. Statistically, test mice had higher DTH
levels than control mice. Selenium nanoparticles increased the
survival rate of mice compared to the placebo. This research
reveals that selenium nanoparticles may enhance the prognosis
of cancer-ridden mice by activating the Th1 platform of the
immune response, which increases IFN- and IL-12.'** Shah-
verdi et al. (2018) synthesised folic acid derived selenium
nanoparticles FA-SeNPs and SeNPs, tested it in vitro and
in vivo against breast cancer. Both nanomaterials’ cytotoxic
effects were examined using 4T1 cells as the test subject.
Another experiment examined the effects of weekly intravenous
injections of these nanomaterials (at a concentration of 300 ug)
on survival and tumor formation in mice genetically modified
to develop cancer. Even though SeNPs had an antiproliferative
impact on the cell line, FA-SeNPs were far more cytotoxic. When
FA-SeNPs were present at a concentration equal to 8.75 g mL ™"
of elemental SeNPs (25 pg mL "), almost 68% of the cells were
killed. An in vivo trial showed that the nanomaterials were
effective at slowing tumors’ progression in cancerous mice
compared to a control group. Significantly higher levels of
efficacy were shown by FA-SeNPs when compared to SeNPs.
The antiproliferative effects of SeNPs and FA on 4T1 cells are
amplified when employed together, cell viability is greatly
increased, and tumor development is avoided.''* Vekariya
et al. (2012) created stable selenium nanoparticles (SeNPs)
and determined how they inhibit breast cancer development.
Sodium alginate was utilized with selenium acid and reduced
glutathione to create SeNPs. Apoptotic markers (pp38, Bax, and
cytochrome c) and cell survival were measured in MCF-7 and
MDA-MB-231 breast cancer cells to determine the impact of
SeNPs. Mammary tumor measured in
dimethylbenz[a]anthracene-treated and untreated rats. The
synthesis yielded SeNPs with diameters between 40 and
90 nm and storage stability of up to three months. It was
discovered that ER-positive MCF-7 cells were more sensitive to
SeNP-induced cell death and pp38, Bax, and cytochrome ¢
expression than ER-negative MCF-7 cells (MDA-MB-231). The
animals whose tumor volumes decreased the most had the
lowest ER values (large tumor). For all they know, this may be
the first hard evidence linking ER expression in breast cancer
cells in vivo and in vitro with the anticancer effect of SeNPs.""?

volumes were

Selenium nanoparticles as an anti-oxidant

Anti-oxidants are crucial because they bind to free radicals and
stabilize them, stopping their chain reactions and transforming
them into innocuous byproducts.'*® Anti-oxidants are impor-
tant in treating free radical-induced degenerative illnesses
because they can reduce oxidative stress.'’” Nevertheless,
plant-based nanoparticles have the potential as antioxidant
functional groups, and these nanoparticles are more stable,
have a more regulated release, and are more biocompatible.
The increased nano selenium content of plant-based SeNPs is
largely responsible for their effective antioxidant properties;
this is because selenoenzymes, such as glutathione peroxidase,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Schematic illustration of the probable anti-oxidant mechanism of SeNPs.

are stimulated, which in turn protects cells and tissues in vivo
from free radical damage. SeNPs exhibit powerful anti-oxidant
properties, ideal for shielding cells from the worst effects of
reactive oxygen species (ROS), as shown in Fig. 15."*% Selenium,
an essential ingredient of seleno-proteins, including thiore-
doxin reductases and glutathione peroxidases, protect cells
from oxidative damage and may be responsible for the anti-
oxidant regulating potential of plant-based SeNPs. Nano-
particles derived from secondary metabolites, like those
found in plants, may have antioxidant properties due to func-
tional groups on their surfaces. Plant-based SeNPs are excellent
biocompatible replacements for synthetic anti-oxidants used as
embedding agents in packaged food. To treat diseases includ-
ing heart disease, cancer, and osteoporosis, where oxidative
stress from reactive oxygen species (ROS) plays a major role in
disease development, plant-based SeNPs show promise as
therapeutic agents.""®

Selenium nanoparticles as anti-microbial agent

The development of antibiotics in the early twentieth century
made it possible to be used as the first line of defense against
bacterial infections of many types, both Gram-negative and
Gram-positive. Most antibiotics work by interfering with the
ribosome’s ability to translate RNA into proteins, effectively
slowing or stopping the growth of bacteria.** The side effects
of antibiotics are diverse and can occur from taking one to
taking them all. The endosymbiotic theory states that the
mitochondrion is a bacterial organelle with almost comparable
structural and molecular components of the protein expression
system." Different antibiotics trigger myopathies in the
mitochondria because of the structural similarity between

© 2024 The Author(s). Published by the Royal Society of Chemistry

mitochondrial and bacterial ribosomes. Mutations and meta-
bolic changes in the host cell and the production of harmful
reactive radical species can be triggered by the bactericidal
doses of antibiotics.'** Derivatives of selenium, such as sele-
nium sulphide, are commonly used in the medical industry to
treat microbial infections since selenium (Se) is a powerful
antibacterial agent. Since its toxicity is a major concern, scien-
tists have been working hard to find ways to improve sele-
nium’s biofunctional qualities while simultaneously decreasing
its toxicity. In this case, nanotechnology has supplied the most
secure technique for reducing selenium’s toxicity and increas-
ing its bio functionality via green production.'>® Phyto-SeNPs
successfully overcome elemental selenium due to their superior
antibacterial activity and biocompatibility. Plant-based SeNPs
are known to be effective against both Gram-positive (Staphy-
lococcus aureus) and Gram-negative (Escherichia coli, and Kleb-
siella pneumonia) bacteria; however, it appears that SeNPs are
more effective against Gram-negative bacteria due to their
thinner peptidoglycan cell wall.'** SeNPs display antibacterial
activity attributed to two mechanisms: oxygen radical produc-
tion and membrane permeability impairment, as depicted in
Fig. 16."*°

Additionally, plant-mediated SeNPs impede microbial
growth by adhering to the cell membrane, which disrupts
DNA replication, the metabolic cycle, and the protein synthesis
cycle. After reaching the membrane, SeNPs bind to the thiol or
sulfhydryl groups in membrane proteins, leading to denatura-
tion and, eventually, cell death. However, the mechanism by
which SeNPs generated from plants exert their antibacterial
effects is still unclear."”® The nanosize of SeNPs and biological
properties confer the ability to be hazardous to infections via
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functional groups on nanoparticles that aid in crossing the Fig. 17."*” Previous research demonstrated that nanoparticles
plasma cell membrane of bacteria. The total charge on nano- are biocompatible at low doses. On the other hand, an
particles and their electrostatic interactions with cells dictates increased dose of nanomaterials poses grave dangers to the

their toxicity and biocompatibility, as demonstrated in host cells.
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Nanomaterials’ distinctive physicochemical features have
expanded their applications in cancer research, particularly in
radiotherapy, chemotherapy, and integrated cancer detection
and treatment. The trace element selenium has recently
received much attention due to its beneficial health effects,
especially concerning the immune response and cancer pre-
vention. Liver, breast, prostate, colon, and lung cancers are a
few of the many diseases linked to low selenium levels, and the
results of epidemiological, pre-clinical, and clinical investiga-
tions have all shown that selenium can lower cancer risk."*°
Scientific investigations confirmed that cancer patients’ plasma
selenium levels dropped significantly during radiation."®' The
anti-cancer effects of molecular selenium compounds such as
sodium selenite, methyl-selenocysteine, and seleno-methionine
are enhanced at large doses.’**> Although selenium has anti-
tumor and necessary microelement properties, its clinical
utility is severely constrained because its effective dose is so
close to the hazardous range. Selenium nanoparticles may be a
suitable replacement for selenite (Se®" or Se**) ions within the
realm of nutritional supplements and medicinal dosage forms
since there is less proof of their toxicity at nano-size compared
to elemental selenium (Se).'*

Selenium nanoparticles as anti-diabetic agent

Diabetes, a metabolic disease that has reached epidemic pro-
portions, can have a debilitating effect on the quality of life of
those affected. According to the World Health Organization,
around 1.5 million people die every year due to diabetes world-
wide, and the number of cases is expected to reach 366 million
by 2030. The development of diabetes is influenced by multiple
factors including unhealthy food habits, stress, low physical
activity, obesity, inflammation, genetics, and age. To control
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diabetes and its serious complications, it’s crucial to monitor
blood cholesterol, glucose levels, and blood pressure. A
balanced diet and regular exercise are also essential. People
with diabetes rely on insulin, a protein hormone, which is
usually administered through subcutaneous injections. While
the daily insulin injections are effective, they can cause dis-
comfort, local infections, and pain. Furthermore, they can lead
to the deposition of fat at the injection site, hypertrophy, and
trypanophobia.’® Plant-based SeNPs are widely accepted as a
non-toxic alternative for managing diabetes, making it one of
the deadliest diseases to control. The STZ-induced diabetic rats
were observed to have reduced oxidative stress when treated
with SeNPs synthesized from Hibiscus sabdariffa leaf extract.
The bacterium, Streptomyces achromogenes, is the source of
streptozotocin, an antibiotic drug that works against a wide
range of bacteria. Streptozotocin is also known to be a pan-
creatic beta-cell specific cytotoxin so that’s why it is used to
induce diabetes in the rodent models during the experiments.
In rats, exposure to STZ results in increased levels of malon-
dialdehyde (MDA) and nitric oxide (NO), while also decreasing
the antioxidant potential of CAT, SOD, GR, and GPx. Acting on
the specialized GLUT 2 receptors, Streptozotocin competes with
glucose molecules, ultimately leading to Akt phosphorylation.
Moreover, STZ prompts programmed cell death and cellular
damage by augmenting the production of ROS and NOS. By
lowering the antioxidant potential of CAT, SOD, and other
substances, STZ can cause oxidative stress. This, in turn, leads
to a decrease in testosterone levels, mitochondrial cleavage,
and DNA fragmentation. The process ultimately results in the
apoptosis of the cell. After being created through phyto-
fabrication, SeNPs were internalized through receptors
mediated endocytosis. This process helped to increase the
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antioxidant potential of CAT, POD, and serum testosterone,
while reducing the production of ROS and NOS, ultimately
leading to an increase in lipid levels in STZ induced rats
(Fig. 18).

Clinical significance of selenium nanoparticles

Vundela et al. (2022) tested C. papaya extract as a starting
material for selenium nanoparticle (SeNP) production and
analyzed the resulting SeNPs’ biological effects. Here, the
components of a fruit extract from C. papaya acted competi-
tively to decrease nanoparticle size and stabilize them. As
measured by the DPPH and ABTS assays, the synthesized SeNPs
displayed strong antioxidant activity, with ECs, values of 45 + 2
and 43 + 4 ug mL ™, respectively. It was discovered that SeNPs
had a broad-spectrum antibacterial action, inhibiting micro-
organisms in the following order: fungi > Gram-positive
bacteria > Gram-negative bacteria. These SeNPs inhibited the
development and OTA production of the mycotoxigenic fungi
Aspergillus ochraceus and Penicillium verrucosum. When tested
on multiple cell lines, the SeNPs were found to be biocompa-
tible and slow the growth of cancer cells without harming
healthy cells. SeNPs were found to be less toxic to Danio rerio
(zebrafish) at a concentration of 50 ug mL ", and they did not
result in the death of embryos. Thus, it may be useful for
biological determinations to infer a lower dose of SeNPs."** Al-
Otaibi et al. (2022) attempted to create apigenin SeNPs (SeNPs-
apigenin) using green synthesis and evaluated their anti-breast
cancer activity. Multiple modified assays confirmed that SeNPs
can inhibit MCF-7 cell viability and induce apoptosis in vitro.
Flow cytometry, polymerase chain reaction, and cell migration
and invasion tests were employed to assess the possible
effect of SeNPs-apigenin treatment on these activities. In a
concentration-dependent manner, the results suggested that
treatment with SeNPs-apigenin could effectively suppress MCF-
7 cell proliferation and survival. The treatment of MCF-7 cells
with SeNPs-apigenin induced apoptosis, as shown by flow
cytometric and polymerase chain reaction analyses. Targeting
Bcl-2, Bax, and caspase-3 with SeNPs-apigenin could lead to the
release of cytochrome ¢ from the mitochondria into the cytosol
and the initiation of cell death in MCF-7 cells. Damage to DNA
and cell death are the inevitable outcomes. In addition, MCF-7
cells treated with SeNPs-apigenin showed increased levels of
reactive oxygen species production and oxidative stress.'’®
Perumal et al. (2021) fabricated of SeNPs utilizing the E. axillare
leaf extract. Possible dangers of nanotoxicity were investigated
by determining the median lethal concentration (LCso) and
Na'/K'-ATPase activity in zebrafish. With rising SeNPs concen-
tration, the LC50 and Na'/K'-ATPase activity appear to drop
considerably. It was also determined whether or not SeNPs had
any bactericidal effect on several microorganisms. SeNPs may
inhibit cell proliferation dose-dependent, as demonstrated by
their cytotoxicity against human lung cancer cells (A549). The
first study reported green fabricated selenium nanoparticles
with antibacterial and anticancer activities utilizing E. axil-
lare.®® Anu et al (2020) demonstrated a green method for
synthesizing selenium nanoparticles and functionalizing them
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as an anti-leukemia nanomaterial using Cassia auriculata.
Selenium nanoparticles and their anticancer potential have
been investigated in vitro via anti-leukemia activity. The study
demonstrates nuclear morphological labeling in leukemia cells
as a consequence of Se-NPs therapy, with the effects being
mostly dose-dependent. Se-NPs triggered apoptosis in leukae-
mia cells, with early apoptotic cells appearing a vivid green and
condensed, fragmented nuclei appearing a deep red. These
results demonstrate unequivocally that the newly discovered
selenium nanoparticles exhibit anti-cancer activity. Newly
synthesized selenium nanoparticles from C. auriculata leaf
extract were tested for their effect on HL60 leukemic cancer
cells and vero cells using the MTT assay. The technique used to
measure cell viability took 120 hours to complete. Leukemia
cells were subjected to dose-dependent cytotoxicity when
exposed to selenium nanoparticles produced from C. auricula
leaf extract.”” Alagesan et al. (2019) fabricated SeNP by combin-
ing selenious acid and W. somnifera leaves extract. Green
synthesized biogenic Se-NPs possess notable antioxidant activ-
ity and substantial antibacterial activity. SeNPs’ antiprolifera-
tive efficacy was particularly strong against A549 cells (ICs, at
25 pug mL™1).°” Menon et al. (2019) attempted bio-fabrication of
Se-NPs using Z. officinale, and investigated their antibacterial
and antioxidant activity. The fabrication of SeNPs was validated
by the colour shift from light yellow to red. To investigate its
antimicrobial activity, pathogens Klebsiella sp., Pseudomonas
sp., Escherichia coli, Staphylococcus aureus, and Proteus species
were compared. Because selenium nanoparticles (SeNPs) were
effective against Proteus sp., the growth curve of a Proteus sp.
bacterial isolate treated with SeNPs was also assessed. To kill
Proteus sp. bacteria, a minimum concentration of about 250 pg
mL ™" of SeNP was found using the MIC method. The DPPH test
was also used to evaluate antioxidant activity.'*® Gunti et al.
(2019) utilized an aqueous fruit extract of Emblica officinalis to
fabricate selenium nanoparticles (PF-SeNPs). PF-SeNPs have
many interesting bio-applications, such as antioxidant, anti-
bacterial, and high biocompatibility. In addition, they showed
free radical scavenging activity that increased with dosage in
the DPPH and ABTS tests. The PF-SeNPs showed potent
antibacterial activity against a wide variety of food-borne patho-
gens, particularly fungus, then Gram-positive and Gram-
negative bacteria. The biocompatibility of PF-SeNPs was eval-
uated using N2a cells; their ICs, value was much greater than
that of sodium selenite. Both mitochondrial membrane
potential (MMP) and caspase-3 were less affected by PF-SeNPs
therapy than sodium selenite administration. The cytotoxic
experiments show that PF-SeNPs are safer and less harmful
than sodium selenite. Experiments on cell viability showed that
PF-SeNPs were significantly less toxic and safer than sodium
selenite.®® D. Cui et al. (2018) used aqueous hawthorn fruit
extract (HE) to synthesize SeNPs, which were then tested for
anticancer efficacy and potential mechanisms of action in
several cell-based assays. After treating HepG2 cells for 24 hours
with HE-SeNPs at 0, 5, 10, and 20 pg mL™"', cytotoxicity was
measured. Annexin V-FITC/PI labeling was used to detect
apoptosis in HepG2 cells. In addition, intracellular reactive

© 2024 The Author(s). Published by the Royal Society of Chemistry
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oxygen species (ROS) levels were measured, and the mitochon-
drial membrane potential (MMP) was calculated. The expres-
sion levels of caspase-9 and Bcl-2 proteins were then assessed
through western blotting. The ICs, and EDs, values for HE-
SeNPs showed considerable anticancer activity against HepG2
cells (19.22 and 5.3 pug mL ™", respectively). HE-SeNPs caused
mitochondrial dysfunction and intracellular oxidative stress,
leading to the death of HepG2 cells. Therefore, HE-SeNPs might
be worth exploring further as a possible chemotherapeutic
treatment for human liver cancer.®® Sivakumar et al. (2018)
synthesized Se Nano balls using an aqueous extract of Java tea
leaves (Orthosiphon stamineus). L6 rat skeletal muscle cell lines
were used to test the cytotoxic potential of SeNPs. The L6 rat
skeletal muscle cell line was shown to be an effective target for
the cell-killing properties of selenium nanoparticles.”> Alam
et al. (2018) reported the synthesis of SeNPs utilizing aqueous
sodium selenite (Na,SeO3) in combination with an alcoholic
extract of guava (Psidium guajava) leaves. To kill bacteria, the
SeNPs were effective against both Gram-positive and Gram-
negative organisms. Changes in the membrane of bacterial
cells by SeNPs were seen using SEM. Fluorescence microscopy
was used to investigate the bactericidal impact. The MTT test
against HepG2 and CHO cell lines determined the cytotoxicity.
They were reported to be effective against hepatocellular carci-
noma cell lines and are speculated to be employed as efficient
antibiotics against a wide range of bacterial strains.*” Ezhuthu-
purakkal et al. (2017) synthesized SeNPs from an aqueous
fraction of Allium sativum (AQEAS) spherical-shaped
crystals of SeNPs. The impact of SeNPs with a CT-DNA stacked
base pair on intercalation and groove binding was evaluated
in this study. This study’s findings on the low cost and
long half-life of SeNPs and the complex mechanism of DNA
binding have implications for the development of tailored
chemotherapies."*® Kokila et al. (2017) attempted to synthesize
Se-NPs using Diospyros montana bark extract by applying a
simple precipitation technique. Se-NPs’ cytotoxicity was evalu-
ated by an assay using human breast carcinoma cells (MCF-7).
In cases where the anticancer properties of Se-NPs might dose-
dependently impede cell growth.?” Nie et al. (2016) presented
uniform SeNPs (Glu-SeNPs) synthesized using glucose as a
reductant and surface decorator, which were shown to be
effective in causing cancer cell death. At a high temperature
(115 °C), glucose was used to decrease sodium selenite
(Na,Se0O3), and it also worked as a surface decorator for SeNPs,
keeping them from aggregating in an aqueous solution and so
boosting their stability under physiological conditions. The
functionalized NPs showed excellent hemocompatibility and
cytotoxicity against several human cancer cells but not normal
cells. This was accomplished by inducing cell death through
both intrinsic and extrinsic pathways. Internalized Glu-SeNPs
rapidly and substantially upregulated intracellular ROS produc-
tion and mitochondrial malfunction, hence regulating cell fate,
as shown by the mechanism of action. This work demonstrates
a novel and efficient approach to easily synthesizing SeNPs with
high anticancer activity. Where it can be easily speculated as
the cancer cells continually differentiate and require a high
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amount of glucose, Glu-SeNPs can promise tumor-specific
accumulation compared to normal cells."*” Prasad et al
(2014) synthesized Se-NPs from T. arjuna leaf extract. The
subsequent impact of Se-NPs on arsenite-treated mammalian
lymphocytes was investigated.®® Experiments on cell viability
(MTT assay) and DNA damage (XTT method) showed that Se-NP
mitigated As(m)-induced cytotoxicity and DNA damage.”
Sharma et al. (2014) revealed an environmentally friendly
method for producing biogenic Se-NPs from Vitis vinifera
(raisin) extracts.®® The Se-NPs characterization confirmed the
existence of a steady lignin biopolymer on the exterior of
selenium nano balls, indicating the potential role of phytomo-
lecules as a capping agent.’® Ramamurthy et al. (2013) reported
Trigonella foenum-graecum seed extract mediated SeNPs by a
simple natural procedure. This study synthesized SeNPs of
about 50-150 nm under a controlled environment. SeNPs’
cytotoxicity was tested in vitro and in vivo on human breast
cancer cells (MCF-7). Based on the results of this study,
combining SeNPs with doxorubicin improves their anticancer
effects and their ability to inhibit cell growth in a dose-
dependent manner.’* Huang et al. (2013) reported that SeNPs,
combined with 5-fluorouracil, enhance anti-tumour outcomes
on various cell lines like A375 human melanoma cells."®
Prasad et al. (2013) reported lemon plant leaf extract mediated
synthesis of SeNPs. In this case, SeNPs increased cell viability
and decreased DNA damage in human lymphocytes exposed to
UV light.®* H. Wu et al. (2007) fabricated SeNPs using mush-
room polysaccharides protein complexes (PSP) as a capping
agent, and their production greatly slowed the expansion of the
MCF-7 cell line."*

Challenges in the optimization and translational application of
selenium nanoparticles (SeNPs)

The burgeoning realm of Selenium nanoparticles (SeNPs) has
profoundly highlighted the transformative potential of nano-
medicine in reshaping the healthcare landscape. As we stand at
the nexus of innovation and translational applications for
SeNPs, a spectrum of multifaceted challenges presents itself,
demanding rigorous attention, comprehensive assessment,
and strategic innovation."*®

Biodistribution, clearance, and toxicity. One of the foremost
challenges encapsulates the critical need to meticulously fine-
tune SeNPs’ biodistribution, clearance, and toxicity profiles.
The established phenomenon of the enhanced permeability
and retention (EPR) effect, as observed with SeNPs, amplifies
the urgency of refining tumor targeting mechanisms, striving to
harness this effect for enhanced therapeutic efficacy.

Delivery efficiency and clearance mechanisms. A pivotal
concern that necessitates redressal pertains to SeNPs’ sub-
optimal delivery efficiency, which, in its current state, impedes
their full translational potential. The predominant mode of
SeNP clearance, steered via the hepatic and splenic pathways
owing to their inherent size, raises pertinent questions about
potential long-term toxicities associated with such clearance
trajectories.
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Synthesis and standardization. Embarking on the path of
SeNP synthesis, achieving scalability without compromising
particle uniformity and maintaining rigorously controlled sur-
face properties, remains a formidable challenge. Any variability
in parameters like size, surface coating, and overarching phy-
sicochemical properties can wield a disproportionate influence
on SeNPs’ in vivo behavior, thereby impacting their therapeutic
index. Consequently, championing a standardized, reproduci-
ble synthesis methodology becomes imperative for ensuring
consistent translational outcomes.

EPR effect and clinical trials. As we navigate the clinical
trial landscape, the EPR effect, despite its potential, remains
a conundrum. While various trials have endeavoured to evalu-
ate SeNP-based drugs leveraging this effect, empirical data on
its efficacy, especially concerning smaller tumor lesions or
metastatic sites, remains inconclusive, necessitating further
exploration.

Surface modifications and molecular targeting. Diving dee-
per into the molecular intricacies of SeNPs, it becomes evident
that their surface topography and molecular architecture are
not mere structural attributes but pivotal determinants of their
pharmacokinetics and biodistribution. To optimize this in vivo
performance, integrating molecular targeting ligands emerges
as a strategic imperative, facilitating enhanced tumor specifi-
city and precision in therapeutic delivery, especially when
validated using human-derived tumor model

Metabolism and renal clearance. The current generation of
SeNPs, characterized by larger sizes and specific charge config-
urations, poses inherent challenges for effective renal clear-
ance. Crafting SeNPs that are not only efficacious but also
biodegradable, metamorphosing into benign byproducts, is
quintessential to assuage potential toxicities and ensure unob-
structed radiological assessments. Biodegradable metals are
metals expected to corrode gradually in vivo, with an appro-
priate host response elicited by released corrosion products,
then dissolve completely upon fulfilling the mission to assist
with tissue healing with no implant residues. Therefore, the
major component of BM should be essential metallic elements
that can be metabolized by the human body, and demonstrate
appropriate degradation rates and modes in the human body.

Biodegradable metal matrix composites. When metals react
with body fluid, they give away electrons and form positive ions.
In electrochemistry, the values of standard electrode potential
provide a way to compare the relative ease of different metal
elements to lose electrons to form ions in solutions. Some
metals have a much greater tendency to form their ions than
hydrogen does; an element is more ready to lose electrons and
form ions, the more negative its standard electrode potential
value is. In other words, the more negative the standard
electrode potential value is, then the more readily the metal
degrades in an aqueous solution.**

Tumor biology and SeNP delivery dynamics. The heteroge-
neity and complexity of tumor biology, encompassing a myriad
of parameters like blood flow, perfusion, and stromal composi-
tion, inherently modulate the drug delivery potential of SeNPs.
The need for personalized therapeutic considerations, taking
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into account nuances like a patient’s age, gender, tumor
morphology, and location, further amplifies this challenge.

SeNPs and biological system integration. The eventual suc-
cess of SeNPs hinges on their harmonious integration with
the designated biological systems they target. Crafting
SeNPs necessitates not just a robust understanding of nano-
particle science but an intricate appreciation of the interaction
dynamics they would engage in within their biological
microenvironments.

In essence, as we envision the future trajectory of SeNPs,
addressing these challenges is not a mere academic prerogative
but a strategic necessity, pivotal for their seamless and effica-
cious integration into the therapeutic milieu of tomorrow.

Conclusion and future prospectives

Selenium, beyond its fundamental role as a micronutrient,
plays an indispensable role in ensuring the optimal function-
ality of intricate biological and metabolic pathways within the
human physiology. The intricate integration of selenocysteine
into selenoproteins underscores the profound relevance of
selenium, as these proteins pivotally mediate antioxidant,
immunomodulatory, and regulatory mechanisms. The expan-
sive influence of selenium, which spans vital domains like
thyroid regulation, hepatic metabolism, neural integrity, repro-
ductive health, coupled with its antitumoral and antimicrobial
attributes, elucidates its crucial significance in the broader
spectrum of human health. Yet, the therapeutic application
of selenium remains delicately poised, given its narrow ther-
apeutic window, necessitating meticulous dosing considera-
tions. Within the burgeoning therapeutic arena, plant-derived
selenium nanoparticles (SeNPs) are progressively being
acknowledged as potent agents, particularly in the face of
challenges like antimicrobial and antifungal resistance. Their
green synthesis, embodying biocompatibility and ecological
congruence, positions them favorably for potential integration
into commercial therapeutic formulations. Concurrently, the
cosmetic sector is on the precipice of a paradigm shift, with
SeNPs primed to redefine contemporary anti-ageing and der-
matological solutions. Furthermore, as global health narratives
increasingly intersect with viral pandemics, the immunomodu-
latory attributes of SeNPs present tantalizing prospects for
innovative antiviral prophylactics and interventions.

A salient focal point in SeNP research converges on its
anticancer potential, predicated on its unique ability to induce
oxidative stress selectively in malignant cells, while preserving
the integrity of healthy counterparts. This distinctive property,
however, is accompanied by challenges intrinsic to Se’s ther-
apeutic bandwidth, necessitating calibrated therapeutic strate-
gies. Cutting-edge innovations are steering towards the
conjugation of SeNPs with ligands exhibiting high selectivity
for oncogenic receptors, further supplemented with established
chemotherapeutic agents and pertinent genetic modulators.
This envisaged synergy promises enhanced oncological out-
comes, concomitant with minimized systemic adversities.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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As we gaze into the future, a dual imperative crystallizes: a
clarion call for comprehensive clinical evaluations to decipher
the precise therapeutic efficacy and potential of SeNPs, and a
sustained commitment to innovative research to fine-tune their
synthesis, ensuring superior efficacy coupled with enhanced
safety profiles. Such endeavors should encompass the develop-
ment of cost-efficient, environmentally benign synthesis meth-
odologies, and optimizing Se’s therapeutic potential in pivotal
areas like oncology, chemotherapy, and radiological interven-
tions. Advancements in nanotechnology present tantalizing
possibilities, particularly in devising novel SeNP delivery architec-
tures, facilitating targeted Se delivery to designated organ systems.
Such pioneering endeavors hold the promise of not only reshap-
ing clinical therapeutics but also revolutionizing dietary and
nutritional paradigms, positioning selenium as an integral com-
ponent in the future lexicon of health and wellness.
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