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Abstract

Background Cancer is a significant global health issue, resulting from uncontrolled cell division leading to abnormal
cell or tissue growth. Traditional chemotherapeutic techniques have investigated a wide variety of pharmaceutically
active molecules despite their poor bioavailability, quick renal clearance, inconsistent distribution, and unavoidable
side effects. Green synthesis, unlike chemical methods, prioritizes eco-friendliness and cost-effectiveness. Using natu-
ral sources like plant extracts, it minimizes environmental impact, reduces costs, and aligns with sustainability goals.
Operating under milder conditions, it consumes less energy compared to traditional approaches. Green synthesis

is a highly promising and efficient method for producing nanoparticles due to its versatility and scalability.

Main body Nanotechnology is making progress in cancer treatment because of nanoparticles'tiny size, large surface
area, adaptability, and functionality, as well as their potential to induce apoptotic pathways and fast penetration

or internalization into cancer cells. Biosynthesis of metallic nanoparticles using plant or microbe extracts is attract-
ing attention to replace toxic chemicals with phytochemicals that can act as reducing, capping, or stabilizing agents
and improve metallic nanoparticles biocompatibility, antitumor, and antioxidant properties. This review focuses

on biosynthesized metallic nanoparticles and their anticancer effects on breast, prostate, skin, cervical, colorectal,
lung, and liver cancer.

Conclusion Biosynthesis of nanoparticles for cancer therapy stands at the forefront of innovative and sustainable
approaches. Despite challenges, ongoing research demonstrates the potential of biosynthesis to revolutionize cancer
nanomedicine, emphasizing the need for continued exploration and collaboration in this rapidly advancing field.
Overall, this review offers a comprehensive understanding of the most recent developments in biosynthesized metal-
lic nanoparticles for the treatment of cancer as well as their potential future applications in medicine.

Keywords Biosynthesis, Metal nanoparticles, Metal oxide nanoparticles, Phytochemicals, Anticancer activity,
Cytotoxicity

Background

Cancer is caused by the excessive proliferation of normal
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[1]. Despite significant efforts by scientists to overcome
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cancer, it remains difficult to effectively treat. Hair loss,
exhaustion, nausea, and other symptoms are possible
side effects of conventional chemotherapy, which uses
chemicals to destroy cancer cells. Because of these side
effects and drug resistance, it is difficult to take advantage
of conventional chemotherapy for the complete treat-
ment of cancer [2]. Nanomedicine has made significant
advancements in the treatment of cancer over the past
several years and is useful as a drug carrier for chemo-
therapeutics because of its size, shape, selective binding
capability, high permeability and retention impact, sur-
face modification, etc. This allows them to deliver drugs
directly to the cancer cells while preserving healthy tissue
[3]. Nanoparticles (NPs) have been explored as pharma-
ceutical carriers for more than three decades to increase
the in vivo effectiveness of several existing anticancer
molecules. The investigations conducted during 1970s
explored anticancer drug-loaded liposomes [4]. NPs are
widely used for the delivery of imaging agents, genes,
or chemotherapeutics, exploiting their intrinsic toxicity,
such as related to the release of hazardous species [5].
Inherent properties, such as antioxidant action, or activi-
ties dependent on the application of external stimuli, like
hyperthermia in response to the introduction of infrared
rays or magnetic fields, may account for the physico-
chemical characteristics that give NPs their anticancer
activity [4]. Metal and metal oxide NPs are being used
experimentally to directly kill tumor cells by converting
applied magnetic fields into strong hyperthermia or by
performing effective photodynamic therapies that can
reach even internal tissues by converting in situ penetrat-
ing infrared radiation into visible light inside the tumor
[6].

NPs are commonly synthesized using top-down (syn-
thesized via size reduction) and bottom-up strategies
(NPs are generated from small entities such as atoms and
molecules) [7, 8]. Hazardous and poisonous chemicals,
expensive laboratory equipment and infrastructure, and
the ability to operate under a variety of circumstances,
including high temperature and pressure, are all utilized
in the various chemical and physical procedures used
to create and synthesize NPs. NP synthesis is expensive,
and it results in highly toxic and harmful compounds that
pose a variety of biological risks. So, it is advised to create
an eco-friendly process combining biological and green
synthesis techniques [9].

Green synthesis of metal or metal oxide NPs involves
reducing metal complexes in diluted solutions to form
metal colloidal dispersions. Despite being commonly
used reducing agents, sodium borohydride and hydra-
zine hydrate are not preferred due to their toxicity from
nanoparticle contamination. Green resources including
plant and microbial extracts contain compounds that can
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convert metal precursors into NPs. All green methods
typically include combining one or more of these bio-
logical extracts with metal salt solutions. Biomolecules
change the oxidation state of metal salts from positive
to zero, stabilizing newly formed NPs or acting as in
situ reducing and capping agents [10]. The formation of
a monolayer around the NPs prevents them from aggre-
gating together due to chemical and physical interac-
tions. Khan et al. synthesized palladium NPs using a root
extract from Salvadora persica. The extract contained
polyphenols with bioreduction and stabilizing proper-
ties [11]. The quantity of natural compound present in
the extract affects the size and size distribution of NPs.
Khatami et al. synthesized 15-nm-sized silver NPs (Ag
NPs) from dried grass. At 5 pg/mL, Ag NPs suppress can-
cer cell multiplication and decrease cancer cell survival
by 30% [12].

Biological processes are preferred to chemical and
physical ones because they are less expensive, safer for
the environment, do not require extreme conditions, and
do not generate harmful by-product molecules. Biologi-
cal nanoparticle synthesis employing living organisms
is a green technique for synthesizing NPs with desired
properties. Biosynthesis allows unicellular and multicel-
lular organisms to react [13]. Biogenic synthesis can pro-
duce large numbers of contamination free well-defined
NPs. It also has a lower environmental impact than alter-
native physicochemical manufacturing methods [14].
Cheng et al. used zinc oxide NPs (ZnO NPs) synthesized
from Rehmanniae radix (RR) as a target drug delivery
vehicle to inhibit bone cancer (MG-63) cell prolifera-
tion. Increasing dosage caused apoptosis [15]. Caesal-
pinia pulcherrima extract-loaded Ag NPs are cytotoxic
to HCT116 cell lines [16]. Artemisia turcomanica leaf
extract-loaded Ag NPs were cytotoxic against normal
fibroblast cells (L-929) and gastric cancer cells (AGS)
[17]. Metal oxides are toxic for cancer cells and nontoxic
for normal cells (Fig. 1A). Due to the presence of capping
agent on metal oxide NPs, these bind to the surface of
healthy and cancerous cells through electrostatic attrac-
tion. Ionic species, namely metal and oxygen radicals,
are formed when the biosynthesized NPs dissociate. The
elevated metal ion concentration prevents the growth of
cancer cells by changing their metal cation homeostasis.
Superoxide dismutase (SOD) eliminates the oxygen radi-
cal, resulting in hydrogen peroxide, which peroxisome
catalases and phytocompounds then convert into water
and oxygen. As a result, the superoxide radical is con-
verted into antioxidants before reactive oxygen species
(ROS) develop in normal cells [18].

ROS produced by oxygen radicals generates hydrogen
peroxide, which causes oxidative stress and kills can-
cer cells. However, the lack of experimental evidence
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Fig. 1 A Effect of metallic NPs in normal and cancerous cells, B mechanisms of metal/metal oxide NPs for cancer cell [34], C proposed mechanism
of apoptotic effect of metallic NPs on the cancer cells [35], (A: Recreated with permission © Springer Nature, B and C recreated under copyright (CC

BY) from MDPI, Dovepress)

for these routes motivates more research into the lethal
mechanism of photosynthesized metal oxide NPs in both
healthy and malignant cells [19]. This article discusses
the probable mechanism of action, the green synthesis
of metallic NPs from plant extracts, and their anticancer
effectiveness against different cancer cells. It also summa-
rizes characterization methods and the most significant
findings from recent studies.

Metallic nanoparticles in cancer treatment

The NPs have been used for many years in biomedical
operations such as imaging and drug delivery [20]. Inor-
ganic NPs and their numerous applications, such as cel-
lular absorption, diagnostics, and therapy, have received
significant attention in recent years. Most of the inor-
ganic nanoparticle research is focused on materials such
as gold, silica, and others. Together with a facilitator, the
mesoporous silica bestows a very cutting-edge approach
to imaging and drug release [21]. The activity of this

facilitator is triggered with the help of external stimuli.
Due to their outstanding optical, magnetic, and photo-
thermal characteristics, metallic NPs are widely explored
in biological imaging and targeted drug delivery. Gold
NPs (Au NPs), Ag NPs, iron-based NPs, and copper NPs
are some of the most often utilized metallic NPs. Since
their size and surface qualities can be easily adjusted, Au
NPs are utilized as drug carriers for intracellular target-
ing [22]. The visible light extinction behavior of metallic
NPs makes it possible to track their trajectories in the
cells.

Anti-human epidermal growth factor receptor 2
(HER2)-functionalized gold-on-silica nanoshells have
been found to target HER2-positive breast cancer cells
[23]. Clinical trials for the detection of nodal metastases
using Combidex®, an iron oxide-based nanoformulation,
are close to complete [24]. Iron deficiency anemia can be
treated with Feraheme®, an iron oxide nanoformulation
that contains ferumoxytol. This was approved by the FDA
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in June 2009 to treat nodal metastases in prostate and
testicular cancer [25, 26]. Metallic NPs cause apoptotic,
autophagic, and necrotic cancer cell death through ROS
generation, caspase-3 activation, mitochondrial outer
membrane permeabilization, and specific DNA cleavage
[27].

Metal nanoparticle delivery pathway and cell dam-
age can be linked to interaction of NPs with ions in cir-
culation, ingestion by phagocytic cells, opsonization or
enzymic degradation, internalization via endocytosis,
membrane perforating and damage of its components
and function, chromosomal aberrations and changes
in cell replication rate, lysosome rupture, mitochon-
dria damage, lower growth rate, structural changes,
and shorter lifespan of microtubules of the cytoskel-
eton, generation of ROS, oxidative stress, and subse-
quent processes (Fig. 1B). NPs of different sizes enter
cells via distinct pathways. Smaller NPs penetrate cells
via receptor-mediated uptake by interacting with the
caveolin receptor on the cell membrane. Larger NPs are
more likely to enter cells via clathrin-mediated endocy-
tosis. When NPs enter a cell, they can proceed one of
two ways: either they interact with cytosolic proteins in
a direct fashion, or they are transported to the lysosome—
endosome complex, where their surfaces are modified
before they are released into the cytosol [27]. Inside the
cell, NPs trigger up a chain reaction that releases ROS
and initiates the release of metal ions. These metal ions
tend to connect with proteins’ SH groups, breaking their
S-S bridges. As a result, the cell physiology is altered,
resulting in activation of various signaling pathways that
lead to programmed cell death [28]. Apoptosis is fre-
quently induced by either intrinsic or extrinsic pathways.
Nanomaterials can induce apoptotic signaling via both
intrinsic and extrinsic pathways. In the case of intrin-
sic apoptosis, ROS production causes mitochondrial
membrane depolarization, which results in the release
of cytochrome C into the cytosol. This cytochrome C
promotes the caspase-9/3 apoptotic cascade by activat-
ing pro-apoptotic proteases in apoptosis initiated by the
extrinsic pathway (Fig. 1C) [29].

Ag NPs play a significant role in breast cancer treat-
ment as well as skin wound healing therapy. In this
review, most of the studies mentioned are about Ag NPs
tested on breast cancer cell lines. For example, the ICy,
value of paclitaxel is 80 g/dL, while the IC;, value of Ag
NPs loaded with Elaeodendron croceum extract against
MDA-MB-231 breast cancer cell line is 138.8 pg/mL
[30]. Moringa oleifera flower aqueous extract-loaded Au
NPs showed anticancer activity against A549 lung cancer
cells. Au NPs (50 pg/mL) showed significant anticancer
activity against lung cancer cell line [31]. ZnO NPs kill
tumor cells through NADPH-dependent oxidative burst
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and apoptotic signaling. ZnO NPs of various sizes and
specific surface areas had a similar effect on cytotoxic-
ity and DNA fragmentation in macrophages of mice in
an ap47phox- and Nrf2-independent manner. Because
of their critical function in the modulation of immuno-
logical responses during inflammation and the clear-
ing of inhaled particles, ZnO NPs trigger necrosis and
apoptosis in macrophages. ZnO NPs promote the rapid
induction of nuclear condensation, DNA fragmentation,
and formation of hypodiploid DNA-containing nuclei
and apoptotic bodies [32]. Furthermore, the delivery of
cerium oxide NPs (CeO, NPs) might cause DNA dam-
age, which results in tumor cell death. CeO, NPs enhance
ROS in tumor cells, causing apoptosis without genotoxic-
ity. The antitumor activity of CeO, NPs is greatly depend-
ent on their size and shape. Both small- and large-sized
NPs induce DNA damage in tumor cell lines [33].

Silver nanoparticles

Due to their unique physical and chemical characteristics,
such as high electrical conductivity and optical, electri-
cal, thermal, and biological properties, Ag NPs are gain-
ing considerable interest in the healthcare sector [36].
Ag NP aggregates enter mammalian cells via endocyto-
sis and can cross blood—brain barrier due to their small
size. After entering an endocytic vesicle, they are intra-
cellularly transported to the cytoplasm and nucleus [37].
The antimicrobial properties of silver have been observed
since ancient times. Silver is currently employed in vari-
ous applications to regulate bacterial proliferation, such
as in dental procedures, catheters, and the treatment of
burn injuries. Ag ions and Ag-based compounds are gen-
erally recognized for their severe toxicity to microorgan-
isms, exhibiting potent biocidal properties [38]. Ag NPs,
measuring around 32.2 nm, were manufactured using an
extract derived from Teucrium polium. These NPs were
incorporated into a film made of polylactic acid and poly-
ethylene glycol (PLA/PEG). The resulting film serves as a
biodegradable wound dressing that possesses antioxidant
and antibacterial properties. The incorporation of bio-
genic silver NPs into PLA/PEG nanofibers resulted in the
total inhibition of growth in P aeruginosa and S. aureus,
demonstrating substantial antibacterial properties [39].
The Ag NP-loaded amorphous calcium polyphosphate
NPs, which were synthesized using wet chemical precipi-
tation, exhibited effective antibacterial activity against
E. coli, Staphylococcus aureus (S. aureus), and Entero-
coccus faecium [40]. A recent study shown that the pro-
duction of Ag NPs using a crude leaf extract of Lycium
shawii exhibited a minimum inhibitory concentration
(MIC) ranging from 1 mg/mL to 15 mg/mL against sev-
eral microorganisms. The measured MIC clearly dem-
onstrates the significant antibacterial properties of the
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produced NPs [41]. Multiple in vitro and in vivo studies
have demonstrated the anticancer effects of Ag NPs, ren-
dering them a highly promising choice for cancer ther-
apy [42]. At a dosage of 1.0 mg/L, enzyme-responsive Ag
NPs coated with adenosine triphosphate killed 56.04% of
HepG2 cell line [43]. Ag NPs produced by the one-step
caffeic acid-mediated reduction are anticipated to enter
cells via endocytosis and effectively suppress HepG2 cell
growth through apoptosis induction [44]. The aqueous
extract of Panax ginseng roots was used to synthesize
Ag NPs with the assistance of ultrasound. The resulting
NPs exhibited an ICy, value of 157 pg/mL against the
PC14 cancer cell line. In PC14 cells, the biosynthesized
Ag NPs modulated the PI3K/AKT/mTOR signaling path-
way and elevated ROS levels, apoptosis, and LDH release
[45]. Chen et al. studied the function and mechanism of
Ag NPs in prostate cancer. Ag NPs diminished lysozyme
membrane integrity, number, and protease activity. This
blocked autophagy. In PC-3 cell lines, sublethal Ag NP
doses can produce hypoxia and energy deficiency [46].

Gold nanoparticles

Au NPs are synthesized using chemical, physical, and
biological methods. Conversion of metallic gold into
nano-particulate gold by chemical reduction is a com-
mon menthod for the synthesis of Au NPs. Citrate medi-
ated reduction method has been described by Turkevich
in 1951 to synthesize stable and size controlled Au NPs.
Brust and Schriffin explored sodium borohydride medi-
ated reduction to synthesize Au NPs. In 1996 Schmid et.
al. described seed mediated growth, the most explored
chemical method, to synthesize Au NPs [47]. Surface
modification of Au NPs can be done using amine and
thiol groups. This has the potential to benefit biomedi-
cal applications such as targeted delivery, imaging, and
sensing for electron microscopy markers [48]. Murawala
et al. synthesized Au NPs with a bovine serum albumin
cap and methotrexate loading that impede MCF-7 prolif-
eration and cause G1-S phase arrest, DNA breakage, and
eventually apoptosis [49]. Gum acacia (GA) was utilized
successfully to synthesize gemcitabine hydrochloride
(GEM)-loaded colloidal Au NPs. Cell viability was 64.8%
and 51.8% for naked GEM-treated cells at doses ranging
from 0.25 to 0.5 pg/mL, respectively. GEM-GA-Au NPs
decreased cell viability by 51.2% and 42.8%, respectively.
GEM-GA-Au NPs exhibited superior anti-proliferation
effects on MDA-MB 231 human breast cancer cells
compared to naked GEM [50]. In comparison with free
TA-peptide, the conjugation of Au NPs and a thioctic
acid-DMPGTVLP peptide (TA-peptide) conjugate led
to a more substantial release of cytochrome c after the
activation of caspase-3/7. However, after intratumoral
injection in tumor-bearing mice, TA-peptide Au NPs
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exhibited superior antitumor effectiveness compared to
TA-peptide [51].

Iron oxide

Over the past 20 years, iron-based NPs have gained
interdisciplinary scientific interest due to their distinc-
tive properties and nanotechnological possibilities [52].
Iron oxide NPs (Fe;0,/Fe,O5 NPs) exhibit good super-
paramagnetic characteristics of Fe;O, and Fe,O,, leading
to significant performance in drug delivery applications
[53]. Superparamagnetic Fe;O,/Fe,O5 NPs have attracted
considerable attention because of their potential use in
imaging, drug delivery, and hyperthermia management.
They are non-toxic, biodegradable, and biocompatible
and effectively eliminated from the human body via iron
metabolism pathways [54]. Unique physical and chemi-
cal properties of Fe;O,/Fe,O; NPs (large surface area,
superparamagnetic properties, and nanoscale dimen-
sions with a spherical form and an adjustable size of
less than 50 nm) make them highly efficient [55]. Fe;O,/
Fe,O; NPs have an intrinsically therapeutic impact on
malignancies [56] and resist tumor cell growth in a better
way when compared to untreated control cells [57]. Sun
et al. synthesized multifunctional methotrexate-loaded
iron oxide NPs conjugated with chlorotoxin (a targeting
ligand). Due to tumor cell cytotoxicity, these NPs may be
employed in cancer diagnosis and treatment [58].

Zinc oxide

Zinc oxide nanoparticles (ZnO NPs) have emerged as a
promising contender for use in biomedical research, food
packaging, optical, electrical, and food processing appli-
cations. ZnO NPs are harmful to cancer cells because,
at low pH levels, they decompose into Zn?" ions. These
Zn*" ions produce ROS, which kill cancer cells. Addi-
tionally, ZnO NPs have been successfully employed as a
vehicle for the precise delivery of anticancer drugs into
tumor cells [59]. Wahab et al. found that ZnO NPs, when
utilized at very low concentrations and in a dose-depend-
ent manner, were effective against MCF-7 (breast cancer)
and HepG2 (liver cancer) cells. At 25 pg/mL, HepG2 cell
viability was below 10% [60].

Copper oxide

CuO, a well-known p-type semiconductor, has long been
studied for its monoclinic structure. Cupric oxide (ten-
orite monoclinic CuO) and cuprous oxide (cuprite cubic
Cu,0) are two crystalline forms of copper oxide [61].
Potential metal ion leaching and dissolving, as well as
oxidative stress, DNA damage, lipid peroxidation, mem-
brane damage, and mitochondrial damage have all been
explored in the literature as toxicity pathways. A small
amount of CuO NPs can generate large amounts of ROS
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such as O,, OH, and H,0,. CuO NPs cause membrane
disruption and ROS generation after they enter the mito-
chondria [62]. Wang et al. found that CuO NPs increased
the survival rate of tumor-bearing animals, inhibited the
metastasis of B16-F10 cells, and significantly delayed
the growth of melanoma. The data revealed that CuO
NPs had minimal systemic toxicity and were promptly
eliminated from the organs. When CuO NPs penetrated
the cells, they preferentially targeted the mitochondria,
causing cytochrome C to be released and caspase-3 and
caspase-9 to be activated. Thus, CuO NPs can kill can-
cer cells via mitochondrion-mediated apoptosis to treat
melanoma and other cancers [63].

Titanium oxide

Bioengineered titanium oxide nanoparticles (TiO2 NPs)
have been shown to have good stability, chemical neu-
trality, hydrophilicity, oxidizing power, and electrical,
optical, physical, and photocatalytic properties. Because
of their powerful antibacterial and odor-removing prop-
erties, TiO, NPs are employed in filters and cosmetics.
TiO, photocatalysts have been extensively explored for
the killing or suppression of bacterial growth due to their
excellent chemical stability and nontoxicity [64]. Plant
extracts may exhibit properties of the metals or metal
oxides that make up their composition in addition to the
presence of phytoconstituents. These features may ulti-
mately result in their many critical activities in the pre-
vention or treatment of cancer. It has been shown that
the tiny size of TiO, NPs gives them potent anticancer
activity against cancer cells [65].

Biological synthesis of metallic nanoparticles

Over the past decade, there has been an increase in
efforts to discover efficient, low-cost, eco-friendly, and
long-lasting strategies for producing green NPs [66].
Researchers across the globe are interested in green syn-
thesis since it is an environmentally safe technique and a
fascinating study topic for the synthesis of metallic NPs
for biomedical applications [67]. Using biological agents
to make NPs of various sizes, shapes, compositions, and
physicochemical characteristics is safe, non-toxic, and
environmentally sustainable [68]. Biosynthesis of these
NPs is done at mild pH, pressure, and temperature with-
out using an external reducing agent, capping agent, or
stabilizing agent [69]. Capping agents have a significant
role in the synthesis of metallic NPs. The major role of
capping agent is to functionalize and stabilize the NPs,
along with controlling size and morphology [70]. NPs
synthesized by green synthesis methods are exceptionally
stable, well dispersed, and have a narrow size distribution
[71].
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Nucleation and production of stable metallic NPs dur-
ing biological synthesis are affected by several factors
such as temperature, reactant concentrations, pH, and
reaction time. For example, when employing biomass
from Avena sativa (oats) at pH 2, rod-shaped Au NPs
were larger, ranging from 25 to 85 nm. In contrast, at
pH 3 and 4, the Au NPs were comparably smaller, with
sizes ranging from 5 to 20 nm. The functional groups
present in extract were more easily accessible for parti-
cle nucleation within the pH range of 3 to 4. In contrast,
a reduced number of functional groups were present at
pH 2, leading to the aggregation and formation of bigger
Au NPs [72]. Ag NPs were synthesized using bark extract
derived from Cinnamon zeylanicum. The particle yield
exhibited a positive correlation with the concentration
of the bark extract, whereas the NPs assumed a mostly
spherical morphology at pH values of 5 and higher [73].
Prathna et al. found that the combination of Ag(NO),
with Azadirachta indica leaf extract led to the forma-
tion of progressively bigger particles as the reaction time
increased. By adjusting reaction time from 30 to 240 min,
the particle size changed from 10 to 35 nm. The concen-
tration of NPs produced at various stages of reaction
was determined using inductively coupled plasma opti-
cal emission spectroscopy measurements. After 2 h, the
yield of the process had significantly increased to 78%.
Subsequently, there was a progressive and continuous
increase in the yield [74]. The photosynthesized NPs are
safer than their chemically synthesized counterparts for
usage in healthcare applications since they do not con-
tain any harmful contaminants. When applying metal
in healthcare products, safety risks related to nanosize,
penetration, and tissue permeability must be considered.
In vitro cytocompatibility of phytonanoparticles has been
documented by multiple researchers. Extensive research
is still required to determine their pharmacodynamics,
immunogenicity, absorption, biodistribution, excretion,
and acute and chronic toxicity. Although plant-mediated
nanoparticle production is often considered an environ-
mentally beneficial approach, there is still a dearth of
evidence addressing the direct and indirect ecological
impacts of these particles [75].

Green synthesis using plant extract

Plants, which include grasses, ferns, trees, bushes,
flowers, and other varieties of green algae and lichens,
are among the most essential forms of life. NPs can
help plants by acting as fertilizers, pesticides, growth
regulators, and antibacterial agents. However, flora
can also assist with the development of nanotechnol-
ogy. Plants can be used to produce NPs in two differ-
ent ways: directly through extraction or indirectly
via plant-mediated biosynthesis. Agriculture, food
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science, nanotechnology, and pharmaceutical science
are just some of the fields that could benefit from a bet-
ter understanding of the interaction between NPs and
plant extracts [76]. Plant-mediated green NP synthe-
sis is one of the most preferred approaches because it
normally requires a neutral pH and can occur at room
temperature [77]. Plants and plant extracts are sustain-
able and renewable resources for NP production, unlike
prokaryotic bacteria, which require expensive methods
for maintaining microbial cultures and downstream
processing [7]. Using the various plant parts (Fig. 2A),
such as fruits, seeds, calluses, stems, peels, leaves, and
flowers, biological processes synthesize metal NPs in a
range of sizes and shapes. Metal NPs are synthesized
using metal precursors and plant extracts as reduc-
ing and capping agents under suitable conditions
[78]. A green chemistry approach for the synthesis of
metal NPs can be achieved in three stages: (i) the acti-
vation phase, in which the phytoconstituents reduce
the metal ions, followed by the nucleation of reduced
metal atoms; (ii) the growth phase, in which small NPs
join to form larger NPs; (iii) the termination phase, in
which the NPs take on their final shape [79]. Bioactive
alkaloids, phenolic acids, polyphenols, proteins, carbo-
hydrates, and terpenoids in plant extracts reduce and
stabilize metallic ions (Fig. 2B) [80].

Tabebuia berteroi leaf extract is rich in polyphenol,
and Withania coagulans plant extract is rich in flavo-
noids, tannins, and phenolics. These extracts have been
used to reduce Fe and Pd ions to form their respective
metal NPs, which are then mixed with graphene oxide
to make a nanocomposite [81]. Anisomeles indica leaf
extract reduced silver ions to spherical Ag NPs (50—
100 nm) in 10 min at room temperature [82]. Lee et al.
reported Au NPs synthesis utilizing sequential frac-
tional extracts from Ocimum sanctum leaves. For the
sequential fraction extraction of O. sanctum leaves, dif-
ferent polarity solvents (hexane, chloroform, n-butanol,
and water) were utilized, and it was discovered that
unique solvent fractions (extract) are responsible for
the creation of morphologically varied Au NPs. Water
extract produced anisotropic NPs, hexane extract pro-
duced spherical Au NPs, chloroform extract produced
a circular disk-shaped structure with rough edges, and
n-butanol extract produced Au NP aggregates [83].
Possible mechanisms of the anticancer effect of phyto-
synthesized metal or metal oxide NPs include the for-
mation of pro-apoptotic caspases, activation of reactive
oxygen species, damage to cell membranes and mito-
chondria, damage to DNA, and DNA fragmentation
[84]. Table 1 represents various plant extracts utilized
in the synthesis of metallic NPs along with their corre-
sponding applications.
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Biosynthesis of nanoparticles using microbes
Actinomycetes, bacteria, fungi, marine algae, viruses,
and yeasts have all been effective in the production of
NPs employing unicellular and multicellular organ-
isms (Fig. 2C) [113]. These organisms can produce
reducing and stabilizing agents in the synthesis of NPs
with a wide range of shapes, compositions, and physi-
ochemical properties (Fig. 2D) [114]. Microorganisms
can synthesize metallic NPs both intracellularly and
extracellularly (Fig. 2E) [115]. To produce NPs extra-
cellularly, microbes are cultivated in the appropriate
environments. The microorganism-containing enzyme-
rich broth is centrifuged to synthesize NPs [116]. The
intracellular synthesis of NPs is carried out via the cel-
lular mechanism of microbial cells [117]. Several stud-
ies explored extracellular methods for producing metal
NPs [118]. Kalimuthu et al. investigated the role of the
nitrate reductase enzyme in the production of Ag NPs
by Bacillus licheniformis. The enzyme is responsible
for converting Ag* to Ag’, and they hypothesized that
nitrate ions might play a role in its induction. Cofac-
tors like NADH in NADH-dependent nitrate reductase
enzymes are required for generating metal NPs. Biore-
duction of Ag™ to Ag®° may be caused by the release of
cofactors NADH and NADH-dependent enzymes by B.
licheniformis, in addition to other components, espe-
cially nitrate reductase [119]. Pseudomonas stutzeri was
treated with a concentrated Ag NOj; solution to pro-
duce Ag NPs in the periplasm [120]. Numerous fungi
strains have been described for the extracellular bio-
fabrication of NPs using CdS, Au, Zirconia, Si, Ti, and
magnetite [121]. The method of NP production varies
depending on the microorganisms. However, the basic
concept involves microorganisms entrapping metal
ions on their surface or within their cells, followed by
their reduction to NPs. Electrostatic forces are fre-
quently used as a trapping medium [122].

Bacteria

Bacteria can precipitate metals at nanoscale level as
well as regulating interaction pathways for metal ion
reduction [123]. E. coli biosynthesized Ag NPs of 50 nm
size by a reliable and cost-effective approach [124].
Pseudomonas aeruginosa (P. aeruginosa) and other spe-
cies have been studied for their ability to synthesize
Zn, iron, nickel, Au, and Ag NPs [125]. The NADPH-
dependent reductase enzyme may be involved in the
reduction of Au®* to Au® and stabilization via capping
molecules in the presence of Stenotrophomonas malt-
ophilia [126]. Different bacterial species, as listed in
Table 2, have been employed to produce metal NPs.
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Fig. 2 Green synthesis of nanoparticles: A different plant parts used for nanoparticles formation, B general method for biosynthesized
nanoparticles formation, C different microorganisms used for nanoparticles formation, D different shapes of nanoparticles that can be synthesized,
and E possible mechanism of nanoparticle synthesis using microbes (Figure E: recreated with permission © Springer Nature)

Fungi

NPs. This is due to their ability to create huge volumes of

Fungi are non-phototrophic eukaryotic microorganisms
with rigid cell walls [147]. Fungi are among the biologi-
cal sources that are exploited in bioremediation, can min-
eralize, and are known as mediators in the synthesis of

biomass [148]. Fungi can reduce the size of metal ions to
NPs via two different processes: (i) through the contact
of the fungus biomass with the metal inside the fungal
cell and (ii) through the interaction of the fungus filtrate
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with the mineral solution outside the fungal cell [149].
This whole process is accomplished through two distinct
mechanisms. First, the fungal cell wall traps metal ions
on its surface due to the electrostatic interaction of the
positively charged groups in the enzymes, and then, the
cell enzymes reduce the metal ions to produce NPs. Sec-
ond, the method involves the reduction of nitrates using
NADPH secreted by fungi, followed by its conversion into
NADP to produce extracellular NPs [150]. The myogenic
pathway produces better NPs than bacteria and plants
because they accumulate metals more efficiently. Trian-
gle-shaped intracellular Au NPs (20-35 nm) synthesized
by Aspergillus clavatus isolated from Azadirachta indica
have been explored to demonstrate mycosynthesis [151].
Phoma glomerata can be used to synthesize Ag NPs
that are antibacterial against resistant strains of E. coli,
P aeruginosa, and S. aureus [152]. Trichoderma viride,
Chaetomium globosum, Aspergillus niger, and Pleurotus
ostreatus can produce selenium NPs [153]. Cladosporium
perangustum aqueous extract-derived Ag NPs decreased
MCE-7 cell viability by increasing caspase-3, caspase-7,
caspase-8, and caspase-9 expression [154]. Metallic NPs
derived from various fungi are presented in Table 3.

Algae

Algae have the capacity to accumulate heavy metal ions.
These aquatic microorganisms have been explored to
synthesize NPs [176]. Using Tetraselmis kochinensis,
spherical Au NPs with sizes ranging from 5-35 nm were
produced intracellularly [177]. Sargassum polycystum (a
brown algae)-based CuO NPs had excellent anticancer
characteristics and great potential against pathogenic
bacteria [178]. Priyadharshini et al. used Gracilaria edu-
lis (macroalgae) extract to synthesize Ag and ZnO NPs.
The synthesized NPs exhibited excellent antitumor activ-
ity against human PC3 cells [179]. Hypnea musciformis
(Wulfen), a red macroalga, has been explored to synthe-
size Au NPs for its anti-fungal activity against Aspergillus
niger and Mucor spp [180]. Ecklonia cava extract-loaded
Ag NPs have shown significant anti-bacterial activity
against E. coli and S. aureus. These NPs had antioxidant
properties and anti-cancer activity against human cervi-
cal (HeLa) cells [181]. Numerous algal components and
precursor salts employed in the synthesis and capping of
metallic NPs are shown in Table 4.

Green-synthesized metallic nanoparticles

for cancer treatment

Cancer is defined as an abnormal growth of tissue or
cells characterized by uncontrolled autonomous division,
with the number of cell divisions rising over time [4].
More than 200 distinct cancers have been identified, and
they have six common basic characteristics: replicative
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immortality; the ability to generate new blood vessels; the
ability to invade and spread to other organs; resistance to
apoptosis; proliferative signaling; and evasion of growth
[198]. NPs are used to increase the compatibility and
bioavailability of natural bioactives for the treatment of
different chronic disorders, including cancer [199]. NPs
are often considered as a possible solution for this due
to evidence of their ability to induce the apoptotic path-
way in vitro, which implies their anticancer effect [200].
NPs have been demonstrated to produce ROS, which can
activate pro-apoptotic pathways. Different biogenic metal
oxide NPs have shown promising results in the treat-
ment of cancer by producing cytotoxicity in malignant
cells while having no effect on normal cells. The specific
mechanism by which various metal and metal oxide NPs
kill cancer cell types is unclear [201]. It is widely believed
that mitochondrial signaling pathways play a crucial
role in NP-based activation of apoptosis in cancer cells.
Metallic NPs usually produce ROS, which causes oxida-
tive stress and apoptosis [202]. Apoptosis begins with
apoptotic protein activation, DNA damage, mitochon-
drial breakdown, apoptosome formation, and cell shrink-
age [203]. Prostate and lung cancer cells are sensitive to
cytotoxic activities in Pinus roxburghii bioactive-loaded
Ag NPs. The ability of mitochondrial depolarization
and DNA damage to trigger apoptosis via the intrin-
sic route have been reported. ROS, cell cycle arrest, and
caspase-3 activation cause cancer cell apoptosis [204]. A
class of protease enzymes called caspases is important
for the apoptotic process. By activating the executioner
caspase-3 through cleavage, the initiators caspase-8 and
caspase-9 specifically cause the proteolysis of poly(ADP-
ribose) polymerase (PARP) and apoptosis by impairing
DNA repair [205].

Breast cancer

Breast cancer has surpassed lung cancer as the most fre-
quent cancer in the world, with 2.26 million recorded
cases per year, 11.7% of all cancer cases, and 24.5% of
malignancies in women. Furthermore, it is the most
frequent disease among women, accounting for 15.5%
of all female cancer mortality each year [206]. With an
emphasis on more biologically directed medicines and
treatment deescalation to lessen side effects, therapeu-
tic approaches have evolved over the past 10-15 years
to take this heterogeneity into consideration [207].
Capping ZnO NPs with R. fairholmianus inhibited cel-
lular development while increasing cytotoxicity and
ROS. Apoptosis was also accompanied by an increase
in pro-apoptotic proteins (p53, Bax), a decrease in anti-
apoptotic proteins (Bcl-2), and a marked elevation in
cytoplasmic cytochrome ¢ and caspase 3/7 (apoptosis
indicators) [208]. Calendula officinalis leaf extract was
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used as a green reducing and stabilizing agent in the
biosynthesis of Sn NPs. These NPs showed remarkable
potential in breast cancer treatment. The ICj, values for
biosynthesized Sn NPs were 132, 126, and 119 pg/mL for
the MCF7, Hs 319.T, and MCF10 cell lines, respectively
[209]. Gloriosa superba rhizome extract was used in the
synthesis of biomolecule-coated nanotitania catalysts.
For the MCF-7 (cancer) and 1929 (normal) cell lines,
the IC;, of nanotitania catalysts was 46.64 and 61.81 pg/
mL, respectively. Figure 3A shows that when nanotitania
catalysts (46.64 pug/mL) were added to MCE-7 cells, they
made a lot more intracellular ROS than control cells. This
demonstrated that metal and metal oxide nanoparticle
exposure increased ROS levels and decreased mitochon-
drial membrane potential. This suggested that the NPs
induced apoptotic cell death. ROS generation can stimu-
late cell death by apoptosis and necrosis [210].

Yugandhar et al. reported that Syzygium alternifolium
bark extract-loaded CuO NPs reduced treated cell lines
by 50% in comparison with untreated cell lines with an
IC;, value of 50 pg/mL (Fig. 3B) [211]. Artabotrys hexa-
petalus leaf extracts loaded CeO, NPs potent cytotox-
icity against MCF-7 cancer cells at an ICy, value of 48
0.05 pg/mL [212]. Al-Nuairi et al. used MTT assay to
examine the effects of Ag NPs from Cyperus conglomera-
tus root extract on MCF-7 breast cancer cells and normal
fibroblasts. The selective cytotoxicity was found against
MCEF-7 with an IC;; of 5 ug/mL [213]. Kabir et al. treated
MCE-7 cells for 48 h with Zizyphus mauritiana fruit
extract-loaded Ag/AgCl NPs. A real-time polymerase
chain reaction (PCR) was used to monitor the expression
levels of eight apoptosis-related genes. FAS, caspase-8,
and FADD expression levels were increased, and PARP
expression levels were decreased (Fig. 3C) [214]. To con-
firm the antiproliferative activity of P granatum crust
extract-loaded platinum NPs (Pt NPs), Sahin et al. exam-
ined nuclear densification and apoptotic alterations using
the propidium iodide staining in MCEF-7 cell line. Only
a few control cells responded positively to propidium
iodide. A progressive increase in the proportion of cells
that responded favorably to propidium iodide was seen in
the cells treated with 25 pg/mL of Pt NPs after 48-h expo-
sure (Fig. 3D) [215]. Table 5 shows various plant extracts
and precursor salts explored to synthesize metallic NPs
for their breast cancer applications.

Lung cancer

Lung cancer is the sixth-leading cause of mortality world-
wide [226]. With estimated yearly occurrences of 2.21
million (11.4% of cancer cases) and a mortality rate of
1.79 million lung cancer patients per year, lung cancer is
still prevalent in all nations. Lung cancer is the second-
leading cause of death in women after breast cancer
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[227]. Because of the long-term adaptation of cancer-
causing behaviors including smoking, physical inactivity,
and westernized diets, the global incidence of lung can-
cer is quickly rising [228]. Au NPs containing leaf extract
of Alternanthera bettzickiana reduced cancer cell growth
and triggered apoptosis, DNA breakage, and altered
mitochondrial membrane potential in lung cancer cell
lines. Au NPs had an impact on cellular M-phase entry.
Au' may activate p53 and other cell cycle genes, delaying
the entry of cells into the M-phase and increasing apop-
tosis [229].

Cleistanthus collinus extract loaded into Ag NPs has
been explored as a reducing and capping agent. The
scavenging of free radicals was significantly impacted by
the in vitro antioxidant activity of Ag NPs. The IC;, for
human lung cancer cells (A549) and normal cells (HBL-
100) was 30 pg/mL and 60 pg/mL, respectively. Ag NPs do
not have any adverse effects on mice organs [230]. A549
cells exposed to 50 pg/mL Magnolia officinalis extract-
loaded Au NPs showed substantial cell death. TUNEL
and DAPI staining of A549 lung cancer cells Magnolia
officinalis extract-loaded Au NPs confirmed ROS-arbi-
trated apoptosis (Fig. 4A). The TUNEL assay stained with
green fluorescence showed live cells. Magnolia officinalis
loaded Au NPs confirmed increased apoptotic cells with
DAPI staining with blue fluorescent cells [231]. MTT
assay to test the anti-lung cancer activity of Ledebouria
revoluta bulb extract-loaded TiO, NPs showed an ICj,
value of 53.65 pug/mL and showed improved antitumor
activity against A549 cells [232]. At 100 pg/mL, biogenic
Au NPs showed that Vero cells remained alive; however,
these NPs were cytotoxic (ICg, 60 pg/mL) against A549
lung cancer cells (Fig. 4B) [233]. The proliferative activ-
ity of A549 cells gradually decreased over time in propor-
tion to the increasing concentration of the test substance
during the biological synthesis of Pt NPs using Ononidis
radix extract. The mortality of cells cultured with plati-
num NPs increased [234]. Lonicera japonica extract-
loaded Ag NPs at 75 pg/mL concentration showed 52%
cell viability (Fig. 4C) [235]. In a xenograft severe com-
bined immunodeficient mouse model, H1299 tumor
growth was inhibited by Ag NPs synthesized from longan
peel powder. After 36 days of treatment, the lung tumor
size was 1.13+0.21 mm* and 0.49 +0.07 mm? in the con-
trol and Ag NP-treated groups, respectively [236]. Valod-
kar et al. conducted in vitro toxicity research on human
lung cancer cells using plant latex-capped Ag NPs. At the
higher dose, more dead cells (in red) and very few live
cells (in green) were seen, indicating a dose-dependent
mortality of the cells ranging from 20 to 80% (Fig. 4D)
[237]. Table 6 shows various plant extracts and precursor
salts explored to synthesize metallic NPs for their lung
cancer applications.
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Fig. 3 A Effects of Gloriosa superba rhizome and Gloriosa superba rhizome extract mediated titanium dioxide nanoparticles on intracellular

ROS generation in treated MCF-7 cells, shown as follows: (a) nanotitania catalyst-treated cells, (b) rhizome extract, (c) control cells, B anticancer
activity of CuO NPs synthesized from S. alternifolium stem bark extract, C Relative mRNA expression percentages following treatment of MCF7
cells with Z. mauritiana fruit extract-mediated Ag/AgCl NPs. A dashed line denotes an expression level of 1.0, D Pt NPs containing P. granatum
stained by propidium iodide (a) control; (b) ICs, molarity (25 pg/mL); (c) maximum molarity (100 pg/mL). (A: under copyright (CC BY) from Taylor
and Francis, B: under copyright (CC BY) from Springer, C: under copyright (CC BY) from ACS publication, and D: under copyright (CC BY)

from Elsevier)
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Cervical cancer increased the levels of p53, caspase-3, and caspase-9,
About 604,127 new cases and 341,831 fatalities from and showed a dose-dependent cytotoxic effect against
cervical cancer are reported in 2020 [253]. Solanum  HeLa cell lines [254]. After 24 h of treatment, Catharan-
nigrum leaf extract-loaded ZnO NPs inhibited B-catenin,  thus roseus extract (5 pg/mL) loaded in Au NPs induced
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Fig.4 A By using DAPI/TUNEL dual staining, Au NPs synthesized by Magnolia officinalis were determined to increase ROS-arbitrated apoptosis.

B The cytotoxicity of biogenic Au NPs using bael fruit juice was studied against A549. C Anti-cancer ability of synthesized silver nanoparticle (Ag
NPs) using phytochemical rich medicinal plant Lonicera japonica proved against A549 lung cancer cells by cell viability assay. D AO/EB staining

of plant latex-capped silver nanoparticles in A549 (cells more dead cells (in red) and very few live cells (in green) in highest dose of LAgNP) exposed
to (@) 0 pg/mL LAg NPs, (b) 1 pg/mL LAg NPs, (c) 10 pg/mL LAg NPs, (d) 20 pg/mL LAg NPs,(e) 50 pg/mL LAg NPs and (f) 100 pg/mL LAg NPs (A:
under copyright (CC BY) from Taylor and Francis, B, C and D under copyright (CC BY) from Elsevier)

Concentration pg/ml
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apoptosis in HeLa cells dual stained with acridine orange
(AO)/ethiduim bromide (EtBr). The control cells showed
homogeneous bright green nuclei and cytoplasm for AO-
positive cells. In Ao/EtBr staining, the cells treated with
the synthesized NPs showed characteristics of apopto-
sis such as nuclear condensation, cell shrinkage, and the
formation of apoptosis bodies (Fig. 5A). HeLa cells were
incubated with Catharanthus roseus extract-loaded Au
NPs at different concentrations (5 and 10 pg/mL) for 24 h
to measure the level of ROS production (Fig. 5B) [255].
A. officinalis root extract-loaded Ag NPs are toxic to
SiHa cell lines, with an ICy; of 44 pg/mL. The biosynthe-
sized Ag NPs arrested cell division in the G2/M phases
and accelerated the cell cycle in the G1 and S phases
[256]. Extract of Euphorbia antiquorum L. latex loaded
in Ag NPs inhibited the growth of HeLa cell line with an
IC;, value of 28 pg/mL [257]. After 24 h of incubation,
Au NPs containing an aqueous extract of Alternanthera
sessilis (1-15 pg/mL) showed cytotoxicity against HeLa
cells (Fig. 5C) [258]. CuO NPs containing dry black beans
(0.5 pg/mL and 1 pg/mL) have shown cytotoxic effects
against HeLa cells. CuO NPs inhibited cervical carcinoma
colonies and influenced the generation of ROS. The num-
ber of cervical carcinoma cell colonies was much lower in
CuO NPs-treated cells than in the control group (Fig. 5D)
[259]. Table 7 shows various plant extracts and precursor
salts explored to synthesize metallic NPs for their cervi-
cal cancer applications.

Colorectal cancer

Colorectal cancer (CRC) is the second most lethal and
third-most prevalent cancer worldwide. It accounts for
9.2% of all cancer-related deaths and 10.2% of all new
cases. Aqueous extract of Allium cepa loaded in Ag NPs
promotes apoptosis by suppressing expression of Bcl2
family genes [267]. Albizia lebbeck extract (40 and 60 pg/
mL)-loaded CuO NPs showed early apoptosis (orange
stained) and late apoptosis (red stained) apoptotic cells
(Fig. 6A) for 24 h through the activation of a dual stain-
ing method by AO/EtBr in HCT-116 colon cancer cells
[268]. Ag NPs containing Pimpinella anisum seed extract
showed cytotoxicity against CRC cells. Ag NPs destroyed
cancer cells through cell growth inhibition, cell cycle
arrest in the G2/M phase, and induction of apoptosis
[269]. AO/EtBr staining assay in HCT-116 cells showed
that the Trichosanthes kirilowii extract loaded in Au
NPs increased ROS production, damaged mitochondrial
membrane, induced morphological alterations (Fig. 6B),
induced GO/G1 phase cell-cycle arrest (Fig. 6C), activated
caspase expression, and downregulated anti-apoptotic
expression [270]. The cytotoxic effect of lead oxide and
CeO, NPs synthesized using an aqueous extract of Pros-
opis fracta fruit was investigated in colon (HT-29) cancer
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cell lines. These NPs were not harmful at 500 ug/mL and
62.5 pug/mL [271]. Ag NPs containing Curcuma longa
and Zingiber officinale rhizomes extract had an ICy, of
150.8 pg/mL. At a 25-500 pg/mL dose, the synthesized
NPs were cytotoxic to HT-29 cells (Fig. 6D) [272]. Table 8
shows various plant extracts and precursor salts explored
to synthesize metallic NPs for their colorectal cancer
applications.

Prostate cancer

Prostate cancer is the second most common cancer in
men, with 1.41 million incidences annually (14.1% of all
cancer cases in men) [275]. Green-synthesized nanosil-
ver containing Rosmarinus officinalis extract exhibited
cytotoxic effects against prostate cancer cells through the
activation of caspase 3 and caspase 9 mRNA [276]. Fird-
house et al. examined the cytotoxic effect of nanosilver
containing Alternanthera sessilis extract against prostate
cancer cells (PC3) at 1.56, 3.12, 6.25, 12.5, and 25 pL/mL
doses. The highest concentration (12.5 and 25 pL/mL) of
Ag NPs showed a decrease in PC3 cancer cells (Fig. 7A)
[277]. Camellia sinensis L extract loaded in Au NPs
reduced PC-3 cell growth with an IC;; of 19.71 pg/mL.
Surface detachment, cell shrinkage, and body distortion
were observed in PC-3 cells. This demonstrated the cyto-
toxic effect of green tea extract containing Au NPs [278].
The cytotoxic effect of Au NPs containing an extract of
desert truffles (Tirmania nivea) against normal human
prostate cell lines and prostate cancer cell lines is shown
in Fig. 7B [279]. Salvia miltiorrhiza extract has been used
as a capping agent to synthesize Ag NPs to explore its
cytotoxic property against PCa LNcap cell lines. The pro-
liferation of LNcap cells was dramatically inhibited for
24 h with increasing concentration of Ag NPs (Fig. 7C)
[280]. The IC;, for the PC3 cell line treated with green-
synthesized ZnO NPs made from Hyssopus officinalis
extract for 24 h and 48 h was 8.07 pg/mL and 5 pg/mL,
respectively. The percentage of PC3 cells that under-
went induced apoptosis was 26.6% + 0.05, 44% + 0.12, and
80% +0.07 [281]. The Trypan blue exclusion test was used
to assess in vitro cytotoxicity in PC-3 cells. Ag NPs of
Dimocarpus longan Lour. peel extract showed cytotoxic
effect at a dose between 5 to 10 pug/mL with an IC,
value less than 10 pg/mL (about 50% of PC-3 cells died)
(Fig. 7D) [282]. Table 9 shows various plant extracts and
precursor salts explored to synthesize metallic NPs for
their prostate cancer applications.

Skin cancer

In a study by Wu et al., aqueous Siberian ginseng extract
was used as an organic reducing agent to biosynthesize
Au NPs. These Au NPs were then tested against murine
melanoma B16 cells for their anticancer properties.
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Fig. 5 A Ao/EtBr staining after 24 h of treatment with various concentrations (5 and 10 ug/mL) of photosynthesized Au NPs from Catharanthus
roseus. B Using DCFH-DA staining assay photosynthesized Au NPs from Catharanthus roseus induces ROS production in Hela cells. C The ability

of Au NPs from A. sessilis to cause cytotoxicity in Hela cervical cancer cell lines. D Clonogenic survival assay on Hela cells following incubation

with CuO NPs synthesized using an aqueous black bean extract NPs (A, B and C under copyright (CC BY) from Taylor and Francis, D. under copyright

(CC BY) from Elsevier)

The results demonstrated that the synthesized Au NPs
increased ROS levels and decreased mitochondrial mem-
brane potential (Fig. 8A). The BH3 mimics by biosynthe-
sized Au NPs increased the expression of pro-apoptotic
proteins while decreasing the expression of anti-apop-
totic proteins in melanoma cells [287]. Cassia fistula

leaf extract reduced silver ions to Ag NPs. The estimated
IC,, values for the leaf extract, Ag NPs, and AgNO,
were 96.36 1.01 pg/mL, 92.207 1.24 pg/mL, and 84.246
2.41 pg/mL, respectively. The percentage cell viability
in Fig. 8B shows the dose-dependent effect of synthe-
sized Ag NPs against cancer cell line [288]. The in vivo
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Fig. 6 A Dual staining method by AO/EtBr in HCT-116 colon cancer cells. B Induction of apoptosis on HCT-116 cells treated with Au NPs
synthesized from Trichosanthes kirilowii at various concentrations upto 24 h studied using AO/EB staining assay. C Cell-cycle analysis of HCT-116 cells
treatment with Au NPs (15 and 20 pg/mL) synthesized from Trichosanthes kirilowii. D Anticancer activity of Zingiber officinale and Curcuma longa
synthesized Ag NPs at different concentrations (a) control, (b) 500 pg/mL, (c) 250 pg/mL, (d) 100 pg/mL, (e) 50 ug/mL and (f) 25 ug/mL (A, B and C
under copyright (CC BY) from Taylor and Francis, D under copyright (CC BY) from Elsevier)

therapeutic efficacy of Quisqualis indica flower extract-
derived Cu NPs was investigated by Mukhopadhyay
et al. in mice carrying B16F10 melanoma tumors. A sub-
stantial reduction in tumor development was recorded.
Quisqualis indica flower extract-derived Cu NPs trig-
gered cytotoxicity and death in melanoma cells due to
the gene expression [289]. In a study, polyphenols from
Vitis vinifera L. (grape) peels were used as reducing and
stabilizing agents for the synthesis of Au NPs. The ICs,
value for V. vinifera peel extract was 319.14 pug/mL. The
ICy, values of V. vinifera peel loaded Au NPs and fluo-
rouracil (standard drug) were 23.6 uM and 23.43 pM,
respectively. Figure 8C displays the percentage of inhibi-
tion plotted against the concentration of fluorouracil and
peel extract-loaded Au NPs [290]. Ag NPs of Indigofera
longeracemosa leaf extract revealed a dose-response
relationship with an ICs, value of 48 pg/mL against the
human skin cancer cell line SK MEL-28. Biosynthesized
NPs upregulated the tumor suppressor gene p53 and sig-
nificantly downregulated the anti-apoptotic gene Bcl-2
[291]. Elephantopus scaber-loaded Ag NPs were more
effective against the A375 skin carcinoma cell line than
its pure extract. After 48 h of incubation, morphologi-
cal changes in treated A375 cells were observed under
an inverted phase contrast tissue culture microscope
(Fig. 8D) [292]. Table 10 shows various plant extracts and

precursor salts explored to synthesize metallic NPs for
their skin cancer applications.

Liver cancer

Liver cancer is the sixth-most common primary malig-
nancy and the fourth-leading cause of cancer-related
deaths in the world. Cholangiocarcinoma (CCA) and
hepatocellular carcinoma (HCC) are the two most com-
mon histologic types of primary liver cancer, account-
ing for more than 80% of all cases. Liver fibrosis and
inflammation-induced necrosis are the major causes
of malignancy [296]. The effect of Cordyceps milita-
ris-loaded Au NPs on the mitochondrial membrane
potential of HepG2 cells revealed a strong green fluores-
cence in untreated cells with high membrane potential.
Green fluorescence intensity decreased in HepG2 cells
treated to 10 and 12.5 pg/mL Au NPs. The mitochon-
drial membrane potential remained intact in untreated
cells (Fig. 9A). Untreated cells did not exhibit apopto-
sis, as shown by green fluorescence staining in Fig. 9B.
HepG2 cells treated with Au NPs (10 and 12.5 pg/mL)
showed a substantial increase in apoptotic cells as visu-
alized by orange fluorescence staining. HepG2 cells were
found to undergo apoptosis after being exposed to Au
NPs coated with an extract of Cordyceps militaris [297].
Coriandrum sativum leaf aqueous extract-loaded iron
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Fig. 7 A Cytomorphological changes such as cancer cell membrane lyses, coiling with the addition of silver (a, b) and nanosilver synthesized using
Alternanthera sessilis in (d, e) after 48 h compared to that of control. B The cytotoxicity of Au NPs synthesized using extract of desert truffles (Tirmania
nivea) against normal human cell line (a) untreated cells, (b) treated cells with synthesized Au NPs, and against cancer cell line (c) control untreated
VCaP cells, (d) Treated VCaP cells with synthesized Au NPs. C Cytotoxic potential of Ag NPs from leaf extract of Salvia miltiorrhiza in prostate cancer
LNcap cell. D Dose-dependent cytotoxic effects of Ag NPs biosynthesized using Dimocarpus Longan Lour. Peel Extract on prostate cancer PC-3 cells
in vitro (A and D under copyright (CC BY) from Springer, B under copyright (CC BY) from Elsevier, C under copyright (CC BY) from Taylor and Francis)

NPs were green-synthesized by Zhan et al, and they
demonstrated dose-dependent anticancer activity and
very poor cell viability against LMH/2A, McA-RH7777,
N1-S1 Fudr, and SNU-387 cell lines while having no
cytotoxicity on the normal cell line (HUVEC) [298]. The
MTT assay was used to test the in vitro cytotoxicity of
Ag NPs loaded with extract from the Punica granatum
leaf against the HepG2 cell line. This study found that Ag

NPs had substantial anti-cancer efficacy at a dosage of
70 ug/mL, causing 50% cell death (Fig. 9C). Ag NPs sig-
nificantly inhibited cell growth by more than 90% [299].
With an IC;, value of 93.75 pg/mL, Morinda pubescens
extract-loaded Ag NPs have been shown to exhibit con-
siderable cytotoxic effect against HEPG2 cell lines [300].
In a time- and dose-dependent manner, Artemisia sco-
paria extract and its biosynthesized ZnO NPs decreased
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Fig. 8 A Using a 1-mM Rhodamine 123 staining approach, the apoptotic effect of Siberian ginseng synthesized Au NPs on the mitochondrial
membrane permeability in murine melanoma cell line B16 was evaluated. B Ag NPs from the leaf extracts of Cassia fistula have been shown

to be toxic to A-431 epidermal cancer cells (ICs, values for the leaf extract, Ag NPs, and AgNO; are anticipated to be 96.36+1.01,92.207 +1.24,

and 84.246+2.41 ug/mL, respectively). C Fluorouracil and Vitis vinifera peel Au NPs had an inhibitory effect on A431 cells 24 h after incubation. D
Morphological changes induced on treated A375 cells by Ag NPs using the phytoreducing agent Elephantopus scaber (A and D under copyright (CC
BY) from Taylor and Francis, B under copyright (CC BY) from Wiley Online Library, C under copyright (CC BY) from Elsevier)

cell proliferation and induced apoptosis in Huh-7 can-
cer cells. Artemisia scoparia extract and its biosynthe-
sized ZnO NPs had IC,, values of 10.26 and 310.24 pg/
mL, respectively. Figure 9D shows that the anti-apoptotic

genes were downregulated while the pro-apoptotic genes
were upregulated by the Artemisia scoparia extract-
loaded ZnO NPs [301]. With an IC, value of 62.5 pg/
mL, Seripheidium quettense-mediated green synthesis
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Fig. 9 A Represents that the mitochondrial membrane permeability of Cordyceps militaris extract synthesized Au NPs, B effect of Au NPs from C.
militaris induces apoptotic morphological changes in HepG2 cells. Green fluorescence labeling revealed that apoptosis had not occurred

in the untreated cells. Orange fluorescence staining in HepG2 cells at 10 mg and 12.5 pg/mL shows that the Au NPs treatment dramatically boosted
the apoptotic cells. C anticancer activity of various concentrations of synthesized Ag NPs synthesized using Punica granatum leaves against the liver
cancer cell line—HepG2, and D cytotoxic effects of biosynthesized ZnO NPs using Artemisia scoparia leaf extract against Huh-7 liver cancer cells

(under copyright (CC BY) from Taylor and Francis online)

of biogenic Ag NPs inhibited the proliferation of HepG2
cells [302]. Table 11 shows various plant extracts and pre-
cursor salts explored to synthesize metallic NPs for their
liver cancer applications.

Theranostic applications of green-synthesized

nanoparticles
Theranostics is a multidisciplinary scientific field focused

on creating a wide range of complex diagnostic and
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therapeutic agents. By utilizing nanotechnology, thera-
nostics enhance bioavailability by delivering bioactives
to the sites of absorption. Theranostics utilizing metal-
lic NPs could be useful in treating a wide range of con-
ditions, including cancer, malaria, microbial infections,
and cardiovascular disorders [308]. There has been a sig-
nificant increase in the production of metallic NPs from
medicinal plants. These metallic NPs play a crucial role
in the advancement of theranostics. Anisotropic Au NPs
were produced by an aqueous method employing cocoa
extract. These NPs exhibited favorable biocompatibility
when subjected to in vitro testing utilizing A431, MDA-
MB231, L929, and NIH-3T3 cell lines, at doses of up to
200 pg/mL. The use of green-synthesized NIR absorbing
anisotropic Au NPs was effective in causing cell death in
epidermoid carcinoma A431 cells when irradiated with
a femtosecond laser at 800 nm with a low power den-
sity of 6 W/cm?. This demonstrates the suitability of NPs
for photothermal ablation of cancer cells. These Au NPs
exhibited high X-ray contrast during computed tomogra-
phy testing, thus confirming their suitability as a contrast
agent [309].

The synthesis of Au NPs using cinnamon proved to be
an effective diagnostic agent for imaging both in labo-
ratory settings and within living organisms. These NPs
possess both biocompatibility and purity, making them
suitable for use in in vivo applications. Photoacoustic
emissions based in vitro study confirmed internalization
of NPs in PC-3 and MCEF-7 cells. Additionally, biodistri-
bution investigations conducted on healthy mice demon-
strated that these Au NPs accumulated in the lungs. This
finding further supports the potential of using Au NPs
as contrast agents for targeting [310]. In a radiotherapy
investigation, thymoquinone-loaded green-synthesized
Ag NPs in combination with the MDA-MB-231 mam-
mary adenocarcinoma cells showed improved radiother-
apy, significantly increased cancer cell killing, and DNA
damage in comparison to the radiation alone. This was
carried out via radiotherapy enhancement and the deliv-
ery of thymoquinone to the cancer cells. The developed
system is proposed to be a promising combined regimen
for efficient cancer therapy [311].

Rutin-loaded CoFe,O, and ZnFe,O, NPs (29 nm and
25 nm) displayed ferromagnetic and superparamag-
netic properties. The saturation magnetization values
were measured to be 56.2 emu/g and 6 emu/g, respec-
tively. Thus, these NPs exhibited exceptional and efficient
magnetic properties, making them crucial for magnetic
hyperthermia therapy. Significant photothermal efficacy
of green-synthesized CoFe,O, and ZnFe,O, NPs com-
bined with laser radiation against MCF-7 cells was indi-
cated by the results of the inverted stage microscopy and
MTT assay [312]. The Fe;O, NPs produced utilizing the
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fruit peel of P granatum, exhibited an excellent relaxivity
rate and generated strong magnetic resonance imaging
(MRI) signals in the study. NPs containing 2% P. grana-
tum fruit peel extract were loaded with 5-FU, which dis-
played 62 +0.3% entrapment efficiency. Based on in vitro
cytotoxicity studies conducted on CCD112 normal and
HCT116 colorectal cancer cell lines, it was observed that
the 5-Fluorouracil loaded in the P granatum fruit peel
extract-based Fe;O, NPs at 15.62% pg/mL resulted in
a 11% and 29% reduction in cell viability in healthy and
colorectal cancer cells, respectively. In the future, green-
synthesized Fe;O, NPs may play an important role as an
eco-friendly nanocarrier in thermo-chemotherapy and
MRI for the treatment of cancer [313].

Future perspectives

The subject of biosynthesized metallic NPs loaded
with plant extracts is a novel and intriguing area of
study. These NPs, often called "green nanoparticles,"
are extensively explored in the fields of drug delivery.
Biosynthesized metallic nanoparticles loaded with
plant extracts hold significant promise in medicine.
Researchers are investigating their potential as drug
delivery systems, where these nanoparticles can be
loaded with therapeutic compounds and targeted to
specific cells or tissues in the body. They might also be
utilized for imaging purposes, such as in cancer detec-
tion or tracking the progression of diseases. These
NPs can be designed to release drugs in a controlled
and sustained manner. This characteristic permits for
prolonged drug action, reducing the frequency of dos-
ing and enhancing patient compliance with medica-
tion regimens. Biosynthesized metallic NPs loaded
with plant extracts can be engineered to deliver drugs
to specific cells or tissues in the body with high preci-
sion. This targeted drug delivery approach minimizes
the side effects associated with conventional drug deliv-
ery methods and improves the therapeutic efficacy of
medications. Drug resistance is a major challenge in
many diseases. By using biosynthesized NPs, it might
be possible to enhance the effectiveness of existing
drugs against resistant strains of pathogens or cancer
cells. Some drugs have low bioavailability, meaning that
they are poorly absorbed by the body. Biosynthesized
metallic NPs loaded with plant extracts can improve
the solubility and bioavailability of such drugs, leading
to more efficient therapeutic outcomes. Green nano-
particles derived from plant extracts generally exhibit
lower toxicity compared to synthetic nanoparticles.
By using biocompatible and biodegradable materials,
the risk of adverse reactions and long-term side effects
can be minimized. Researchers can combine the unique
properties of metallic nanoparticles with the medicinal
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properties of plant extracts. This results in multifunc-
tional nanoparticles that not only deliver drugs but
also possess inherent therapeutic effects derived from
the plant extracts, such as anti-inflammatory or anti-
oxidant properties. Despite the promising future of
biosynthesized metallic NPs loaded with plant extracts,
comprehensive safety evaluations and regulation will
be required. It will be of the uttermost importance
to ensure that these nanoparticles are safe for human
health, the environment, and non-target organisms.
The commercialization and scalability of the produc-
tion of these nanoparticles will be one of the most
significant future challenges as research in this field
advances. To make these technologies accessible and
practical for a variety of applications, it will be neces-
sary to develop large-scale, cost-effective production
methods.

Conclusions

Cancer remains one of the most prevalent causes of
mortality across the world, despite recent advances in
diagnosis and treatment. No effective cancer treatment
has been identified to date, and all the anticancer medi-
cations now on the market have the potential to cause
negative effects. Nanotechnology has the potential to
significantly improve current methods for diagnosing
and treating cancer patients. To find better diagnostics
and therapies that are as effective, specific, and low-
toxic as feasible, researchers are currently attempting to
develop novel approaches. Recent biomedical research
has focused extensively on biological, or "green,” syn-
thesis of NPs. Green synthesis is less expensive, less
toxic, and more ecologically friendly than conventional
methods of producing NPs. This article will assist for-
mulation scientists and nanotechnologists working on
the green production of metal or metal oxide NPs by
utilizing plant extracts. It also explored their therapeu-
tic potential of plant extracts against various cancers.
The science of metallic NPs is one of the most intrigu-
ing areas of study for cutaneous or transdermal drug
administration. Thus, lipid nanocarriers are predicted
to open new avenues in biomedical science while also
improving an essential area of dermatologic literature.
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