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Glioblastoma, the most aggressive brain cancer, is challenging to treat owing to the difficulty of
crossing the blood–brain barrier, high recurrence rates and significant mortality. This review highlights
the potential of green synthesis methods in developing metal nanoparticles (MNPs) as a sustainable
solution for drug delivery systems targeting glioblastoma. We explore the unique properties and modes
of action of MNPs synthesised through eco-friendly processes by focusing on their bioavailability and
precision in brain targeting, and discuss the potential of MNPs to target glioblastoma at the molecular
level. Integrating green synthesis into cancer therapeutics represents a novel paradigm shift towards
treatments with higher efficacy and lower environmental impact, offering hope in the fight against
glioblastoma.
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Introduction
Cancer, a devastating disease with increasing prevalence, is
often called the ‘emperor of all maladies’.(p1) Central nervous
system (CNS) cancers are known for their severity, with glioblas-
toma (GBM) making up almost half of all malignant brain
tumours (Table 1).(p2),(p3) Like most cancers, GBM displays
aggressive and invasive behaviour, leading to poor prognosis.
Despite advancements in surgical methods, radiation treatment
and chemotherapy strategies, GBM frequently reoccurs, result-
ing in high death rates. Moreover, complete tumour removal
is often impossible owing to the location and invasiveness of
the glioma cells.(p4) Glioma stem cells spread into nearby brain
tissue, resisting chemotherapy because the blood–brain barrier
(BBB) shields them.(p5) Existing chemotherapeutic options for
treating GBM have a low success rate and ineffective delivery
across the BBB.

Nanotechnology has been gaining attention in cancer-
targeted therapy.(p6) With varying success rates in overcoming
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the limitations of targeted GBM therapy, a promising technique
is using a nanocarrier system to deliver anticancer agents across
the BBB to brain cells. Nanoparticle (NP) carriers range from 10
to 1,000 nm and can transport various substances, such as pro-
teins, peptides, antibodies, chemotherapeutic drugs and nucleic
acids.(p7) Combining current nanotechnology practices with
green chemistry will create a more sustainable and environmen-
tally friendly twenty-first century.(p8)

The green synthesis approach allows for developing targets
that effectively interact with biological systems(p9) to reduce
potential passive accumulation and the cytotoxic effects of metal
nanocarriers on non-cancerous tissue.(p10) Various factors con-
tribute to how NPs interact within a biological system, such as
cellular and protein interactions, which could alter their
effects.(p11) The goal is to improve the therapeutic index of cur-
rent cancer treatments by using biogenic metal nanoparticles
(MNPs) that are highly specific, with increased efficacy and sen-
sitivity.(p12) This is a promising avenue because green MNPs can
BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/)
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TABLE 1

Statistics for central nervous system tumours and other brain
cancers

Tumour type Percentage (%)

Malignant
Glioblastoma 48.6
Other gliomas 17.9
All other malignant 13
Diffuse/anaplastic astrocytoma 11.8
Lymphoma and hemopoietic neoplasms 6.6
Tumours of the meninges 2.1
Non-malignant
Meningioma 53.9
Pituitary tumour 24
Nerve sheath tumour 12.1
Other non-malignant 7.1
Neuroepithelial tumours 2.9
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be easily modified to improve their biocompatibility and surface
to promote access to the tumour microenvironment.(p13)

Mitochondria are responsible for cellular respiration and are a
common clinical target in cancer therapy.(p14) Various
cancers, including GBM, thrive on mitochondrial oxidative
phosphorylation (oxPHOS), which produces cellular energy and
reactive oxygen species (ROS).(p15) Research indicates that GBM
promotes tumour growth by converting approximately 90% of glu-
cose to lactate,(p16) a concept named the Warburg effect in the
1920s.(p17) Reprogramming of the metabolic pathway maintains
the rapid proliferation of malignant tumour cells. A recent
in vitro study has shown that glucose starvation upregulates mito-
chondrial oxPHOS, facilitating ferroptosis,(p18) suggesting that tar-
geting the metabolic flexibility of GBM cells could potentially
hinder their survival mechanisms and induce cell death. Therapies
targeting these pathways could provide an effective strategy to
combat GBM. In this article, we summarise the significant bio-
chemical challenges in GBM studies and howMNPs can be tailored
in an environmentally friendly way to overcome them.

Crossing barriers: transportation and accessibility
across the blood–brain barrier
The BBB consists of tightly bound cells that confer the selective
passage of molecules to and from the brain. It has a crucial role
as the first line of defence against harmful substances, such as
toxins and pathogens in the bloodstream. However, some small
hydrophobic compounds can cross the BBB via passive diffusion.
Other factors, such as molecular weight, size, shape, ionisation
state, lipophilicity and protein-binding affinity, can also affect
a molecule’s ability to pass through the BBB.(p19) Many drugs
cannot cross the BBB owing to permeability restraints, and the
potential for premature release of drugs from nanocarriers and
interactions with biological components can lead to toxicity or
other adverse effects.(p20) In addition, non-specific neural recep-
tors exist in other body regions, resulting in potential side effects.
The permeability of this complex barrier needs to be explored
further to improve drug design and better treat gliomas.(p21)

Endothelial cells form a multicellular structure containing
tight junctions, which enable the movement of molecules via
2 www.drugdiscoverytoday.com
diverse routes, including adsorptive-, carrier- and receptor-
mediated transport, and endogenous mechanisms. Biomolecule
interactions and particle size are important for passive diffusion,
receptor-mediated transport, adsorptive-mediated transcytosis
and carrier-mediated transcytosis. Passive diffusion is the pri-
mary pathway for small lipophilic essential elements to reach
the brain, and relies on concentration gradients.(p22) Receptor-
mediated transport involves binding ligands to BBB receptors,
forming complexes actively transported to the cytoplasm by
endocytosis, a process that requires energy. Adsorptive-
mediated transcytosis utilises positively charged ligands to inter-
act with negatively charged BBB surfaces via electrostatic interac-
tion, making it suitable for cationic proteins and peptides.
Carrier-mediated transcytosis utilises specific carriers to deliver
essential molecules to the brain. Modified molecules resembling
endogenous molecules can bind to the carrier and be transported
to the brain, making this process suitable for drug delivery.

Nanomaterials have become indispensable in brain medicine
thanks to their capability to deliver therapeutics by crossing the
BBB. Passive diffusion effortlessly facilitates the entrance of lipo-
philic molecules to endothelial cells and NPs smaller than 4 nm
through junctions,(p23) whereas charged cationic NPs depend on
endocytosis by adsorption. However, NPs do not have high pene-
tration rates through the BBB, which limits their therapeutic effi-
cacy in the CNS. Functionalised, conjugated and hybrid
nanomaterials with BBB receptor ligands have been extensively
utilised to overcome this. The use of transferrin to improve the
penetration efficiency of NPs by leveraging the strong affinity
between transferrin and its receptor is recommended, offering
the potential for a more effective and targeted approach to drug
delivery.(p24) The arrival of nanomedicine has revolutionised med-
ical diagnosis and treatment by offering a crucial method to cir-
cumvent the BBB and deliver drugs to targeted brain areas.

Sustainable synthesis of nanoparticles using green
methods
Nanotechnology focuses on using fewer toxic reactants and
introducing safe, effective and biocompatible products, espe-
cially in the health sector. MNPs such as gold, silver, copper, plat-
inum, iron and metal oxides of zinc, copper and titanium have
been extensively studied for future biomedical applications.(p25)

MNPs are metals and alloys with particle sizes �100 nm; they
have physical and chemical properties that differ from those of
bulk materials.

Numerous physical and chemical techniques exist for produc-
ing MNPs; nonetheless, these approaches have limitations and
challenges that necessitate alignment with the green economy.
Some of these problems include sophisticated equipment and
the bioaccumulation of toxic chemicals that cause damage to
the environment and human health.(p26) Green nanotechnology
was developed to overcome this and to produce alternative, sus-
tainable, green economy development methods. An enormous
amount of scientific research is produced yearly that focuses on
applying biological materials to form, stabilise and activate
MNPs, especially for medical applications. As a greener, more sus-
tainable alternative, biological synthesis is being recognised glob-
ally. It is gradually replacing physical and chemical methods
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because it offers a clean, eco-friendly, cost-effective and biocom-
patible process for synthesising MNPs. This method's safety mar-
gins and biocompatibility have encouraged researchers to exploit
different biological sources, such as nano factories. Various natu-
ral sources have been reported, such as plants (flowers, fruits,
leaves and roots) and microorganisms (bacteria, fungi and
algae).(p27)

Roles of natural extracts in the formation of metal
nanoparticles
Reduction
The formation of metals from metal slats usually requires a
reducing agent to donate electrons to the metal cation in solu-
tion. This process can be completed using living organisms or
water extracts from dead organisms. The most widely used
method involves water extraction from different organs, such
as fruits, flowers, leaves, roots (from higher plants), whole organ-
isms and cell lysate (microorganisms). The extracts usually con-
tain a wide variety of primary metabolites (such as proteins,
fats and carbohydrates) and secondary metabolites (phenolics,
terpenoids and alkaloids). Certain compounds in this plethora
of naturally occurring metabolites can donate electrons and
reduce the metal salts. The most important donors usually con-
tain hydroxyl, carboxylic or carbonyl active groups (Figure 1).
Aliphatic hydroxyls are generally less active than aromatic ones
owing to the stability of the intermediate. However, carbohy-
drates(p28),(p29) such as gum arabic, heparin,(p30) hyaluronic
acid,(p31) alginic acid, starch,(p32) cellulose,(p33) dextran(p34),(p35)

and glucose,(p36) were reported to reduce and stabilise different
MNPs. Phenolic hydroxyl-containing compounds such as tan-
nins, phenolic acids and flavonoids(p37) are the most potent
electron-donating compounds owing to the stability of the
results of quinonoid structures or phenoxy ions.

Stabilisation
The fate of MNPs in biomedical applications depends on their
stability in physiological media, primarily affected by their phys-
ical characteristics: their size, shape, solubility and the presence
of a capping agent (or agents).(p38) This implies that NPs should
be stable in aqueous media with high ionic strength, high pro-
FIGURE 1
An archetype reduction mechanism in NP formation. The reduction process can
the process. Compounds such as flavonoids, phenolic acids, glucose, carbonyl co
These compounds are crucial in synthesising NPs with distinct properties.(p37)
tein concentration and a specific range of pH values. In an aque-
ous solution, capping agents usually play an essential part in
keeping the NPs suspended in the solution and preventing aggre-
gation for a specific time, depending on the strength of the inter-
action between the organic molecules on the surface of the
MNPs. The link at the surface of the NPs can be a chemical cova-
lent bond (as in sulphur-containing capping agents) or electro-
static physical attraction (phenolics). The stability of MNPs is
determined by zeta potential, and the values above 10 for nega-
tive and positive charges indicate the strength of the particles.
The molecules on the outer layers of the NP’s surface have unbal-
anced forces and tend to attract molecules from the solution,
forming capping layers from different hydrated organic mole-
cules (Figure 2). These organic molecules around the NPs form
a shell that prevents the NPs from aggregating. A few examples
have been discussed in the literature.(p39)

Activation
Metals such as gold (Au), silver (Ag) and palladium (Pd) are inac-
tive; other metals, such as copper (Cu) and iron (Fe), have some
activity owing to the vacant d-orbital on the outer shells of the
atoms. They can change their oxidation state depending on the
media under consideration. Au, one of the most studied NPs, is
inert; however, the attachment of a capping agent with an active
functional group (or groups) changes this, and the surface
becomes active.(p40) Furthermore, the attachment of organic
molecules on the surface of the MNP leads to the formation of
proactive forms due to the partial ionisation of the compounds
at the surface of the MNP. Thus, when assessing reactivity and
functionality in diverse applications, it is essential to note that.
In contrast, metals might be inert in their bulk form, their NPs
might exhibit reactivity under specific conditions owing to their
different properties.

Selective orientation
Smart designs of NPs with specific functionalities that interact with
specific targets are shown in Figure 3. The active substance in the
synthesis of NPs is derived from the plant extract or biomolecule
used for encapsulating the MNPs, providing the NPs with specific
functionalities for targeted biomedical applications. The image
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be influenced by extrinsic factors such as light, heat and pH, which catalyse
mpounds and carbohydrates donate electrons during the reduction process.
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FIGURE 2
The NP synthesis process begins with reducing a metal salt precursor. This step leads to the formation of hybrid MNPs, which are then encapsulated within a
phenolic matrix (e.g., procyanidins). The stabilisation of these NPs is achieved through two fundamental mechanisms: first, the oxygen atoms in the
procyanidins chelate the surface of the metal, and second, the intermolecular hydrogen bonding between procyanidin molecules forms robust double- and
triple-layered capping shells around the NPs. Additionally, the presence of ortho-OH groups in the phenolic structures enhances the reduction potential,
promoting the formation of a stable ortho-quinone structure that further contributes to the stability of the capping shell.(p40)
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offers an overview of the step-by-step protocol for preparing NPs
for biomedical applications. This process involves carefully select-
ing precursor materials for subsequent synthesis endeavours, clean-
ing the plant material, and cutting, crushing and boiling to extract
aqueous plant biomolecules. Incorporating green synthesis meth-
ods, in which natural compounds or plant extracts act as reducing
and capping agents, aligns with sustainable practices. The success-
ful synthesis of gold nanoparticles (AuNPs) and silver nanoparticles
(AgNPs) using phyto-nanotechnological methods and active sub-
stances from various parts of herbal and aquatic plants has been
previously outlined.(p41),(p42) Extracts are purified through filtration
and centrifugation. The chosen precursors are transformed
through reduction reactions into NPs, complemented by their
encapsulation within biocompatible matrices, ensuring stability
and compatibility for medical use. This is achieved by incubating
various ratios of metallic salt solutions with the plant extract at
ambient temperatures. The successful formation of MNPs is
denoted by a visual colour change. Transparent Ag salt and red
Au NaCl solutions turn brown and purple when mixed with
organic extracts. Centrifugation at high speeds (12,000–13,000 rp
m; 12–30 min) yields the extracted MNP from the solution. Conse-
quent washing steps with water and repeated high centrifugation
allow for the removal of unreacted metallic ions. Manipulating
reaction conditions and tailoring their attributes to suit diverse
biomedical applications is achieved by controlling the size and
shape of these NPs. Therefore, the synthesised NPs can be used
across the biomedical spectrum, from targeted drug delivery to
medical imaging and therapeutic interventions, reshaping modern
healthcare practices. Figure 3 summarises the journey from precur-
sor selection to biomedical utility, highlighting the potential of
4 www.drugdiscoverytoday.com
green synthesis techniques to transform NPs’ role in advancing
medical solutions.

Biocompatibility of metal nanoparticles
When synthesising these biological MNPs, concerns about toxi-
city must be considered. The biocompatibility of organic synthe-
sised MNPs depends on the encapsulation molecule used,
including flavonoids, phenolics, vitamins, tannins, terpenoids,
carbohydrates and many others.(p43) The net surface charge con-
trols the mechanism of action, and cell types have varying toler-
ances to specific green synthesised MNPs. To establish whether
this synthesis method eliminates the toxicity associated with
the metallic core, various in vitro investigations have been con-
ducted and discussed.(p42),(p44),(p45),(p46) A range of assessments
in specific disease models covering epigenetic effects, cytotoxic-
ity, neurotoxicity and cell cycle arrest mechanisms can establish
the safety profile of the MNPs. Figure 4 outlines the mechanism
of green MNPs against cancer, involving ROS upregulation,
mediation, DNA damage, endoplasmic reticulum (ER) stress, lac-
tate dehydrogenase (LDH) release, and mitochondrial dysfunc-
tion, all of which ultimately lead to caspase-3-induced cell
death.(p47),(p48)

GBM hijacks mitochondrial neural networks
GBM requires intricate crosstalk with healthy brain cells that pro-
mote cancer cell migration, survival and angiogenesis to main-
tain invasion and tumour growth.(p49) Investigating the distinct
biochemical and cellular environment within the healthy brain
that GBM exploits to support plasticity and encourage resistance
to chemotherapies is crucial. To better understand these mecha-
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FIGURE 3
A comprehensive protocol for the synthesis and preparation of NPs tailored for various biomedical applications, outlining crucial steps, from selecting
materials to final functionalisation for targeted use.
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nisms, we discuss the processes that are dysregulated by GBM
within mitochondria, which are highly sophisticated organelles.

Healthy glial cells produce energy within the cell through
mitochondrial aerobic respiration.(p50) However, cellular metabo-
lism in GBM initiates with glycolysis to produce pyruvate, which
enters the mitochondria to make acetyl-CoA, an essential com-
ponent of Krebs’ cycle.(p51) The mitochondrial number in GBM
is considerably lower, indicating highmitochondrial degradation
activity.(p50) As a result, brain cancer cells rely on aerobic glycol-
ysis rather than aerobic respiration as their primary energy
source, forcing cells to undergo mitochondrial oxPHOS. This
metabolic shift, known as the Warburg effect, is prominent in
tumour types such as gliomas.(p52) These cancer cells simultane-
ously undergo mitochondrial oxPHOS and glycolysis, allowing
them to produce higher amounts of ATP than normal cells.(p53)
Mechanisms of infiltration: mitochondrial metabolism
and dysfunction
Aside from their crucial functions in oxPHOS and programmed
cell death, mitochondria have vital roles in several other cellular
processes. These include fatty acid b-oxidation, cell proliferation,
haem biosynthesis and proline synthesis.(p54) Consequently,
mitochondrial and metabolic dysfunction are responsible for
the progression of cancers. Mounting evidence suggests that
mitochondrial dysfunction contributes to various stages of can-
cer development and progression, such as oncogenic transforma-
tion, evasion of apoptosis and metastasis.(p15),(p54),(p55)

Mitochondria play a vital part in programmed cell death by
inducing mitochondrial outer membrane permeabilisation
(MOMP), which releases cytochrome c into the cytosol. This pro-
tein activates caspases, ultimately leading to apoptotic cell death
(Figure 4). Mitochondria are the primary source of ROS, which
can cause oxidative damage to mitochondrial and genomic
DNA, ultimately impairing cellular functions.(p56)

Gliomas exhibit compromised mitochondrial function
because of significant modifications in their mitochondrial gen-
ome. Such changes lead to atypical bioenergetics, including
heightened ROS production and transformations in the mor-
phology of the mitochondria.(p57) The metabolic switch due to
the Warburg effect leads to the emergence of abnormal mito-
chondrial phenotypes, such as swelling and osmophilic granules.
It is widely hypothesised that the aberrant mitochondrial pheno-
types have a significant role in the pathobiology of gliomas and
invasive behaviour.(p58) Dysfunctional mitochondria can initiate
apoptosis by activating downstream Bcl-2 family proteins and
p53. However, glioma cells can avoid mitochondrial-stress-
induced apoptosis through various mechanisms. For instance,
oncogenic activation of the phosphoinositide 3-kinase (PI3K)–
AKT pathway leads to degradation of the tumour suppressor
p53, and mutations in p53 can confer resistance to mitochon-
drial ROS-induced apoptosis.(p59) Furthermore, ROS generation
can activate transcription factors that promote tumorigenesis,
such as hypoxia-inducible factor-1a (HIF1a) and nuclear factor
www.drugdiscoverytoday.com 5
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FIGURE 4
The effects of MNPs treated with bio-reducing agents on a cancerous cell, leading to cell death.(p48)
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erythroid 2-related factor 2 (NRF2), which increase cell prolifera-
tion and survival.(p60)

Nanotechnology in cancers
The enhanced permeability and retention (EPR) effect promotes
NP accumulation in tumour tissues and has made nanobiotech-
nology an attractive approach to improve the prognosis and sur-
vival outcomes of patients with GBM through early detection
and intervention strategies.(p61) Biological and hybrid NPs are fre-
quently used as diagnostic tools owing to their high specificity
for binding sites, enabling them to function as target compounds
and facilitate drug transport in neuronal tumours.(p6),(p23)

NPs can be targeted to biological barriers through active and
passive methods. Passive targeting relies on the EPR effect, which
facilitates NP accumulation in the brain as a result of tumours’
abnormal and deficient endothelial cells and poor tumour vascu-
lature (Figure 5). This allows particles smaller than 400 nm to
extravasate and accumulate in the perivascular spaces.(p62) Con-
versely, active targeting involves functionalising NPs to recog-
nise specific surface receptors of GBM, promoting their
accumulation in tumours.(p63)

MNPs, specifically AgNPs and AuNPs, offer distinct advan-
tages, such as surface plasmon resonance,(p64) that cannot be
found in dendrimers, micelles and liposomes. AuNPs have versa-
tile surface functionalisation features and are biocompatible,
making them useful for drug delivery. Physical absorption, cova-
lent and ionic methods can be used to conjugate AuNPs to drugs
6 www.drugdiscoverytoday.com
to increase their efficacy in delivery. In addition, AgNPs have
been used for drug delivery, with studies showing their potential
to release ornidazole. In vitro, release rates of up to 98.5% have
been reported.(p65) Furthermore, titanium dioxide NPs, AuNPs
and AgNPs can be engineered to create extremely small homoge-
neous NPs ranging from 3 to 30 nm.(p66) Owing to their advanta-
geous physicochemical properties, surface charges and drug,
antibody and protein-binding abilities, MNPs are currently being
investigated for their use in infectious diseases. By being shielded
from the host’s immune system, MNPs can circulate longer in
the bloodstream, making them a promising option for medical
treatments.(p67) AuNPs are commonly used as core components
in NP preparation owing to their bioinert property, characterisa-
tion and ease of synthesis.(p68)
Gold nanoparticles for cancer therapy
Plant-synthesized AuNPs offer a promising avenue for advancing
cancer treatment. Extracted from Hibiscus sabdariffa leaves, these
AuNPs, spanning sizes from 10.0 to 60.0 nm and adopting a
spherical morphology, hold the potential for inducing cytotoxi-
city in U87 GBM cells through the degradation of the glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) enzyme.(p69)

Likewise, Jasminum auriculatum leaf-derived AuNPs, ranging in
size from 8.0 to 37.0 nm and characterised by a spherical shape,
exhibit antimicrobial effects against pathogens and demonstrate
anticancer activity in human cervical cancer cells (HeLa cell line),
suggesting a dual therapeutic role.(p70) This suggests a broader
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FIGURE 5
NPs can utilise either active or passive targeting strategies. Active targeting
is characterised by the deliberate interaction with and recognition of
specific cellular targets, enhancing the precision of NP delivery. Conversely,
passive targeting capitalises on the intrinsic properties of tissues, allowing
for the accumulation of NPs on the basis of the physiological and
pathological state of the tissue. Both methods are utilised, but there is a
marked preference for active targeting in clinical studies. This preference is
attributed to its ability to mitigate the unintended accumulation of NPs in
non-target regions, thereby enhancing the specificity and efficacy of
therapeutic interventions.
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spectrum of therapeutic applications that could address the com-
plexities of cancer and the risks of infections in immunocompro-
mised patients. Butea monosperma leaf-sourced AuNPs (30.0 nm),
which present varied shapes including spherical, rod-shaped, tri-
angular and hexagonal, display selective cytotoxicity against
GBM cells while sparing regular fibroblast cell lines, hinting at
their potential for targeted cancer therapy.(p71) This specificity
reduces healthy cell damage and might provide a significant step
towards precision medicine in oncology.

Silver nanoparticles in cancer therapy
Exploring plant-derived AgNPs holds promise for innovative
cancer treatments. Notably, B. monosperma leaf-extracted AgNPs
(50.0 nm) have emerged as a prospective drug delivery system
for cancer therapy, showcasing superior therapeutic efficacy
compared with free drug administration.(p71) Plumeria alba leaf-
derived AgNPs (26.43 nm) have shown substantial cytotoxic
potential on GBM U118 MG cancer cells by inducing apoptosis,
suggesting a promising source for novel antimicrobial and anti-
cancer agents,(p72) and offering a dual-functional approach to
cancer treatment strategies. Alginate and chitosan-based AgNPs
(�633.2 nm) exhibit robust anticancer effects on U-87 MG cells
due to their size and surface characteristics, involving DNA dam-
age, oxidative stress, mitochondrial dysfunction and apoptosis
mechanisms.(p73)

Zinc oxide nanoparticles in cancer therapy
The integration of plant-synthesised zinc oxide nanoparticles
(ZnO NPs) holds potential in cancer therapy. Derived from Gly-
cyrrhiza glabra seeds, ZnO NPs (35.0 nm) in spherical form effec-
tively minimise cell death in GBM cell lines while preserving
neural integrity, thereby minimising potential side effects.(p74)

Salvadora persica aerial parts-derived Zn ONPs and Ag-doped
ZnO NPs (ranging from 15.0 to 40.0 nm and 11.7 to 20.8 nm)
exhibit intricate interactions between NP composition, concen-
tration and cellular responses.(p75) Moreover, coating materials
such as polyethylene glycol, antibodies and folic acid have been
investigated for increased specificity of ZnO NPs to cancer cells.
There might be room for synergistic therapy with existing treat-
ment regimens. A combination of ZnO NPs with chemotherapy
and radiation could enhance therapeutic effects by reducing the
dosage and associated adverse effects. Leveraging the ability of
ZnO NPs to sensitise GBM to other treatments by capitalising
on its intrinsic anticancer abilities can yield better therapies.

Potential of iron(III) oxide nanoparticles
Iron(III) oxide nanoparticles (Fe2O3 NPs) obtained from Prosopis
farcta aerial parts, ranging in sizes from 20.0 to 45.0 nm and
exhibiting a spherical morphology, exhibit no cytotoxic activity
against U87 cells at concentrations up to 500 lg/mL. This posi-
tions them as potential candidates for drug delivery in cancer
treatment.(p76) These NPs have an advantage due to their bio-
compatibility, allowing for use in vivo with no side effects on
healthy cells. Furthermore, cellular uptake and targeted delivery
can be achieved by surface modification, thus enhancing the effi-
ciency of encapsulated drugs.

Carbon dots from spices
Although carbon dots are not metallic NPs, their unique proper-
ties make them an intriguing alternative to MNPs and worthy of
mention. Derived from various spices, including cinnamon, red
chilli, turmeric and black pepper, carbon dots (3.4 to 4.3 nm)
exhibit impressive imaging capabilities and display selective
cytotoxicity against GBM cells while maintaining a favourable
response in non-cancerous cells, highlighting their potential as
promising theranostic agents with minimal side effects.(p77)

Table 2 outlines the diverse applications of plant-synthesised
NPs created through environmentally friendly methods, under-
scoring their substantial potential within cancer therapy. The
distinctive attributes of AuNPs, AgNPs, ZnO NPs, Fe2O3 NPs,
and carbon dots contribute to their unique therapeutic roles,
illustrating the path for transforming cancer treatment
approaches.

Challenges
Integrating plant-derived NPs synthesised through environmen-
tally friendly methods opens a promising pathway for driving
cancer therapy. However, integrating metals in these synthesis
processes raises concerns about the potential toxicity of metallic
NPs. Despite the tremendous potential of this field, addressing
and effectively mitigating any accompanying risks is imperative.
Green synthesis methodologies, which aim to minimise ecologi-
cal impact and enhance biocompatibility, encounter a challenge
in the form of the intrinsic properties of metals, which might
cause adverse effects within living systems. Although metals
can improve NPs’ structural properties and therapeutic potential,
www.drugdiscoverytoday.com 7



TABLE 2

Plant-derived NPs for GBM therapy: a comprehensive review of natural compounds and their therapeutic potential

Reducing/capping agent
(extract/compound)

Part
used

Metal Size Shape Mode of action Refs

Hibiscus sabdariffa Leaves AuNPs 10.0–60.0 Spherical Induces cytotoxicity in U87 GBM cells by degrading the
GAPDH enzyme

(p65)

Jasminum auriculatum Leaves AuNPs 8.0–37.0 Spherical Exerts antimicrobial effects against human pathogens
and exhibits anticancer activity in human cervical cancer
cells (HeLa cell line), suggesting potential for dual
therapeutic applications

(p74)

Gellan gum Gum AuNPs 13.0 ± 1.0 Spherical Enhanced cytotoxicity of doxorubicin hydrochloride
(DOX), specifically in human glioma cell lines (LN-229 and
LN-18), indicating a potential strategy to improve the
effectiveness of DOX in targeting glioma cells

(p75)

Cudrania tricuspidata Root AuNPs 23.3 ± 3.7 Spherical Exhibits anticancer effects by downregulating the activity
and expression of matrix metalloproteinase 2 (MMP2),
MMP9 and phospholipase D1 (PLD1), indicating a
potential role in inhibiting cancer cell invasion and
metastasis

(p74)

Spatoglossum asperum Total
algae

AuNPs 20.0 Spherical and
cubic

Exhibited cytotoxicity against LN-18 GBM cells, with no
damage to normal human fibroblast cell lines

(p75)

Butea monosperma Leaves AuNPs 30.0 Spherical,
triangular,
hexagonal and
rod-shaped

Selective cytotoxicity against LN-18 GBM cells while
sparing normal human fibroblast cell lines, indicating the
potential of the treatment to specifically target cancer
cells without causing harm to healthy cells

(p78)

Butea monosperma Leaves AgNPs 50.0 Spherical and
triangular

Can potentially be an effective drug delivery system for
cancer therapy and other diseases, as evidenced by its
superior therapeutic efficacy compared with free drug
administration

(p78)

Plumeria alba Leaves AgNPs 26.43 Spherical P-AgNPs induced cell death in GBM U118 MG cancer
cells by elevating early and late apoptosis populations,
suggesting that P-AgNPs could be a promising source for
novel antimicrobial and anticancer agents

(p72)

Alginate and chitosan � AgNPs �633.2 Spherical Potent anticancer effect on U87 MG cells, inducing DNA
damage, oxidative stress, mitochondrial dysfunction and
apoptosis, thereby highlighting potential as a promising
tool for cancer therapy

(p79)

Glycyrrhiza glabra Roots ZnO NPs 35.0 Spherical Reduces cell death of GBM cell lines while preserving the
integrity of other neural parts of the body, thus
minimising potential side effects

(p69)

Salvadora persica Aerial
parts

ZnO NPs
and Ag-
doped
ZnO

15.0–40.0,
11.7–20.8

Spherical Undoped ZnO NPs exhibited more potent inhibition than
Ag-doped ones, akin to DOX at 100 lg/mL. Doped NPs
displayed reduced toxicity at low silver doping but
heightened effects with increased silver content. This
highlights a complex interplay among NP composition,
concentration and cellular response

(p75)

Prosopis farcta Aerial
parts

Fe2O3 NPs 20.0–45.0 Spherical Fe2O3 NPs exhibited no cytotoxic activity against U87
cells up to a concentration of 500 lg/mL, making them a
potential candidate for cancer treatment drug delivery

(p71)

Different spices (cinnamon,
red chilli, turmeric and
black pepper)

Spices Carbon
dots

3.4–4.3 � Fluorescent carbon dots derived from spices showed
excellent imaging abilities and selective cytotoxicity
against GBM cells while maintaining good tolerance in
non-cancerous cells, highlighting their potential as
theranostic agents with minimal side effects

(p72)
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their potential for bioaccumulation and interactions with biolog-
ical molecules require careful evaluation.

Given this scenario, assuring the safe and responsible applica-
tion of metal-based plant-derived NPs requires thoroughly
exploring their toxicological profiles. Researchers must conduct
a comprehensive investigation, including biodistribution stud-
ies, analysis of cellular responses and assessment of potential
long-term effects. Understanding how these NPs are distributed
8 www.drugdiscoverytoday.com
throughout the body, how they interact with various cell types
and whether they lead to unintended consequences will be cru-
cial for their clinical translation.

Biodistribution studies track the journey of NPs after adminis-
tration, shedding light on their accumulation sites within the
body in non-target tissues and organs, and indicating potential
toxicity concerns. Cellular interactions involve studying how
these NPs engage with cellular components, including proteins
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and genetic material, to determine whether they lead to distur-
bances in normal cellular functions or provoke unwanted
immune responses. Long-term effects must also be investigated,
assessing whether the NPs induce any delayed toxicity or accu-
mulate over time, possibly affecting the patient’s health in the
long run.

The delicate balance between therapeutic efficacy and safety
remains paramount when pursuing revolutionary cancer treat-
ment paradigms. The promising potential of metal-
incorporating plant-derived NPs must be realised while consider-
ing the potential risks. A robust understanding of the mecha-
nisms underlying their potential toxicity will guide researchers
in refining NP design, administration strategies and patient mon-
itoring protocols. By addressing these challenges head-on, the
scientific community can harness the full potential of these
innovative therapies, making substantial contributions to the
field of cancer treatment while ensuring patient well-being.

Conclusions and prospects
We have reviewed potential strategies to enhance outcomes for
patients with GBM by repurposing existing drugs and highlight-
ing the promising potential of green synthesis methods. GBM
presents a great challenge for cancer treatment due to its elabo-
rate nature, including its location within the brain, the intrica-
cies of drug penetration across the BBB, and GBM’s distinct
molecular and cellular attributes. The unique hurdles GBM poses
underscore the importance of exploring unconventional
approaches beyond traditional drug development paradigms.

Green synthesis methods have emerged as a beacon of inno-
vation within pharmaceutical research. These eco-friendly
approaches harness the inherent capabilities of natural com-
pounds and plant-derived materials to create NPs with distinct
properties. Notably, the versatility of green synthesis methods
has the potential to revolutionise GBM treatment by effectively
targeting its molecular vulnerabilities. The biocompatible nature
of green-synthesised NPs further adds to their appeal as potential
therapeutic agents for GBM.

Within this context, one particularly promising avenue is the
exploration of mitochondria as a target for GBM treatment. The
vulnerabilities exhibited by GBM cells to drug interventions pre-
sent an exciting opportunity to leverage mitochondria-focused
interventions. Green-synthesised NPs, with unique characteris-
tics and precise targeting abilities, can be tailored to interact with
mitochondria, disrupting their function and inducing selective
cytotoxic effects within GBM cells.
Future developments must consider the specificity and effi-
ciency of MNPs alongside reducing their toxicity. The primary
focus should be research innovations that adjust the surface
properties to achieve targeted delivery to cancer cells without
affecting healthy tissue. Specifically, NP functionalising or coat-
ing with biocompatible ligands and materials could enhance
their ability to recognise specific cell markers and reduce their
side effects. In addition, using green synthesis techniques and
environmentally safe materials could reduce the toxicity of
MNPs, rendering them safe for clinical use. Collectively, these
strategies aim to determine safer treatments by utilising the com-
plete therapeutic potential of MNPs.

The insights provided in this review are expected to catalyse
further investigations in this area, inspiring researchers to
explore the synergy between green synthesis methods and
innovative GBM treatment strategies. As the pharmaceutical
industry seeks unconventional solutions to address the chal-
lenges posed by GBM, the collaboration between basic research-
ers and pharmaceutical innovators will be pivotal in advancing
the field. Ultimately, we hope this review will catalyse future
inquiry and innovation, guiding the development of novel
therapeutic avenues to address the complex landscape of GBM
treatment.
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