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Abstract

Glioblastoma (GBM) remains one of the most lethal brain malignancies, characterized by
aggressive invasion, therapeutic resistance and poor prognosis. Conventional treatment
approaches are limited by systemic toxicity, poor blood-brain barrier (BBB) penetration and
lack of tumor specificity. Nanoparticle-based therapeutics offer a transformative paradigm
redefining drug delivery, diagnostics and multimodal strategies in GBM. In this review, we
critically explore a diverse variety of advanced nanocarrier platforms designed for anti-
proliferative, radiosensitizing and immunomodulatory interventions. These systems enhance
BBB penetration, tumor localization and enable co-delivery of chemotherapeutics, gene
therapies and imaging agents with high precision. Innovative approaches show efficacy against
glioma stem cells, modulate the tumor microenvironment and address resistance mechanisms.
Integration with radiotherapy and immunotherapy yields synergistic tumor suppression and
immune activation, advancing personalized nanomedicine. Despite these advancements,
translational hurdles remain nanogenotoxicity, long-term biosafety, immune responses and
regulatory barriers. This review emphasizes such challenges while identifying opportunities
for strategic innovation in GBM nanotherapy. By uniquely bridging preclinical advances with
emerging clinical perspectives, we highlight its distinct contribution within the field. By
bridging nanotechnology, molecular oncology and bioengineering, we highlight how rational
nanoparticle design can shift GBM management toward targeted, multimodal precision
therapy, offering renewed hope against one of oncology’s most intractable diseases.
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Introduction

Glioblastoma is the most common and
aggressive malignant brain tumor in adults
[1]. The World Health Organization
(WHO) recently updated its classification

of central nervous system tumors to reflect
a deeper understanding of molecular
pathophysiology. This revised framework
identifies diffuse gliomas as the most
prevalent and aggressive type of adult
glioma, subdivided into: (¢H)]
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oligodendroglioma, IDH-mutant and
1p/19q co-deleted (WHO grade 2 and 3);
(2) astrocytoma, IDH-mutant (WHO grade
2-4); and (3) glioblastoma, IDH-wild type
(WHO grade 4) [2]. Brain tumors are
broadly categorized as benign (non-
cancerous) or malignant (cancerous). GBM
is a high-grade (grade 3 or 4), malignant
tumor characterized by rapid progression,
recurrence after treatment and poor
prognosis. In contrast, benign tumors are
typically low-grade (grade 1 or 2), grow
slowly and have a lower likelihood of
recurrence [3]. GBM arises from glial cells,
the supportive elements of the central
nervous system [4], and most frequently
affects the brainstem, cerebellum and spinal
cord [5]. While the exact etiology remains
unclear, high-dose exposure to ionizing
radiation is a recognized risk factor of
GBM. However, no consistent associations
of GBM have been established with
lifestyle  factors such as alcohol
consumption, smoking or drug use [6 - 7].
The clinical manifestations of GBM
include neurological deficits, memory
impairment, headaches, personality
changes and cognitive dysfunction.
Although GBM primarily affects adults, it
accounts for approximately 3% of pediatric
brain tumors as well [8 - 10]. The diagnosis
typically involves neurological
examination and advanced neuroimaging
techniques, often at a late stage due to the
tumor’s insidious onset and the brain’s
ability to compensate for structural
abnormalities [11 - 13]. Magnetic
resonance imaging (MRI) and positron
emission tomography (PET) are standard
tools for assessing tumor location, size and
progression. Moreover, several molecular
biomarkers such as isocitrate
dehydrogenase (IDH) mutation status,
epidermal growth factor receptor (EGFR)

amplification, 0O6-methylguanine-DNA
methyltransferase ~ (MGMT)  promoter
hypermethylation, p53 mutations,

telomerase reverse transcriptase (TERT)
promoter mutations and neurofibromatosis
type 1 (NF1) are increasingly being used

for diagnostic and prognostic evaluations
[14 - 16]. Despite substantial research
efforts, current treatment options for GBM
remain inadequate. Standard therapy
involves maximal surgical resection
followed by concurrent radiotherapy and
chemotherapy with temozolomide (TMZ)
[17 - 18]. A more recent innovation, Tumor
Treating Fields (TTF), delivers low-
intensity  (1-2 V/cm), intermediate-
frequency (100 kHz* MHz) electric fields
to disrupt mitosis and promote tumor cell
apoptosis  [19].  Nonetheless, these
interventions have only modestly extended
patient survival, with median survival
remaining around 14 months and tumor
recurrence often occurring within seven
months of initial diagnosis [20 - 21].
Various nanoparticle platforms have been
extensively investigated for the targeted
treatment of glioblastoma (GBM), as
summarized in the graphical abstract
(Figure 1).
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Figure 1. Graphical abstract illustrates the
diverse nanoparticle platforms explored for
glioblastoma (GBM) therapy.

One of the most significant obstacles in
GBM therapy is the limited ability of
therapeutic agents to penetrate the blood-
brain barrier (BBB) and the blood—tumor
barrier (BTB). These physiological barriers
prevent over 98% of small-molecule drugs
and virtually 100% of large-molecule drugs
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from reaching the brain parenchyma,
posing a major challenge for effective drug
delivery [22 - 24]. While the BBB plays a
crucial role in neuroprotection by
restricting  harmful  substances, it
simultaneously hinders the delivery of
therapeutic agents to the tumor site, further
complicating GBM management [25].

To  overcome  these limitations,
nanotechnology has emerged as a
promising strategy for enhancing drug
delivery in  GBM treatment [26].
Engineered nanoparticles (NPs) can
improve drug solubility, protect therapeutic
agents from degradation and facilitate
targeted delivery across the BBB via
passive or active transport mechanisms.
These systems enable controlled release
and reduce systemic toxicity, significantly
improving drug localization at tumor sites
[27 - 29]. Figure 2 demonstrates the
comparison between conventional drug
delivery systems and nanoparticle-based
delivery for glioblastoma.

Nanoparticles, typically ranging in size
from 1 to 100 nanometers, exhibit unique

physicochemical properties such as high
surface area-to-volume ratio, structural
flexibility and enhanced permeability that
make them highly effective carriers for
anticancer agents [30 - 33]. Depending on
the material, nanoparticles can be made
from organic material, e.g., dendrimers,
liposomes, polymers, and lipid
nanoparticles, including solid
nanoparticles; inorganic material, e.g.,
nanoparticles of metal oxides, silver, gold,
nanodiamonds, nanotubes, and carbon dots;
or a combination of two or more materials
[34]. While clinical translation is still in its
early stages, nanoparticle-based therapies
hold immense potential to revolutionize
GBM management. Various nanoparticle
platforms including lipid-based carriers
designed to traverse the BBB have shown
promising results [35 - 37].

In this review, we specifically aim to
provide a comprehensive analysis of the
evolving role of advanced nanoparticle
formulations in GBM therapy. By critically
examining the types, mechanisms and
clinical applications of these nanoparticle-
based formulations and delivery systems,
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Figure 2: Comparison between conventional drug delivery systems and nanoparticle-based
delivery for glioblastoma. Conventional formulations face major challenges like inability to
cross the BBB and lack of selectivity, whereas nanoparticles utilize receptor-mediated
endocytosis and parallel transport to achieve targeted brain delivery
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We highlight their advantages, limitations
and future potential. The review also
emphasizes how nanotechnology can
bridge the translational gap between
laboratory findings and clinical outcomes,
ultimately contributing to the advancement
of personalized and precision medicine in
GBM treatment.

Pathophysiology

In this section, we provide a concise yet
comprehensive  overview of GBM
pathophysiology, as understanding its
underlying mechanisms is crucial for
appreciating how nanoparticles can be
strategically applied in its therapy.

Glioblastoma (GBM) is a highly aggressive
and complex brain tumor characterized by
a multifaceted pathogenesis involving a
wide spectrum of genetic, epigenetic and
molecular alterations. These changes affect
oncogenes, DNA repair mechanisms, tumor
suppressor genes and critical cellular
signaling pathways, ultimately driving
tumor initiation, progression and resistance
to therapy [38 - 40]. GBM is broadly
classified into two main subtypes: primary
(de novo) and secondary glioblastoma.
Primary GBM accounts for approximately
80-90% of cases, arises without evidence
of a pre-existing lower-grade glioma and
typically affects older individuals (median
age ~65 years). In contrast, secondary
GBM represents 5-10% of cases, evolves
from lower-grade astrocytomas and
generally occurs in younger individuals
(median age ~45 years) [41 - 42].

Cellular origin and cancer stem cell
hypothesis

Recent investigations suggest that GBM
may originate from neural stem cells or
glial progenitor cells residing in the
subventricular  zone  (SVZ). These
precursor cells may undergo epigenetic
reprogramming, giving rise to glioblastoma
stem-like cells (GSCs) with self-renewing

and multipotent capabilities, hallmarks that
drive tumor growth, therapeutic resistance
and recurrence [43 - 45]. Epidermal
Growth Factor Receptor variant Il
(EGFRvVIII) has been implicated in
facilitating this transformation [44, 46 - 47].
Additionally, mesenchymal stromal cells
within the perivascular niche have been
proposed as potential glioblastoma-
initiating  cells, particularly in the
mesenchymal subtype [48].

Key generic alterations

GBM is characterized by recurrent
mutations in several critical genes,
including TP53, PTEN, EGFR, IDH1 and
NF1 [49]. Mutations in IDH1/2 disrupt
normal cellular metabolism and lead to the
production of the oncometabolite D-2-
hydroxyglutarate (D-2-HG), which
promotes tumorigenesis through epigenetic
dysregulation [50 - 53]. EGFR
amplification and mutations particularly
EGFRVIII, are present in approximately
40% of primary GBM cases and result in
constitutive activation of downstream
signaling pathways such as PI3K/Akt and
MAPK, promoting uncontrolled
proliferation and resistance to therapy [54 -
67]. PTEN, a tumor suppressor gene,
negatively regulates the PISK/Akt/mTOR
signaling axis. Loss-of-function mutations
in PTEN lead to increased cell growth,
invasiveness and drug resistance [68 - 69].
TP53 mutations, observed in around 35%
of GBM cases, impair apoptosis,
compromise genomic stability and enhance
angiogenesis. Moreover, gain-of-function
TP53 variants may further increase tumor
aggressiveness [70 - 73]. TERT promoter
mutations (TERTp) are found in roughly
80% of GBM cases and contribute to
telomerase reactivation and cellular [74 -
75]. NF1, another tumor suppressor, acts as
a negative regulator of the RAS/MAPK
signaling cascade. Somatic NF1 mutations
have been linked to sporadic GBM and
other malignancies [76].
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Dysregulated signaling pathways

GBM progression is driven by multiple
dysregulated signaling pathways: Wnt/p-
catenin signaling plays a crucial role in
neurogenesis and stem cell maintenance
and is implicated in glioma invasion and
proliferation [77]. The PI3K/Akt/mTOR
(PAM) pathway governs key cellular
functions such as growth, metabolism,
angiogenesis and therapeutic resistance
[78]. The Notch signaling pathway supports
tumor cell survival, self-renewal and
resistance to conventional therapies [79].
These pathways represent important
molecular targets for the development of
next-generation GBM therapeutics.

Tumor microenvironment (tme) and
hypoxia

The glioblastoma tumor microenvironment
(TME) is a highly dynamic and complex
network composed of tumor cells, brain-
resident cells, immune infiltrates and
extracellular matrix components. GBM
cells actively modulate the TME to promote
tumor  proliferation, migration  and
resistance  through  direct  cellular
interactions and paracrine signaling80.
Hypoxia is a defining feature of the GBM
microenvironment and plays a pivotal role
in tumor aggressiveness. It activates
hypoxia-inducible factor-alpha (HIF-a),
which upregulates the expression of genes
involved in invasion, angiogenesis and
metabolic  reprogramming.  Moreover,
brain-resident glial cells such as astrocytes
and microglia often adopt tumor-promoting
phenotypes, further facilitating malignancy
and treatment resistance [81].

In a nutshell, we highlighted the key
pathophysiological hallmarks of GBM.
GBM pathophysiology is defined by its
complex cellular origins, cancer stem-cell
driven growth, dysregulated signaling
cascades, molecular alterations and a
unique hostile tumor microenvironment
marked by hypoxia. These interwoven

processes  collectively  trigger  the
aggressive  progression  of  tumor,
therapeutic resistance and poor clinical
outcomes, highlighting the hurdles of
effective disease management. In the
upcoming section, we explore how
advanced nanoparticles are being leveraged
in pharmacotherapy, not only in GBM
therapy but also across a wide range of
disorders.

Nano particles in pharmacotherapy

Recent advancements in nanotechnology
have significantly reshaped modern
medicine, especially in the domains of
diagnostics, therapeutics and advanced
drug delivery systems [82]. Nanoparticles
(NPs), owing to their  unique
physicochemical properties including high
surface area-to-volume ratio, structural
flexibility, durability and functionalization
potential have become valuable tools across
a wide spectrum of medical applications,
from cancer therapy to cardiovascular,
dermatological and chronic disease
management [83 - 84]. Nanoparticles are
playing an increasingly pivotal role in early
disease  detection,  particularly in
identifying cancer biomarkers and hold
promise in managing complex conditions
such as Alzheimer’s disease. Their utility is
also being explored in autoimmune
disorders, renal and dermatological
diseases, infectious diseases and various
cancers. With their capacity for surface
modification and precise targeting, NPs
support the development of personalized
medicine, enabling both targeted therapies
and pharmacogenetic approaches.
Furthermore, they have demonstrated
antimicrobial, antifungal and antiviral
potential, expanding their relevance in
infectious disease control [85]. Modern
nanomedicine now encompasses
innovative strategies such as vaccine
development, gene therapy, immune
modulation, and regenerative medicine.
Nanocarriers are being engineered to
simultaneously deliver therapeutic agents,
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monitor treatment response and enable
imaging, thereby facilitating real-time,
patient-specific interventions [86]. Of
particular importance is the ability of
certain nanoparticles to traverse biological
barriers, including the BBB, significantly
enhancing drug delivery and therapeutic
outcomes in neurological and chronic
conditions [87]. Based upon the
fundamental principles of nanomedicine,
we next explore a series of novel
nanoparticle-based strategies displaying
their unique designs, mechanisms and
therapeutic applications across diverse
diseases.

Novel nanoparticle formulations

Another shows the design of a sprayable
film containing nanocellulose and L-
serine—modified  silver  nanoparticles,
which  showed not only effective
antimicrobial and  anti-inflammatory
activity but also superior wound healing
results in vivo. The novelty of this system
lies in the dual role of L-serine, both as a
nanoparticle precursor and as an
antibacterial enhancer, while nanocellulose
provided a porous, breathable, and drug-
carrying matrix. This simple yet highly
effective platform highlights the potential
of multifunctional nanomaterials for
clinical wound management and post-
procedural care [88]. Parallel advances
were seen in wound management, where a
nanocomposite hydrogel dressing was
developed using herbal extracts of Ferula
gummosa and UlO-66-NH: nanoparticles
incorporated into a chitosan—alginate
hydrogel. These formulations showed
strong antibacterial  activity against
Pseudomonas aeruginosa, antibiofilm
efficacy, minimal cytotoxicity and
significantly enhanced wound healing in
vivo compared to free extract treatments.
Their stability under refrigerated conditions
further strengthens their translational
potential for clinical wound care [89]. In a
recent study, selenium nanoparticles
encapsulated in niosomes were engineered

to overcome stability and bioavailability
limitations while targeting oral cancer cells
(HSC-3). These nanocarriers displayed
remarkable stability, uniformity, and
sustained cytotoxicity over 72 hours,
significantly outperforming free selenium.
By combining biocompatible niosomes
with  selenium’s inherent anticancer
activity, the formulation achieved enhanced
tumoricidal  efficacy, showing how
encapsulation strategies can enhance
therapeutic durability and selectivity [90].
In another approach, Alectinib-loaded
chitosan—alginate nanoparticles (ACANPS)
were designed to address solubility and
bioavailability challenges linked with non-
small cell lung cancer therapy. Using an
advanced emulsification and ionotropic
gelation method, ACANPs demonstrated
threefold improved drug release, markedly
lower ICso values in vitro, and nearly 80%
higher oral bioavailability in vivo. These
findings reinforce the value of polymeric
nanoparticle  systems in  optimizing
pharmacokinetics and maximizing
therapeutic efficiency of existing drugs
[91]. For cancer treatment, folate-targeted
liposomal Bleomycin (FL-Bleomycin)
demonstrated significant promise in oral
cavity cancer (CAL27). By incorporating
folic acid into nanoliposomes, this system
enhanced tumor-specific uptake, improved
cytotoxicity, and induced effective cell
cycle arrest at the G2/M phase. The
formulation also showed a controlled
release profile and downregulated EGFR
expression, highlighting its potential for
precision therapy in folate receptor-positive
tumors [92]. Hyaluronic acid-coated
niosomes encapsulating a-terpineol (a-TN-
HA) demonstrated strong anticancer
potential through selective uptake and
apoptosis induction. These particles not
only achieved high  encapsulation
efficiency and stability but also triggered
cell cycle arrest, upregulated apoptotic
markers (BAX, P21, P53), and exhibited
minimal toxicity toward normal cells,
highlighting their promise as a targeted and
safer cancer therapy [93]. Complementing
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these advances, thermoresponsive lipid
nanoparticles (TLNs) were developed for
hyperthermia-triggered cancer therapy. By
exploiting a eutectic fatty acid mixture with
a phase transition temperature of ~41 °C,
doxorubicin-loaded TLNs achieved burst
release under mild hyperthermia while
maintaining  sustained  release  at
physiological temperature. This design
resulted in  significantly  enhanced
cytotoxicity against breast cancer cells
under hyperthermic conditions and superior
cellular uptake compared to free drug or
conventional carriers, offering a stable and
practical approach for thermal-drug
synergistic therapy [94]. Beyond oncology,
nanoparticle systems are being used in
organ protection. Investigations on virgin
coconut oil (VCO) and glutathione (GSH)
in nanoparticulate formulations revealed
strong reno-protective effects in a rat model
of gentamicin-induced acute renal failure.
Compared to conventional formulations,
the nanoparticle-based combinations more
effectively restored renal function, reduced
inflammatory cytokines, and improved
histological outcomes. The enhanced
protection highlights how nanoparticle
delivery can potentiate natural compounds
by improving tissue distribution and
therapeutic impact [95]. In infectious
disease management, a dual-functional
nanoparticle system (MVNP-CA/IFN-y) to
remove persistent MRSA infections. This
formulation integrated a PLGA core with a
mannose-vancomycin lipid shell, enabling
cascade targeting of intracellular bacteria
within macrophages. By co-delivering the
antibiotic chrysomycin A and the immune
modulator interferon-y, the nanoparticles
both eliminated bacterial persisters and
reprogrammed macrophages toward an M1
phenotype, thereby overcoming persistence
and immune evasion. This innovative dual-
therapy approach presents a powerful
strategy against chronic and recurrent
bacterial infections [96]. In
neurodegenerative disorders, a chitosan-
coated solid lipid nanoparticle (CS-SLN)
platform was engineered to intranasally

deliver carbenoxolone for Parkinson’s
disease. This system enhanced brain
penetration and sustained release, resulting
in enhanced motor coordination, restoration
of dopaminergic balance and reduction in
oxidative stress, neuroinflammation, and a-
synuclein accumulation in a rat model.
These findings underscore the potential of
mucoadhesive nanocarriers in bypassing
the blood-brain barrier and providing
neuroprotection in Parkinson’s disease
[97]. In inflammatory bowel diseases such
as ulcerative colitis, silica-coated calcium
phosphate nanoparticles carrying siRNA
against NF-kB p65 have shown marked
efficacy in murine models. These
nanoparticles effectively suppressed the
NF-xB signaling pathway and
demonstrated targeted accumulation in
lymphoid-rich tissues, offering promise for
the treatment of intestinal inflammation
[98].

These advances highlight how novel
nanocarriers  are  moving  beyond
conventional drug delivery to integrate
multifunctional, targeted and stimuli-
responsive  strategies. By improving
selectivity, overcoming biological barriers,
and enhancing therapeutic precision, such
nanoparticles represent a transformative
step toward next-generation
pharmacotherapy.

Nanoparticles for glioblastoma

Combinatorial approaches utilizing
nanoparticle-based drug delivery systems
have emerged as a pivotal advancement in
glioblastoma (GBM) therapy. These
nanoscale carriers enable targeted delivery
of anticancer agents, facilitating enhanced
intracellular drug accumulation, sustained
release and improved permeation across the
BBB. By increasing local drug
concentration  within ~ tumor  tissues,
nanocarriers have demonstrated significant
promise in suppressing GBM proliferation
and overcoming pharmacological barriers
to effective treatment [99].
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Figure 3: Schematic representation of drug loaded nanoparticles in attenuating brain tumors.

Figure 3 shows the schematic
representation of drug loaded nanoparticles
in attenuating brain tumors.

Nanoparticles  not  only  enhance
chemotherapy delivery but also serve as
effective platforms for improving GBM
immunotherapy, owing to their ability to
modulate immune responses and optimize
pharmacokinetics. Both natural and
synthetic nanomaterials have been widely
explored, with lipid- and polymer-based
systems offering excellent biocompatibility
and extended systemic circulation.
Inorganic nanoparticles including silver,
gold, magnetic and iron oxide types offer
added functionality such as photothermal
responsiveness, radiosensitization and
imaging enhancement, reinforcing their
role in integrated multimodal GBM therapy
[100]. This section highlights the diverse
types of nanoparticles studied for
glioblastoma therapy.

Gold nanoparticles
Gold nanoparticles (GNPs) have emerged

as highly promising candidates for
glioblastoma therapy due to their promising

physicochemical characteristics,
comprising a large surface area-to-volume
ratio, biocompatibility, ease of surface
modification, and ability to cross the blood-
brain barrier. These features make them
valuable both as drug delivery vehicles and
as enhancers of radiotherapy efficacy in
combination treatment strategies [101 -
102].

One noteworthy innovation comprises gold
nanoparticles (GNPs) conjugated with
oligonucleotides targeting U87MG GBM
cells. These constructs achieved over 75%
inhibition of metabolic and proliferative
activity, beside structural cell damage,
validating their potential as key
components in multi-pronged
nanotherapeutic strategies [103].
PEGylated gold nanoparticles have also
proved radiosensitizing and
immunomodulatory effects. PEGylation
enhanced DNA double-strand break
formation  following  radiation  and
promoted cytokine-driven immune
activation, highlighting their utility in
integrative radio-immunotherapy regimens
[101]. A synergistic platform combining
gold-core silica-shell nanoparticles
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(Au@SiO2 NPs) with low-dose X-ray
radiation significantly enhanced immune
checkpoint blockade therapy
(atezolizumab), boosting  macrophage
infiltration, increasing survival (up to 40%)
and promoting apoptosis. This indicates
potential for nanotechnology-enhanced
immunoradiotherapy in GBM. In another
innovative approach, Au@DTDTPA(Gd)
nanoparticles were assessed under long-
term cranial window imaging in U87
spheroids and organotypic brain slices.
Joined with radiation (2x 5 Gy), they
significantly suppressed tumor invasion,
reduced malignancy and limited the
persistence of stem-like cancer cells
proving them to be  effective
radiosensitizers for GBM [104]. Additional
experiments with  Au@DTDTPA(Gd)
showed these nanoparticles reduced glioma
cell motility via altered mechanical
properties traction forces, stiffness and
adhesion strength rather than ECM
degradation. Upregulation of talin-1 and 1
integrin supports their role in mechanical
stabilization of glioma cells [105]. The role
of gold nanoparticles (AuNPs) in
enhancing radiotherapy-induced
immunogenic cell death (ICD) has also
been explored. In combination with
radiotherapy, AuNPs boosted dendritic cell
activation and raised the release of ICD-
associated damage signals calreticulin
(CRT), high-mobility group box 1
(HMGB1) and ATP. In preclinical GBM
models, dying tumor cells subjected to the
AuNP-radiotherapy combination acted as
an autologous tumor vaccine, reducing
tumor relapse. These findings support
AuNPs as dual-function radiosensitizers
with added immunostimulatory benefits
[106]. Gold nanoparticles (AuNPs)
continue to reap attention for GBM therapy
due to their tunable physicochemical
features and adaptable design. In one
investigation, AuNPs functionalized with
oligonucleotides were engineered to
selectively target U87MG glioblastoma
cells.  These conjugates  markedly
suppressed metabolic activity, induced

major morphological disruptions and
reduced cancer cell viability by up to 75%.
These findings support the potential of
gold-based nanotherapeutics as a promising
direction for multi-targeted and precision
GBM interventions [103].

Lipid nanopatrticles

Lipid nanoparticles (LNPs) have happened
as striking candidates for brain tumor
targeting owing to their desirable
characteristics of biocompatibility,
minimal toxicity, capacity for blood-brain
barrier (BBB) traversal, and suitability for
transporting  both  hydrophobic  and
hydrophilic drugs [107]. Lipid
nanoparticles (LNPs) carrying doxorubicin
and TLR agonists (CpG or plpC) were
studied as immunotherapeutic agents.
PlpC-based LNPs induced stronger
macrophage activation and phagocytic
activity, while animal studies long-
established better-quality survival and
immune infiltration. Fascinatingly, the
addition  of  doxorubicin  did  not
significantly enhance efficacy, highlighting
the individual potential of LNP-
encapsulated TLR agonists [108]. In
another study, a nanostructured lipid carrier
(NLC) co-loaded with paclitaxel (PTX) and
doxorubicin (DOX) was assessed for its
efficacy against GSCs. The PTX-DOX-
NLC formulation demonstrated superior
inhibition of cellular proliferation and
enhanced induction of apoptosis compared
to single-drug or non-encapsulated
treatments. Mechanistically, it
downregulated the PI3K/AKT/mTOR
signaling pathway, a key axis in
gliomagenesis. Animal models further
confirmed its potent anti-tumor efficacy,
underscoring its promise as a co-delivery
nanosystem for GBM therapy [109].
Additionally, a terpene-functionalized lipid
nanocarrier was developed using soybean
phospholipids and abietic acid analogues,
co-loaded with temozolomide. These
single-layer vesicles (~100 nm) exhibited
enhanced cytotoxicity against T98G glioma
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cells, high TMZ entrapment efficiency and
minimized off-target toxicity toward
hepatic cells. The incorporation of terpenes
significantly improved therapeutic activity,
highlighting the potential of nature-inspired
nanocarriers in GBM management [110].

In a recent study, it was explored that
lonizable LNPs, already FDA-approved for
RNA delivery, face challenges in brain
targeting because of the BBB. A recent
study employed focused ultrasound (FUS)
with microbubbles to transiently interrupt
the BBB, empowering efficient delivery of
SIRNA- and mRNA-loaded LNPs in a
GBM mouse model. This approach
accomplished 6-12-fold higher delivery
proficiency compared to  controls,
demonstrating the potential of non-
invasive, FUS-assisted LNPs for RNA-
based therapies in GBM [111]. SLNs
combine the benefits of biodegradability,
stability, and controlled release. In
preclinical models, ultrasmall SLNs co-
loaded with paclitaxel, regorafenib, and
nanoceria inhibited glioma proliferation,
migration, and angiogenesis. Significantly,
they accumulated selectively in tumor
tissue  without  off-target  toxicity,
suggesting their feasibility as a safe,
scalable, and cost-effective strategy for
GBM therapy [112 - 114]. Additionally,
solid lipid nanoparticles (SLNs) targeted
toward monocarboxylate transporter-1
(MCT-1) and loaded with a dual-drug
combination of carmustine and
temozolomide, achieved receptor-specific
uptake, gradual drug release and enhanced
biocompatibility, marking a potent dual-
agent nanotherapeutic strategy [115].
Lipid—polymer  hybrid  nanoparticles
(LPHNPs), comprising a polymeric core
enclosed within a lipid-PEG shell, integrate
the benefits of both liposomes and
polymeric carriers, enabling gene delivery,
targeted imaging and combinatory
treatment procedures with improved
therapeutic indices [116]. Recent advances
in nanotechnology have facilitated the
design of highly specialized nanoparticles

to overcome the therapeutic challenges
associated with glioblastoma, particularly
the BBB, drug resistance and systemic
toxicity. One distinguished example
includes thermoresponsive lipid
nanoparticles (TLNs), which undergo a
phase transition from solid to liquid at
39 °C, matching tumor microenvironment
temperatures. This thermally triggered
transformation enhances paclitaxel release,
offering improved permeability and
targeted delivery. Cytotoxicity assays
revealed significantly reduced glioblastoma
cell viability at 39 °C (69%) compared to
37°C (82%), wvalidating the TLNs’
potential for site-specific chemotherapeutic
release  with  minimal damage to
surrounding healthy tissue [117].

Polymeric nanoparticles

Polymer-based nanotechnology has gained
substantial courtesy in glioblastoma
therapy, primarily due to its ability to
deliver precise drug delivery, enhanced
BBB penetration, and compliance to the
tumor microenvironment (TME).
Polymeric nanoparticles (NPs) such as
poly(lactic-co-glycolic acid) (PLGA) or
polylactic acid (PLA) offer tunable
degradation rates, ensuring sustained and
controlled drug release within the GBM
environment [118]. Their biocompatibility
reduces adverse immune responses, while
their adaptability supports multifunctional
designs capable of combining therapeutic
payloads with imaging or synergistic
agents. Common polymeric nanostructures
include micelles, dendritic polymers,
polymer vesicles, hydrogels, and metal-
organic  frameworks (MOFs), each
contributing distinct advantages for drug
delivery and tumor targeting [119].
Multifunctional ~ polymeric  nanodrugs
further enhance therapeutic efficacy by
integrating diverse functional modules,
permitting  multi-targeted combination
approaches against tumor heterogeneity
[120].
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To attain selective delivery, polymeric
nanodrugs are often engineered with ligand
modifications that exploit receptors
overexpressed in GBM cells, comprising
transferrin  (TfR), folate (FR), and
epidermal growth factor receptor (EGFR)
[121]. Such approaches diminish off-target
effects while ensuring effective tumor
accumulation. Recent studies represent this
approach: temozolomide (TMZ)-loaded
polyethyleneimine (PEI)-based polymeric
NPs combined with macrophage membrane
coating and low-frequency ultrasound
demonstrated improved therapeutic activity
compared to free TMZ [122]. Similarly,
EGFR-targeted polymeric NPs loaded with
gefitinib ~ achieved higher ~ tumor
accumulation and enhanced antitumor
efficacy in preclinical models [123].
Beyond chemotherapy, lipid—polymer
hybrid NPs have been studied for
CRISPR/Cas9 delivery, where a cationic
ROS-responsive polymer core condensed
SgRNA and Cas9, and a 4F-angiopep-2
lipid shell facilitated BBB penetration and
glioma targeting. By knocking out STATS3,
a central regulator of angiogenesis and
immunosuppression, this system
normalized tumor vasculature, suppressed
pro-tumor cytokines (VEGF, IL-6, 1L-10),
and reprogrammed the immune
microenvironment, ultimately reducing
tumor burden and prolonging survival in
orthotopic models [124].

Escalating the scope of polymer-based
applications, semiconducting polymer
systems have also been adapted for
immunotherapy. A team of scientists
developed a neutrophil-based “Trojan
horse” nanosystem capable of co-delivering
ferroptosis-inducing agents and
immunomodulators, efficiently enhancing
immune infiltration and  antitumor
responses in  GBM models [125].
Collectively, these advances underscore the
usefulness of polymeric nanoplatforms,
which not only improve chemotherapeutic
delivery but also enable genetic, targeted,
and immunomodulatory strategies tailored

to the complex pathology of GBM.
Silver nanoparticles

Silver nanoparticles (AgNPs) have recently
attracted attention in oncology due to their
broad antimicrobial and anticancer
activities, as well as the likelihood of green
synthesis approaches using plant extracts
[126 - 127]. In glioblastoma therapy,
methotrexate-conjugated silver
nanoparticles (AgNPs@TEOS-MTX) have
been explored as radiosensitizers to
improve the efficacy of fractionated
radiotherapy. These nanoparticles were
thoroughly characterized, showing
spherical morphology, nanometric size
(~39.9 nm), and favorable zeta potential
(—20.8 mV). Hemolysis assays confirmed
their biocompatibility, while uptake studies
demonstrated nearly complete
internalization (99%) by U87 glioblastoma
cells. Functionally, AgNPS@TEOS-MTX
induced G2/M cell cycle arrest, apoptosis,
inhibited proliferation, migration, and
tumor sphere formation, with these effects
being significantly amplified under 2 Gy X-
ray exposure. Collectively, this establishes
AgNPs@TEOS-MTX as a potent
radiosensitizer with strong translational
prospective for glioblastoma treatment
[128].

Complementary in vitro evidence further
supports the radio sensitizing and
chemosensitizing  role  of  metallic
nanoparticles in GBM. A comparative
study on U87MG cells evaluated AgNPs
and TiO2NPs in combination with
temozolomide (TMZ). Both nanoparticles
enhanced TMZ activity by stimulating
apoptotic (caspase-3 and 9 activation, DNA
fragmentation via CAD) and inflammatory
responses (TNF-o, IL-12), as well as
increasing lipid peroxidation markers.
Microscopic staining confirmed raised
apoptosis in combined treatments versus
TMZ alone. The observed effects were
attributed to modulation of drug efflux
transporters, improved drug delivery, and
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enhanced intrinsic cytotoxic responses.
These findings suggest that AgNPs and
TiO2NPs may augment TMZ efficacy,
offering a synergistic approach to
overcome chemoresistance in glioblastoma
[129]. In radiotherapy, silver nanoparticles
(AgNPs) have emerged as effective neutron
radiation sensitizers. Studies across diverse
cancer models, including glioblastoma,
have demonstrated sensitization ratios
between 1.22 and 1.47, with maximum
cytotoxicity  (~96.2%) at elevated
nanoparticle concentrations, signifying
strong potential in  neutron-assisted
radiotherapy [130]. Biogenically
synthesized  Ag/AgCl  nanoparticles,
derived from yeast, exhibited superior
antiproliferative activity against GBMO02
glioblastoma cells up to 82% inhibition
exceeding the efficacy of temozolomide
(TMZ). These nanoparticles showed
minimal  cytotoxicity toward normal
astrocytes and co-treatment with TMZ did
not improve therapeutic effects, signifying
selective tumor targeting and potential for
safer monotherapy [131].

Liposomes

Liposomes, owing to their high
biocompatibility and low toxicity, remain a
valued drug delivery system for crossing
the BBB [132]. A multifunctional liposome
(Lpo@Cu2Se-GOx) demonstrated strong
glioma inhibition by combining starvation
therapy and ferroptosis induction. After
uptake, GOx oxidized glucose into gluconic
acid and H20., disrupting antioxidant
defenses and triggering Cu?*-mediated
Fenton-like reactions. This cascade led to
lipid peroxidation, ferroptosis, and
immunogenic cell death, promoting
dendritic cell maturation and T cell
infiltration, with significant antitumor
effects and no adverse reactions in vitro and
in vivo [133]. Similarly, glucose oxidase—
powered liposomal nanobot (lipoNbot)
showed a 4.3-fold higher drug delivery
efficiency by manipulating acidic, glucose-
rich  tumor  microenvironments  for

chemotactic self-navigation. Its GOD-
modified membrane and vy-glutamylated
lipids permitted BBB  penetration,
lysosomal escape, and targeted
chemotherapy against GBM [134]. An
additional method employed Angiopep-2-
modified liposomes co-loading resveratrol
and a-melittin. These reduced o-melittin-
associated hemolysis, enhanced BBB
penetration, inhibited tumor growth, and
prolonged survival in  GB models.
Mechanistically, they induced apoptosis,
pyroptosis (via GSDMD, GSDME,
caspase-3, NLRP3), and repressed EMT
through Wnt/B-catenin pathway
modulation, suggesting potential for GB
treatment [135].

Silica nanoparticles

Mesoporous silica nanoparticles (MSNS),
with large surface area, sponginess, and
tunable surfaces, are promising “smart”
carriers for tumor-targeted therapy [136-
137]. A PTX-loaded MSN system topped
with B-cyclodextrin via acid-cleavable
hydrazone linkage, further upgraded with
chlorotoxin (CHX), showed increased
toxicity in U87 GBM cells despite lower
uptake, representing tumor-environment—
responsive release and receptor targeting
potential [138]. To enhance chemodynamic
therapy (CDT), a multifunctional hollow
organosilicon nanosystem (HCTG-C) was
designed, assimilating glucose oxidase
(GOx), copper sulfide (CuS), and
tirapazamine (TPZ) within CT2A glioma
cell membrane coating. This platform
allowed self-sustaining H2O. production,
GSH-triggered ferroptosis via Cu(l)-driven
Fenton-like reactions, and hypoxia-
activated chemotherapy, achieving
powerful in vitro and in vivo antitumor
efficacy with real-time MRI monitoring
[139]. Additional approach established
metformin-loaded Mn:0s@SiO2@cRGD
nanoparticles (MSMC  NPs), which
exhibited high loading, pH-responsive
release (70% at pH 5.5), and enhanced
uptake in U87/U251 cells. They reduced
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viability, inhibited migration by 80% in
spheroids, and significantly induced
apoptosis, highlighting their theranostic
potential for precise GBM treatment [140].
A study demonstrated a novel combinatory
system integrating Au@DTDTPA(Gd)
with  PEGylated mesoporous  silica
nanoparticles (MSNs) modified with octyl
chains (C8-MSNs) for transporting
docetaxel (DTX) to TMZ-resistant GBM.
These C8-MSNSs were biocompatible, non-
hemolytic and preserved their drug-
carrying efficiency. In vivo imaging
confirmed their selective accumulation in
tumor tissues and effective traversal across
the blood—brain tumor barrier (BBTB). In
intracranial glioma models, DTX-loaded
C8-MSNs improved survival by over 50%,
reduced toxicity compared to free DTX and
made considerable tumor regression. The
treatment activated apoptosis markers such
as cleaved caspase-3 and PARP, approving
robust antitumor efficacy [141].

Magnetic nanoparticles

Magnetic nanoparticles (MNPs) offer a
theranostic platform for GBM due to their
magnetic responsiveness, biocompatibility,
and ease of functionalization [142]. A novel
approach  functionalized iron  oxide
nanoparticles (IONPs) with glucuronic acid
to exploit GLUT1-mediated transcytosis,
further improved by mild hypoglycemia.
These IONPs empowered efficient BBB
penetration and proceeded as magnetic
hyperthermia mediators, with MRI-guided
preclinical studies showing noteworthy
tumor growth delay, highlighting their
strong potential for targeted GBM therapy
[143]. Similarly, magnetic nanoparticles
such as transferrin-conjugated dextran-
spermine systems showed pH-sensitive
drug release, superparamagnetism, and
high cytotoxicity in glioblastoma cells. In
vivo biodistribution studies confirmed their
ability to cross the BBB and preferentially
accumulate in brain tissues, marking them
as promising agents for precision-targeted
theranostics [144]. Another promising

system involves Angiopep-2-conjugated
lipid magnetic nanocarriers encapsulating
temozolomide (Ang-TMZ-LMNVs). These
established  synergistic  effects  with
magnetic hyperthermia in vivo, showing
strong  tumor  accumulation and
suggestively  extending  survival in
glioblastoma-bearing mice [145].
Oleylamine-functionalized FesOs magnetic
nanoparticles, encapsulating methotrexate
in a micellar configuration, induced
substantial pro-apoptotic effects (~10-fold
increase vs. non-cancerous cells), with pH-
sensitive release (85% at pH 5.0) and raised
uptake by U87 cells (1.92-fold). These
results highlight their suitability for
magnetically targeted and controlled
chemotherapeutic applications [146].

Polymeric nanoparticles loaded with
cisplatin have addressed critical challenges
like multidrug resistance and systemic
toxicity by enhancing intracellular drug
retention,  triggering  apoptosis  and
downregulating resistance-related
transporters (ABCB1 and ABCGZ2). These
features translate to improved therapeutic
performance in GBM models [147]. A
highly sophisticated platform employed
triblock copolymer-derived
macromolecular prodrugs with platinum-
crosslinked cores and gadolinium coating.
These  nanoparticles provided dual
functionality MRI contrast enhancement
and potent anti-tumor activity through
increased Pt DNA adduct formation and
prolonged drug retention [148].

Metal oxide nanoparticles

Metal nanoparticles have gained attention
for GBM therapy due to their roles in
imaging, drug delivery, and
radiosensitization [149]. A study shows that
bovine serum albumin-coated copper oxide
nanoparticles (BSA@CuO-NPs) improved
stability and biocompatibility, and when
combined with X-ray irradiation (2 Gy),
significantly reduced clonogenic survival,
induced apoptosis, and increased y-H2AX
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foci formation in U87 cells, confirming
enhanced DNA damage and radio
sensitization  [150]. Similarly, sodium-
doped zinc oxide nanoparticles synthesized
via green chemistry with zingerone showed
selective cytotoxicity against U87 cells
while sparing normal HEK cells.
Mechanistic analysis exposed apoptosis
and TP53 pathway activation, with
upregulation of PTEN, BAX, and P21 and
downregulation of Bcl2, highlighting their
promise as targeted anticancer agents [151].
Likewise, temozolomide-loaded
superparamagnetic iron oxide nanoparticles
(SPIONSs), functionalized with folic acid
and PEG, delivered superior outcomes in
tri-modal therapy, integrating radiotherapy,
thermal ablation and MRI-guided imaging.
These systems achieved nearly twice the
anti-proliferative effect compared to dual-
modality treatments [152].

Carbon nanotubes

Carbon nanotubes (CNTs), particularly
single-walled carbon nanotubes
(SWCNTs), have emerged as highly
promising nanomaterials in medicine and
biotechnology due to their distinctive
structural and physicochemical properties.
Their ability to penetrate biological
membranes, undergo surface
functionalization, and facilitate targeted
drug transport makes them suitable tools for
both diagnostic  and  therapeutic
applications in  oncology, including
glioblastoma multiforme (GBM) [153].
The exceptionally high surface area,
tunable surface chemistry, and drug-
loading capacity of CNTs enable efficient
encapsulation and delivery of therapeutic
molecules. Functionalization with targeting
ligands further enhances tumor specificity,
improving drug accumulation in GBM
tissue while limiting systemic exposure.
Advancements in CNT-based systems have
confirmed their ability to transport
chemotherapeutic drugs, nucleic acid-
based therapies, and small molecules across
the BBB, addressing one of the major

limitations in  GBM  management.
Multifunctional CNTs that integrate
imaging probes with therapeutic payloads
have also been developed, allowing
simultaneous diagnosis, treatment, and
real-time  monitoring.  Despite  these
advantages, challenges such as toxicity,
biocompatibility, regulatory concerns, and
the need for efficient clinical translation
remain critical barriers that must be
resolved before large-scale application
[154]. In addition to drug delivery, CNT-
based biosensing platforms have been
explored for GBM cell detection. For
instance, multi-walled CNTs (MWCNTS)
functionalized with  4-aminothiophenol
(4ATP) and subsequently electrodeposited
on screen-printed gold electrodes provided
a surface for conjugating arginyl—glycyl—
aspartic acid (RGD) peptides. This
engineered platform assisted the selective
adhesion and monitoring of U-87MG
glioblastoma cells through differential
pulse voltammetry (DPV) and fluorescence
imaging, demonstrating a linear detection
range of 10%-10° cells/mL [155]. Such
platforms highlight the diagnostic potential
of CNT-based nanostructures in GBM
research.

Beyond delivery and detection, CNTs have
also been shown to influence bioelectric
signaling in glioblastoma. Studies reveal
that  CNT-polymers  (CNTPs), in
combination with externally applied
electric fields, can alter transmembrane
potential (Vmem) in GBM cells.
Interestingly, Vmem modulation was more
pronounced in invasive cancers, where it
enhanced cellular responsiveness to
stimuli, whereas in less invasive cancers, it
predominantly increased metabolic
activity. Significant changes in the cell
cycle were observed approximately 48
hours post-treatment, underscoring the
potential of CNTPs as modulators of tumor
cell physiology [156].

Collectively, these findings emphasize the
multifaceted role of CNTs in GBM research
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ranging from drug delivery and biosensing
to cellular modulation. While their unique
properties make them strong candidates for
next-generation nanomedicine, overcoming
safety and translational challenges remains
essential for their incorporation into clinical
neuro-oncology.

Quantum dots (QDs)

Quantum dots (QDs) have shown
considerable potential in oncology, offering
targeted drug delivery, real-time imaging,
and reduced systemic toxicity across
multiple cancers, including glioblastoma
[157]. Their small size, high photostability,
and tunable emission properties make them
effective tools for precise diagnostics and
therapy.

Semiconductor QD biosensors, such as
CdSe-CdS core-shell and carbon-based
QDs, functionalized through EDC/NHS or
thiol-maleimide chemistry, have been
conjugated to antibodies and aptamers
targeting biomarkers like EGFRUVIII,
IDH1/2 mutations, and MGMT promoter
methylation. These systems translate
biomarker recognition into quantitative
optical signals using FRET or multiplex
immunoassays, achieving sub-picomolar
sensitivity in plasma and cerebrospinal
fluid analyses. Beyond detection, QD-drug
conjugates enable real-time tracking of
personalized treatments. Despite these
benefits, clinical progress is hindered by
heavy-metal toxicity, nanoparticle
aggregation, and regulatory concerns.
Strategies such as PEGylation, silica
encapsulation, and zwitterionic coatings are
under development to improve in vivo
stability and safety, with optimization of
QD composition remaining crucial for
clinical translation [158].

Experimental studies further highlight QD
effects on  glioblastoma  biology.
Cadmium-selenium QDs, at sub-toxic
doses,  significantly  reformed  the
transcriptome of T98G glioblastoma cells

after 72 hours of exposure. Key changes
were noted in pathways related to
neuroinflammation and hormonal
regulation of the hypothalamus, with pro-
inflammatory interleukins downregulated
rather than upregulated. These conclusions
suggest  distinct  immunomodulatory
effects, though they raise concerns about
potential impacts on fertility [159].

Functional applications of QDs in receptor
targeting have also been explored.
Transferrin-conjugated QDs (QD-Tf) were
employed to quantify transferrin receptor
(TfR) distribution in glioblastoma cell lines
U87 and DBTRG-05MG, as well as HelLa
cells. Flow cytometry and confocal
microscopy revealed higher TfR labeling in
DBTRG-05MG and HeLa cells compared
to U87, with DBTRG-05MG showing
enhanced receptor recycling. This supports
the specificity and efficiency of QD-Tf
bioconjugates in targeting TfR-mediated
pathways [160].

Additionally, graphene quantum dots
(GQDs) have appeared as biocompatible
substitutes with superior electronic and
optical properties and the ability to cross
the BBB. A systematic review of 658
studies identified 10 key works focusing on
GQDs in glioblastoma  therapy.
Applications included enhancing
chemotherapy and photothermal therapy, as
well as biosensing, bioimaging, and drug
delivery. While research remains limited,
these findings underscore the potential of
GQDs as multifunctional platforms for
glioblastoma treatment [161]. Collectively,
QDs ranging from traditional
semiconductors to graphene-based variants
offer a versatile toolkit for glioblastoma
therapy and diagnostics.  However,
addressing toxicity and stability challenges
remains essential for their clinical
advancement.

Nanodiamonds (NDs)

Nanodiamonds (NDs) have emerged as
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promising nanomaterials for brain-targeted
drug delivery due to their nanoscale size,
high surface area, ease of functionalization,
biocompatibility, and ability to cross the
BBB. These properties enable them to bind
multiple drugs and deliver bioactives with
minimal side effects, making them valued
candidates for treating neurological and
infectious disorders such as Alzheimer’s
disease, Parkinson’s disease, glioblastoma
(GBM), HIV, amyotrophic lateral sclerosis,

Huntington’s disease, stroke,
schizophrenia,  epilepsy, encephalitis,
sepsis, and meningitis [162]. In

glioblastoma specifically, a reciprocal
STAT3/IL-6 signaling loop between
glioblastoma cells (GBCs) and astrocytes
has been identified, driving tumor
proliferation, invasion, and resistance to
apoptosis. Doxorubicin-polyglycerol-
nanodiamond conjugates (Nano-DOX),
delivered via GBM-associated
macrophages, were shown to suppress
STAT3 activity in GBCs, reducing IL-6
secretion and disrupting this feedback loop.
Nano-DOX also counteracted
temozolomide-induced STAT3 activation,
a key driver of chemoresistance, thereby
offering a novel therapeutic approach for
modulating the GBM microenvironment
[163]. Beyond oncology, nanodiamonds
have also shown promise in epilepsy
management. To overcome poor BBB
permeability of zonisamide (ZNS), a nose-
to-brain (NTB) delivery system using
carbon-based biocompatible nanodiamonds
was established. An optimized intranasal
ND-ZNS formulation (ND-ZNS F1)
demonstrated favorable size (193.7+19.3
nm), high loading efficiency (87.1%), and
biphasic release suitable for both acute and
chronic epilepsy treatment. In vivo studies
demonstrated enhanced brain uptake,
improved pharmacokinetics, and reduced
systemic exposure compared to oral and
intranasal free ZNS. In a temporal lobe
epilepsy rat model, ND-ZNS F1 improved
brain activity and histopathology while
reducing epileptic biomarkers (NSE,
NEFL, MMP-9) and modulating epigenetic

pathways (miR-199/SIRT-1 and PVT-
1/BDNF). These findings confirm ND-ZNS
as a promising strategy for -effective
epilepsy management with lower dosing
and fewer systemic side effects [164].

Together, these studies highlight the
versatility of nanodiamonds in crossing the
BBB, disrupting tumor-promoting
pathways in GBM, and enabling targeted
delivery  for  neurological diseases,
supporting  their  development  as
multifunctional platforms in GBM.

Emerging
glioblastoma

nanoplatforms in

Nanomotors

Nanomotors signify an emerging active
drug delivery platform for GBM, offering
self-propelled  motion  that enables
autonomous navigation across biological
barriers. Unlike passive  carriers,
nanomotors can actively bypass the BBB,
achieve deep tumor penetration, and
enhance localized drug accumulation,
thereby improving therapeutic efficacy
while minimizing systemic toxicity. Recent
advances have demonstrated different
functionalized designs, including
chemotactic nanomotors, near-infrared
(NIR) light-driven  nanomotors, and
bubble-driven nanomotors, each tailored
for precise GBM targeting and therapy
[165].

A Dbiomimetic hybrid cell membrane-
modified  dual-driven  heterojunction
nanomotor (HM@MnO2-AuNR-SiO2) was
engineered to mimic glioma and
macrophage surface traits, enabling BBB
crossing and tumor targeting. Its
heterojunction structure allowed dual
propulsion by NIR-II light and oxygen
bubbles, while AuNR-MnO. facilitated
ROS generation, inducing immunogenic
cell death. MnO; also released Mn?* ions in
the tumor microenvironment, activating the
CGAS-STING pathway to enhance
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antitumor immunity. In vitro and in vivo
studies confirmed active targeting, M1
macrophage polarization, dendritic cell
maturation, and effector T-cell activation,
leading to improved GBM immunotherapy
[166].

In a study scientists established biomimetic
nanomotors ~ with  hollow  openings
camouflaged by hybrid cell membranes.
Compared to Janus structures, the hollow
design provided stronger propulsion and
enabled efficient BBB crossing, tumor
targeting, and deep diffusion against
pressure gradients. These Bio-motors
enhanced radiosensitivity, suppressed
GBM growth, and prolonged survival in
tumor-bearing mice, suggesting strong
potential as modular carriers for combined
therapy [167].

In a complementary approach, glucose-
driven Janus nanomotors were fabricated
by integrating platinum nanodendrites with
mesoporous silica nanoparticles loaded
with doxorubicin and capped by glucose
oxidase (GOx). Propulsion occurred
through a cascade reaction where GOx
produced H>O> from glucose, subsequently
decomposed by PtNds into O2. GOx also
served as a gatekeeper, releasing
doxorubicin in response to intracellular
proteases. Evaluations in cancer cells,
spheroids, animal models, and patient-
derived organoids demonstrated strong
antitumor efficacy via synergistic drug
release, ROS  production,  glucose
depletion, and hypoxia reduction, marking
a step toward clinical translation of
endogenously fueled nanomotors [168].

Nanosponges

Nanosponges are porous, sponge-like
nanocarriers with widespread cavities and a
mesh-like network, enabling high drug,
probe, or photosensitizer loading through
encapsulation, conjugation, or absorption.
They are broadly classified into polymer-,
inorganic-, and bio-derived nanosponges,

and their porous voids can be sealed with
lipids or polymers to prevent premature
leakage, protect therapeutic cargo, and
sustain release. By overcoming limitations
of conventional carriers, nanosponges have
gained attention for cancer therapy and
theranostics, including immunotherapy,
targeted therapy, and chemotherapy [169].

A miR-nanosponge coated with BV2 cell
membranes (BM@miR-nanosponge) was
designed to cross the BBB and neutralize
multiple oncogenic miRNAs (miR-9, miR-
21, miR-215, miR-221). This
multifunctional nanosponge significantly
suppressed GBM progression, enhanced
immune modulation, and extended the
survival of GBM-bearing mice,
outperforming  temozolomide (TMZ),
thereby offering a comprehensive miR-
based therapeutic strategy [170]. In another

study, hierarchical self-uncloaking
CRISPR-Casl3a RNA  nanococoons
(RNCOs-D) were engineered,

incorporating programmable RNA
nanosponges (RNSs) for targeted delivery
and controlled drug caging. The system
enabled tumor-specific activation of
Casl3a upon recognition of EGFRVIII
MRNA, resulting in effective gene
silencing and synergistic antitumor activity
both in vitro and in vivo. This design
underscores the promise of RNA-based
nanosponges for precise and multimodal
GBM therapy [171].

Hydrogels

Hydrogels have recently emerged as
versatile nanoplatforms for GBM therapy
and modeling, owing to their ability to
mimic the extracellular matrix, encapsulate
therapeutic agents, and provide sustained
local drug delivery. Their tunable
mechanical and biochemical properties
make them attractive for both preclinical
models and advanced treatment strategies.
One study encapsulated U87 and patient-
derived GBM spheroids in polyethylene
glycol-based hydrogels of varying stiffness
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(~1-7 kPa) to assess microenvironment
effects on invasion and temozolomide
(TMZ) response. Spheroids remained
viable across all gels, with U87 cells
infiltrating more in softer matrices and

showing  stiffness-dependent  hypoxia
responses.  Patient-derived  spheroids,
however, exhibited no stiffness-related

drug sensitivity, emphasizing the need to
consider microenvironment mechanics in
GBM models [172]. Another approach
integrated liposome-like particles loaded

with  doxorubicin  (LLP-DOX) into
chitosan/hyaluronic
acid/polyethyleneimine (CHI/HA/PELI)

hydrogels for local therapy. This hybrid
system ensured sustained drug release for
up to 148 hours, demonstrated
biocompatibility, and significantly reduced
GBM spheroid viability compared to LLP-

DOX alone, highlighting its potential for
controlled local chemotherapy [173].

A biomimetic strategy combined brain-
derived decellularized extracellular matrix
(dECM) with hyaluronic acid methacrylate
(HAMA), creating hydrogels that closely
resembled native GBM tissue. These
constructs supported adhesion, invasion,
and tumor—stroma interactions, while
coculture  with  microglia  enhanced
glioblastoma aggressiveness. The model
offers a physiologically relevant platform
for studying GBM progression and testing
therapeutics [174]. To provide a
consolidated overview, Table 1
summarizes the diverse novel nanoparticles
explored for GBM therapy, highlighting
their mechanisms, unique features and
therapeutic outcomes.

Table 1: Novel nanoparticles in glioblastoma therapy.

. Size - Therapeutic Mechanism
No. | Nanoparticle (nm) Delivery Platform in GRM Ref
1 | Hybrid nanoparticles | 50-300 Composite material- M_ultl-modal drug de!lvery systems [175]
based with enhanced targeting accuracy
Solid lipid e . Encapsulate therapeutics, regulate
2 nanoparticles (SLNs) 50-1000 | Fat-derived carriers release patterns, target tumor cells [176]
Self-assembled Boost drug solubility, ensure selective
3 | Polymeric micelles 10-100 | amphiphilic delivery, increase uptake by cancer [177]
copolymers cells
4 | Gold nanoparticles 15-50 | Metallic-based Amphfy radiotherapy impact, facilitate [178]
precise drug transport
5 Lipid-core 50-200 Lipid-centered core— ngegu_ard active _drugs, improve [179]
nanocapsules shell bioavailability, directed delivery
6 | Quantum dots 2-10 Semiconductor-based Aid In tumor V|suaI|zat|_on, fluorescent [180]
targeting, and drug carriage
7 Magnetlg 10-100 Magnetlcally !\/Iagr]et-gwded targeting, concurrent [181]
nanoparticles navigable metals imaging support
8 | Liposomes 50200 | Phospholipid vesicles | Cncapsulate drugs for improved [182]
stability, minimize systemic toxicity
9 | Dendrimers 1-10 Highly branched Prec_|5|on dell\_/ery with high drug- [183]
polymers loading capacity
10 Mesopor_ous silica 50-300 Porous silica Controlled_cargo release, targeted drug [184]
nanoparticles framework transportation
1 Calcium _phosphate 50-200 | Mineral-based systems Gene vector potential, pH-responsive [185]
nanoparticles release
12 | carbon nanotubes 1-100 Carbon allotrope- Improve_s therapy efficiency, assists in [186]
based diagnostics
13 Iron oxwl_e 1-100 Magnetlc metal Aid in mage-gqlde_d delivery and [187]
nanoparticles particles therapy intensification
14 | Nanospheres 50-500 Diverse core types Dellver'and discharge drugs, enhance [188]
(polymer/metal/silica) | absorption by tumor cells
. Drug particles Boost solubility and bioavailability,
15| Nanosuspensions 50-1000 suspended in fluids promote targeted therapy [189]

Emerging nanoparticles for glioblastoma: Engineering precision across the blood-brain
barrier



file:///C:/Users/mtahran.asab/Desktop/Tables.xlsx%23RANGE!_ENREF_175
file:///C:/Users/mtahran.asab/Desktop/Tables.xlsx%23RANGE!_ENREF_176
file:///C:/Users/mtahran.asab/Desktop/Tables.xlsx%23RANGE!_ENREF_177
file:///C:/Users/mtahran.asab/Desktop/Tables.xlsx%23RANGE!_ENREF_178
file:///C:/Users/mtahran.asab/Desktop/Tables.xlsx%23RANGE!_ENREF_179
file:///C:/Users/mtahran.asab/Desktop/Tables.xlsx%23RANGE!_ENREF_180
file:///C:/Users/mtahran.asab/Desktop/Tables.xlsx%23RANGE!_ENREF_181
file:///C:/Users/mtahran.asab/Desktop/Tables.xlsx%23RANGE!_ENREF_182
file:///C:/Users/mtahran.asab/Desktop/Tables.xlsx%23RANGE!_ENREF_183
file:///C:/Users/mtahran.asab/Desktop/Tables.xlsx%23RANGE!_ENREF_184
file:///C:/Users/mtahran.asab/Desktop/Tables.xlsx%23RANGE!_ENREF_185
file:///C:/Users/mtahran.asab/Desktop/Tables.xlsx%23RANGE!_ENREF_186
file:///C:/Users/mtahran.asab/Desktop/Tables.xlsx%23RANGE!_ENREF_187
file:///C:/Users/mtahran.asab/Desktop/Tables.xlsx%23RANGE!_ENREF_188
file:///C:/Users/mtahran.asab/Desktop/Tables.xlsx%23RANGE!_ENREF_189

DOI: 10.53992/njns.v11i2.331 NUST Journal of Natural Sciences, Vol. 11, Issue 2, 2026

. Size . Therapeutic Mechanism
No. | Nanoparticle (nm) Delivery Platform in GBM Ref
Hydrophilic polymer Support localized therapy, drug depot
16 | Hydrogels 10-1000 network in tissues [190]
17 | PLGA nanoparticles 100- Biodegradable Enable slovy-_release_del!very and [191]
1000 polyester tumor-specific localization
18 PEG-coa_ted 50-200 Polymeric with stealth Eyade immune system, extend blood [192]
nanoparticles PEG circulation time
19 Blorespo_nswe 50-200 Stlmull-sen5|t|ve Dl_schargg drugs in response to tumor [193]
nanoparticles carriers microenvironment
20 PL.GA (co-glypollc 100-500 Biodegradable co- Contrplled drug delivery and tumor cell [194]
acid) nanoparticles polymers targeting

Clinical transition of nanoparticle-based
therapies in glioblastoma

The translation rate from preclinical models
to clinical cancer trials is approximately
less than 8% [195]. Given below are some
early-phase clinical trials that provide
crucial understanding of safety, feasibility,
pharmacokinetics, and preliminary
efficacy. Table 2 shows current ongoing
and completed clinical trials on
nanoparticles in glioblastoma retrieved
from clinicaltrials.gov.

EGFR (V)-EDV-Dox Nanocells (Clinical
Trials.gov Identifier: NCT02766699) on
2016-10-25)

The EnGenelC Delivery Vehicle (EDV)
system which is composed of bacterially
derived nanocells loaded with doxorubicin
and targeted against EGFR, entered a phase

I/11 open-label clinical trial in recurrent
GBM. This study tested a dose-escalation
design with weekly infusions over seven
weeks, followed by radiological evaluation.
The results of phase | demonstrated that
doses up to 5 x 10? nanocells were actually
well tolerated and safe [196].

AGuUIX Nanoparticles as Radio-
sensitizers (ClinicalTrials.gov Identifier:
NCT04881032)

The  NANO-GBM trial identified
intravenous  gadolinium-based  nano-
particles (AGulX) as radiosensitizers in
newly diagnosed GBM patients undergoing
radiotherapy and temozolomide. In phase
Ib, patients tolerated up to 100 mg/kg
without dose-limiting toxicities attributable
to AGulX, and MRI confirmed widespread
intratumoral distribution.

Table 2: Ongoing and completed clinical trials on nanoparticles in glioblastoma. Data retrieved

from ClinicalTrials.gov.

Clinical Trials. | Registered Phase Status Interventl_on/ Indication Reference
gov ID on Nanoparticle
EGFR (V)-EDV- | Recurrent
NCT02766699 | 2016-10-25 | Phase | Completed Dox Nanocells GBM [196].
Active. not AGuUIX Newly
NCT04881032 | 2022-03-07 | Phase I/ 11 . Nanoparticles as | diagnosed [197]
recruiting . .
Radiosensitizers | GBM
Earl NU-0129 Recurrent
NCT03020017 | 2017-05-25 Y Completed | (Spherical [198]
Phase | - . GBM
Nucleic Acids)
liposomal Recurrent
NCTO00734682 | 2008-08-01 | Phase | Completed | .- High-Grade [199]
irinotecan ;
Gliomas
Adjuvant
A1 Not . NanoTherm® Therapy of ClinicalTrials.gov
NCT06271421 | 2024-01-01 | . jicaple | RECTUIUNG | (ANCHIALE) | Glioblastoma | ID: NCT06271421
Multiforme
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The recommended phase Il dose (100
mg/kg) is now being tested in the
randomized portion of the study to evaluate
efficacy outcomes such as 6-month
progression-free survival [197].

NU-0129 (Spherical Nucleic Acids,
ClinicalTrials.gov Identifier:
NCT03020017)

A first-in-human, open-label phase O trial
studied NU-0129, a gold nanoparticle-
based spherical nucleic acid (SNA)
carrying siRNA against the GBM oncogene
Bcl2L12. Patients with recurrent GBM
received a single intravenous infusion
followed by tumor resection. This study
showed successful tumor penetration,
uptake in glioma cells, and reduction of
Bcl2L.12 protein expression, with no report
of grade 4-5 toxicities. This trial
established SNAs as a feasible and safe
precision-medicine approach for systemic
RNAI delivery in GBM patients [198].

Nanoliposomal Irinotecan (Clinical
Trials.gov Identifier: NCT00734682)

A phase | trial assessed liposomal
irinotecan (nal-IRI, MM-398, PEP02) in
patients with recurrent high-grade gliomas,
stratified by UGT1Al genotype. The
formulation delays drug circulation and
enhances tumor exposure compared to
conventional irinotecan. Dose escalation
identified maximum tolerated doses of 120
mg/m?2 in wild-type patients and 150 mg/m?
in heterozygotes. The toxicity profile
(diarrhea, dehydration, fatigue) was
consistent with known irinotecan effects,
supporting further evaluation, including
convection-enhanced delivery approaches
[199].

NanoTherm®  ANCHIALE  Study
(Clinical Trials.gov Identifier:
NCT06271421)

The ANCHIALE trial (NCT06271421)
assesses  NanoTherm®  therapy, a

nanoparticle-based magnetic hyperthermia
system, in patients with recurrent
glioblastoma multiforme (GBM). After
surgical resection, iron oxide nanoparticles
(NanoTherm ASI) are introduced into the
resection cavity, followed by six
hyperthermia activations using an external
magnetic field (days 10-28). Patients are
examined for up to two years, with
endpoints  including  progression-free
survival, overall survival, quality of life and
safety. Compared to the Stupp protocol, this
approach aims to improve survival
outcomes and treatment tolerability.

Future directions and challenges

Clinical trials of nanoparticle therapies in
glioblastoma remain preliminary but
promising. NU-0129 showed intratumoral
gold uptake with target knockdown, and
AGuIX enabled tumor distribution through
MRI. However, consistent improvements in
efficacy and patient outcomes are still
lacking, demonstrating the challenges of
clinical translation.

Although preclinical models suggest
variable nanoparticle penetration into the
brain, human data required is inadequate.
NU-0129 confirmed intratumoral gold
uptake and AGulX  demonstrated
measurable contrast enhancement, yet most
clinical studies still rely on surrogate
pharmacokinetic or safety endpoints
instead of regulated measurements of tumor
exposure, making cross-trial comparisons
difficult. Most GBM nanoparticle studies
remain confined to Phase 0—I, emphasizing
safety and pharmacokinetics rather than
efficacy. Cohorts are typically small and
clinically heterogeneous, mixing newly
diagnosed and recurrent patients, differing
resection status and variable molecular
subtypes which makes it difficult to come
to strong and steady conclusions.
Systematic reviews of nanomedicine
translation highlight that such trial designs
inherently limit the detection of clear
efficacy signals.
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Despite good heterogeneity of GBM, few
nanoparticle trials incorporate prospective
stratification by key tumor biomarkers such
as MGMT methylation, EGFR
amplification or IDH status. In the absence
of  biomarker-guided enrollment or
correlative endpoints, risks overlooking
responsive subgroups may allow negative
aggregate results to diminish true
therapeutic benefit.

Nanoparticle systems are well suited for
multimodal therapies, such as combining
drugs with radiosensitizers, immune
modulators, or gene therapies. Yet, most
GBM trials test single agents in isolation.
Keeping in consideration the tumor’s
complex resistance mechanisms, adaptive
trial designs which explore rational
combinations for example, nanoparticle
radiosensitizers with immune checkpoint
inhibitors remain underutilized.

Clinical trials rarely provide extended
follow-up on nanoparticle retention, off-
target distribution, immune effects, or
potential genotoxicity. Evidence from
nanotoxicology studies shows variable
inflammatory and genetic effects across
particle types, highlighting the need for
standardized, potential safety monitoring in
future trials. Variability in animal models,
dosing metrics, and outcome measures,
such as imaging versus histology, limits
reproducibility and boosts expectations for
clinical success. Reviews consistently call
for standardized preclinical pipelines,
validated imaging biomarkers, and
centralized assay platforms to enhance
predictability.

In  conclusion, clinical trials on
nanoparticle-based therapies for
glioblastoma  emphasizes  promising
advances but their results remain limited by
small sample sizes, incomplete long-term
data and inconsistencies between trial
phases. Addressing these gaps requires
larger, multi-pivotal  research  with
standardized endpoints and long-term

monitoring. Only through such coordinated
efforts can the true therapeutic importance
of nanoparticles in glioblastoma therapy
can be fully realized.

Conclusion

Glioblastoma (GBM) remains one of the
most aggressive and therapeutically
challenging brain tumors, characterized by
high recurrence rates, resistance to standard
therapies and poor patient outcomes.
Nanotechnology offers a paradigm shift in
GBM management by enabling precise,
multifaceted therapeutic delivery across the
BBB while minimizing systemic toxicity.
This review highlights the diverse
landscape of nanoparticle systems and
bioinspired  platforms engineered to
enhance the efficacy of chemotherapeutics,
radiotherapy, immunotherapy,  gene
therapy and photothermal treatments.
Notable advances have demonstrated
improved tumor specificity, favorable
pharmacokinetics and synergistic
therapeutic outcomes. Bioresponsive and
targeted nanocarriers further address
intratumoral  heterogeneity and drug
resistance, reinforcing their translational
promise. Moreover, innovative strategies
have emerged to reprogram the tumor
microenvironment, target glioma stem cells
and amplify immune-mediated tumor
suppression. Despite these advances, the
clinical translation of nanoparticle-based
therapies remains limited. Key challenges
include nanogenotoxicity, immunogenic
responses, manufacturing reproducibility
and limited long-term safety data.
Additionally, regulatory hurdles and the
complex  biology of the GBM
microenvironment  hinder  widespread
clinical adoption.  Nonetheless, the
convergence of materials science, neuro-
oncology and bioengineering presents an
unprecedented opportunity to redefine
GBM treatment. Continued
interdisciplinary research, standardization
of protocols and investment in clinical trials
are critical to bridge the gap between
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laboratory  innovation and clinical
application. Ultimately, nanomedicine has
the potential to evolve GBM therapy from
a palliative approach to a precise,
personalized and more effective paradigm.
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