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Abstract

Glioblastoma (GBM), the most common, invasive, and chemoresistant form of adult pri-
mary brain cancer, is characterized by rapid cell proliferation, local invasiveness, and
resistance to chemotherapy (e.g., temozolomide (TMZ)) and radiation therapy. Cur-
cumin, a bioactive polyphenol derived from Curcuma longa, has exhibited exceptional
anti-cancer properties, including anti-proliferative, pro-apoptotic, anti-inflammatory, and
anti-angiogenic activities in a wide range of cancer models, including GBM. However, the
clinical application of curcumin has been seriously limited by several challenges, including
low water solubility, low bioavailability, rapid systemic clearance, and poor blood–brain
barrier (BBB) penetration. To overcome these challenges, several nanocarrier systems to pro-
duce nanocurcumin have been developed, including liposomes, polymeric nanoparticles,
solid lipid nanoparticles, dendrimers, and micelles. These nanoformulations improve the
solubility, stability, systemic circulation, and target-directed delivery of curcumin to glioma
cells, thereby resulting in a high level of accumulation in the glioma microenvironment. On
the other hand, this work is devoted to the potential of curcumin and nanocurcumin for
the treatment of GBM. The article provides a detailed review of the major molecular targets
of curcumin, such as NF-κB, STAT3, PI3K/AKT/mTOR, and p53 signaling pathways, as
well as recent advancements in nanotechnology-based delivery platforms that improve
drug delivery across the BBB and their possible clinical translation. We also include a
thorough examination of the issues, limitations, and potential opportunities associated
with the clinical advancement of curcumin-based therapeutics for GBM.

Keywords: curcumin; nanocurcumin; glioblastoma; blood–brain barrier; drug delivery;
molecular targets

1. Introduction
About 15% of all intracranial neoplasms are glioblastomas (GBM), sometimes referred

to as glioblastoma multiforme, the most common and deadly type of primary malignant
brain tumor in adults [1]. With a median survival of only 12 to 15 months and a 5-year
survival rate below 10%, the prognosis for GBM patients is still poor despite advancements
in surgical resection, radiation therapy, and chemotherapy-most notably with the DNA-
alkylating drug temozolomide (TMZ) [2,3]. The highly aggressive nature of the tumor,
its intrinsic and acquired resistance to treatment, its extensive infiltration into healthy
brain tissue, and the protective function of the blood–brain barrier (BBB) [4], which limits
the efficient delivery of most chemotherapeutic drugs, are all factors contributing to this
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dismal result. These treatment limits highlight the pressing need for new, safe, and efficient
molecules that can overcome obstacles in drug delivery and target glioblastoma at the
molecular level.

Because of its pleiotropic pharmacological properties, curcumin, a naturally occurring
polyphenolic substance obtained from the rhizome of Curcuma longa (turmeric), has drawn
a lot of interest in oncology research [5]. Curcumin has been shown in preclinical research to
have anti-inflammatory, antioxidant, pro-apoptotic, anti-angiogenic, and anti-proliferative
properties against glioblastoma and other malignancies [6]. Curcumin mechanistically
alters several important signaling pathways, including PI3K/AKT/mTOR, NF-κB, STAT3,
Wnt/β-catenin, Notch, and p53, that are linked to the pathophysiology of GBM [7]. Cur-
cumin has the potential to be a multi-targeted drug in GBM treatment since it targets
several nodes of tumor survival and resistance [8]. Curcumin has also been demonstrated
to make glioma cells more sensitive to TMZ and radiation, which may have been used in
combination therapy approaches [9,10].

However, curcumin’s physicochemical constraints have posed a substantial obstacle
to its clinical translation. Because curcumin is hydrophobic, rapidly metabolized in the
liver and intestinal wall, and has limited absorption, oral administration of this compound
results in poor systemic bioavailability [11]. More significantly, its incapacity to efficiently
traverse the blood–brain barrier limits its build-up in brain tumors, thus diminishing its
therapeutic potential in neuro-oncology [12]. Recent studies have concentrated on creating
delivery systems based on nanotechnology that encapsulate curcumin into nanocarriers,
enhancing their solubility, stability, biodistribution, and permeability across the blood–brain
barrier to overcome these constraints [13]. A range of nanocarriers, including polymeric
nanoparticles, liposomes, dendrimers, micelles, and solid lipid nanoparticles, are used by
nanocurcumin, the nano-formulated form of curcumin, to improve its pharmacokinetic
and pharmacodynamic characteristics [14]. To enable active targeting of GBM cells via
receptor-mediated endocytosis, these nanocarriers can be functionalized with targeting
ligands (such as transferrin, folic acid, or RGD peptides) [15]. Furthermore, preferential
accumulation at the tumor site can be made possible by engineering nanoparticles to take
advantage of the increased permeability and retention (EPR) effect in the tumor vasculature.
In vivo models of glioblastoma, several nanoformulations have shown enhanced tumor
selectivity and BBB penetration [16]; several have also shown greater cytotoxicity against
populations resistant to therapy and glioma stem-like cells.

The goal of this study is to present a thorough summary of the most recent develop-
ments in curcumin and nanocurcumin research for the treatment of glioblastoma. We start
by providing an overview of the molecular pathways that curcumin uses to achieve its
anticancer effects, with a particular emphasis on important signaling pathways linked to
GBM. Next, we look at new developments in delivery systems based on nanotechnology
that are intended to improve curcumin’s bioavailability and BBB permeability. Furthermore,
we explore preclinical research that evaluates the possible synergy between curcumin and
nanocurcumin when combined with conventional GBM treatments. Lastly, we discuss
the present difficulties, constraints, and prospects for converting these discoveries into
clinical uses. Curcumin and its nanoformulations may provide a revolutionary approach
to the treatment of glioblastoma, a disease that continues to elude standard therapeutic
approaches, by fusing molecular pharmacology with nanotechnology. New approaches
to individualized, multi-modal cancer treatment are made possible by the combination of
targeted medication delivery and natural product research; curcumin and nanocurcumin
are positioned as top contenders in this new paradigm.
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2. Curcumin’s Molecular Mechanisms and Targets in Glioblastoma
By altering several signaling pathways that control cell division, apoptosis, angio-

genesis, inflammation, and treatment resistance, curcumin has strong anticancer effects in
glioblastoma. Curcumin’s pleiotropic action provides a clear benefit in the treatment of com-
plex, heterogeneous malignancies like glioblastoma [17], in contrast to numerous monother-
apeutic medicines that target a single component. Curcumin has anti-glioblastoma actions
by multi-targeted regulation of essential oncogenic and tumor suppressor pathways [18].
Curcumin impairs the PI3K/AKT/mTOR and NF-κB pathways, thus diminishing tumor
cell viability, inflammation, and proliferation. It activates p53 by downregulating MDM2,
resulting in mitochondrial-mediated apoptosis through Bax and Puma. Curcumin further
downregulates STAT3, VEGF, and MMPs, hence inhibiting angiogenesis and invasion.
Moreover, it modulates reactive oxygen species (ROS), inhibits epigenetic enzymes (DNMT,
HDAC), and reinstates the anti-tumor immune response by downregulating IL-10, TGF-β,
and PD-L1 expression. These actions collectively induce glioblastoma cell death (Figure 1).

Figure 1. Molecular mechanism of curcumin-mediated GBM cell death. Curcumin hinders
PI3K/AKT/mTOR and STAT3 signaling, diminishes NF-κB activation, and inhibits MDM2 to stabi-
lize p53. Curcumin stimulates intrinsic apoptotic pathways through the activation of Bax and Puma,
increases reactive oxygen species (ROS) production, and diminishes the expression of angiogenic
and invasive markers, including VEGF and MMP-2/9. It modifies immunosuppressive cytokines
(IL-10, TGF-β), diminishes PD-L1 expression, and regulates epigenetic modifiers (DNMT, HDAC) to
reinstate tumor suppressor gene expression. These synchronized responses lead to glioblastoma cell
apoptosis and increased susceptibility to temozolomide (TMZ) and Immunotherapeutics. The figure
was created in BioRender.com by Md Ataur Rahman (2025).
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2.1. PI3K/AKT/mTOR Pathway Inhibition

Glioblastoma often exhibits hyperactivation of the PI3K/AKT/mTOR signaling path-
way, which is essential for fostering cell survival, proliferation, and treatment resistance [19].
It has been demonstrated that curcumin inhibits the activation of this pathway by downreg-
ulating mTOR and AKT phosphorylation. Reduced protein synthesis, autophagy activation,
and apoptotic cell death are the results of inhibiting this axis [20]. Furthermore, curcumin
targets the PI3K/AKT/mTOR pathway to make glioblastoma cells more sensitive to temo-
zolomide (TMZ), which may indicate a role for curcumin in combination therapy [21].

Curcumin exerts its actions mechanistically at multiple levels, including the inhibition
of upstream PI3K activity, as well as the targeting of phosphatases such as PTEN, to
restore negative regulation that is often lost in different GBM subtypes [22]. However, the
preponderance of evidence is in vitro or in vivo xenograft studies, and the translational
potential requires further validation in appropriately powered and designed clinical trials.
Early phase nanocurcumin formulations show improved accumulation in the glioma
microenvironment, as well as sustained inhibition of AKT/mTOR signaling in preclinical
orthotopic models [6]; however clinical validation of these pharmacologic effects has yet
to be demonstrated. Additionally, feedback activation and crosstalk with other pathways
such as MAPK or STAT3 can counteract the therapeutic efficacy of curcumin, necessitating
combinatorial strategies [23]. Future studies should focus on assessing pathway blockades
in patient-derived GBM stem cells and the incorporation of predictive response biomarkers.
This would elevate curcumin from a generally cytotoxic agent to a pathway specific,
precision medicine in GBM treatment.

2.2. NF-κB Modulation

One important transcription factor that controls genes related to inflammation, tu-
mor growth, and apoptosis resistance is signaling NF-κB. By inhibiting IκB kinase (IKK)
activation, curcumin prevents NF-κB from translocating to the nucleus and, therefore, the
expression of anti-apoptotic proteins like Bcl-2, Bcl-xL, and surviving [24]. This inhibition
increases the cytotoxicity of common chemotherapeutic drugs and restores apoptotic sig-
naling. Curcumin, on a mechanistic level, can repress upstream inducers of NF-κB, such
as TNF-α and IL-1β and prevent ROS-mediated NF-κB activation. Preclinical studies in
orthotopic GBM and GSCs have confirmed this and show that curcumin is able to reduce
NF-κB DNA-binding and NF-κB-regulated downstream cytokines, including IL-6 and
COX-2 [25].

However, much of this preclinical data has been left largely to speculation in the
clinic due to low levels of curcumin brain bioavailability. While there have been successful
uses of nanocurcumin for improved NF-κB inhibition in glioma preclinical models, there
has been no correlating pharmacokinetic-pharmacodynamic data or dose-optimization
in humans. Additionally, given the NF-κB’s role in both immune regulation and cell
survival, further understanding and careful targeting will be important, specifically within
the context of combination immunotherapy [26]. Therefore, it will be important in future
studies to see if the inhibition of NF-κB by curcumin offers long term benefits in the
varying microenvironments of GBM or if there are resistance mechanisms that compromise
its efficacy.

2.3. STAT3 Activation Suppression

Glioblastoma is constitutively active for signal transducer and activator of transcrip-
tion 3 (STAT3), which aids in angiogenesis, tumor development, and immune evasion [27].
It has been demonstrated that curcumin efficiently inhibits STAT3 phosphorylation, which
lowers the production of downstream targets like VEGF, cyclin D1, and MMP-9 [28]. In
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addition to preventing GBM cell migration and proliferation, this inhibition hinders tumor
angiogenesis. Mechanistically, curcumin is shown to inhibit upstream modulators includ-
ing IL-6, JAK2, and EGFR which could indicate broad interference in the network [29]. In
preclinical studies, in U87MG cells and primary GBM cells, STAT3 signaling is reduced after
treatment with curcumin or nanocurcumin, often in combination with TMZ or radiation
with synergistic effects [30].

However, these studies are limited, and challenges remain to transfer the inhibition
of STAT3 into long-term therapeutic outcomes due to the intratumoral heterogeneity of
STAT3 expression and activation and also due to the possible activation of other pathways
as compensatory mechanism (for example, PI3K or NF-κB). In addition, while nanocarrier
systems are found to have better STAT3 inhibition in in vitro and xenograft models, the
information about their ability to cross the blood–brain barrier and to selectively target the
glioma stem-like cells is only hypothetical [31]. A critical analysis of the delivery systems
(liposomes vs. dendrimers) for STAT3 modulation would be beneficial to future studies
in combination immunotherapy or anti-angiogenic strategies for the therapy of resistant
subtypes of GBM.

2.4. p53-Mediated Apoptosis Activation

Curcumin has demonstrated the ability to repair and activate p53-mediated apoptotic
signaling in glioblastoma cells. Curcumin enhances the stability and nuclear accumula-
tion of wild type p53, resulting in the transcriptional activation of pro-apoptotic genes
including Bax, Puma, and Noxa [32]. This then facilitates mitochondrial outer membrane
permeabilization (MOMP), the release of cytochrome c, and the activation of caspase-9
and caspase-3, resulting in intrinsic apoptotic cell death [33]. In cells harboring mutant
p53, curcumin may induce p53-independent apoptosis via other mechanisms, including
the suppression of NF-κB and AKT signaling pathways [34]. Furthermore, curcumin can
inhibit the production of MDM2, a negative regulator of p53, thus augmenting p53 stability.
Through these pathways, curcumin reactivates the p53 pathway and induces apoptosis,
considerably enhancing its anticancer efficacy in glioblastoma [35].

Of note, most of the data supporting this mechanism is derived from in vitro GBM
studies and xenograft studies using p53-wild-type cell lines. In p53-mutant or p53-deficient
GBM cells, curcumin appears to induce apoptosis through p53-independent mechanisms,
including the inhibition of NF-κB and AKT signaling, mitochondrial stress, and accumu-
lation of ROS [36]. While this data highlights the versatility of curcumin across GBM
subtypes, the restoration of mutant p53 is largely speculative and requires further valida-
tion [37]. Additionally, the different p53 mutational landscapes and the development of
adaptive resistance may limit long-term efficacy. Nanocurcumin formulations have shown
improved intracellular delivery and sustained p53 activation in preclinical models [38],
yet the clinical validation of these pharmacologic effects is lacking. Future studies should
incorporate patient-derived GBM models and biomarker-based stratification to determine
which p53 contexts are more amenable to curcumin treatment.

2.5. Reactive Oxygen Species (ROS) Regulation

Curcumin exerts a bifunctional modulation of ROS, functioning as an antioxidant in
non-pathological cells while displaying pro-oxidant activities in malignant cells, including
glioblastoma. In GBM cells, curcumin can trigger an overproduction of reactive oxygen
species through mitochondrial dysfunction, endoplasmic reticulum stress, and NADPH
oxidase activation [39]. This overproduction causes DNA damage, lipid peroxidation, and
protein oxidation, which when exceeding cellular antioxidant capacity (e.g., glutathione,
catalase), may push the cellular redox balance towards oxidative stress-mediated cell death.
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Importantly, ROS act as an upstream regulator of autophagy, MAPK cascades, and p53
stabilization, suggesting that curcumin-induced oxidative stress not only directly promotes
apoptosis in GBM cells but may also potentiate other apoptotic pathways [40].

Evidence from preclinical studies, such as increased malondialdehyde (MDA) lev-
els and reduced superoxide dismutase (SOD) and glutathione peroxidase (GPx) activity
in GBM models after curcumin treatment [41], has been demonstrated. However, some
data implies a variability contingent on dosage and context, highlighting the need for
in vivo pharmacodynamic optimization. Furthermore, while ROS modulation is criti-
cal to curcumin’s mode of action, its relationship with autophagy and mitochondrial-
mediated apoptosis must be further elucidated through systems biology approaches [42].
The redox-sensitive transcription factors (e.g., Nrf2, HIF-1α) that curcumin could modulate
in the GBM microenvironment are poorly understood and should be prioritized in future
translational research.

2.6. Anti-Invasive and Anti-Angiogenic Qualities

By suppressing vascular endothelial growth factor (VEGF) and blocking matrix metal-
loproteinases (MMP-2 and MMP-9), which are necessary for the breakdown of extracellular
matrix and tumor invasion, curcumin inhibits angiogenesis [43]. The tumor’s blood supply
is restricted by these anti-angiogenic effects, which lowers the tumor’s ability for growth
and metastasis. In addition, curcumin suppresses synthesis and enzymatic activity of
matrix metalloproteinases MMP-2 and MMP-9, which have been involved in extracellular
matrix degradation and basement membrane penetration during tumor cell invasion [44].
This may be mediated by inhibition of NF-κB and AP-1, which are transcription factors
that regulate MMPs.

Preclinical studies using orthotopic GBM xenograft models and Matrigel plug assays
have shown that curcumin significantly reduces microvessel density and invasive prolifer-
ation [45]. Dose-dependency was found in many cases and effects were often enhanced
when curcumin was administered by nanoparticle delivery. There are limitations to the
translation of these findings to the clinical setting. While many in vitro and preclinical
studies demonstrate significant anti-angiogenic activity, curcumin’s short half-life and poor
biodistribution to the brain have prevented translation to the clinic. Moreover, the relative
contributions of curcumin-induced autophagy vs. direct MMP inhibition to block invasion
need to be determined in more mechanistically oriented studies using specific pathway
inhibitors and CRISPR models [46].

2.7. Glioblastoma Stem Cells (GSCs) Activation

One important factor contributing to tumor recurrence and treatment resistance is
glioblastoma stem cells (GSCs). According to recent research, curcumin can decrease impor-
tant stemness markers including CD133, Nestin, and Sox2 to target GSC populations [47].
Additionally, curcumin inhibits GSCs’ ability to self-renew and encourages differentiation,
which lowers the tumorigenic potential of these cells [48]. GSCs are thought to play a
critical role in tumor recurrence, chemoresistance, and radioresistance in GBM due to their
self-renewal and survival capabilities [49]. Targeting GSCs has become a promising strat-
egy to augment therapeutic efficacy. Curcumin’s ability to extensively regulate oncogenic
signaling pathways provides a rationale for its potential impact on GSC maintenance and
survival [50]. Curcumin potently inhibits the PI3K/AKT/mTOR signaling pathway, which
promotes GSC proliferation, survival, and metabolic plasticity [51]. By blocking this path-
way, curcumin can reduce GSC viability and induce autophagy-dependent or apoptotic
cell death [52]. Curcumin has also been shown to inhibit the activity of STAT3, a key
transcription factor involved in GSC stemness, immune evasion, and tumorigenicity [28].
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Additionally, curcumin exhibits significant inhibition of NF-κB signaling, which regulates
GSC survival and inflammatory cytokine production, thereby increasing therapeutic sen-
sitivity [6]. However, the poor solubility and bioavailability of natural curcumin limit its
efficacy against GSCs. Nanocurcumin formulations, including liposomes, dendrimers, and
polymeric nanoparticles, have been developed to enable better delivery across the blood–
brain barrier and enhance targeted accumulation in the glioma microenvironment [53].
These nanoformulations enhance intracellular uptake and sustained release of curcumin,
leading to a significant increase in its anti-GSC efficacy. Therefore, nanocurcumin emerges
as a promising therapeutic option to tackle GSC-mediated resistance in GBM.

2.8. Autophagy Modulation

Autophagy has two functions in GBM: it can either cause autophagic cell death or
increase cell survival under stress. By reorienting this equilibrium in favor of autophagy-
dependent cell death (ADCD) [54], curcumin achieves its therapeutic effects. Curcumin
functions by activating AMP-activated protein kinase (AMPK), which in turn suppresses
mTOR, a crucial autophagy negative regulator [55]. By activating the ULK1 complex,
this inhibition makes it easier for autophagy to begin. Additionally, curcumin inhibits
the PI3K/AKT/mTOR signaling axis, which lowers the survival and multiplication of
tumor cells [56]. Additionally, it encourages autophagosome buildup and lysosomal break-
down of misfolded proteins and damaged organelles, making GBM cells more vulnerable
to stress-induced death [30]. Curcumin also affects the expression of Beclin-1, LC3B,
and p62/SQSTM1, which are important indicators of autophagy flux and induction [57]
(Figure 2). Crucially, by increasing autophagic flow in glioma stem-like cells, which are
generally resistant to chemotherapy and radiation-curcumin can overcome therapeutic
resistance [6]. Curcumin is therefore a prospective therapeutic approach to improve treat-
ment efficacy and reduce drug resistance in glioblastoma due to its multi-targeted activity
on autophagy-related signaling pathways.

2.9. Epigenetic Regulation

Curcumin functions as an inhibitor of histone deacetylase (HDAC) and DNA methyl-
transferase (DNMT) [58]. It reactivates tumor suppressor genes and silences oncogenes
via modifying histone acetylation and DNA methylation patterns, which is especially
significant in epigenetically dysregulated malignancies such as GBM [59]. Curcumin also
could modulate epigenetic modifications, through regulation of chromatin remodeling
and DNA methylation. As GBM is a tumor in which epigenetic silence plays a major
role in its pathogenesis, this is relevant. Curcumin inhibits HDAC1 and HDAC3 in vitro,
which leads to hyperacetylation of histone H3 and H4 and activation of tumor suppres-
sor genes p21/WAF1/CIP1 and PTEN [60]. In parallel, curcumin represses DNMT1 and
DNMT3b, resulting in hypomethylation of CpG islands and re-expression of the RASSF1A
and MGMT genes that are hypermethylated in GBM [61]. In preclinical models of GBM
(U87 and U251 cells), epigenetic reprogramming by curcumin was associated with reduced
proliferation, increased temozolomide sensitivity, and restoration of apoptotic potential [62].
In an orthotopic model, intranasal treatment of curcumin nanoparticles increased histone
acetylation and reduced tumor burden. However, it has not been directly proven whether
epigenetic alterations are directly responsible for the above effects, or are merely secondary
to blockade of upstream signaling (for example, PI3K/AKT or NF-κB). It is further been
suggested that curcumin may also regulate non-coding RNAs (e.g., miR-21, miR-200c),
which add another layer of epigenetic complexity [63]; however, this is still not well under-
stood. Future studies should focus on ChIP-Seq and epigenome editing, to directly link
curcumin treatment to specific epigenetic changes in GBM.
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Figure 2. Effect of curcumin on autophagy-mediated cell death in glioblastoma. Curcumin
regulates essential signaling pathways associated with autophagy control to promote autophagy-
mediated apoptosis in GBM cells. It activates AMPK and inhibits the PI3K/AKT/mTOR signaling
pathway, hence facilitating the beginning of autophagy mediated by the ULK1 complex. Cur-
cumin augments the functionality of the Beclin-1/VPS34 complex and the LC3 conjugation system
(LC3A/LC3B) during the elongation and maturation phases of autophagosomes. Autophagosomes
subsequently combine with lysosomes, creating autolysosomes in which intracellular components
are destroyed by cathepsins B and D. The process yields metabolites and nutrients, facilitating au-
tophagic flow and cellular death. The figure was created and modified using the BioRender.com
online commercial platform.

2.10. Immunomodulation

Curcumin alters the tumor immune microenvironment by reducing PD-L1 expres-
sion and suppressing immunosuppressive cytokines, including TGF-β and IL-10 [64].
It rejuvenates T-cell function and may enhance the efficacy of immune checkpoint in-
hibitors in glioblastoma immunotherapy [65]. Curcumin has demonstrated pronounced
immunomodulatory activity in the GBM TME, which contributes to its potential to allevi-
ate the immunosuppressive milieu that supports tumor growth and treatment resistance.
Mechanistically, curcumin downregulates the expression of immunological checkpoint
molecules like PD-L1 by targeting upstream signaling pathways such as STAT3 and NF-
κB [66]. This leads to enhanced cytotoxic T lymphocyte (CTL) activity and restoration of
T-cell-mediated immune surveillance. Additionally, curcumin suppresses the secretion of
immunosuppressive cytokines like TGF-β and IL-10 by tumor-associated macrophages
(TAMs) and myeloid-derived suppressor cells (MDSCs), reversing immunosuppressive
polarization [67].

Preclinical studies in GL261 and U87 mouse models have reported that curcumin
treatment increases CD8+ T-cell infiltration, reduces regulatory T cells (Tregs), and down-
regulates M2 macrophage markers, suggesting its potential to enhance the efficacy of
immune checkpoint blockade therapies such as anti-PD-1/PD-L1 [66]. The translation
of curcumin into GBM immunotherapy regimens is currently preclinical, with limited
in vivo evidence on its effects on long-term survival or induction of immunological mem-
ory responses [68]. While nanocurcumin formulations are being explored to enhance brain
delivery, only a few studies have explicitly evaluated the immunomodulatory effects in
orthotopic GBM models. Further investigation is needed to validate curcumin’s immuno-
logical impact in patient-derived xenografts or immune-competent models, preferably in
combination with established or emerging immunotherapies.
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3. Curcumin Delivery Using Nanocarrier Systems for GBM Treatment
Curcumin’s limited permeability across the blood–brain barrier, fast metabolism, and

poor aqueous solubility are some of the biggest obstacles to turning it into a successful treat-
ment for glioblastoma [4]. The precise application of curcumin-encapsulated nanoparticles
can overcome the BBB and efficiently target glioblastoma within the tumor microenviron-
ment. Nanocarrier systems-comprising liposomes, polymers, solid lipid nanoparticles,
dendrimers, micelles, inorganic gold particles, and cyclodextrins-designed to optimize
curcumin delivery. The mechanism by which these nanoformulations enter systemic circu-
lation, traverse the blood–brain barrier by receptor-mediated transport, and accumulate
in the brain parenchyma. Upon traversing the blood–brain barrier, curcumin nanopar-
ticles localize at tumor locations, impede glioblastoma cell migration and invasion, and
demonstrate therapeutic efficacy, signifying a prospective strategy for targeted GBM treat-
ment (Figure 3). Curcumin’s bioavailability and systemic circulation time are improved
by nanocarriers, which also help with tumor-specific targeting and better distribution
across the blood–brain barrier [69]. For the delivery of curcumin in GBM, a variety of
nanocarrier systems have been created and refined; each has distinct physicochemical
characteristics and therapeutic potential [6]. These consist of solid lipid nanoparticles,
liposomes, dendrimers, micelles, polymeric nanoparticles, and inorganic nanoparticles.
Below is a thorough explanation of each.

3.1. Liposomes

Liposomes are spherical vesicles with an aqueous core surrounded by one or more
phospholipid bilayers. The lipophilic bilayer can be loaded with curcumin to increase its
solubility and stability [70]. Formulations of liposomal curcumin improve biocompatibility
and systemic administration [71]. Surface alterations using ligands like RGD peptides
or transferrin can enhance tumor targeting and promote receptor-mediated transcytosis
across the blood–brain barrier [72]. In preclinical models, studies have demonstrated that
liposomal curcumin dramatically lowers tumor volume and glioma cell viability. Curcumin
can be co-encapsulated with other drugs (siRNA, TMZ) in liposomes to target multiple
pathways and for synergistic effects, thus increasing the mechanistic relevance [73]. Sur-
face PEGylation can be used to prolong circulation half-life, and pH- or enzyme-sensitive
liposomes may be used to provide triggered release in the acidic tumor microenvironment
present in gliomas [74]. While preclinical data have shown encouraging results, most
studies have used subcutaneous or ectopic models, and few have assessed pharmacoki-
netic profiles or survival benefits in orthotopic GBM models. In future studies, it will be
important to distinguish between passive and active targeting, and to directly compare
liposomes to newer delivery strategies to accurately gauge translational potential.

3.2. Nanoparticles of Polymers

To create polymeric nanoparticles for curcumin delivery, biodegradable polymers
such chitosan, PEG-based compounds, and PLGA (poly(lactic-co-glycolic acid)) have been
used extensively [75]. These nanoparticles can be functionalized with targeted ligands or
antibodies, provide sustained drug release, and shield curcumin from enzymatic degra-
dation [76]. For instance, PLGA-curcumin nanoparticles have demonstrated improved
apoptotic activity through suppression of the PI3K/AKT pathway and increased absorption
by glioma cells [77].
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Figure 3. Curcumin delivery using nanocarrier systems for glioblastoma treatment. To over-
come curcumin’s limited bioavailability and restricted blood–brain barrier permeability, numerous
nanocarrier systems have been developed, including liposomes, polymers, solid lipid nanoparticles,
dendrimers, micelles, gold-based inorganic nanoparticles, and cyclodextrins. These nanoformula-
tions improve the solubility, stability, and circulation duration of curcumin. Upon systemic dosing,
curcumin nanoparticles traverse the bloodstream, penetrate the blood–brain barrier through tight
junction regulation or receptor-mediated transcytosis, and concentrate within the brain tumor mi-
croenvironment. This tailored administration promotes curcumin absorption by glioblastoma cells,
increases therapeutic effectiveness, and minimizes off-target damage, hence facilitating the prevention
of GBM cell invasion and proliferation. The figure was created and modified using the BioRender.com
online commercial platform.

Studies have shown these polymeric nanoparticles to enhance intracellular retention
and promote lysosomal escape, thus enhancing curcumin’s potential to modulate survival
signaling and induce mitochondrial dysfunction [78]. Promising results have been ob-
served in terms of tumor remission and prolonged survival in preclinical studies; however,
these outcomes are often based on heterotopic xenografts or in vitro models that do not
adequately replicate the complexity of the blood–brain barrier. There is a novel dual-loaded
polymeric system being developed to co-load curcumin with either chemotherapeutics or
siRNAs for a synergistic effect, however its readiness for clinical application requires vali-
dation in orthotopic GBM models [79]. Additionally, the kinetics of polymer degradation,
potential immunogenicity, and reproducibility during scale-up are currently underexplored
hurdles that need to be addressed before clinical translation.

3.3. A Solid Lipid Nanoparticle (SLN)

Solid lipids, which stay solid at body temperature, make up SLNs, which are submi-
cron colloidal transporters [80]. They provide curcumin with superior stability, biocom-
patibility, and defense against oxidative deterioration. SLNs have been demonstrated to
increase BBB permeability, and both in vitro and in vivo, curcumin-loaded SLNs dramati-
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cally reduce glioma cell proliferation and angiogenesis [81]. In GBM models, co-delivery
of curcumin with other therapeutic drugs, such as TMZ, using SLNs has demonstrated
encouraging synergistic benefits [82].

Mechanistic investigations reveal that SLN-loaded curcumin reduces pro-angiogenic
factors, including VEGF and HIF-1α, and abrogates expression of EMT markers and
MMP-9, thus, limiting tumor invasion and angiogenesis [83]. Some studies also report
increased cellular uptake via clathrin-mediated endocytosis and improved escape from
lysosomes, enabling successful intracellular delivery. However, these findings are mostly
preclinical in nature, and the pharmacokinetics of SLNs in vivo in humans have not been
established [84]. The toxicology of the surfactants and stabilizers used for solid lipid
nanoparticle preparation also needs further investigation. Furthermore, reproducibility
of SLN preparations, especially in cases of dual-drug loading or surface modification, is
a translational challenge. Despite the potential of SLNs for GBM treatment, additional
comparative studies and optimization for clinical-grade production are required to validate
their therapeutic potential.

3.4. Dendrimers

Dendrimers are tree-like, extremely branching polymers with numerous surface func-
tions and distinct topologies. Their distinct architecture enables accurate targeting and great
drug loading efficiency. It is possible to design curcumin-conjugated dendrimers, espe-
cially those based on PAMAM (polyamidoamine), to penetrate the blood–brain barrier and
deliver the medication precisely to tumor locations [85]. Additionally, dendrimers present
the possibility of imaging-guided therapy and dual-drug delivery [86]. Mechanistically,
dendrimer-curcumin conjugates have been shown to inhibit PI3K/AKT/mTOR and NF-κB
signaling, induce autophagy, and trigger cell death in glioma models [87]. Some have been
shown to induce mitochondrial dysfunction specifically in glioblastoma stem cells but not in
normal astrocytes. Dual-drug dendrimer complexes (curcumin + TMZ/doxorubicin) have
shown synergistic effects in preclinical GBM spheroid models [88]. However, many chal-
lenges remain. The cytotoxicity of some dendrimer generations, especially when lacking
surface PEGylation, raises safety concerns [89]. While imaging-guided dendrimer systems
have the potential to be theranostic, most remain at early stages with no long-term toxicity
or pharmacokinetic data in humans. As such, while dendrimers hold great promise for
translation, especially in the area of targeted multimodal therapy, their clinical translation
will depend on careful structural optimization and consistency of safety profiles.

3.5. Micelles

Self-assembling amphiphilic nanostructures with a hydrophilic shell and a hydropho-
bic core are called polymeric micelles. They can improve the solubility of hydropho-
bic medications, like curcumin, in aqueous settings by encapsulating them. Micelles
coated with curcumin have shown enhanced permeability and retention (EPR) effects that
lead to higher tumor formation and improved cytotoxicity against glioma cells [90]. For
glioblastoma-specific delivery, functionalized micelles that target EGFR or CD44 have been
used [91]. These micelles have been shown to improve endocytosis-mediated intracellu-
lar delivery, leading to increased intracellular curcumin levels in cancer cells and more
effective inhibition of oncogenic signaling pathways such as PI3K/AKT and NF-κB [92].
Functionalized micelles, particularly those targeting receptors like EGFR or CD44, allow
for the selective targeting of glioblastoma and glioma stem-like cells, reducing off-target
effects [91]. Preclinical data also suggests curcumin micelles may modulate autophagy
and promote apoptosis in 3D GBM spheroids, a potential mechanism that needs further
study [93]. Despite these promising developments, clinical translation is hampered by con-

https://doi.org/10.3390/nu18020194

https://doi.org/10.3390/nu18020194


Nutrients 2026, 18, 194 12 of 24

cerns over polymer biocompatibility, long-term circulation stability, and immunogenicity
of the targeting ligands. Many studies remain in vitro or small animal stages, necessitating
comprehensive comparative studies and scalable GMP-grade manufacturing for future
clinical translation.

3.6. Nanoparticles That Are Inorganic

Inorganic nanoparticles, including gold, silica, and iron oxide-based magnetic nanopar-
ticles, offer platforms for drug delivery, imaging, and theranostic capabilities in the treat-
ment of glioblastoma [94]. The tunable size, shape, surface chemistry, and intrinsic physical
properties of inorganic nanoparticles allow for enhanced conjugation of curcumin with
increased stability, preferential distribution, and controlled release. Curcumin-conjugated
gold nanoparticles (AuNPs) have shown enhanced cellular uptake and synergistic benefits,
including photothermal ablation and radiosensitization [95]. These theranostic platforms
can improve local control while reducing systemic toxicity. Magnetic nanoparticles, such as
superparamagnetic iron oxide (SPION), can be used for image-guided delivery by magnetic
resonance imaging (MRI) and can be further designed to undergo magnetically induced
hyperthermia, which can augment curcumin cytotoxicity via apoptosis mediated by heat
stress [96].

Mesoporous silica nanoparticles have an increased surface area and drug-loading
potential and can be co-functionalized with BBB-targeting ligands for enhanced brain
penetration [97]. These advancements have shown great potential for multimodal thera-
nostic platforms that combine both diagnosis and therapy, as well as the ability to monitor
these processes in real time. However, there are still challenges regarding long-term
biosafety, clearance, and immune response. Most of the available data are derived from
in vitro studies or small animal models and have not yet been validated in human settings.
Further studies are required to evaluate the biodistribution, toxicity, and comparative
efficacy of these delivery systems in more advanced preclinical GBM models to justify
clinical relevance.

3.7. Techniques for Penetration of the Blood–Brain Barrier (BBB)

Through passive diffusion, adsorptive-mediated transcytosis, or receptor-mediated
transcytosis, nanocarriers can be engineered to traverse the blood–brain barrier [98].
Nanoparticles can take over natural transport systems by functionalizing with ligands that
target receptors like the insulin receptor, transferrin receptor (TfR), or LRP1 [99]. To aid
BBB transit, surfactants such as polysorbate 80 and cell-penetrating peptides have also been
used [100]. In animal models, these methods have demonstrated exceptional effectiveness
in delivering curcumin to brain tumor locations. In addition, prolonging circulation time
and BBB penetration with surfactants (e.g., polysorbate 80) or PEGylation mimics natural
transport. Nanoparticles could be linked to cell-penetrating peptides (CPPs) such as TAT
or penetratin to facilitate cellular uptake through tight junctions [101]. In recent preclini-
cal studies, coating solid lipid nanoparticles with polysorbate-80 or angiopep-2-modified
PLGA nanoparticles resulted in significantly increased curcumin levels in glioma with
reduced off-target accumulation [102].

However, most of these strategies are still at the preclinical stage, and clinical transla-
tion faces challenges such as immune recognition, batch-to-batch consistency, and safety
of repeated administration. Future studies should assess the transport efficiency of dif-
ferent ligands and peptide strategies in orthotopic GBM models and explore long-term
biodistribution and neurotoxicity to inform clinical readiness.
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3.8. Curcumin Nanocarrier to Modulate Autophagy in GBM Treatment

Liposomes, polymeric nanoparticles, dendrimers, solid lipid nanoparticles, and na-
nomicelles are examples of nanocarriers that provide enhanced curcumin encapsulation,
defense against metabolic breakdown, and extended systemic circulation. Through pas-
sive targeting (increased permeability and retention effect) or active targeting (using lig-
ands against overexpressed GBM markers), these carriers help curcumin permeate the
blood–brain barrier and enable targeted delivery to tumor tissues [4]. When administered
intracellularly, nanocurcumin effectively inhibits the PI3K/AKT/mTOR pathway and ac-
tivates AMPK to control autophagy (Figure 4A) [103]. As a result, autophagic signaling
cascades are initiated, which increases the production of autophagosomes, LC3B lipida-
tion, and p62 degradation, all of which are indicators of autophagic flux [104]. Increased
autophagy encourages ADCD, especially in cells that resemble gliomas and are frequently
resistant to traditional treatment. Moreover, chemotherapeutic drugs like temozolomide
or autophagy inhibitors (Chloroquine) co-loaded into multifunctional nanocarriers with
curcumin can work in concert to improve therapeutic efficacy and overcome resistance
(Figure 4B) [105]. In the acidic tumor microenvironment, smart nanocarrier technologies
also provide regulated, stimuli-responsive medication release [106]. Thus, by enhancing
autophagy-mediated tumor cell death and enhancing therapeutic results in drug-resistant
glioblastoma, curcumin-loaded nanocarriers offer a viable strategy for GBM treatment.

Figure 4. Curcumin nanocarrier-mediated modulation of autophagy in glioblastoma therapy.
(A) Nanocarrier-based curcumin delivery enhances blood–brain barrier penetration and targets
glioblastoma cells. Upon cellular uptake, curcumin modulates the PI3K/AKT/mTOR and AMPK
signaling pathways, triggering autophagy-dependent cell death. (B) Co-delivery of curcumin with
TMZ using nanocarrier systems or in combination with autophagy modulators like chloroquine
helps overcome TMZ resistance. This combinatorial approach synergistically induces autophagic cell
death, suppressing GBM progression and enhancing therapeutic efficacy. The figure was created and
modified using the BioRender.com online commercial platform.
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4. Recent Preclinical Studies with Curcumin and Nanocurcumin
Therapeutic Synergy in Glioblastoma

Both curcumin and its nanoformulations have been shown in preclinical studies to
have strong anticancer effects against glioblastoma [107]. These studies demonstrate cur-
cumin’s ability to improve the effectiveness of common treatments including temozolomide
(TMZ), radiation, and immunotherapy in addition to its direct cytotoxic effects on glioma
cells [108]. One possible approach to overcome therapeutic resistance and enhancing treat-
ment results is the incorporation of nanocurcumin into combinatorial regimens. Preclinical
Evaluation of Curcumin and Nanocurcumin in Glioblastoma is presented in Table 1.

Table 1. Therapeutic and preclinical evaluation of nanocurcumin in GBM.

Therapeutic Strategy Preclinical Findings Role of Nanocurcumin Refs.

Curcumin Monotherapy in
GBM Models

Induces apoptosis, cell cycle arrest, and
inhibits proliferation in U87, U251,

T98G cell lines; suppresses NF-κB and
PI3K/AKT/mTOR pathways;

increases Bax, cleaved caspases;
reduces Bcl-2. In vivo, it reduces tumor

size and angiogenesis.

Enhances curcumin stability and BBB
penetration; improves
overall bioavailability.

[30]

Combination with
Temozolomide (TMZ)

Synergistically enhances TMZ effects
by inhibiting MGMT expression and
suppressing AKT/STAT3 pathways;

increases apoptosis and reduces tumor
growth in xenograft models.

Increases delivery efficiency; co-loaded
PLGA nanoparticles of curcumin and
TMZ show superior tumor inhibition

and survival benefits compared
to monotherapy.

[109]

Enhancing Radiotherapy

Radiosensitizes GBM cells by
increasing ROS levels, suppressing

DNA repair, and inhibiting
NF-κB/STAT3 activation; enhances

radiation-induced apoptosis.

Enables sustained delivery and localized
tumor accumulation; increases

radiotherapy response, decreases
recurrence, and improves survival in

mouse models.

[110]

Combination with
Immunotherapy

Suppresses Tregs, IL-10, TGF-β;
downregulates PD-L1; promotes CD8+

T-cell infiltration; enhances immune
checkpoint blockade efficacy.

Facilitates co-delivery with
anti-PD-1/PD-L1 antibodies; boosts

immune activation and reduces tumor
burden in GBM preclinical models.

[111]

Combination with Natural
Compounds

Synergizes with agents like piperine,
resveratrol, quercetin, EGCG; regulates

autophagy, oxidative stress, and
mitochondrial dysfunction; piperine

improves curcumin uptake.

Co-encapsulation improves curcumin
absorption and therapeutic efficacy

through enhanced stability and
targeted delivery.

[112]

Targeting Glioma Stem
Cells (GSCs)

Inhibits self-renewal, promotes
differentiation, and sensitizes GSCs to
TMZ and radiation; shows cytotoxicity

in resistant cell populations.

Dual drug nanocarriers with curcumin
improve uptake and cytotoxicity in

GSCs demonstrate enhanced anti-tumor
effects in resistant GBM subpopulations.

[6]

4.1. GBM Models with Curcumin Monotherapy

Several in vitro investigations have demonstrated that curcumin by itself causes apop-
tosis, cell cycle arrest, and suppression of cell proliferation in glioblastoma cell lines, includ-
ing U87, U251, and T98G [113]. Curcumin therapy suppresses oncogenic signaling path-
ways including NF-κB and PI3K/AKT/mTOR, increases the expression of pro-apoptotic
markers like Bax and cleaved caspases, and decreases the expression of anti-apoptotic
proteins like Bcl-2 [114]. Significant decreases in tumor volume and angiogenesis have been
shown in vivo studies employing orthotopic and subcutaneous xenograft models; however,
bioavailability limitations sometimes restrict the effectiveness of treatment.
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4.2. Synergy with Temozolomide

When used in conjunction with TMZ, the current gold standard for GBM chemother-
apy, curcumin has demonstrated encouraging synergistic effects. By inhibiting MGMT
(O6-methylguanine-DNA methyltransferase), a DNA repair enzyme that promotes resis-
tance to alkylating drugs, curcumin increases the cytotoxicity caused by TMZ [115]. In
GBM xenograft models, co-treatment with curcumin and TMZ has been demonstrated to
enhance apoptosis, decrease tumor cell viability, and postpone tumor development [116].
Additionally, curcumin contributes to TMZ sensitivity by inhibiting survival pathways like
AKT and STAT3 [28]. Nanocurcumin formulations enhance this interaction by increasing
curcumin’s bioavailability and delivery [117]. For example, when TMZ and curcumin-
loaded PLGA nanoparticles are administered together, mice show better tumor growth
inhibition and survival benefits than when each drug is used alone [118]. These results
highlight how nanocurcumin may improve conventional chemotherapy treatments.

4.3. Improving Radiotherapy

Due to DNA repair processes, hypoxic microenvironments, and glioma stem-like cells,
radiation resistance is a significant challenge in the treatment of glioblastoma. By boosting
apoptosis, inhibiting DNA repair pathways, and raising intracellular ROS, curcumin has
been shown to radiosensitize GBM cells [119]. Additionally, it prevents radiation from
activating survival pathways including STAT3 and NF-κB [120]. Formulations of nanocur-
cumin enhance these effects by enabling long-term administration to the tumor site [121].
Nanocurcumin pretreatment dramatically increased tumor response to fractionated radia-
tion, decreased recurrence rates, and extended longevity in mouse glioma models [122].
According to these results, curcumin may reduce the effective radiation dose needed for
tumor control and act as a natural radiosensitizer.

4.4. Combinations of Potential Immunotherapy

Recent research suggests that curcumins have immunomodulatory qualities that could
enhance immunotherapy strategies for glioblastoma. In the tumor microenvironment, it
has been demonstrated to inhibit regulatory T cells (Tregs), reduce immunosuppressive
cytokines (e.g., IL-10, TGF-β), and downregulate PD-L1 expression [123]. These steps may
improve the effectiveness of immune checkpoint inhibition and restore T-cell function.
Combining nanocurcumin with anti-PD-1/PD-L1 antibodies in GBM models has demon-
strated increased infiltration of CD8+ cytotoxic T cells and decreased tumor burden [124],
albeit this research is still in its early stages. These encouraging findings suggest that
nanocurcumin may be used as an adjuvant in immunotherapy treatments in the future.

4.5. Combinations with Phytochemicals and Natural Compounds

To increase its therapeutic potential, curcumin has also been tested in conjunction
with other natural compounds such piperine, resveratrol, quercetin, and epigallocatechin
gallate (EGCG) [125]. There have been reports of synergistic interactions, especially in the
control of autophagy, oxidative stress, and mitochondrial dysfunction [126]. Specifically,
piperine increases curcumin’s anticancer efficacy and absorption [127]. When incorporated
into nanoparticle delivery methods, these combinations become much more potent.

4.6. Targeting Glioma Stem Cells

Glioma stem-like cells’ (GSCs’) tenacity is a major factor in tumor recurrence and
therapy failure. It has been shown that curcumin can inhibit GSC self-renewal, promote
differentiation, and make these cells more sensitive to radiation and TMZ [30]. By increasing
GSC absorption and cytotoxicity, nanocurcumin offers a distinct edge when it comes to
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treating populations that are resistant to treatment [121]. In preclinical experiments, dual-
delivery nanoparticle systems that co-encapsulate curcumin, and chemotherapeutic drugs
have demonstrated strong anti-GSC effects [128].

5. Challenges, Limitations, and Future Directions
Despite the strong preclinical evidence that curcumin and nanocurcumin are effective

treatments for glioblastoma, there are still several major obstacles in the way of their suc-
cessful clinical translation. To promote patient safety, regulatory approval, and therapeutic
efficacy in clinical settings, these restrictions need to be seriously addressed.

5.1. Limitations in Pharmacokinetics and Bioavailability

Historically, curcumin’s clinical development has been hindered by its low oral
bioavailability, fast systemic metabolism, and poor water solubility [129]. Even though
nanocarrier systems have significantly improved curcumin’s pharmacokinetic profile,
several challenges remain. Differences in drug loading efficiency, release kinetics, and
biodistribution across various platforms continue to raise concern [130]. Furthermore,
reproducibility and scalability may be hampered by the lack of consistency in formulation
techniques and the inadequate long-term stability of certain nanoformulations.

5.2. Penetration of the Blood–Brain Barrier (BBB)

In pre-clinical models, nanocarriers have demonstrated enhanced BBB permeability;
nonetheless, overcoming the human BBB is still a significant challenge [131]. Transla-
tional results are complicated by the physiological differences between human and animal
models [132]. Furthermore, it may be difficult for nanoparticles to be functionalized with
targeting ligands to accumulate sufficiently and selectively in glioma tissues without caus-
ing off-target effects.

5.3. Difficulties with Manufacturing and Regulation

Producing clinical grade nanocurcumin necessitates rigorous compliance with Good
Manufacturing Practice (GMP) standards. This entails meticulous management of essential
concerns, including endotoxin contamination, nanoparticle aggregation, and batch-to-batch
variability. The regulatory environment is unclear due to the absence of defined rules for
phytochemical-loaded nanocarriers, complicating the licensing procedure. Natural product
nanoformulations frequently lack strong pharmacological, toxic, and pharmacokinetic
evidence that regulatory agencies like the FDA require [133].

5.4. Considerations for Safety and Toxicity

Although curcumin is generally recognized as safe (GRAS) by the FDA and has ex-
hibited minimal toxicity in animal studies, the long-term safety profile of nanocurcumin
formulations remains insufficiently understood and warrants further investigation. In
organs like the liver, spleen, or kidneys, nanoparticles can build up and cause oxidative
damage or unanticipated immunological reactions [134]. Prior to human use, thorough tox-
icological investigations and in-depth assessments of organ distribution, biodegradability,
and clearance are required.

5.5. Insufficient Clinical Experiments

A substantial disparity persists between the encouraging outcomes of nanocurcumin
in preclinical glioblastoma models and its corroboration in clinical environments. Although
numerous early-phase trials have examined curcumin in various cancers, its effectiveness
against primary brain tumors has been minimally assessed in clinical investigations [135].
The clinical advantage of nanocurcumin in GBM patients has not yet been shown in any
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randomized controlled trials (RCTs) [135]. This disparity emphasizes the necessity of
carefully planned multicenter studies with clear objectives, suitable dosage schedules, and
patient classification based on biomarkers.

5.6. Microenvironmental Resistance and Tumor Heterogeneity

Glioblastoma is a very heterogeneous neoplasm distinguished by several molecular
subtypes and intricate microenvironmental interactions. In reaction to therapeutic pressure,
tumor cells swiftly adjust by reconfiguring signaling networks and enlisting immune
and stromal elements. In this situation, curcumin’s pleiotropic activity is beneficial, but
resistance mechanisms may still manifest. Strategies for combination therapy need to
be logically developed using molecular profiling and real-time evaluation of treatment
outcomes [136].

5.7. Prospects for the Future Direction

Future studies should focus on designing multifunctional nanoparticles capable of
co-delivering curcumin alongside immunotherapeutics, gene-editing tools (such as siRNA
or CRISPR), or chemotherapeutic agents. This combinatorial approach may significantly
enhance the therapeutic efficacy and precision of glioblastoma treatment [137]. However,
creating targeted delivery systems that use external stimuli (such as pH, temperature, or
magnetic fields) to regulate drug release, tumor-specific ligands, and receptor-mediated
transcytosis. Carrying out thorough research in immunocompetent animals and patient-
derived xenografts (PDX) to more closely resemble immunological response and clinical
behavior [138]. To assess the safety, ideal dosage, pharmacokinetics, and initial effectiveness
of nanocurcumin formulations, early-phase clinical trials are being started, particularly
in patients with glioblastoma [139]. Moreover, using omics and bioinformatics technol-
ogy to find predictive biomarkers for resistance and response and to tailor therapeutic
strategies [140].

6. Critical Perspectives on Curcumin-Loaded Nanocarriers for
GBM Therapy

To improve the scientific merit of the Nanocarriers for the delivery of curcumin for
glioblastoma, a more balanced approach is needed in the different sections. Focusing on
formulation details does not sufficiently compare their therapeutic relevance or mechanistic
benefits. Different studies vary substantially regarding which delivery platform is superior.
For instance, while polymeric nanoparticles have prolonged release and are well-studied,
there are concerns about reproducibility and immunogenicity. On the other hand, lipo-
somes have better biocompatibility but often suffer from limited drug loading and rapid
clearance. Dendrimers, despite their extensive functionalization, are associated with toxic-
ity in higher generations. These nuances are not sufficiently explored. In addition, there are
limited comparative efficacy data, with few head-to-head preclinical studies demonstrating
the differences in tumor penetration, blood–brain barrier crossing, and survival benefits.
The identification of such gaps could guide the focus of future research more incisively.
Furthermore, while many formulations show promise in vitro or in preclinical models,
very few have progressed to early-stage clinical trials. A greater emphasis on translational
readiness, including aspects such as scalability, regulatory challenges, and pharmacoki-
netics, would better inform the readers of which nanocarrier approaches hold the most
therapeutic promise for glioblastoma.
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7. Conclusions
A promising treatment approach for glioblastoma is curcumin and its nanoformu-

lations, which overcome the shortcomings of existing therapies while providing multi-
targeted anticancer effects. Curcumin promotes apoptosis, inhibits angiogenesis, and makes
tumor cells more sensitive to temozolomide and radiation while also modulating important
molecular pathways implicated in the pathophysiology of GBM, such as PI3K/AKT/mTOR,
NF-κB, and STAT3 [141]. Its therapeutic use has been hindered, nevertheless, by its poor
solubility, low bioavailability, and limited blood–brain barrier penetration. Liposomes,
polymeric nanoparticles, and dendrimers are examples of nanocarrier-based delivery sys-
tems that improve curcumin’s stability, BBB permeability, and tumor-specific targeting [142].
Preclinical evidence for the activity of nanocurcumin as a single agent and its combination
with TMZ and immune checkpoint inhibitors is compelling. Despite recent advances, there
is an urgent need for increased translational work, standardization of formulation protocols
and thoughtful clinical trial design. If well-designed, nanocurcumin has the potential to
be a meaningful adjunct to current treatment regimens for glioblastoma, with the goal of
improving outcomes and quality of life for these patients.
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