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Abstract: The increase in the variety of nano-based tools offers new possibilities to approach the
therapy of poorly treatable tumors, which includes glioblastoma multiforme (GBM; a primary brain
tumor). The available nanocomplexes exhibit great potential as vehicles for the targeted delivery
of anti-GBM compounds, including chemotherapeutics, nucleic acids, and inhibitors. The main
advantages of nanoparticles (NPs) include improved drug stability, increased penetration of the
blood–brain barrier, and better precision of tumor targeting. Importantly, alongside their drug-
delivery ability, NPs may also present theranostic properties, including applications for targeted
imaging or photothermal therapy of malignant brain cells. The available NPs can be classified into
two categories according to their core, which can be metal or non-metal based. Among non-metal
NPs, the most studied in regard to GBM treatment are exosomes, liposomes, cubosomes, polymeric
NPs, micelles, dendrimers, nanogels, carbon nanotubes, and silica- and selenium-based NPs. They are
characterized by satisfactory stability and biocompatibility, limited toxicity, and high accumulation in
the targeted tumor tissue. Moreover, they can be easily functionalized for the improved delivery of
their cargo to GBM cells. Therefore, the non-metal NPs discussed here, offer a promising approach to
improving the treatment outcomes of aggressive GBM tumors.

Keywords: non-metal nanoparticles; glioblastoma; novel therapeutic strategies

1. Introduction

Currently, there is an observed intensification of attempts aimed at developing new
advanced molecular systems to increase efficiency and precision in the delivery of therapeu-
tics to cancer cells. These strategies are especially needed in the treatment of poor-prognosis
cancers, including glioblastoma multiforme (GBM) [1]. Glioblastoma multiforme is a grade
IV tumor that is recognized as one of the deadliest cancers, with a 5-year survival rate
of ~5.5% [1]. GBM is more common in males, who also have a worse prognosis and a
survival disadvantage, in comparison to female patients [2,3]. The average age at diagnosis
is 64 ± 12.4 years [4].

A significant obstacle in GBM treatment is the blood–brain barrier (BBB), which acts
as a highly selective and efficient physiological guarding system preventing plasma com-
ponents, including blood cells, pathogens, and toxins, but unfortunately also therapeutic
agents, from entering the brain. The regulation of transport across the BBB involves various
junction molecules, endothelial and pericyte transporters, as well as perivascular trans-
port [5] (Figure 1). Therefore, the overall unique mechanisms of action of the components
of the BBB guarantee its protective role and, at the same time, limit drug passage into the
central nervous system (CNS).
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Figure 1. Schematic representation of transport pathways of nanoparticles across the blood–brain 
barrier (modified from [6]). 
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(NPs). The nanocarriers currently being studied are generally divided into metal- (already 
described by Gawel et al., 2021 [7]) and non-metal-based groups (discussed here). NPs 
offer various unique features, including high cargo capacity and the ability to target se-
lected cells, when decorated with appropriate ligands [7–9], thermodynamic stability, low 
toxicity, and sustained drug release. Importantly, a large fraction of NPs are capable of 
binding both hydrophilic and hydrophobic compounds [9–11]. Also, NPs offer increased 
solubility and stability in terms of a wide range of agents, including drugs or peptides 
enclosed within the nanophases, which is achievable due to the maintenance of a stable 
pH. This is particularly important for drugs, such as temozolomide (TMZ), which is an 
alkaline prodrug belonging to the class of imidazotetrazinones that is recommended as a 
first-line drug in the treatment of high-grade GBM. 

Here, we provide a summary of selected recent advancements in the treatment of 
GBM tumors, using non-metal-based nanoparticles (N-M NPs). The majority of data ad-
dressed in the present narrative review were published in the years 2018–2024 and were 
acquired using web-based biomedical literature search engines. The main N-M NPs dis-
cussed here are: (i) exosomes; (ii) liposomes; (iii) cubosomes; (iv) polymeric NPs; (v) mi-
celles; (vi) dendrimers; (vii) nanogels; (viii) carbon nanotubes; and (ix) silica and selenium-
based NPs (Figure 2).  
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Figure 1. Schematic representation of transport pathways of nanoparticles across the blood–brain
barrier (modified from [6]).

Due to the low survival rate of patients with GBM and the lack of effective treatment
methods, novel strategies are being sought. One of the promising anticancer strategies
that allows both drug delivery and better diagnostics involves the use of nanoparticles
(NPs). The nanocarriers currently being studied are generally divided into metal- (already
described by Gawel et al., 2021 [7]) and non-metal-based groups (discussed here). NPs offer
various unique features, including high cargo capacity and the ability to target selected
cells, when decorated with appropriate ligands [7–9], thermodynamic stability, low toxicity,
and sustained drug release. Importantly, a large fraction of NPs are capable of binding both
hydrophilic and hydrophobic compounds [9–11]. Also, NPs offer increased solubility and
stability in terms of a wide range of agents, including drugs or peptides enclosed within the
nanophases, which is achievable due to the maintenance of a stable pH. This is particularly
important for drugs, such as temozolomide (TMZ), which is an alkaline prodrug belonging
to the class of imidazotetrazinones that is recommended as a first-line drug in the treatment
of high-grade GBM.

Here, we provide a summary of selected recent advancements in the treatment of GBM
tumors, using non-metal-based nanoparticles (N-M NPs). The majority of data addressed
in the present narrative review were published in the years 2018–2024 and were acquired
using web-based biomedical literature search engines. The main N-M NPs discussed here
are: (i) exosomes; (ii) liposomes; (iii) cubosomes; (iv) polymeric NPs; (v) micelles; (vi)
dendrimers; (vii) nanogels; (viii) carbon nanotubes; and (ix) silica and selenium-based NPs
(Figure 2).
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Figure 2. Graphical summary of the discussed non-metal-based nanoparticles (NPs) considered for
the treatment of glioblastoma. In parentheses, the average size of the NPs is indicated. Si—silica;
Se—selenium.
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2. Exosomes

Exosomes have lately been designated as a promising tool in the therapy of various
cancers, including GBMs. These 40–160 nm spherical vesicles that contain a lipid bilayer
membrane were first reported nearly 40 years ago and are one of three types of cell-derived
extracellular vesicles, next to microvesicles and apoptotic bodies [12,13].

Exosomes can be released naturally by almost all kinds of eukaryotic cells, including
macrophages, erythrocytes, platelets, lymphocytes, fibroblasts, and dendritic cells, as well
as tumor and mesenchymal stem cells (MSCs), or they can be developed artificially [13,14].
MSC-derived exosomes are the most widely researched exosomes, as they present low
immunogenicity due to the lack of molecules, such as co-stimulatory CD86 or CD80
proteins, or class I and II human major histocompatibility complex (MHC) proteins [13].

Exosomes are predominantly produced via endosomal-like formation. This process
involves cell membrane invagination and multivesicular body formation, followed by
fusion with the cell membrane and release from the cell [15]. The primary function of
exosomes is to aid intercellular communication by exchanging molecularly “encoded”
information between cells [16]. In tumor-derived exosomes, this kind of communication
may promote tumor microenvironment (TME) regulation, angiogenesis, invasion, and
metastasis [17].

Due to their natural occurrence in the human body, exosomes exhibit low biotoxicity
and immunogenicity, which makes them particularly interesting candidates for drug
delivery [16,18,19]. Most importantly for their potential use as nanovehicles, they can carry
multiple molecules, including proteins, lipids, nucleic acids (RNAs; DNAs) inside their
aqueous core or within the lipid membrane bilayer [20,21]. Crucially for GBM treatment,
exosomes can bypass the BBB and, thus, effectively deliver drugs to tumor cells [18,22].
Interestingly, exosomes use several pathways for traversing the BBB, with transcytosis
suggested as the predominant mechanism [23].

Overall, recent studies focus on two major aspects of exosome use in GBM treatment:
(i) exosomes as potential nanovehicles for drug or nucleic acid delivery; and (ii) combinatory
usage of exosomes, drugs, and/or RNAs as a treatment strategy.

2.1. Exosomes as Drug or Nucleic Acid Delivery Systems

The therapeutic potential of drug-loaded exosomes has been investigated for some of
the most frequently used anticancer drugs, including doxorubicin (DOX) [24,25]. The main
limitation of using DOX in GBM therapy is its limited ability to traverse the BBB [23]. To
enhance its delivery through the BBB into the GBM tumor site, the use of exosomes loaded
with DOX (named ENPDOX) has been proposed. Namely, in a study by Zhang et al. (2021),
it was shown that the systemic administration of mouse brain endothelial cell-derived
ENPDOX to GBM-bearing mice mitigated the proliferation of GBM cells in vivo, increased
their apoptosis, and prolonged the overall survival of the tested mice [24].

Another interesting approach in regard to the exosome-based delivery of drugs to
cancer cells, involved the use of paclitaxel (PTX)-loaded carriers. PTX has been widely
used in cancer treatment, including in the treatment of brain tumors; however, its ability
to cross the BBB and, therefore, target GBM cells, remains limited. A study performed by
Salarpour et al. (2019) showed that PTX-loaded exosomes, derived from the U-87 GBM cell
line, produced a significantly stronger cytotoxic effect in comparison to a free PTX solution.
The observed survival of the treated cells was reduced to 60% [26]. An antitumor effect
of PTX-loaded exosomes was also confirmed by Duhamel et al. (2018), but in this case,
PTX was used as an enhancer of the secretion of antitumoral factors by macrophages. PTX-
activated macrophages produced exosomes capable of suppressing the growth of glioma
cells, especially when the treatment was additionally combined with the invalidation of the
proprotein convertase 1/3 [27].

Other examples of successful loading of exosomes with anticancer drugs include
the use of atorvastatin (a commonly used lipophilic statin with pro-apoptotic activity)
or selumetinib (a novel anticancer drug) [28,29]. Both of these approaches resulted in
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an antitumor effect and confirmed the exosomes’ potential as drug-delivery tools for the
treatment of GBM.

Since exosomes have been proven to be successful carriers of nucleic acids, researchers
have been exploring the therapeutic potential of RNA-loaded exosomes, particularly
microRNA-loaded exosomes, to regulate tumor biology by altering the expression of
cancer-related genes [30]. MicroRNAs (miRNAs; miRs) are small RNA molecules responsi-
ble for governing numerous key molecular pathways [31]. They have been found to act
as either oncogenes or tumor suppressors. Zhang et al. (2021) reported that miR-29a-3p,
which is highly expressed in normal brain tissue, in contrast to GBM cells, inhibits the
formation of vasculogenic mimicry and the migration of glioma cells. Therefore, miR-
29a-3p-overexpressing exosomes can potentially support anti-vascular endothelial growth
factor (VEGF) therapy and limit the blood supply, consequently restricting the growth
of the tumor [32]. Another promising miR molecule for application in the therapy of
GBM is miR-584-5p. Glioma cells treated with MSC-derived exosomes transfected using
miR-584-5p were found to have a restricted invasive and proliferative potential, along-
side an increased apoptotic ability. Additionally, exposure to these exosomes reduced the
expression of matrix metalloproteinase-2 (MMP-2), which promotes carcinogenesis, and,
therefore, miR-584-5p was suggested to suppress the metastasis of glioma cells [33]. Simi-
larly, MSC-derived exosomes containing miR-133b, which was downregulated in glioma
cells, inhibited the proliferation, invasion, and migration of glioma cells [34].

Following the possibility of using miRs as therapeutic/diagnostic targets in treatment
strategies for gliomas, exosomal long non-coding RNAs (lncRNAs), or small interfering
RNAs (siRNAs), have also been considered. Promising prospects for future therapy include
the glioma-promoting ROR1-AS1, or chemotherapy resistance-promoting SBF2-AS1 lncR-
NAs, alongside siRNA targeting the FGFR3-TACC3 fusion gene, important for promoting
gliomagenesis [35–37]. Another example of a key regulator of GBM progression, which is
effectively targeted using exosome-encapsulated siRNAs, is the Myc oncogene (a crucial
signaling pathway regulator). Research carried out by Haltom et al. (2022) showed that
using Myc-targeting siRNA, carried inside human bone marrow-derived MSC exosomes,
inhibited GBM cell proliferation and effectively suppressed tumor growth [38].

2.2. Combinatory Use of Exosomes, Drugs, and Other Therapeutic Agents

Since exosomes exhibit the ability to carry both small molecules and macromolecules,
numerous research efforts have focused on loading these NP-based vesicles with multiple
treatment agents to enhance their delivery into tumor cells [39]. For example, it has
been shown that the usage of blood exosomes for the combined delivery of cytoplasmic
phospholipase A2 siRNA and metformin successfully reduced tumor growth by affecting
GBM energy metabolism [40]. Another combinatory strategy that has been proposed for
GBM treatment involves using a cocktail of synergistically acting therapeutic agents that
together promote apoptosis [41]. A study by Rahmani et al. (2023) employed MSC-derived
exosomes loaded with two apoptosis-inducing agents (cytosine deaminase and miR-34a).
These exosomes presented anti-epidermal growth factor receptor (EGFRvIII) antibodies
on their surface, which enabled them to precisely target EGFRvIII-positive GBM cells and
enhanced their apoptotic rate [41].

To improve the therapeutic outcomes of drug-loaded exosomes, several other studies
have also explored the idea of functionalizing exosomes by conjugating them with func-
tional protein ligands, antibodies, or peptides [41–44]. One such example showed that
exosomes derived from a mouse macrophage cell line loaded with curcumin (a polyphenol
exhibiting pro-apoptotic and pro-proliferative properties) and superparamagnetic iron
oxide nanoparticles (SPIONs), and subsequently conjugated with the neuropilin-1 (NRP1)-
targeting peptide, are effective theranostic agents in terms of gliomas [45]. Interestingly,
curcumin and SPIONs were proven to individually reduce the rate of tumor growth; how-
ever, their co-delivery was found to be more effective. Moreover, it was reported that
modified exosomes were not only able to effectively cross the BBB, but also successfully
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suppress the growth of tumors in vivo, thus extending the survival of U251 GBM-bearing
mice [45].

2.3. Advantages and Limitations of Exosome Usage as Drug-Delivery Vehicles

Exosomes can be considered as highly promising nanocarriers of therapeutic agents
in the treatment of GBM, predominantly due to their natural ability to cross biological
barriers, most importantly the BBB [18]. The main advantages of exosomes as nanovehicles,
in comparison to their synthetic counterparts, are low immunogenicity and toxicity, as
well as high biocompatibility. Moreover, their enrichable structure enables higher tumor
specificity, thus enhancing the delivery of drugs into cancer cells [13].

Nevertheless, naturally-derived exosome-based drug-delivery systems have some
limitations. The main disadvantages of cell-derived exosomal nanovehicle technologies are
the low yield of nanoparticles, as well as the cost and non-standardized isolation methods.
Altogether, this affects the scalability of the technology and could be the reason behind the
limited clinical application of exosomes [46,47]. Hence, more research efforts have been
focusing on using artificially developed exosomes. However, this type of nanocarrier could
encounter other challenges, such as higher toxicity and rapid clearance [13]. Some of the
other drawbacks of natural exosomes in GBM treatment are the targeting efficiency and
early drug release in circulation. Fortunately, such limitations can be overcome by the
functional modification of exosomes, for example with redox-response oligopeptides [48].

Overall, exosomes hold great applicative potential as cell-derived N-M-based NPs
for GBM treatment. With further scalability improvements and more exosome-focused
research, these nanovehicles could serve as an effective drug-delivery nanoplatform.

3. Liposomes

Liposomes are non-toxic, artificial vesicles, with a spherical structure, characterized
by high stability and biodegradability. Therefore, they have been widely considered
as promising candidates for the delivery of chemotherapeutics to GBMs. Their main
advantage related to treatment results from the overall enhanced anticancer effectiveness
of the transported drugs [49]. The transport of liposomes across the BBB is possible
through: (i) adsorptive-mediated transcytosis; (ii) receptor-mediated transcytosis; and
(iii) carrier-mediated transcytosis [50]. Liposomes are often adapted by the encapsulation
of hydrophilic molecules or the functionalization of their outer surface using, for e.g.,
peptides, ligands, tri-branched glucose, apolipoprotein E (ApoE), or polyethylene glycol
(PEG) [51,52]. Their functionalization enables them to overcome the BBB and increase the
cargo uptake by GBM cells [53]. Similar to other NPs, they may be delivered to GBM using
the intranasal route, which enables the circumvention of the BBB [54,55].

3.1. Liposomes as Chemotherapeutic Carriers and Their Modification

Drug-loaded liposomes are presently one of the most extensively studied nano-based
treatment strategies for GBM. Liposomes encapsulating PTX, DOX, and TMZ have been
shown to effectively access malignant cells, ensuring enhanced antitumor efficacy, which
resulted in improved survival in the murine model [56–58]. To increase the effectiveness of
treatment strategies, the co-loading of drugs with other compounds into liposomes is being
explored. The general expectation in regard to such carriers is that they will induce syner-
gistic tumor suppression. An example of such a multicomponent tool are liposomes loaded
with cisplatin (CSP) or TMZ, as well as fisetin (a flavonoid with antioxidant properties) and
a pro-apoptotic peptide targeting mitochondria [59,60].

Also, modifications of liposomes have been shown to increase the accessibility and
cytotoxic properties of the drugs enclosed within the carrier. The coating of liposomes
using the cell-penetrating peptide R8 has been shown to greatly improve their ability to
deliver DOX to U-87 cells [61], while the PEGylation of liposomes carrying TMZ elongated
their plasma circulation time and the brain bioavailability of the drug [62]. Gharferi et al.
(2022) reported that PEGylated liposomes dual loaded with DOX and carboplatin not only
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presented preserved stability, but also limited the side effects of the drugs (e.g., reduced
liver cell necrosis), in the in vivo rat model. Importantly, the survival of the rats treated with
the modified liposomal carrier was elongated by 21 days, in comparison to the non-treated
group, and 9 days when compared to the group treated with free drugs [63].

3.2. Liposomes as Carriers of Nucleic Acids and Inhibitors

Liposomes loaded with nucleic acids, including both miRs and siRNAs, have received
special attention in recent years [64,65]. Certain miRs, such as miR-92b, have been indicated
as promising anti-GBM therapeutic targets, as their high expression is observed in malig-
nant brain cancer. Grafals-Ruiz et al. (2020) reported that functionalized gold–liposome
NPs, serving as platforms for the delivery of RNA oligonucleotides, may inhibit the expres-
sion of miR-92b, which targets the tumor suppressor gene FBXW7 [66]. In the following
studies, they tested the systemic administration of the liposomal miR-92b inhibitor in
GBM xenograft mice and showed a reduction in the tumor volume and weight [67]. MiRs
encapsulated in liposomes, including miR-603, have been reported to be promising ra-
diosensitizers of GBM cells [64]. Moreover, the application of RNA as a therapeutic factor of
multicomponent carriers was tested. An example of such a tool is a nanocomplex built from
dual-modified cationic liposomes, a lipoprotein receptor-related protein, and anticancer
agents (survivin siRNA and PTX), which was capable of actively targeting, imaging, and
treating CD133+ glioma stem cells (GSCs), after passing through the BBB [68].

At present, there is an observed strong interest by the pharmaceutical industry in the
development of kinase inhibitors as a novel class of anticancer compounds. Therefore,
liposomes encapsulating inhibitors open up new therapeutic possibilities. There have
been studies on the targeted delivery of mTORC1/mTORC2 inhibitor-loaded liposomes
to glioma cells or elongated survival after a treatment consisting of photodynamic ther-
apy (PDT) and liposomes encapsulating lapatinib (an EGFR inhibitor) in glioma-bearing
rats [69,70].

3.3. Methods for the Improved Delivery of Liposomes across the Blood–Brain Barrier

Due to the difficulties in the efficient delivery of liposomes to the target tumor cells,
local and reversible opening of the BBB for the delivery of drug-carrying liposomes is being
achieved through various strategies [71–73]. Magnetic resonance imaging (MRI)-guided
low-intensity focused ultrasound, with the intravenous administration of microbubbles,
together with chemotherapy (DOX or TMZ), has been confirmed to be a safe and effective
method for disrupting the BBB [74]. The effectiveness of this strategy in opening the
BBB for the delivery of the liposome-loaded O6-Methylguanine-DNA methyltransferase
(MGMT) inactivator, in combination with TMZ treatment, has been established to decrease
the growth of GBM and increase the survival of mice bearing TMZ-resistant tumors [75].

Also, the efficacy in crossing the BBB by thermosensitive liposomal systems was
established in vitro. The P1NS (GBM-specific cell-penetrating peptide) and TN-C (anti-
GBM antibody)-conjugated liposomal construct, carrying DOX and SPIONs, was found
to effectively cross the BBB and precisely target malignant U-87 cells [76]. Apart from
DOX, magnetic temperature-sensitive liposomes may carry TMZ and result in an increase
in GBM cell death [77]. Temperature-sensitive liposomes have been combined with PTX
and fluorophore (NIR-II) and photothermal dyes to create a nanomedicine that allows
for simultaneous GBM ablation and drug release [78]. Thermosensitive liposomes have
also been evaluated as delivery vehicles for boron derivatives in boron neutron capture
therapy and it was determined that they enhance targeting of the tumor [79,80]. Liposomal
sodium borocaptate presented superior long-term results in comparison to other boronated
compounds, as it effectively restricted tumor growth in U-87 GBM-bearing SCID mice
(deficient in T and B lymphocytes) [81].

Due to the success in the penetration of Angiopep (Ang)-2-conjugated liposome-
silica hybrid NPs with attached polyacrylic acid across the BBB, liposomes encapsulating
arsenic trioxide and modified with Ang-2 have also been found to be successfully delivered
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to the glioma tissue, resulting in an antitumor effect [82]. Similarly, Ang-2- and anti-
CD133 monoclonal antibody-modified immunoliposomes loaded with TMZ were found to
promote apoptosis and migration of GSCs isolated from the U-87 GBM cell line, while a
study performed on mice carrying intracranial tumors revealed a reduction in the size of
the tumor and prolonged survival after treatment with immunoliposomes [83]. An even
more successful modification of liposomes for enhanced transcytosis and GBM targeting
can be achieved using the ApoE-derived peptide. Such liposomal systems have been used
to deliver TMZ and DOX to GBM cells, which resulted in an over 2-fold increase in the
survival of orthotopic U-87 tumor-bearing mice treated with the ApoE–DOX liposomes,
relative to the control group (treated only with PBS) [84–86].

To improve passage through the brain–blood-endothelial barrier, without disrupting
its integrity, the functionalization of liposomes using single-domain antibodies, such as RG3,
is promising. When administered to LN229 GBM cells, such a nanocomplex containing
panobinostat (a histone deacetylase inhibitor) presented an antiproliferative effect [87].

3.4. Novel Approaches to Liposomes

Nanoliposomes are stable nanoscale bilayer lipid vesicles that have a large surface area
and are favorable for the transport of both hydrophilic and hydrophobic complexes [88–90].
Nanoliposomes carrying curcumin, which were further modified with a rabies virus gly-
coprotein derivative, have been proposed for targeted treatment, as they extended the
survival of the tested mice by 10 days [91].

Microfluidic-derived docosahexaenoic acid liposomes [92], transferosomes [93],
cholesterol-rich nanoemulsion [94], or cerasomes (a liposomal nanohybrid) that present
superior morphological stability, are also considered as a promising nanotool for the trans-
portation of drugs (e.g., docetaxel) [95].

An interesting nanoformulation possessing numerous advantageous properties, in-
cluding stability, improved tumor penetration, and low toxicity to normal cells, are
biomimetic liposomes, which may be implemented in phototheranostics [96]. Additionally,
a strategy that enhances liposomal anticancer properties and improves brain targeting is
an approach that involves coating them with a biomolecular corona built from a layer of
plasma proteins [97].

3.5. Liposomes in Clinical Studies

Importantly, the promising properties of liposomes in in vitro and in vivo studies
have led to the initiation of clinical trials (listed in Table 1). Many studies were or are
conducted on PEGylated liposomal carriers. A study, currently in progress, involves the
trial on PEGylated liposomal DOX (NCT06356883) administered to patients with recurrent
GBM. In contrast, an example of a terminated study is the phase I study (NCT03119064)
that was conducted to assess the effectiveness of PEGylated nanoliposomal irinotecan and
TMZ in patients with recurrent GBM. Twelve patients with confirmed progression of GBM,
who had already undergone radiation and received TMZ, were enrolled in the trial. After
treatment with the nanoplatform, the median progression-free survival (PFS) was found to
be 2 months (for 10 of the patients). The trial was concluded earlier than expected, as the
effectiveness of the response was found to be 0/12 and side effects, including diarrhea or
neutropenia, occurred in the patients [98].

An alternative phase I trial (NCT03603379), completed in 2020, involved testing the
effect of DOX-carrying immunoliposomes that had been modified to target EGFR in patients
with a relapse and EGFR-amplified GBM. Nine patients were enrolled in the trial, seven
out of whom received the modified immunoliposomes as second-line treatment and two
as fourth-line treatment. The median PFS and overall survival were 1.5 and 8 months,
respectively. Notably, one patient had a PFS of 16.4 months post-immunoliposome therapy.
Most patients did not experience any side effects from the treatment [99]. The concentration
of DOX in GBM tissue was found to range from 180 to 3730 ng/g tumor (assessed for
three patients), while in the cerebrospinal fluid, the maximum concentration of DOX was
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0.94 ng/mL. It has to be underlined that the patients received not only the anti-EGFR
DOX-carrying immunoliposomes, but also other treatment strategies, such as bevacizumab;
therefore, the exact clinical effect of this therapeutic modality requires further study.

One of the most interesting recent attempts, presently recruiting patients, concerns
the application of RNA–lipid particle vaccines for newly diagnosed adults with MGMT-
unmethylated GBM (NCT04573140). This RNA–lipid NP aggregate vaccine is going to be
administered to patients where standard therapy is not effective due to resistance to TMZ
and is expected to reprogram the immunosuppressive TME.

Table 1. Nanoparticles investigated in clinical trials for glioblastoma treatment (registered on
ClinicalTrials.gov).

Agent(s) NP Type Study
Phase

Specific Inclusion
Criteria

Study Start/
(Estimated)

Completion Date
Status Trial Number/

Reference

SGT-53 1 in
combination with

irradiation
and/or

chemotherapy

Cationic
liposome I

Pediatric patient
IDHs with

recurrent or
progressive CNS

malignancies

06.2022/
12.2023

Not yet
recruiting NCT03554707

SGT-53 1 in
combination with

TMZ

Cationic
liposome II

Histologically
confirmed

glioblastoma or
gliosarcoma in first,

second, or third
relapse

12.2014/
11.2018

Terminated
(small number

of enrolled
patients)

NCT02340156

NL CPT-11 2 PEGylated
liposome I

Histologically
confirmed

intracranial
malignant glioma

08.2008/
12.2014 Completed NCT00734682

Onivyde 2 in
combination with

TMZ

PEGylated
liposome I/II

Histologically
confirmed

glioblastoma
multiforme

11.2017/
04.2020

Terminated
(lack of

response to the
studied
therapy)

NCT03119064

PEG–DOX 3 and
prolonged TMZ,

in addition to
radiotherapy

PEGylated
liposome I/II

Histologically
confirmed

glioblastoma

07.2002/
05.2009 Completed NCT00944801/

[100]

DepoCyt 4 in
combination with

TMZ

PEGylated
liposome I/II

Histologically
confirmed glioma
that failed initial
surgical resection,

followed by
standard adjuvant

therapy

09.2009/
08.2013

Terminated
(small

number
of enrolled
patients)

NCT01044966

2B3-101 5 PEGylated
liposome I/II

Histologically
confirmed

glioma

07.2011/
12.2014 Completed NCT01386580

Caelyx 6

liposomal DOX in
combination with

carboplatin

PEGylated
liposome II

Histologically
confirmed

glioblastoma
multiforme

04.2024/
04.2028 Recruiting NCT06356883

ClinicalTrials.gov


Biomedicines 2024, 12, 1822 9 of 36

Table 1. Cont.

Agent(s) NP Type Study
Phase

Specific Inclusion
Criteria

Study Start/
(Estimated)

Completion Date
Status Trial Number/

Reference

EGFR(V)–EDV–
DOX 7 Minicell I

Histologically
confirmed
recurrent

glioblastoma

10.2016/
12.2019 Unknown NCT02766699/

[101]

SGT-94 8 Liposome I

Histologically
confirmed

neoplasm for
which no standard
therapy is available

01.2012/
12.2015 Completed NCT01517464

C225–ILs–DOX 9 Liposome I Glioblastoma,
EGFR amplification

11.2018/
11.2020 Completed NCT03603379/

[99]

Liposomal
curcumin in

combination with
radiotherapy and

TMZ

Liposome I/II
Histologically

confirmed III/IV
grade glioma

03.2023/
02.2026 Recruiting NCT05768919

Visudyne 10 Liposome I/II

Recurrent or
progressive grade
IV glioblastoma;

standard first-line
therapy (radiation,

TMZ);
mutant or

amplified EGFR

01.2021/
08.2025 Recruiting NCT04590664

Liposomal DOX
in combination

with balstilimab,
botensilimab,

implantation of
sonocloud-9

Liposome II

Newly diagnosed
pathologically

confirmed
glioblastoma;

IDH1/IDH2 wt;
tumor with MGMT

gene promoter
unmethylated

01.2024/
05.2026 Recruiting NCT05864534

Myocet 11 Liposome I

Pediatric patients
having received at
least one cycle of

chemotherapy after
radiotherapy;
grade III or IV

glioma

10.2010/
04.2013 Completed NCT02861222/

[102]

Rhenium-186
nanoliposome Liposome I

Histologically
confirmed grade

III/IV glioma

01.2023/
01.2025

Not yet
recruiting NCT05460507

Rhenium-186
nanoliposome Liposome I/II

Histologically
confirmed grade
III/IV recurrent

glioma

06.2015/
01.2025 Recruiting NCT01906385
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Table 1. Cont.

Agent(s) NP Type Study
Phase

Specific Inclusion
Criteria

Study Start/
(Estimated)

Completion Date
Status Trial Number/

Reference

RNA–lipid NP 12

vaccine
Liposome I

Histologically
confirmed newly

diagnosed de novo
glioblastoma

multiforme (grade
IV glioma); tumor

with MGMT
unmethylated

10.2021/
07.2026 Recruiting NCT04573140

DOX
liposome Liposome I Pediatric brain

tumor
07.1999/

ND Completed NCT00019630

1 Complex of a cationic liposome encapsulating a normal human wild type p53 DNA sequence in a plasmid
backbone; 2 nanoliposomal irinotecan; 3 PEGylated liposomal doxorubicin (DOX); 4 liposomal cytarabine; 5 glu-
tathione PEGylated liposomal DOX; 6 PEGylated liposomal DOX; 7 DOX-loaded Salmonella typhimurium-derived
EnGeneIC O-polysaccharide delivery vehicle (minicell; 400 nm) targeting epidermal growth factor receptor
(EGFR)-expressing cells; 8 RB94 plasmid encapsulated in a liposome that is targeted to tumor cells by means of
an anti-transferrin receptor single-chain antibody fragment (TfRscFv); 9 DOX-loaded anti-EGFR immunolipo-
somes; 10 liposomal verteporfin (benzoporphyrin derivative); 11 non-PEGylated liposomal DOX; 12 autologous
total tumor mRNA and pp65 full-length lysosomal-associated membrane protein (LAMP) mRNA-loaded 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP) liposome vaccine; CNS, central nervous system; IDH, isocitric
dehydrogenase; MGMT, methyl guanine methyl transferase; ND, not defined; NP, nanoparticle; TMZ, temozolo-
mide; wt, wild type.

4. Cubosomes

Cubosomes were developed as cubic phases for application in drug delivery. They are
stable, self-structured NPs, with a small size and low viscosity, which may carry greater
cargo than standard nanovehicles and can form a dispersion that requires a stabilizer and
the application of external mechanical energy. The advantages of cubic nanostructures arise
from their thermodynamic stability, low toxicity and, importantly, their ability to bind both
hydrophilic and hydrophobic compounds [9–11]. They also offer improved stabilization of
prodrugs, which results in their prolonged therapeutic effect [11,103,104].

The typical components used to synthesize these cubic nanostructures are monoolein
and Pluronic F108, a tri-block co-polymer of poly(ethylene oxide) and poly(propyleneoxide)
that plays the role of a stabilizer. Another alternative component may be monopalmitolein,
which results in the formation of larger channels and, therefore, greater cargo capacity,
stability, and half-life. The physicochemical properties of cubosomes allow them to increase
the solubility and stability of a wide range of agents, including poorly water-soluble drugs,
such as TMZ or DOX, as well as miRNA molecules or peptides [105,106], and then release
them in a controlled and lasting manner. They also have the potential to bypass the BBB,
which is probably related to the increased drug permeability [103,107]. Also, enhanced BBB
penetration using cubosomes is possible through decorating them with targeting moieties,
such as Tween 80 (a stabilizer) or the aforementioned Pluronics (i.e., poloxamers) [107].
Therefore, such nanoparticle molecular carriers are of great interest in the treatment of the
remaining poorly curable cancers, including GBM [7,108].

Cubosomes may also be highly favorable for the co-treatment of GBM cells by loading
miRs and drugs into these lipid-based liquid crystalline NPs. Gajda et al. (2020) showed
that drug-sensitive and drug-resistant glioma-derived cells (A172 and T98G, respectively)
treated with cubosomes loaded with miR-7-5p and chemotherapeutics (TMZ and DOX)
present significantly increased apoptosis [108]. Another study confirmed the efficacy of
AT101-loaded cubosomes in the therapy of GBMs, resulting in the effective entrance of
the drug into GBM cells and an enhanced cytotoxic effect. AT101 (a cottonseed-derived
gossypol) is characterized by low bioavailability in monotherapy; therefore, placing the
drug in cubosomes supported its anticancer properties, while also overcoming the limita-
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tions resulting from the low solubility of AT101 in water-based media [109]. Finally, the
functionalization of drugs carrying cubosomes using Ang-2 (for enhanced penetration of
the BBB) has been reported as a beneficial method for improved uptake and higher toxicity
towards U-87 GBM cells in vitro, as well as a 3-fold greater brain accumulation in C57BL/6
mice than unconjugated cubosomes [110].

5. Polymeric-Based Nanocarriers

Polymeric NPs are a broad and commonly studied group of N-M NPs. They present
advantageous features including favorable drug-loading properties, the sustained release
of agents at the tumor site, biocompatibility, and general non-toxicity [111]. The size of
polymeric NPs ranges from 1 nm to 1 µm, which is beneficial for crossing the BBB [111]. For
the treatment of GBM, the most frequently investigated subgroups of synthetic polymeric
NPs include poly(lactic-co-glycolic acid) (PLGA), poly(β-amino ester) (PBAE), and poly-ε-
caprolactone (PCL) NPs [112–115]. Among polymeric NPs derived from natural materials,
chitosan, alginate, and gelatin are most often studied for their application in the therapy of
GBM [116–118].

5.1. Synthetic-Derived Polymeric Nanoparticles

The main group of synthetic polymeric NPs, PLGA-based NPs, present satisfactory
biocompatibility, tumor tissue specificity, and continuous release properties [112]. PLGA is a
Food and Drug Administration (FDA)-approved non-toxic biodegradable polymer that can
self-assemble into NPs [119,120]. PLGA NPs can both efficiently permeate the BBB or may
be delivered to GBM cells via intranasal administration [120,121]. PLGA NPs effectively
transport chemotherapeutics, such as DOX or PTX, to GBM cells and elongate the survival
of orthotopic glioma rats >2-fold in comparison to treatment with free drugs [122]. Also,
PTX-, CSP-, amrubicin- or TMZ-loaded PLGA NPs have been found to present a cytotoxic
effect, reduce GBM cell progression, as well as lower the TMZ- and multidrug-resistance of
GBM cells [123–126]. Apart from chemotherapeutics, PLGA NPs are applied as carriers of
suberoylanilide hydroxamic acid (a histone deacetylase inhibitor with antitumorigenesis
activity), disulfiram (an agent presenting anti-NF-κB and anticancer stem cell properties),
etoricoxib (a nonsteroidal anti-inflammatory drug), and cannabidiol (a phytocannabinoid),
to inhibit GBM progression [127–129]. To increase the brain-targeting properties of PLGA
NPs, conjugation with transferrin has been considered [130]. The application of PLGA NPs
conjugated with transferrin may also be considered for the co-delivery of bortezomib (a
targeted cancer drug that downregulates the expression of MGMT) and TMZ to exert a
synergistic antitumor effect [131]. The improvement of PLGA NP properties can also be
achieved by coating them with chitosan [132]. PLGA/PEG NPs in the future may also be
used as a matrix paste that can be inserted into the postsurgical cavity, following GBM
removal [133].

PBAEs, a subclass of cationic and biodegradable polymeric NPs, possess numerous
favorable features, including bioreducibility, the ability to transport specific nucleic acids
(DNA, mRNA, siRNA) targeting GBM cells, as well as improved diffusion in vivo and en-
hanced survival in the orthotopic GBM-bearing murine model [113,134–136]. Interestingly,
PBAE NPs have also been shown to be capable of carrying numerous siRNA molecules
concurrently (i.e., the anti-GBM genes Robo1, YAP1, NKCC1, EGFR, and survivin), effectively
targeting several targets at the same time [137]. Similarly, the simultaneous delivery of two
mRNA molecules, miR-148a and miR-296-5p, using a PBAE-based system has been found
to restrict tumor growth in the orthotopic model of human GBM in mice [113].

The administration of PCL (an FDA-approved biodegradable aliphatic polyester) NPs
for GBM treatment is less studied [138]. Several recent reports indicate that PCL-block-PEG
polymer NPs may increase the effectiveness of the delivery of anti-GBM compounds, while
spray-dried (i.e., a specific three-step technique used to synthesize NPs) PCL NPs that are
characterized by biocompatibility and biodegradability may effectively transport TMZ
across the BBB [114,139].
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5.2. Natural-Derived Polymeric Nanoparticles

A well-studied subgroup of polymeric NPs, which are derived from natural materials,
are chitosan NPs. Chitosan is a linear polysaccharide that is poorly soluble in a neutral
and basic pH and is considered as a neuroprotective agent [140]. Chitosan NPs can ef-
fectively carry drugs [116,124], nucleic acids, and proteins [141,142] to GBM tumor cells.
Chitosan NPs loaded with mRNA, including miR-219 (a glioma tumor suppressor), have
been shown to target U-87 GBM cells and reduce their survival, without affecting fibrob-
lasts [143]. Chitosan-based NPs, such as chitosan oligosaccharide lactate NPs conjugated
with folic acid–PEG have also been used for the effective delivery of CD146-specific siRNA
to GSCs. Targeting CD146, a membrane glycoprotein correlating with the grade and thus
the aggressiveness of glioma, has led to suppressed tumor growth in vivo [144].

The modification of chitosan nanoplatforms using Ang-2 and loading them with DOX
can also improve their uptake by U251 GBM cells by ~2–3-fold and increase their apoptosis
and necrosis by ~2-fold, relative to the cells treated with free DOX [145]. They are also
being investigated as successful vehicles for bypassing the BBB, as modified chitosan-
based platforms, such as transferrin-decorated chitosan NPs, may be delivered to the
tumor tissue via the intranasal route [121,146,147]. This delivery method is beneficial, as it
ensures high permeation of the nasal mucosa by the NPs and, therefore, has an enhanced
anticancer effect.

Other natural material-based polymeric NPs include alginate (a hydrophilic anionic
polysaccharide) and gelatin (a biodegradable polymer) NPs, which are characterized by
sustained TMZ release and an improved cytotoxic effect [117,148,149].

5.3. Conjugated Polymer Nanoparticles

Interest in the application of conjugated polymer nanoparticles (CPNs; prepared from
semi-crystalline semi-conducting polymers) as nanocarriers has grown in recent years, as
they are capable of delivering cytostatic drugs to GBM cells and inducing their apoptosis,
as well as inhibiting their proliferation and angiogenesis [150,151]. They offer excellent
biocompatibility, simple synthesis, stability, and bioimaging properties, such as exceptional
fluorescence brightness and photochemical stability [151–153]. Among CPNs, polyaniline,
polypyrrole, and polyacetylene, and their derivatives, are the most studied [154].

CPNs play an important role in PDT as photosensitizers and may eliminate GBM cells
through reactive oxygen species-mediated apoptosis [155]. Liang et al. (2021) showed the
theranostic application of a poly(2-methoxy-5-(2′-ethylhexyloxy)-p-phenylenevinylene)
NP modified with anti-EGFRvIII, which effectively targeted GBM cells, enabling both
imaging of the tumor and PDT [156]. Poly(9,9-dioctylfluorene-alt-benzothiadiazole) and
poly(styrene-co-maleic anhydride) NPs doped with platinum porphyrin, combined with
metronomic PDT (i.e., lower irradiation rates delivered over a longer time), have also been
confirmed to be efficient in GBM therapy [157].

Multifunctional NPs encapsulating lexiscan (i.e., Regadenoson; a BBB modulator)
have been found to effectively cross the BBB via autocatalytic delivery [158]. This two-step
approach is beneficial as, firstly, NPs carrying lexiscan pass through the BBB either via
transcytosis or gaps in the barrier, which is then followed by release of the BBB modulators
within the TME. This results in a transient increase in the permeability of the BBB [158].
Wu et al. (2022) found that the conjugation of a lexiscan-loaded PEG–glutathione-reactive
poly (2,2′′-thiodiethylene 3,3′′-dithiodipropionate) polymer with iRGD (a cyclic peptide;
increases BBB crossing) and modification with neutrophil elastase (enables shrinking of the
nanocomplex), allowed the effective passage of the BBB. Additionally, loading the nanocar-
rier with DOX and chlorin e6 (a sonosensitizer) prolonged the survival of GL261 glioma-
bearing mice by 20 days in comparison to mice treated with free-DOX or DOX/chlorin
e6, with no observed adverse effects [159]. Another method of alleviating the passage of
CPNs across the BBB is the usage of monocytes as carriers of these nanoparticles [152].
Finally, passage of the BBB can be achieved using a diketopyrrolopyrrole-based conjugated
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polymer with fluorescein-conjugated hyaluronic acid, which can target tumor-initiating
cells that express CD44 (correlated with GBM progression) [151].

5.4. Polymeric Micelles

Micelles are a prominently researched area of polymeric NPs that, comparably to the
aforementioned NPs, provide a holistic approach to GBM therapy. These molecules may
arrange themselves in a spherical form in aqueous solutions, encapsulating substances
inside them. The micelle particle diameter ranges from 5 to 100 nm. They may efficaciously
transport chemotherapeutics (e.g., DOX and its derivatives), cytostatics (e.g., imatinib
or panobinostat), photosensitizers for PDT, as well as statins (i.e., pitavastatin) [160–164].
Micelles have been found to be a safe and effective method of inducing an anti-glioma effect
and prolonging the survival of xenograft rats or mice via various routes of administration,
including intranasal, oral, and intravenous [165–167]. An important advantage of micelles
is their ability to cross the BBB and enhance the potential of antitumor therapy [168],
including through targeting proteins (e.g., glucose transporter 1) often overexpressed in
cancer cells [169]. Micelles are also modified using specific peptides to enable αv β integrin
and NRP1-mediated ligand transfer across the BBB [168]. Therefore, the combination of
micelles’ ability to penetrate the BBB and specifically target tumors is a promising step
forward in cancer therapy.

5.4.1. Improvement of Chemotherapeutic Efficacy in Micelle-Based Approaches

To increase the outcomes from the treatment of GBM using chemotherapy, various
combinatory modalities are being explored, including the conjugation of carmustine-loaded
micelles with the Pep-1 cell penetrating peptide and borneol, which markedly suppressed
the growth of gliomas and prolonged the survival of the tested Luc-BT325 mice, while
presenting limited side effects [170]. The improvement of the anticancer action of micellar
strategies, through targeting and limiting the viability of GSCs, has also been attained by
developing polymer–micellar NPs containing both TMZ and idasanutlin (an inhibitor of
the mouse double minute 2 homolog) [171]. Apart from the restriction of the proliferation
of cells and increased apoptosis, an anticancer effect was attained via the inhibition of angio-
genesis using poly(styrene-co-maleic) acid micelles carrying crizotinib and dasatinib [172].

5.4.2. Micelles as Nucleic Acid Transporters

Similarly to the previously described NPs, micelles are being considered for the
effective transport of siRNA to tumor cells, such as the thermoassemble ionizable reverse
pluronic system devised by De et al. (2024), which assumed the form of a micelle and
could carry siRNA targeting Bcl2 (apoptosis regulator) across the BBB [173]. Moreover,
micelles dual loaded with curcumin and an antisense oligonucleotide against miR-21,
which is commonly overexpressed by GBM cells, have been found to effectively lower
the level of miRs upregulated in gliomas [174]. Aside from siRNA and miRs, micelles
have also been modified by: (i) the introduction of a pH-sensitive masking sequence,
allowing for targeted drug release; or (ii) the construction of pH and glutathione dual-
responsive copolymers containing polo-like kinase 1 (PLK1)-specific short-hairpin RNA
and DOX [175,176]. Furthermore, the usage of micelles in combination strategies for
carrying drugs and siRNA has been shown to be effective in inhibiting proliferation and
initiating apoptosis of glioma cells, as well as prolonging the survival of xenograft GBM
mice. Such results were obtained for both folate-targeted micelles loaded with TMZ and
anti-BCL-2 siRNA, and micelles carrying TMZ and siRNA targeting polo-like kinase 1
(modified with Ang-2) [177,178].

5.4.3. Micelles Combined with Phototherapy, Radiotherapy, or Immunotherapy

Aside from chemotherapy, micelles display beneficial results for the enhancement
of phototherapy, alongside increased drug delivery, in the treatment of GBM [179]. The
application of micelles in photoacoustic imaging is promising, as they demonstrate ex-
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ceptional photostability and are effective at photothermal conversion [180]. They have
also recently been reported to improve radiotherapy, due to their ability to transport ra-
diosensitizers [181]. After treating U251 GBM-bearing mice with micelles carrying both
the radiosensitizer Dbait and DOX, their survival was reported to be elongated by 30 days,
relative to the control [182].

Finally, the usage of micelles in immunotherapy deserves attention, as pH-sensitive
epirubicin-loaded micellar complexes combined with anti-PD1 antibodies have been found
to effectively eliminate GBM resistance in vitro [183]. Micelles co-loaded with PTX and
anti-programmed death-ligand 1 antibodies have also been observed to induce immune
memory in GBM-carrying mice, while maintaining good stability [184].

5.4.4. Theranostic Application of Micelles

Alongside the auspicious role of micelles for drug delivery, they are also a targeting
moiety for molecular markers overexpressed in glioma cells; therefore, they can be signifi-
cant for both imaging and therapy [185]. Antitumor glycoside-coated micellar iron oxide
NPs may be potent MRI contrast agents, while retaining their antitumor abilities [186]. The
theranostic application of micelles for chemotherapy and MRI imaging was also discussed
using the example of oleic acid-modified manganese oxide- and TMZ-loaded polymeric
micelles, encompassing the internalization of arginine–glycine–aspartic acid. Efficient
penetration of the BBB allowed for the accumulation of the nanocarrier and the release
of TMZ, Mn2+, and O2− at the tumor site, which in turn initiated cellular apoptosis and
death of the tumor cells [187]. These findings were confirmed using modified polyprodrug
amphiphiles, which exhibited comparable qualities [188].

5.4.5. Novel Approaches to Micelles

The investigation of “smart” multifunctional nanoparticles and dual-targeted drug
release vehicles is becoming more common [189]. The main advantages of such novel
systems, such as those involving super-small zwitterionic micelles [190], intrinsically
disordered protein micelles [191], or docetaxel-carrying ultra-small micelles [192], include
more efficient bypassing of the BBB due to their reduced size, resulting in improved
delivery of chemotherapeutics to the target cells and, thus, longer survival of orthotopic
GBM mice. Such smart nanovehicles can also increase the efficacy of molecularly targeted
treatment strategies, e.g., those involving sorafenib [193]. Another promising alternative to
micelles may be micelleplexes, characterized by the presence of transported nucleic acids
in the corona of the polymer micelle. Short nanofiber micelleplexes have especially been
indicated as promising transporters, due to their higher cargo loading properties and better
transfection of GBM cells [194].

Furthermore, modifications in the architecture of micelles, such as the formation of
star-shaped polymers [195,196] or 3-helix micelles [197], may become an important factor
in micellar therapies in the future, due to the enhanced capacity of the NPs and improved
kinetic properties. Other alterations to micelles include the formation of multipurpose
cation-free siRNA micelles, which effectively circumvent the BBB via receptor-mediated
transcytosis, that can be loaded effectively with chemotherapeutics (e.g., TMZ), and are
efficient at distributing drugs at the GBM site [198].

Finally, apart from structural innovations, improvements in the delivery of micelles to
GBM cells are being sought. A promising proposal that has also been used in liposomal
approaches (discussed above) is the facilitation of the distribution of these NPs through
the use of microbubble-based sonoporation, as this method enables the homogenization
of micellar transport to target tissues and elongates the residence of micelles at the tumor
site [199].

5.5. Dendrimers

Dendrimers are branched organic molecules, composed of an inner and outer shell
encircling a linear or small molecule core. Dendrimers were first assessed as drug-delivery
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systems in 1982 and, since then, there has been constant interest in their application in
cancer therapy [200]. Similar to other NPs, their targeting and distributive abilities are
dependent on the size of the nanovehicle [201]. Their main advantages include stability,
solubility, limited side effects, and the ability to self-assemble, which may be implemented
in the bioimaging of tumors [202,203]. They are often applied for the treatment of CNS
disorders, due to their anti-inflammatory abilities [204].

Polyamidoamine (PAMAM) dendrimers are the most prevalent class of dendrimers.
They are characterized by an ethylenediamine core and are often applied in biotechnolog-
ical studies. In GBM therapy, PAMAM dendrimers have been conjugated with various
anticancer agents, including celecoxib (a cyclooxygenase-2 inhibitor), simvastatin (a HMG-
CoA reductase inhibitor), curcumin, or etoposide (a standard chemotherapeutic drug that
disrupts topoisomerase II action) [205], leading to enhanced drug properties, as well as
exhibiting a synergistic effect when combined with phototherapy [206–208]. The conjuga-
tion of PAMAM dendrimers with sugar (glucose, mannose, and galactose) moieties has
also led to improved specificity of GBM cell targeting [209]. Uram et al. (2019) reported
increased apoptosis, and decreased proliferation and migration of U-118 GBM cells treated
with biotinylated PAMAM G3 dendrimers conjugated with celecoxib and peroxisome
proliferator-activated receptor γ (against Fmoc-L-Leucine) [210]. A reduction in the pro-
liferation of U-118 glioma cells and an improvement in drug toxicity were also achieved
through the combination of dendrimers with α-mangostin (a polyphenolic xanthonoid) and
vadimezan (a flavone-acetic acid-based drug) [211]. Furthermore, PAMAM dendrimers
have been applied for the encapsulation of both arsenic trioxide and TMZ for improved
penetration of the BBB, an enhanced antitumor effect, and more effective delivery of the
drug to GBM cells [212,213]. A spinoff from this study revealed that the internalization
of the RGD recognition ligand of the integrin αvβ3 receptor and the BBB-targeting group
TGN allows for improved therapeutic outcomes, while restricting the side effects of arsenic
trioxide [214].

Liu et al. (2019) reported that Ang-2-functionalized PAMAM dendrimers present
high BBB permeability and may be further functionalized with the EGFR-targeting peptide
for enhanced tumor-targeting efficacy both in vitro and in vivo [215]. Han et al. (2018)
similarly showed that Ang-2-modified DOX-loaded PAMAM dendrimers present increased
affinity to the target cells and improve cellular uptake. The antitumor efficacy of the
modified dendrimers was further improved after combination with borneol [216]. Further
confirmation of the beneficial properties of Ang-2 PAMAM dendrimers was confirmed by
Sahoo et al. (2023), who found that the encapsulation of TMZ and the PEGylation of NPs
results in ~250 nm particles that present improved cellular uptake in U-87 cells, an over
2-fold increase in the half-life, and a >3-fold improvement in brain uptake in the rat model,
when compared to free TMZ [217].

The conjugation of dendrimers with cytotoxic and cell-penetrating peptides, as shown
by Liu et al. (2018), has achieved promising results, including enhanced tumor penetration,
improved intracellular peptide delivery, and increased antitumor effect. Interestingly,
the anticancer effect of the devised nanosystem was achieved through the deprotection
of MMP-2-PEG, which exposed the cytotoxic and cell-penetrating peptides and allowed
them to enter the tumor cells [218]. Wu et al. (2018) found that the conjugation of the
mesenchymal–epithelial transition factor-targeting cMBP peptides and G4 dendrimers
inhibits the growth of glioma, hindering downstream signaling, and causing a decrease in
the proliferation of U-87 GBM cells [219].

Moreover, the role of amphiphilic dendrimers in the delivery of siRNA to microglia
may be key for developing strategies based on the knockdown of strategic genes regulating
the carcinogenic process [220]. Jin et al. (2021) assessed modified PAMAM dendrimers
loaded with siRNA (siLSINCT5), decorated with cell-penetrating peptides and, subse-
quently, conjugated with aNKG2A (a checkpoint inhibitor), for the efficient delivery of
nucleic acid through the BBB. They confirmed that the nanosystem not only presented
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favorable BBB-passing properties, but also elongated the survival of U-87 xenograft mice by
>20 days, in comparison to those treated with dendrimers containing only siLSINCT5 [221].

Sharma et al. (2020) and Liaw et al. (2021) broadly explored the potential application
of dendrimers in immunotherapy of GBM, specifically as vehicles for targeting tumor-
associated macrophages (TAMs). They found that dendrimer–rapamycin conjugates were
precisely localized in TAMs and, additionally, the antiproliferative action of rapamycin was
enhanced, leading to a decrease in the tumor burden [222]. Importantly, due to the ability
of dendrimers to target TAMs in GBM, after specific modifications, they were proposed as
potential NPs for the organelle-targeted delivery of chemotherapeutics [222]. Interestingly,
they also reported that triptolide (a diterpenoid epoxide) presented decreased adverse
effects, while sustaining its antiproliferative and immunosuppressive effects, which was
attained through specific targeting of TAMs through the formation of conjugated dendrimer–
triptolide structures [223].

Future development of dendrimers may include the construction of telodendrimer
nanocompositions, characterized by a small size and effective drug-delivery abilities [224];
nanoantidotes that encompass cysteine-wrapped dendrimers and that transport TMZ [225];
or nanodiamonds functionalized with PAMAM dendrimers for more efficient delivery
of cargo to target GBM cells [226]. Also, the construction of biopolymers containing
dendrimers may be used for the encrustation of a DOX-loaded PLGA nanoparticle core,
thus improving the delivery of chemotherapeutics across the BBB and the subsequent
antitumor action [227]. Lastly, a novel method of increasing the effectiveness of dendrimer-
based anti-GBM therapies is the usage of combinatory strategies involving PEGylated
graphene oxide-carrying CPI444 and vatalanib (anticancer compounds). This allows for
the limitation of migration and the increased apoptosis of U-87 GBM cells [228].

5.6. Nanogels

Recent years have brought significant advancements in the field of nanogels. They are
a combination of nanoscale technology with hydrogels, possessing the characteristics of
both. Their exceptional biocompatibility and biodegradability, supported by low toxicity
(especially when compared to other NPs), has attracted the attention of the scientific com-
munity. Nanogels are hydrophilic, three-dimensional structures, with high incorporation
capacity, exceeding 30%. In addition, their specification and properties, such as softness,
porosity, size, amphiphilicity, and degradability, can be modified through alterations in
their formulation. Different stimuli, including alterations in the pH value, temperature,
redox potential, UV light, or magnetic field, might lead to changes in the conformation of
nanogels, influencing their hydrophilic/hydrophobic properties [229].

5.6.1. Locally Delivered Nanogels

Due to their biological properties and low cytotoxicity, hydrogels can be delivered and
remain in the body for the gradual release of drugs. Moreover, they can adapt their shape
to the surrounding tissues [230]. Different nanogels have also been used to locally deliver
various drugs with limited ability to pass through the BBB [231,232]. The natural location
for nanogel insertion is the niche created after tumor resection. A nanogel consisting of PEG
and PLGA (PEG-PLGA), co-loaded with curcumin and TMZ, injected into the postsurgical
cave, significantly reduced relapse due to residual GBM cells [233].

An interesting system was produced by Godau et al. (2023), who managed to develop
a shear-thinning hydrogel, where the gel thinned under pressure, allowing the controlled
release of DOX. The results showed that this gel could effectively release DOX over long pe-
riods of time (up to 80 days), thus reducing the side effects. When injected into tumor tissue,
it improved survival rates in GBM models by 50% for 22 days and 25% for 52 days [234].
Nanogels also possess the ability to locally deliver drugs under changing conditions, such
as the pH, redox, or magnetic field [235,236].

Therapies for GBM treatment utilizing non-coding RNAs or miRs have also been
studied. Shatsberg et al. (2016) constructed nanogel–miR-34a nano-polyplexes that mask
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the negative charge of miRNA and transport it to the cytoplasm of GBM cells. In vivo
studies have shown that the miR-34a-armed nanogel reduced tumor growth in comparison
to the control [237]. PLGA-based nanogels have also been employed to deliver dextran (a
ligand binding to the translocator protein), which is a mitochondrial target for anticancer
therapy [238]. Gao et al. (2021) developed a nucleic acid nanogel coated with a membrane
mimicking that of a virus (Vir-Gel) loaded with miRNA. Vir-Gel imitated a viral infection
increasing nanogel uptake and prolonged blood circulation, while miR-155 inhibited GBM
growth [239].

Nanogels might also be used to provide therapy that is unavailable in natural condi-
tions. An example is PDT, which is a promising anticancer treatment with reduced side
effects; however, due to hypoxia of the TME and the highly hydrophobic properties of
photosensitizers, such use is significantly limited. Nevertheless, a H-DNA self-assembly
nanogel can deliver oxygen and photosensitizers required for therapy [240].

5.6.2. Nanogels Crossing the Blood–Brain Barrier

The construction of BBB-crossing nanogels is challenging. In order to address that
issue, Li et al. (2023) coated DOX-loaded nanoparticles with platelet membranes. The tool
allowed BBB penetration, prolonged the survival of GBM-bearing mice, and limited the
immune response [241]. On the other hand, Zhang et al. (2022) utilized an erythrocyte
membrane enriched with the ApoE peptide [242]. Another approach involved a pH/redox-
sensitive carboxymethylchitosan nanogel fortified with the peptide Ang-2, which enhanced
BBB passage and targeted the cancer cells [145]. Thermosensitive nanogels armed with
cell-penetrating peptides provide a promising drug-delivery platform that is able to actively
penetrate the BBB. Furthermore, nanogel compounds passively target spots with elevated
temperature, like the TME, allowing for the local delivery of therapeutic agents [243].
Enriching nanogels with the metalloproteinase 2/9 substrate increases the transcytosis
of NPs via the BBB and allows further release at the GBM site [244]. Alternatively, the
modification of nanogel particles with lactoferrin and phenylboronic acid or antibodies is
yet another way to increase BBB permeability [245–247].

Nanoparticles that do not require advanced modifications to overcome the BBB are of
particular interest. She et al. (2020) synthesized a hypoxia-activated drug-loaded nanogel
that presented high biocompatibility and could last a long time in the bloodstream. The
nanogel effectively crossed the BBB, due to the phosphorylcholine-enriched formulation
that mimicked the structure of the cell membrane [248].

Nanogels may be implanted during surgery; however, there are studies on non-
invasive intranasal nanogel delivery [249]. Gadhave et al. (2021) implemented a new
nano-lipid-based carbopol–gellan gum, in situ gel, loaded with teriflunomide (TNLCGHG).
The nanogel exhibited mucoadhesive properties and in vivo studies on mice confirmed its
nasal permeation [249].

Nanogels delivered in situ enable the direct administration of therapeutic agents,
limiting their side effects. In addition, this strategy allows immune response escape.
However, it requires surgical resection, which is not always possible, like in non-surgical
GBM patient cases. In such situations, nanogels capable of crossing the BBB are an option.
Nevertheless, these therapies are more laden with side effects and usually require higher
doses of the drug and/or increased frequency of administration. It seems appealing to
consider a transdermal drug-delivery method that can combine the advantages of the
previous approaches, while reducing adverse effects.

6. Carbon Nanotubes

Carbon nanotubes (CNTs), which are composed of carbon molecules organized in the
form of graphene, are divided into two subtypes, single-wall or multi-wall CNTs, based
on the number of layers of graphene [250,251]. The advantages of single-wall carbon
nanotubes (SWCNTs) include a simple structure and increased flexibility, while multi-
wall CNTs (MWCNTs) are characterized by higher accumulation in tissues and greater
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purity [252]. Also, due to their ability to convert near-infrared light into heat and, thus, heat
cancer cells, CNTs may in the future be applied in hyperthermia treatment of GBMs [253].

To improve the efficacy of SWCNTs, especially in regards to their accumulation and
distribution in glioma cells, the exposure to a low-strength electric field has been con-
sidered [254]. Another method of improving the properties of SWCNTs is modification
through the addition of various chemical groups, which broaden the spectrum of features
of NPs and improve the capacity of the drugs that reach the tumor [255]. Water-soluble
SWCNTs, functionalized with either PEG or tetrahydrofurfuryl-terminated PEG, were
found to induce alterations in the morphology of D54 glioma cells, reduce their prolifera-
tion, and increase the rate of cell death [256]. The functionalization of SWCNTs has also
been achieved using CpG-oligodeoxynucleotides, which stimulate toll-like receptor-9 and
activate the immune system [257]. CpG-oligodeoxynucleotides were previously found to
inhibit the development of tumors, including gliomas in the xenograft model, although the
efficacy in patients is limited. Thus, it was considered that the functionalization of SWCNTs
with CpG may improve the clinical effectiveness of CpG in humans [257]. Remarkably, the
SWCNTs/CpG construct concurrently inhibited the migration of glioma cells and activated
the immune system [258].

Regarding multi-wall CNTs, nanosystems consisting of hydroxylated MWCNTs and
all-trans retinoic acid, which were loaded on electrospun polycaprolactone nanofibers, have
been reported to effectively reduce the viability and stemness of GSCs and may, therefore,
be promising nanoplatforms for enhancing currently available treatment strategies via
concurrent heat and differentiation therapy [259].

In parallel with other N-M NPs, carbon nanotubes are also being combined with
metal particles, such as the metal CNTs devised by Wang et al. (2023). They reported
that such iron-filled CNTs with a carbon outer layer, which were functionalized with the
anti-CD44 antibody, enabled the magnetic field treatment of chemoresistant GBMs. The
administration of a series of magnetic treatments resulted in an over 2-fold reduction in the
tumor area, relative to the control mice [260].

A novel approach to CNTs is the application of carbon nanotube sponges (CNSPs)
doped with nitrogen. CNSPs present favorable drug-carrying properties and may be loaded
with chemotherapeutic agents that have a total weight equal to 100-fold that of the CNSPs
alone. Nevertheless, initial in vitro studies conducted on CNSPs loaded with carmustine (a
chemotherapeutic) have indicated that the difference in cytotoxicity between drug-carrying
CNSPs and carmustine administered alone was not significant [261].

Nevertheless, the potential side effects of the treatment of patients with CNTs require
careful consideration. Despite the CNTs’ exceptional properties for cell scaffolding, loose
CNTs have been reported to instigate toxicity in vivo, while in vitro studies have shown
that the extended growth of U-87 GBM cells on CNT-coated scaffolds promotes their
proliferation [262]. SWCNTs have also been reported to dysregulate the expression of
certain regulatory genes (including DNAJB9, TOB1, BRCA1, and P4HA2) more strongly
in normal astrocytes (the NHA/TS cell line) than U-87 GBM cells [263]. Therefore, it is
essential to better understand these NPs before administrating them to cancer patients.

7. Silica and Selenium-Based NPs

Interest in silica nanoparticles (SiNPs) as potential treatment modalities for gliomas has
increased over the past 10 years. SiNPs are recognized as biocompatible and multifunctional
vehicles, with applications in the targeted delivery of drugs (e.g., TMZ), methotrexate (an
immunosuppressant), or tyrosine kinase inhibitors, such as ponatinib (an abnormal tyrosine
kinase inhibitor targeting BCR-ABL) [264–266]. Their size ranges from 2 to 50 nm. Initially,
the anticancer properties of amorphous silicon dioxide (SiO2) NPs were explored; however,
it was found that SiO2 itself presents toxicity and therefore raises some safety concerns,
even though small SiO2 NPs (~15 nm) have mainly been considered as toxic, rather than
larger ones. Various studies have reported a significant dependence of the anticancer
properties of SiNPs on the dose, as well as the type of cancer cells used in the tests. This
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suggests that the exposure conditions of SiNPs, including variations in their size, can likely
affect different cellular pathways of GBM cells [267,268].

Several clinical trials on the application of SiNPs (including mesoporous silica NPs
and Cornell dots) have been conducted, which have confirmed their safety and efficacy
in humans after oral administration, as well as their promising role as imaging probes;
however, these studies did not involve the treatment of GBM patients [269,270]. More-
over, despite the abovementioned advantageous features of SiNPs, several issues have
to be resolved, including the determination of their safety after a long exposure time,
enhancing their encapsulation effectiveness, and investigating their effect after intravenous
administration [270].

7.1. Silica Nanoparticles
7.1.1. Mesoporous Silica Nanoparticles

Mesoporous silica nanoparticles (MSNPs) present a porous nature and, therefore, have
been proposed as a promising novel alternative to the traditional methods of amorphous
formulation development, as they offer not only high pore volumes and surface areas, but
also biocompatibility [271]. The large surface area of MSNPs possesses a high content of
silanol groups (Si-OH), which can be manipulated as the site of attachment for surface
probes. Apart from a high-loading capacity, they offer improved passage of chemothera-
peutics across the BBB and aid the localization of drugs in malignant cells [139,272,273].
MSNPs loaded with prodrugs have also been confirmed to enhance tumor suppression.
An interesting strategy involved thymoquinone (a natural prodrug)-loaded MSNPs, which
were encapsulated in a shell of whey protein and gum Arabic. This complex presented
augmented release in an acidic pH and an increased cytotoxic effect on glioma cells, and
especially enhanced apoptosis and G2/M phase cell cycle arrest [274]. Apart from clas-
sical chemotherapeutics, MSNPs loaded with lactate (an anti-GBM factor) have proven
to increase plasma acidification and, thus, induce cytotoxicity of C6 cells (a glial cell line
isolated from the brain of a rat with glioma) in vitro and prolong the median survival of
malignant glioma-bearing rats by 35 days in vivo [275].

7.1.2. Novel Approaches to Mesoporous Silica Nanoparticles

MSNPs can be further functionalized to enhance their drug-loading capacity through
the construction of nanoplatforms. An example of such an attempt are Ang-2-modified
lipid-coated MSNPs loaded with PTX (ANG-LP-MSN-PTX). It was reported that such a
biocomplex increases the transport of PTX over the BBB through the enhanced targeting of
low-density lipoprotein receptor-related protein 1 (LRP1), which plays an essential role in
cell signaling. Also, the observed improved targeting effectiveness of the chemotherapeutics
resulted in the prolonged survival of the tested rats by ~10 days relative to the rats treated
with PTX alone [276]. Comparable results for Ang-2-modified liposome–silica hybrid NPs
with attached polyacrylic acid were obtained when the nanoplatform was applied for the
delivery of arsenic trioxide to glioma cells [277]. Furthermore, integrin-targeted ultrasmall
fluorescent core–shell SiNPs with attached kinase inhibitors (such as dasatinib, a dual
Src/Abl kinase inhibitor) were proposed by Juthani et al. (2020) to enhance drug delivery
into GBMs [278].

An interesting approach proposed by Sapre et al. (2019) considered the administration
of silica-cloaked adenoviruses or virus-like silica NPs (VSNPs), as they possess beneficial
properties, i.e., a spiky surface, for the penetration of the BBB. The adenovirus SiNPs were
reported to improve the cargo delivery and did not induce immunogenicity. The following
studies on the effect of rough-surface VSNPs on the integrity and permeability of the BBB
in vitro showed a greater effect on the transient opening of endothelial tight junctions of the
BBB, when compared to smooth-surface Stöber SiNPs [279,280]. It was proposed that the
rough surface of VSNPs increases their adhesion to cells building the BBB and also offers a
larger surface area for interacting with BBB-interfering proteins [280]. Furthermore, Zhang
et al. (2019) proposed the concurrent treatment of cells using drug-loaded MSNPs and
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inhibitors of autophagy. Polydopamine-coated and TMZ-loaded MSNPs, conjugated with
Asn-Gly-Arg (NGR), were found to increase the autophagy and apoptosis of C6 glioma
cells, leading to an improved anti-GBM effect [281].

Despite the numerous advantages of enriching MSNPs with targeting moieties, several
drawbacks are recognized, which include problems with circulation and rapid clearance of
the MSNPs from the blood [282]. A promising alternative is receptor ligand-free MSNPs.
Chen et al. (2024) reported that ligand-free PEGylated MSNPs characterized by a small
size (25 nm; better delivery across the BBB) and near-neutral charge presented an increased
blood circulation time (>24 h). Also, when the MSNPs were loaded with DOX, the accumu-
lation of the drug in the brain of U87-LUC orthotopic xenograft tumor BALB/c nude mice
was enhanced 6-fold, relative to the free drug [282].

7.1.3. Theranostic Application of Mesoporous Silica Nanoparticles

Interest in the theranostic application of MSNPs has increased recently, as nanoplat-
forms have been considered in both GBM therapy and image-guided tumor localization.
Frequently, the nature of such nanoplatforms is multicomposed. In general, the main
expectations from such a tool are to achieve immune response tolerance, as well as an im-
provement in drug/gene therapy, PDT, and photothermal therapy. Li et al. (2022) published
data on the anti-GBM properties of MSNPs containing indocyanine green dye (presents pho-
tothermal properties), miR (as a therapeutic agent; miR-137), and RGD-modified (Arg-Gly-
Asp-d-Phe-Cys peptide selectively targeting tumor integrins) red-blood-cell membranes (to
secure long circulation and immune escape) [283]. Another specially constructed Si-based
NP, composed of an iron oxide core within a mesoporous silica shell (Fe@MSNs), delivered
with 1400 W (a specific inhibitor of inducible nitric oxide synthase) to brain tumor-initiating
cells was also shown to be capable of suppressing tumor growth and increasing the survival
of GBM-bearing mice. The release of the 1400 W compound was attained through the
application of an external low-power radiofrequency field [284]. For application in MRI
tracking, DOX-loaded magnetic MSNPs have been internalized in inflammation-activatable
neutrophils. The treatment effectively increased the intratumoral accumulation of the drug,
without impacting the neutrophils’ viability. This method may delay recurrence of the
glioma, thus extending the survival of patients [285].

Regarding future application of MSNPs in GBM treatment, polyethyleneimine-
functionalized MSNPs, which can specifically target GSCs without affecting normal brain
cells, are an interesting approach [286]. Moreover, hybrid metal SiNPs (e.g., silver–silica
NPs) may also be promising for theranostics, as such hybrid NPs offer promising bio-
compatibility and an anti-GBM effect, while also presenting fluorescence for diagnostic
purposes [287].

7.2. Selenium Nanoparticles

Selenium nanoparticles (SeNPs) have recently been conceded as effective anticancer
molecules, as several research groups have reported on their pro-apoptotic properties. It
was shown that SeNPs are capable of inducing apoptosis of glioma cells in vitro, including
both drug-sensitive and drug-resistant cells (A172 and T98G, respectively) [288–292]. Also,
a nearly 2-fold increase in apoptosis and death of glioma cells due to exposure to TMZ-
loaded selenium NPs coated with methacrylic acid (Eudragit) and chitosan was reported.
This phenomenon was accompanied by a significant decrease in the half-maximal inhibitory
concentration (IC50) level and a reduction in the expression of TMZ resistance-related genes
(including MGMT, E2F6, and RELA) [293].

SeNPs have also been used for the creation of nanocomplexes. An example of such
vehicles are SeNPs containing sorafenib, an inhibitor that blocks angiogenesis and tu-
mor cell proliferation through the inhibition of kinases, such as VEGFR2, PDGFR, or the
serine/threonine kinase RAF [294]. It was found that the antitumor effect of the selenium–
sorafenib nanocomplex is related to the altered expression of selenoproteins through
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the Ca2+-dependent induction of endoplasmic reticulum stress and kinase regulators
of oncogenicity.

Importantly, SeNPs may act as a theranostic tool, aiding the navigation of the complex
BBB and supporting targeted delivery of chemotherapeutics [295]. Furthermore, promis-
ing results were obtained for the devised nanoplatform consisting of HER2 antibody-
conjugated SeNPs. MRI revealed the successful delivery of SPIONs to the brain via the
novel system, indicative of HER2@NPs disrupting the integrity of the BBB [295]. Selenium-
containing nanotools have also been proposed as radiosensitizers. Tang et al. (2023) showed
that biodegradable selenium-engineered mesoporous silica nanocapsules carrying siRNA
targeting cofilin-1 (a protein connected to tumor progression), and triggered by X-ray irradi-
ation, enhanced the survival of U-87-Luc orthotopic GBM mice (relative to the non-treated
group) by >2-fold [296].

8. Conclusions

Despite constant progress in cancer therapy, glioblastoma still remains a cancer char-
acterized by low survival rates and a lack of effective therapeutic methods. Therefore,
there is a need to improve existing treatment approaches and develop novel therapeutic
schemes to treat GBM and significantly improve patient survival. A promising anticancer
strategy, which is an alternative to conventional therapeutic methods and allows targeted
drug delivery, involves the use of nanoparticles.

NP-based technologies offer a variety of solutions. Among the promising non-metal
based nanotechnological strategies in the treatment of GBM, the most commonly inves-
tigated approaches are based on the application of exosomes, liposomes, hydrogels, and
micelles as: (i) targeted drug-delivery systems (delivery of a varied palette of chemothera-
peutics, including TMZ, DOX, and PTX) or (ii) nanovehicles for the transfer of nucleic acids
(i.e., siRNA or miRNA). Additional approaches involving cubosomes, carbon nanotubes,
dendrimers, and Si- or SeNPs, which often offer better drug-loading and targeted distribu-
tion properties, alongside sufficient stability and the ability to overcome the BBB, are also
studied (Figure 3).

Nanoparticle use in drug delivery offers a variety of advantages that further prove
their therapeutic potential. They can carry multiple molecules due to their high-cargo
capacity and possess the ability to bind both hydrophobic and hydrophilic compounds.
Nanoparticles also enable increased targeting of cancer cells when decorated with specific
ligands, as well as other modifications to increase the accessibility and cytotoxic properties
of drugs. Currently, the new reports on targeted NPs (loaded with a CSP prodrug) show
their ability to effectively target both peripheral and brain tumors, as well as successfully
overcome the BBB [297]. Other significant advantages of NPs include their low toxicity,
thermodynamic stability, and sustained drug release. Overall, they are a promising platform
to enhance treatment efficacy, especially since some of these approaches have already shown
promise in vivo or even in clinical trials.

Nevertheless, apart from their numerous advantageous features, certain obstacles in
the application of these NPs are still present and require further study. Studies on nanocar-
riers show the complexity of the current challenges in NP research, which include the
complexity of the synthesis of NPs, the presence of radio- and chemoresistant GSCs, limited
transport across the BBB, or insufficient delivery of cargo to the tumor site. Conventional
drug-loaded nanovehicles may leak or readily release the compounds, so specific designs
for NPs carrying active compounds are required to assure their full effectiveness. More-
over, the uptake of nanoparticles by GBM cells and, therefore, their effectiveness, may be
restricted by external factors, such as heparin. An important issue is also the administration
of NPs to patients and their further passage through human organs, especially the liver.
This issue is particularly relevant for lipid nanocarriers, which may be consumed by the
liver, preventing therapeutic concentrations from being reached. Nonspecific uptake of
drug-loaded NPs by body tissues can cause damage, which could exclude or significantly
limit the use of such therapies. The solution may be to enrich the carriers with targeting
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components; however, the challenge lies in finding such moieties that target only GBM
cells and do not interfere with BBB penetration. One solution to this problem involves local
administration of the drug into the postoperative niche, but it is not always possible to
provide immediate therapy and not all tumors are operable.
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Overall, in spite of their limitations, the discussed non-metal nanoparticle-based
strategies carry great promise, as they offer a variety of therapeutic approaches, especially
in the field of targeted drug delivery. Extensive research and focus on developing novel
and refining current NP-based formulations, as well as their use in nanomedicine, may
enhance their translation into clinical settings and, ultimately, contribute to overcoming the
challenges of cancer treatment.
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Ang-2 angiopep-2
ApoE apolipoprotein E
BBB blood–brain barrier
CNS central nervous system
CNSP carbon nanotube sponge
CNT carbon nanotube
CPNs conjugated polymer nanoparticles
CSP cisplatin
DOX doxorubicin
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EGFR epidermal growth factor receptor
GBM glioblastoma multiforme
FDA Food and Drug Administration
GSC glioma stem cell
lncRNA long non-coding RNAs
MGMT O6-Methylguanine-DNA methyltransferase
MiRNA; miR microRNA
MMP-2 matrix metalloproteinase-2
MRI magnetic resonance imaging
MSC mesenchymal stem cell
MSNP mesoporous silica nanoparticle
MWCNT multi-wall carbon nanotube
N-M NP non-metal-based nanoparticle
NP nanoparticle
NRP1 neuropilin-1
PAMAM polyamidoamine
PBAE poly(β-amino ester)
PCL poly-ε-caprolactone
PDT photodynamic therapy
PEG polyethylene glycol
PFS progression-free survival
PLGA poly(lactic-co-glycolic acid)
PTX paclitaxel
SeNP selenium nanoparticle
SiNP silica nanoparticle
SiO2 silicon dioxide
siRNA small interfering RNA
SPION superparamagnetic iron oxide nanoparticle
SWCNT single-wall carbon nanotube
TAM tumor-associated macrophage
TME tumor microenvironment
TMZ temozolomide
VEGF vascular endothelial growth factor
VSNP virus-like silica nanoparticle
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