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Abstract: The blood-brain barrier (BBB) and blood-tumor barrier (BTB) pose substantial challenges to efficacious drug delivery for
glioblastoma multiforme (GBM), a primary brain tumor with poor prognosis. Nanoparticle-based combinational strategies have
emerged as promising modalities to overcome these barriers and enhance drug penetration into the brain parenchyma. This review
discusses various nanoparticle-based combinatorial approaches that combine nanoparticles with cell-based drug delivery, viral drug
delivery, focused ultrasound, magnetic field, and intranasal drug delivery to enhance drug permeability across the BBB and BTB. Cell-
based drug delivery involves using engineered cells as carriers for nanoparticles, taking advantage of their intrinsic migratory and
homing capabilities to facilitate the transport of therapeutic payloads across BBB and BTB. Viral drug delivery uses engineered viral
vectors to deliver therapeutic genes or payloads to specific cells within the GBM microenvironment. Focused ultrasound, coupled with
microbubbles or nanoparticles, can temporarily disrupt the BBB to increase drug permeability. Magnetic field-guided drug delivery
exploits magnetic nanoparticles to facilitate targeted drug delivery under an external magnetic field. Intranasal drug delivery offers
a minimally invasive avenue to bypass the BBB and deliver therapeutic agents directly to the brain via olfactory and trigeminal
pathways. By combining these strategies, synergistic effects can enhance drug delivery efficiency, improve therapeutic efficacy, and
reduce off-target effects. Future research should focus on optimizing nanoparticle design, exploring new combination strategies, and
advancing preclinical and clinical investigations to promote the translation of nanoparticle-based combination therapies for GBM.
Keywords: glioblastoma, blood-brain barrier, blood-tumor barrier, nanoparticle, combination strategy, ultrasound-wave, magnetic
field, intranasal drug delivery

Introduction
The blood-brain barrier (BBB), a highly specialized and selective biological barrier that serves as the interface between the body’s
general blood circulation and the central nervous system (CNS). The BBB’s primary function is to regulate the influx of necessary
substances like nutrients and oxygen to the brain, while restricting the entry of potentially harmful compounds, including many
pharmaceuticals.' > Although the BBB is critical for maintaining the stable internal environment of the brain, it also poses
significant challenges for treating neurological conditions, particularly brain tumors such as glioblastoma multiforme (GBM).*°
GBM is the epitome of malignant primary brain tumors, characterized by its aggressive behavior and dismal prognosis,
with median survival lingering around 15 months post standard interventions, surgery, radiotherapy, and chemotherapy.’
One of the major obstacles to successful treatment of glioblastoma is the limited efficacy of systemic drug delivery due to
the intrinsic selectivity of the BBB and the additional blood-tumor barrier (BTB), which is formed by the abnormal
vasculature and increased interstitial pressure within the tumor microenvironment.>® These barriers substantially limit the

effective delivery of chemotherapeutic drugs to tumor sites, leading to poor treatment outcomes.”'°
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To overcome the BBB and BTB and to improve the delivery of therapeutic agents in glioblastoma cells, various drug
delivery strategies have been developed.''"'? These strategies include exploiting natural transcytosis mechanisms,
intranasal routes that bypass the BBB, and, in particular, nanoparticle (NP)-based delivery systems.”'*

Drug delivery systems based on nanoparticles (NPs) are attracting significant attention due to their potential to improve
both drug efficacy and safety. These systems offer promising advances in targeting and penetrating the complex environment
of brain tumors, thereby improving therapeutic outcomes.'*'* These systems can be designed to overcome the physical and
physiological barriers of the BBB and BTB and enable the selective delivery of therapeutic drugs to tumor cells while
minimizing off-target effects on healthy tissues.®'® Furthermore, NPs can be engineered to encapsulate multiple drugs, for use
in combination therapies, which can improve the tumor treatment outcomes by targeting multiple signaling pathways and
reducing drug resistance.'*'”"'® The advantages of NP-based combination strategies include the combination of the properties
of diverse types of NPs, enhancing the targeting ability and stability of each drug delivery system.'’

However, despite the significant progress in developing drug delivery strategies for glioblastoma treatment, there
remain several challenges and limitations that need to be addressed.”’”' These include the limited unique tumor
microenvironment, the genetic and molecular heterogeneity of glioblastoma tumors.?® Progression of GBM alters the
BBB, leading to the formation of the BTB, which further limits the efficacy of anti-tumor drugs. About 98% of small
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molecules and virtually all biological macromolecule drugs, including growth factors and monoclonal antibodies, are
unable to penetrate the central nervous system to achieve therapeutic results.

This review aims to discuss the potential of NP-based combination strategy to overcome the BBB for the treatment of
GBM. The review will provide an overview of the BBB and BTB, the challenges and limitations of conventional drug
delivery strategies, and the potential advantages of NP-based drug delivery systems to enhance drug delivery across the
BBB and highlight the opportunities and challenges of combining different drug delivery strategies for effective
glioblastoma treatment.

Glioblastoma (GBM) and Blood Brain Barrier (BBB)

GBM is the most common and aggressive form of primary brain tumor diagnosed in adults, characterized by rapid
progression and significant clinical challenges.”® It has a high mortality rate and limited treatment options due to the
presence of the BBB, a selectively permeable membrane that separates the brain from the systemic circulation.”* The
BBB is formed by endothelial cells lining the brain capillaries, which are tightly interconnected by tight junctions and
surrounded by pericytes and astrocytes.>> The BBB restricts the entry of many substances, including chemotherapeutic
agents, into the brain, thus limiting their efficacy in treating GBM.?® This section will provide an overview of GBM and
the BBB and their interactions.

Glioblastoma

Glioblastoma is a malignant brain tumor that arises from glial cells, the supporting cells of the central nervous system,
with median survival time less than 2 years. It is classified as a diffuse astrocytic glioma that is IDH-wild type and H3-
wild type, tumors which originates from astrocytes, according to the World Health Organization (WHO) classification
system.”” GBM is highly aggressive and invasive, even with current standard of care treatments, including surgery,
radiation therapy, and chemotherapy.”**® The prognosis for GBM patients is poor, and it is urgently needed for the
development of novel drug delivery strategy enhance therapeutic efficacy.*

Blood-Brain Barrier (BBB)

The BBB is a highly selective barrier that regulates the exchange of substances between the brain and the bloodstream.
The BBB is composed of specialized endothelial cells that line the brain capillaries and are interconnected by tight
junctions, which prevent the paracellular diffusion of molecules.”” In addition to endothelial cells, pericytes and
astrocytes also contribute to the structure and function of the BBB.*>~° Pericytes are contractile cells that surround
the endothelial cells and regulate blood flow and vascular permeability, while astrocytes provide structural and metabolic
support to the endothelial cells.*

The BBB is highly selective, allowing the entry of essential nutrients, such as glucose and amino acids, while
preventing the entry of potentially harmful substances, such as pathogens and toxins. The BBB also restricts the entry of
many drugs and chemotherapeutic agents into the brain, limiting their efficacy in treating GBM. The BBB’s ability to
exclude drugs is due to the presence of efflux transporters, such as P-glycoprotein (P-gp), that actively transport drugs out
of the brain.®' In addition, the tight junctions between endothelial cells prevent the paracellular diffusion of many
drugs.>? The BBB is a major obstacle in the treatment of GBM, and strategies to overcome the BBB are needed to
improve the efficacy of current therapies.

Blood-Brain Tumor Barrier (BTB)

The BTB is a specialized barrier that forms within brain tumors, specifically gliomas, to protect the tumor from the
surrounding brain tissue. In glioblastoma, the BTB exhibits atypical features that affect its integrity, including diminished
tight junctions (TJs) that normally tightly close endothelial cells, irregular coverage of blood vessels by pericytes, and the
emergence of stem cell-derived pericytes. These abnormalities contribute to the degradation of the vascular structure as
the tumor progresses. Furthermore, increased reactive astrocytes, accompanied by retraction of their endfeet, along with
deterioration of the basal lamina, further undermine the stability of the BTB.?
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The disruption of the BBB is evidenced by the higher drug accumulation in the brain tumor compared to the
unaffected brain. It is also indirectly evidenced by the detection of brain tumor markers in the circulation, such as
circulating tumor cells from gliomas. BBB disruption in gliomas is heterogeneous, occurs mainly in the tumor core, and
is closely related to the stage of disease progression.'® The BTB exhibits several distinct features compared to the normal
BBB. It is characterized by irregular vessel structure, enlarged endothelial cell gaps, increased permeability to macro-
molecules, and enhanced expression of certain transporters and receptors.”>**2> A better understanding of the BTB is
essential for the development of effective therapeutic strategies for brain tumors.

Interactions Between GBM and the BTB

GBM cells are known to interact with the BBB through a variety of mechanisms. One of the key mechanisms is through
the expression of specific cell surface receptors that are able to bind to proteins present in the extracellular matrix of the
BBB.** For example, integrins such as avf3 and aSB1 are known to be overexpressed on GBM cells and can interact
with laminin and fibronectin, respectively, which are present in the extracellular matrix of the BBB.** Additionally, other
cell surface receptors such as epidermal growth factor receptor (EGFR) and platelet-derived growth factor receptor
(PDGFR) have also been shown to play a role in GBM-BBB interactions. These receptors can activate downstream
signaling pathways that lead to increased angiogenesis and BBB disruption.*®-’

GBM cells also secrete various factors that can affect the function of the BBB. For example, vascular endothelial
growth factor (VEGF), which is overexpressed in GBM, has been shown to disrupt tight junctions between endothelial
cells of the BBB and increase permeability.*® Other factors such as matrix metalloproteinases (MMPs) can degrade
extracellular matrix proteins and basement membrane components of the BBB, leading to increased permeability.>”

In addition to these direct interactions, GBM cells can also influence the function of the BBB through indirect mechanisms.
For example, GBM cells can recruit immune cells such as microglia and macrophages to the brain, which can secrete
cytokines and chemokines that can affect BBB function.*” As the glioma cells grow beyond the BBB, the demand for nutrients
and oxygen increases, leading to angiogenesis, a process in which the tumor cells transform the existing microvasculature of
the brain. Simultaneously, angiogenesis promotes the proliferation and survival of cancer cells by providing them with the
necessary nutrients.*' During the process of angiogenesis, newly formed blood vessels typically exhibit an immature structure
characterized by fenestrations and a lack of endothelial tight junction protein complexes. This structural immaturity leads to an
increase in vascular permeability, allowing substances to pass through the vessel walls more easily. Compared to normal BBB
capillaries, these immature capillaries are “leaky”. As the tumor lesion grows and expands, the tumor environment becomes
increasingly hypoxic. In response to this hypoxic state, tumor cells increase the secretion of VEGF, a critical protein that
stimulates angiogenesis.*** Differences between the BBB and BTB are shown in (Figure 1).

Overall, the interactions between GBM and the BBB are complex and multifactorial, involving both direct and
indirect mechanisms. Understanding these interactions is crucial for the development of effective drug delivery strategies
for the treatment of GBM.

Surgical resection remains the cornerstone of treatment for glioblastoma (GBM), the most aggressive form of brain
cancer.”> The challenge with surgery is that it is difficult to eliminate all cancer cells, leaving patients vulnerable to
recurrence. Post-operative treatments are therefore critical, but current methods are limited and affect long-term
outcomes.’” Innovations in post-operative drug delivery systems, particularly those that utilize the precision and
controlled release offered by nanotechnology, are under active research.® The exploration of such novel strategies
underscores the urgent need for improved therapeutic options in the post-surgical treatment landscape for GBM.****

Drug Delivery Strategies to Overcome the BBB

The blood-brain barrier (BBB) is characterized by its selective permeability, an essential feature for maintaining cerebral
homeostasis by regulating the entry of substances into the brain. However, this selectivity also poses a significant
challenge to the delivery of therapeutic agents to tumor tissues within the brain. With the growing understanding of the
BBB and BTB, extensive research currently focusing on various diverse mechanisms to achieve precise drug delivery
into the brain. The transport mechanism across the BBB can be divided into three categories, carrier-mediated transport,
passive diffusion and transcytosis (Figure 2).
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Figure | Differences between the blood-brain barrier (BBB) of a healthy brain and the blood-brain tumor barrier (BTB) of glioblastoma.

Carrier-Mediated Transport

Carrier-mediated transport (CMT) is an energy-dependent mechanism that facilitates the active transport of various
bioactive compounds, typically involving small hydrophilic molecules like glucose and amino acids.*> CMT proteins
located in brain capillary endothelial cells can be expressed on the luminal, the abluminal side, or both.*® The specific
localization and activity of these transporters regulate the passage of molecules across the BBB. They control whether
molecules move unidirectionally, either as an influx into the brain or as an efflux back into the circulation, or
bidirectionally, allowing solutes to move in both directions across the BBB in response to concentration gradients.
This regulation is fundamental to maintaining the protective environment of the brain and its physiological
homeostasis.*’ Passive transporters, like the glucose transporter, allow solutes to move across cell membranes following
their electrochemical gradient without requiring energy. Active transporters, like adenosine triphosphate (ATP)-binding
cassette (ABC) transporters and ion pumps (ATPases), use energy to create gradients of solutes across membranes. These
active transporters are involved in establishing solute gradients across cellular membranes, actively transporting solutes
against their concentration gradient. This movement is powered by the energy released from the hydrolysis of ATP,
facilitating the transfer of substances either out of the cell or into specific organelles.**** Solute transporters (SLCs) are
the largest family of transmembrane transporters and are important in the exchange of various substances like nutrients,
ions and metabolites through biological membranes. Most polar molecules cannot diffuse across cell membranes, so all
cells express a significant amount of SLCs on the cell membrane cascade (Table 1).°*>! The endothelial cells of the brain
that form the BBB express transport proteins that facilitate the movement of various solutes and nutrients into and out of
the brain.>**> Some of these transport proteins exhibit polarity in their expression, being found exclusively in either the
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Figure 2 The transport mechanism across the BBB.

luminal or abluminal membrane, while others are present in both membranes of the endothelial cells.”* The positioning
of these transporters can result in selective substrate transport into or across the endothelial cell.’® The direction of this
transport can be from the blood to the brain or from the brain to the blood. Another role of tight junctions within lateral

cell membranes is to function as a partition, separating transport proteins and lipid rafts to the luminal or abluminal
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Transporter Transport type | Localization | Substrates Reference
ABC transporters

ABC2 (ABCA2) ABC Not Known Cholesterol, estrodiol, estramustine [55,58,59]
P-gp, MDRI| (ABCBI) | ABC L Vincristine, quinidine, verapamil [55,58,59]
MRP4 (ABCC4) ABC Land A E,17BG, methotrexate, topotecan [55]

SURI (ABCCS8) ABC L Tolbutamide, diazoxide, pinacidil [55]

BCRP (ABCG2) ABC L Glutathione, folic acid, mitoxantrone, topotecan, | [55,58,59]
SLC transporters

SLC2AI (GLUTI) F Land A Glucose, galactose, mannose, glucosamine [55,58]
SLCI6AI (MCTI) C/H* Land A Lactate, pyruvate, ketone bodies [55,58,59]]
SLC7AS (LATI) E Land A Large neutral amino acids, L-dopa, gabapentin [55,58,59]]
SLC7Al (CATI) F L Cationic L-amino acids [55,58]
SLC22Al (OCTI) F L Organic cations [59]
SLCIA2 (EAAT2) C/Na*, H*, K* A L-glutamine, D/L- aspartic acid [59]

Abbreviations: ABC, adenosine triphosphate (ATP)-binding cassette; L, luminal; A, abluminal; SLC, solute carrier; GLUTI, glucose transporter |;
MCT]I, monocarboxylic acid transporter |; LATI, large neutral amino acid transporter; CATI, cationic amino acid transporter |; OCTI, Organic
cation transporter |; EAATI, excitatory amino acid transporter |.

2534

https:

Dove!

International Journa

| of Nanomedicine 2024:19


https://www.dovepress.com
https://www.dovepress.com

Dove Lim et al

membrane domain. Such segregation restricts their independent movement between opposite sides of the endothelium,

thereby preserving the polarization of the barrier.>>>%>7

Transcytosis

Transcytosis is a process where molecules or particles are transported across the endothelial cells of the BBB via
vesicular trafficking.*>*” This process is important for delivering drugs to the brain as the BBB limits the passive
diffusion of many drugs, making them ineffective in treating neurological disorders and glioma.*® Transcytosis can occur
through two mechanisms: receptor-mediated and adsorptive-mediated transcytosis.

Receptor-mediated transcytosis (RMT) is a highly efficient mechanism for targeted drug delivery across the BBB. In
this process, the drugs are conjugated to ligands that bind to specific receptors expressed on the luminal side of the BBB
endothelium.*” Upon binding, the receptor-ligand complex undergoes internalization and transcytosis across the endothe-
lial cells to the abluminal side of the BBB, where the drug is released into the brain parenchyma.’

The most commonly used receptors for RMT include transferrin receptor (TfR), low-density lipoprotein receptor-
related protein 1 (LRP1), insulin receptor (IR), and melanocortin receptor 1 (MCR1).®® Among these receptors, one of
the most extensively studied receptors for RMT is the transferrin receptor. TfR is expressed on the surface of brain
endothelial cells and binds to transferrin, a protein that transports iron across the BBB has been widely used for the
delivery of therapeutic agents to the brain.®’ The TfR-transferrin complex is internalized and transported across the
endothelial cells via clathrin-mediated endocytosis. Once in the brain parenchyma, transferrin is released and can bind to
its receptors on neurons and glial cells.*’

One of the advantages of RMT is the high specificity and affinity of the ligands for their target receptors, which
allows for selective drug delivery to the brain while minimizing off-target effects. Despite the advantages, RMT has
some limitations for drug delivery across the BBB. One of the main limitations is the limited number of receptors
available for targeting on the BBB endothelium, which can result in low drug delivery efficiency. Moreover, RMT is
often limited to small molecule drugs due to the size limitations of the receptor-ligand complex. The size limitation is
especially challenging for the delivery of macromolecules, such as proteins and nucleic acids, which have shown promise
for the treatment of various brain diseases.*’

Adsorptive-mediated transcytosis (AMT) is another strategy for drug delivery across the BBB. AMT relies on the
principles of electrostatic interactions between the drug or NP and the BBB endothelial cells.’® The negatively charged
plasma membrane of endothelial cells provides an opportunity for the adsorption of cationic or amphipathic molecules,
facilitating their internalization and subsequent transcytosis. These interactions lead to the binding and subsequent
internalization of the cargo, followed by transcytosis across the BBB. A variety of proteins or peptides can transport
via AMT, such as peptides and cationic proteins.”

Peptides are short sequences of amino acids that can bind to specific receptors on the surface of BBB endothelial cells
and facilitate transcytosis. One example of a peptide that has been studied for BBB transcytosis is the angiopep-2
peptide. Angiopep-2 is a 19 amino acid peptide that can bind to the low-density lipoprotein receptor-related protein 1
(LRP1) on BBB endothelial cells. Studies have shown that angiopep-2 can facilitate transcytosis of NPs across the BBB
and enhance drug delivery to the brain.>* A list of various types of receptor and adsorptive-mediated transcytosis is
presented in Table 2.7

Despite the potential of AMT for BBB drug delivery, there are still challenges to overcome. One major challenge is
the limited number of specific peptide receptors on BBB endothelial cells. In addition, the peptide-conjugated drugs or
NPs may also be subject to degradation by proteases in the BBB microenvironment.’® Further studies are needed to
optimize peptide design and enhance the efficacy of peptide-mediated transcytosis for BBB drug delivery.

Cell-Based Nanoparticle Drug Delivery Strategies for Overcoming the
BBB

NP-based drug delivery systems have shown great potential in overcoming the challenges imposed by the BBB for
efficient drug delivery to the brain. However, to further enhance the targeting and therapeutic efficacy, NPs can be
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Table 2 Examples of Receptor-Mediated and Adsorptive-Mediated Transcytosis of Complexes Across the BBB

Type | Transport Receptor Ligands Reference

RMT | Transferrin TFR Fe-transferrin [57]
Lactoferrin LFR Lactoferrin [62]
Insulin Receptor uncharacterized Insulin [63]
Immunoglobulin G Fcy-R 1gG [64]
Leptin Receptor uncharacterized Leptin [65]
Apolipoprotein E receptor 2 | ApopER2 Lipoproteins and molecules bound to ApoE [66]
LDL-receptor protein 1,2 LRPI Lipoproteins, Amyloid-B, lactoferrin, a 2-macroglobulin, | [66,67]

LRP) melanotransferrin (p97), ApoE

Tumour necrosis factor TNF-a [68]

AMT | Cationic proteins Not receptor-mediated Cationic albumin [69]
Cell penetrating peptides Not receptor-mediated SynB5/pAnt-(43-58) [70]

Abbreviations: TFR, transferrin receptor; LFR, lactoferrin receptor; LPR, LDL-receptor-related protein; ApopER2, apolipoprotein E receptor 2; TNF-a, tumor necrosis factor- .

combined with cell-based drug delivery approaches.”' This synergistic strategy combines the advantages of NPs, such as
enhanced drug encapsulation and controlled release, with the unique properties of various cell types that can actively
transport the drug across the BBB and target specific cells within the brain. By using the unique properties and functions
of different cell types, including mesenchymal stem cells (MSCs), neural stem cells (NSCs), monocytes/macrophages,
and red blood cells (RBCs), NPs can be effectively transported across the BBB and targeted to specific cells within the

brain (Figure 3).7%"*

Various Cell Types for NP Based Drug Delivery

Mesenchymal Stem Cells (MSCs)

Mesenchymal stem cells (MSCs) have gained significant attention as potential carriers for NP-based drug delivery to the
brain due to their unique properties and therapeutic potential. Mesenchymal stem cells (MSCs) are characterized by their
multipotency and can be derived from a variety of sources including bone marrow, adipose tissue, and umbilical cord
tissue. These cells have significant potential due to their ability to differentiate into a variety of cell types. One of the key
advantages of MSCs is their ability to migrate towards sites of injury and inflammation, including brain tumors, making
them attractive candidates for targeted drug delivery to overcome the BBB. This property, known as homing, allows
MSCs to actively target the diseased tissue and facilitate the delivery of therapeutic NPs. Moreover, MSCs possess
immunomodulatory properties and can secrete various trophic factors that promote tissue regeneration and repair, further
enhancing the therapeutic potential of the delivered NPs.”*”

Immune Cells

The immune system plays a critical role in defending the body against infections and diseases. Immune cells, including
lymphocytes, monocytes, macrophages, and natural killer (NK) cells, have unique properties that can be harnessed for
drug delivery across the BBB. These cells offer advantages such as their ability to interact with the BBB, their capacity
for targeted delivery to specific brain regions, and their potential for modulating immune responses.’®””

Monocytes and macrophages are immune cells that have the ability to defense against pathogens and in tissue
homeostasis. Monocytes are known to be recruited to glioma sites under the influence of tumor-associated chemokines
and cytokines, which serve as chemical signals to guide their migration.”® ®° Using monocytes as Trojan horses to deliver
chemotherapeutic agents to brain tumors is a promising strategy. They could take up loaded chemotherapeutics

encapsulated in or coated to nanoplatforms.®'-*?
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Figure 3 The strategy of NP with cell-based drug delivery.

The M1 macrophages, as carriers for delivering therapeutic NPs to glioma cells. The engineered M1 macro-
phages effectively internalized the PLGA NPs and migrated towards glioma cells. The NPs released the doxorubicin,
anticancer drug, within the tumor microenvironment, resulting in enhanced drug accumulation and improved
therapeutic efficacy. M1 macrophages exhibited tumor-targeting abilities, facilitated drug-loaded NP transport
across the BBB, and promoted tumor-associated macrophage polarization toward the M1 phenotype, further
contributing to antitumor activity.> Lymphocytes are essential parts of the adaptive immune system, including
T cells and B cells. These cells possess unique homing properties, allowing them to migrate to specific tissues and
organs, including the brain. The potential of lymphocytes for targeted drug delivery to the brain has been explored in
research.®*

Neutrophils, a key component of leukocytes, are an essential part of the innate immune system, mainly involved in
the early stages of the body’s defense against infection. They are the most prevalent white blood cells which are essential
for fighting bacterial and fungal infections.®***° Neutrophils are characterized by their multi-lobed nucleus and granules
containing various antimicrobial molecules. In addition to their role in host defense, neutrophils have been identified as
potential carriers for targeted drug delivery. The unique properties of neutrophils, such as their ability to migrate to
infected and inflammatory sites, pathogens, and release antimicrobial molecules, make them attractive candidates for
drug targeting.*”*® NPs accumulate at inflamed glioma sites following molecular targeting signals. The drug-loaded NPs
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are then released and taken up by infiltrating glioma cells, resulting in glioma treatment. Then, the drug-loaded NPs were
released and taken up by infiltrating glioma cells, resulting in glioma treatment.™

NP Surface Modification

NP surface modification is a promising drug delivery strategy for enhancing the targeting and delivery of therapeutic
agents to glioblastoma cells. Modifying the surface of NP can improve the binding, uptake, and retention of the
therapeutic agent.'* Several types of NP surface modifications have been developed, including peptide conjugation,
and antibody conjugation.

Peptide conjugation on NP is a widely used strategy that involves the attachment of peptides to the surface of NPs.
Peptides are short chains of amino acids that can be synthesized to target specific cell surface receptors. The conjugation
of peptides to the surface can improve the targeting of therapeutic agents to glioblastoma cells that overexpress the
receptor of interest and enhance their ability to penetrate the BBB. For example, the cyclic peptide, cRGD, which binds
to the avp3 and avp5 integrin receptors expressed on the surface of GBM cells. A study by Fang et al (2017) developed
cRGD-conjugated PEG-PLA NPs for the targeted delivery of doxorubicin to GBM. The cRGD-conjugated NPs showed
improved cellular uptake and cytotoxicity against GBM cells compared to non-targeted NPs and demonstrated enhanced
accumulation in GBM xenografts in vivo.”

Antibody conjugation on NP is another approach for surface modification. Antibodies are proteins that can specifi-
cally recognize and bind to target molecules, making them an attractive tool for targeted drug delivery.”’** Antibody
conjugation involves attaching antibodies to the surface of NPs to enhance their selectivity and specificity for the targeted
site. Antibody-mediated drug delivery has been shown to be effective in enhancing drug delivery across the BBB and
improving therapeutic efficacy in preclinical models of brain diseases, including glioblastoma.’**>

One of the most commonly used antibodies for BBB drug delivery is the transferrin receptor (TfR) antibody. The TfR
is highly expressed on the surface of brain endothelial cells and is involved in the transport of iron into the brain. TfR-
targeted NPs have been shown to effectively cross the BBB and accumulate in brain tumors.’®®” Several of these
antibodies have been reported to be effective in pre-clinical studies. Notably, OX26 and its variants, including 8D3 and
RI7217, are some examples.”” Various types of NPs including metal NPs,”® liposomes,’” polymeric NPs'% have been
used to carry the antibodies to deliver the drug payload to gliomas more effectively.

It is important to consider the protein corona effect, which refers to the rapid adsorption of proteins onto the NP
surface upon exposure to biological fluids.'®" This phenomenon can significantly alter the physicochemical properties of
NPs and influence their interactions with biological systems. The composition and structure of the protein corona is
dynamic and complex, depending on various factors such as NP size, shape, surface chemistry, and the protein
composition of the surrounding biological fluid. The protein corona can influence NP functionality, biocompatibility,
cellular uptake, and immune clearance, ultimately affecting the efficacy and safety of NP-based therapeutics.'®
Therefore, strategies to control and manipulate the protein corona are essential to optimize NP surface modification
and improve the performance of NP-based systems in biomedical applications.'®*

There are several limitations and challenges that must be addressed despite the potential benefits of antibody
conjugation for BBB drug delivery. One major limitation is the potential for immunogenicity and antibody-mediated
toxicity, which can result from the interaction between the antibody-conjugated NPs and the immune system. This can be
particularly problematic in patients with pre-existing immune responses or in cases where the antibodies are derived from
non-human sources.'**

Another limitation is the potential for rapid clearance of the antibody-conjugated NPs by the reticuloendothelial system
(RES) in the liver and spleen, which can limit their circulation time and accumulation in the brain. Strategies to overcome

this limitation include the use of stealth coatings or the incorporation of ligands that can specifically target the RES.'%

Intracellular Derived Vesicles NP

Intracellular derived vesicles, such as exosomes and membrane vesicles, are small membrane enveloped particles
released by cells that are involved in intercellular communication. These vesicles have gained significant interest in
recent years as potential drug delivery vehicles due to their ability to transport a variety of cargo, including proteins,
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nucleic acids, and lipids. Additionally, they have been shown to have inherent properties that make them an attractive
option for drug delivery across the BBB, including their small size, ability to cross biological barriers, and low
immunogenicity.' %

Several studies have explored the potential of using exosomes as drug delivery vehicles for the treatment of
glioblastoma. For instance, exosomes derived from dendritic cells (DCs) have been shown to be effective in delivering
siRNA targeting the oncogene Bcl2-like protein 12 (Bcl2-L12) to glioblastoma cells.'”” The study found that the
exosomes were able to cross the BBB and deliver the siRNA to the tumor cells, resulting in reduced tumor growth
and prolonged survival in a mouse model of GBM.'%®

Similarly, exosomes derived from mesenchymal stem cells (MSCs) have been shown to have therapeutic potential for
glioblastoma. A study found that MSC-derived exosomes loaded with miR-124, a tumor suppressor miRNA, were able to
inhibit the growth of glioblastoma cells in vitro and in vivo.'®

Exosomes derived from neural stem cells (NSCs) have also been explored for the treatment of glioblastoma. A study
found that exosomes derived from NSCs loaded with doxorubicin, a chemotherapy drug, were able to cross the BBB and
deliver the drug to the tumor cells, resulting in reduced tumor growth and increased survival in a mouse model of
glioblastoma.''® Another study found that exosomes derived from NSCs loaded with the chemotherapeutic agent
paclitaxel were able to inhibit the growth of glioblastoma cells both in vitro and in vivo.'"!

In addition to their potential as drug delivery vehicles, exosomes derived from various cell types have also been
shown to have intrinsic anti-tumor effects. For instance, exosomes derived from glioblastoma stem-like cells (GSCs)
were found to inhibit the growth of glioblastoma cells in vitro and in vivo.''?

Despite their potential, there are several challenges associated with the use of exosomes as drug delivery vehicles.
One challenge is the difficulty in producing large quantities of exosomes with consistent quality and purity. Another
challenge is the potential for off-target effects, as exosomes can be taken up by cells other than the intended target
cells.'"*""* Furthermore, the heterogeneity of exosomes derived from different cell types can make it difficult to compare

and interpret results from different studies.

Nanoparticle-Based Combination Strategies for Overcoming the BBB
Ultrasound Wave Responsive NP

Ultrasound-mediated drug delivery is a non-invasive strategy that uses focused ultrasound waves to temporarily disrupt
the BBB and facilitate the delivery of therapeutic drugs to the brain.''>"'"” Ultrasound waves can be used alone or in
combination with microbubbles, which are small gas-filled bubbles that oscillate in response to the ultrasound waves,
causing mechanical disruption of the endothelial cells in the BBB."'>"!'® The use of ultrasound in combination with NPs
has been shown to further enhance the delivery of therapeutic agents to the brain, as NPs can act as carriers for the drugs
and facilitate their transport across the disrupted BBB.''>"7!'8 [ ow-frequency focused ultrasound (FUS) is an
innovative and non-invasive approach for temporarily and reversibly opening the BBB. This strategy, guided by magnetic
resonance imaging (MRIgFUS), uses low-frequency ultrasound waves in concert with gas-filled microbubbles (MBs) to
specifically disrupt the BBB.''” The MBs, which are echogenic in nature and generally consist of lipid-encapsulated
perfluorocarbon gas, range from 1 to 5 um in diameter.'?’ They are widely used as contrast agents in ultrasound imaging
and aid in the precise targeting and disruption of the BBB for therapeutic purposes.'?' The pressure amplitudes utilized in
FUS to open the BBB are safe for human application, as they remain comparable to those employed in diagnostic
ultrasound, ie, less than 1.5-2 MPa. The exact physical processes leading to FUS-induced BBB opening are not fully
understood, although it is hypothesized that ultrasound waves cause MBs to engage with nearby brain tissue primarily by
two methods, stable and inertial cavitation. Stable cavitation occurs when microbubbles (MBs) rhythmically contract and
expand in a low-pressure environment. This action generates microstreaming in the fluid surrounding the MBs, which
applies mechanical forces to endothelial cells and transiently disrupts tight junction proteins.'** Under high-pressure
conditions, inertial cavitation leads to the collapse or disruption of microbubbles (MB), which generates robust
mechanical forces like shock waves and microjets. These forces can perforate cell membranes and increase permeability

in blood vessels (Figure 4.3
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One of the most widely studied NPs in combination with ultrasound is liposomes. Liposomes, spherical vesicles
composed of a lipid bilayer, have the ability to encapsulate both hydrophilic and hydrophobic drugs. This unique
structural feature makes them exceptionally versatile as carriers for a wide range of therapeutic agents. When combined
with ultrasound, liposomes can be rapidly and non-invasive delivered to the brain, significantly improving the efficiency
of drug delivery and consequently therapeutic efficacy.'>* "% In the specific context of glioma treatment, magnetic
resonance image-guided microbubble-enhanced low-intensity pulsed focused ultrasound (LIFU) is used to transiently
open the blood-brain barrier (BBB). This technique facilitates the delivery of a novel liposome-loaded small molecule, an
MGMT inactivator, to mice with temozolomide-resistant gliomas.'?’ This strategy demonstrates the potential of
combining liposomal drug carriers to more effectively target and treat challenging brain tumors.

In addition to liposomes, other NPs such as polymeric NPs and dendrimers have also been investigated in combina-
tion with ultrasound for BBB permeabilization. Polymeric NPs are composed of biocompatible polymers such as poly
(lactic-co-glycolic acid) (PLGA) or polyethylene glycol (PEG), which can be engineered to encapsulate a variety of
drugs and target specific cells or tissues.'*® When combined with ultrasound, polymeric NPs have been shown to enhance

the delivery of therapeutic agents to the brain and improve treatment outcomes.'*’
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The use of ultrasound in combination with NPs for BBB permeabilization has several advantages over other strategies
(Table 3). First, ultrasound is a non-invasive and safe technology that can be easily applied to the target region without
causing tissue damage.'*” Second, NPs can be designed to target specific cells or tissues, allowing for selective delivery
of therapeutic agents to the brain.''> Finally, the combination of ultrasound with NPs can enhance the delivery of
therapeutic agents to the brain and improve treatment outcomes.'**

Despite the potential of ultrasound-mediated drug delivery, there are several challenges that need to be addressed for
its widespread clinical application (Table 3). One major challenge is optimizing the ultrasound parameters to achieve
sufficient disruption of the BBB without causing tissue damage or inducing an immune response. Another challenge is
ensuring that the therapeutic agents are delivered specifically to the tumor site and not to healthy brain tissue, which
could cause neurological damage.''”!'®

Recent advances in ultrasound technology, such as the development of high-frequency ultrasound and the use of
imaging techniques to monitor drug delivery in real-time, have shown promise in addressing some of these challenges.
Additionally, research is ongoing to investigate the use of ultrasound-mediated drug delivery in combination with other

strategies, such as immunotherapy, to enhance the therapeutic efficacy of glioblastoma treatment.''®!'®

Magnetic Field Responsive NP

Magnetic targeting and guidance are a non-invasive strategy that uses magnetic fields to guide magnetic NPs (MNPs) to
the site of GBM. This technique harnesses magnetic nanoparticles (MNPs), which can be functionalized with therapeutic
compounds, and employs an external magnetic field to direct these particles across the BBB and into glioblastoma
(GBM) tissues (Figure 5)."*""'*? Prior to systemic administration, these MNPs are conjugated with therapeutic molecules.
When administered into the bloodstream, these MNPs circulate systemically until they are subjected to an externally
applied magnetic field concentrated at the GBM site.'*' '** This field acts as a focusing point, pulling the MNPs into the

Table 3 NP-Based Combination Strategies

Strategy Route Advantages Disadvantages
Cell-based Transcytosis ® Targeted delivery ® Developing cell-based NP can be technically
delivery ® Extended circulation challenging
® Reduced systemic toxicity ® Immunogenicity
® Various cell types can be engineered ® |imited drug payload
Ultrasound- | Mechanical BBB disruption |® Non-invasive ® Penetration depth is limited
wave ® Enables localized drug delivery ® The long-term safety of repeated BBB open-

ing is still under investigation

Magnetic Magnetic targeting by ® Non-invasive ® |imited drug types
field magnetic force and the ® Enables remote drug release triggering ® Penetration depth is limited
energy ® Minimization of systemic effects due to localiza- |® High-intensity magnetic fields may cause tis-
tion of magnetic nanoparticles in the brain sue heating and damage
Intranasal Olfactory nerve ® Non-invasive ® |imited drug types
Delivery Trigeminal nerve ® Rapid drug adsorption through highly vascular- |® Rapid elimination of drug from nasal cavity
Systemic circulation ized mucosa due to mucociliary clearance

® FEasy administration, particularly for chronic or |® Mechanical loss of dosage due to improper
repeated GBM treatments administration technique
® Bioavailability for low molecular weight drugs ® Nasal irritation or discomfort may occur

® Limited drug amount

Viral drug Transcytosis ® Target Specificity Immunogenicity and Toxicity

delivery Intranasal delivery ® Possibility of sustained therapeutic effects and Difficult to control virus behavior

reducing the need for repeated administrations Manufacturing and scalability challenges

Ethical considerations exist regarding using
genetically modified organisms in patients
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brain tumor, which can significantly increase the local drug concentration and enhance the therapeutic efficacy.’** To
ensure circulatory stability and evade immune recognition, these MNPs are often coated with biocompatible that prevent
premature opsonization or aggregation within the vascular system.'*> When these MNPs are directed by the magnetic
field to localize to the region of the cerebral tumor, they can accelerate the deposition of therapeutic agents within the
GBM, thereby increasing the concentration of the drug at the target site while decreasing the systemic exposure.'*':'3?

Superparamagnetic iron oxide nanoparticles (SPIONs) exhibit unique magnetic properties, primarily due to their iron
oxide core and a surrounding polymer coating. This design not only imparts magnetic responsiveness to the SPIONs but
also ensures crucial biological characteristics such as biocompatibility, internalization, and viability. Taking advantage of
these magnetic properties, a promising therapeutic approach involves the use of an external magnetic field to direct
SPIONSs specifically to tumor regions.136

One study investigated the use of SPIONs conjugated with the chemotherapy drug temozolomide (TMZ) for the
treatment of GBM. The SPIONs-TMZ conjugates were able to cross the BBB and accumulate in the tumor site, resulting
in improved efficacy compared to free TMZ.'*” Despite these advancements, magnetic targeting is not without its
intricacies and limitations. The introduction of a magnetic field to bodily tissues can inadvertently cause an increase in
temperature, a phenomenon known as magnetic hyperthermia, which has the potential to damage healthy surrounding
tissues.'*® Moreover, there is a risk that MNPs might distribute to off-target tissues or organs, thereby causing unwanted
side effects. To mitigate these risks, meticulous optimization of the magnetic field’s parameters, including its strength and
exposure time, is critical.'>” Moreover, a profound understanding of the MNPs’ physicochemical properties, such as their
magnetic responsiveness, size, surface charge, and biodegradability, is essential. These factors play a decisive role in the
MNPs’ circulation time, biodistribution, and the precision of their targeting capability.'?*!°

As research in this area progresses, there is a growing emphasis on developing sophisticated MNP systems that
exhibit controlled drug release mechanisms, targeted payload delivery, and minimal off-target accumulation.'*' This
would entail the integration of stimuli-responsive elements into the MNP design, allowing for the controlled release of
drugs in response to specific physiological signals at the tumor site.'*! Magnetic field strategies to overcome the blood-
brain barrier (BBB) offer a blend of advantages and limitations that are important for their application in medical
treatments (Table 3)."*%!*%13° Major advantages include the non-invasive nature of the technique, which makes it safer
and more comfortable for patients. It allows for the unique ability to remotely trigger drug release, providing precise
control over when and where the drug is activated.'*® In addition, because the magnetic nanoparticles are localized in the
brain, systemic side effects are minimized, and the treatment is more targeted and less disruptive to other body
systems.'*” On the other hand, the limitations of this approach cannot be overlooked. It is only suitable for a limited
range of drug types tailored to work with magnetic nanoparticles. The depth of penetration of the magnetic field into
brain tissue is limited, which may limit its effectiveness for deeper brain regions.''® In addition, the use of high-intensity
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magnetic fields raises concerns about potential tissue heating and damage, posing a risk to patient safety.'**!3® Therefore,
while magnetic field strategies represent a promising avenue for crossing the BBB, their application must be carefully
balanced with these inherent limitations.

Intranasal NP Drug Delivery

Intranasal delivery is an attractive non-invasive route for delivering therapeutics to the brain. The olfactory and
trigeminal nerves in the nasal cavity provide direct access to the brain, bypassing the BBB.'**'** Additionally, intranasal
delivery is a convenient and painless method of drug administration, especially for chronic or repeated dosing. However,
only small molecules and lipophilic drugs can efficiently penetrate the nasal mucosa and reach the brain, limiting the
types of therapeutics that can be delivered by this route. NPs have been explored as a means of enhancing intranasal
delivery of drugs to the brain.'**!*

The first step in the NP drug delivery pathway using intranasal delivery is the administration of NPs as a nasal spray
or droplets. When administered intranasally, the NPs are dispersed in the nasal cavity. The large surface area and rich
blood supply of the nasal mucosa facilitate efficient drug absorption.'**

The NPs can deposit in different regions of the nasal cavity, including the olfactory region and the respiratory region
(Figure 6). The olfactory region is important region for brain drug delivery as it provides a direct pathway to the brain
through the olfactory epithelium and the olfactory nerves. The NPs can directly access the olfactory bulb and subse-
quently diffuse into other brain regions. In the respiratory region, the NPs can be absorbed into the bloodstream and reach
the brain through systemic circulation.'**!*>

Upon deposition in the nasal cavity, the NPs interact with the nasal mucosa. The surface properties of the NPs play
a crucial role in their interaction with the mucosal tissues. NPs can penetrate the nasal mucosa through various
mechanisms, including diffusion, endocytosis, and paracellular or transcellular transport.'*® The NPs can diffuse across
the nasal epithelial cells, taking advantage of their small size and favorable physicochemical properties. Additionally,
some NPs can be taken up by the nasal epithelial cells through endocytosis, allowing them to bypass the mucosal barrier
and enter the systemic circulation.'*!'*’

NP-based intranasal delivery has been shown to enhance brain delivery of drugs that are otherwise unable to

overcome the BBB. Polymeric NPs, such as PLGA and chitosan, have been used to improve the intranasal delivery of
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various drugs to the brain. Additionally, solid lipid NPs (SLNs) have also been investigated for intranasal drug delivery
due to their ability to improve drug solubility and stability, as well as their potential to enhance drug transport across the
nasal mucosa.'** 1>

NP-based intranasal drug delivery offers rapid drug action through direct access to the GBM and rapid absorption
through the highly vascularized mucosa, ensuring rapid therapeutic effects (Table 3). In addition, it is easy to administer
and can be particularly effective for low molecular weight drugs, increasing their bioavailability. However, the limita-
tions of this approach are significant. It is only suitable for a limited range of drug types, and rapid mucociliary clearance
in the nasal cavity can lead to rapid elimination of the drug.'**'** There’s also a risk of mechanical dose loss due to
improper administration techniques. In addition, some patients may experience nasal irritation or discomfort, and there’s
a limit to the amount of drug that can be effectively delivered by this route.'** This combination of factors makes it
critical to consider both the advantages and disadvantages when choosing intranasal drug delivery for the treatment of
diseases such as GBM. Further studies are needed to optimize the design of NP systems for intranasal drug delivery and

to evaluate their efficacy in clinical and safety.'**

Viral Vector Drug Delivery
Virus-Like NP

Virus-like nano particle (VLP) drug delivery has emerged as an promising approach in the treatment of GBM, primarily
due to its potential to effectively cross the BBB. VLPs, which mimic the structure of viruses but lack viral genetic
material, offer a promising platform for the targeted delivery of therapeutic agents.'>' These particles providing a unique
approach to transport therapeutic agents across the BBB and deliver them to GBM cells (Figure 7). VLPs are known for
their structural similarity to viruses, allowing them to utilize the natural cellular entry pathways used by viruses without
the associated risk of viral replication or infection.'>"'>® This property makes VLPs an attractive vehicle for drug
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delivery, as they can encapsulate a wide range of therapeutic agents, including small molecules, nucleic acids and
proteins.'>! VLPs are renowned for their structural similarity to viruses, allowing them to leverage the natural cellular
entry pathways used by viruses, without the associated risk of viral replication or infection.'>® This feature makes VLPs
an attractive vehicle for drug delivery, as they can encapsulate a wide range of therapeutic agents, including small
molecules, nucleic acids, and proteins.'>* Recent advancements have focused on understanding the complicated path-
ways employed by viruses to overcome the BBB.'>? There have been reports indicating that SARS-CoV-2 can affect
several cranial nerves, such as the olfactory, trigeminal, optic, and vagus nerves. In addition, SARS-CoV-2 can spread to
the systemic circulatory system, after a respiratory tract infection that is typical of the virus.'>> Upon reaching the BBB,
SARS-CoV-2 can penetrate endothelial cells through interaction with the angiotensin-converting enzyme 2 (ACE2)
receptor, alteration of tight junction proteins formed by BBB endothelial cells, or phagocytosis by immune cells.
transcellular pathway, paracellular pathway, and the Trojan horse pathway.'>® The entry of JC VLPs (John
Cunningham virus-like particles) into brain endothelial cells was mediated by clathrin-dependent mechanisms, and
exocytosis or cellular and paracellular transcytosis of VLPs across the BBB was observed in vitro. VLPs were found
in mouse brain endothelia through Intravenous (IV) and Internal carotid artery (ICA) injection.'>’

The ability of VLPs to cross the BBB is a critical aspect of their functionality in GBM treatment. Researchers have
been investigating various strategies to enhance BBB penetration, such as modifying the surface properties of VLPs to
exploit receptor-mediated transcytosis pathways.'>® Research on brain tumor treatment using VLPs is still in its early
stages, but it holds promise as various viruses capable of crossing the BBB have been reported, suggesting a potential
avenue for exploration.'*’

The safety and biocompatibility of VLPs are paramount for their use in clinical applications. Despite the potential of
VLPs in GBM treatment, challenges remain in translating these technologies from the laboratory to the clinic. Issues such
as the scalability of VLP production, the stability of drug encapsulation, and the long-term safety of these delivery
systems need to be thoroughly addressed. Ongoing research and clinical trials are essential to refine VLP technology,
assess its effectiveness in treating GBM, and ultimately integrate VLP-based drug delivery systems into standard GBM
treatment regimens.'>>
Bacteria Engineering NP
Bacteria have shown promising results in cancer therapy. Bacterial engineering approaches for cancer treatment are
independent of genetic variations, offering distinct advantages over traditional treatments due to their inherent tumor-
targeting ability, capacity for tissue penetration, and gene delivery capabilities.'®® Research has shown that bacteria can
cross the BBB through transcellular, paracellular, or phagocyte-mediated mechanisms (Figure 7). This discovery has
provided the evidence for using bacteria in the treatment of GBM. However, the use of live bacteria for GBM therapy is
limited due to challenges such as imprecise drug release control, inadequate immune response stimulation, and potential
bacterial toxicity, such as bacteremia. There is growing interest in developing hybrid systems that combine bacteria and
nanoparticles for drug delivery in various cancer types.'®'

A study developed a Trojan bacteria system for delivering therapeutics to combination therapy photothermal
immunotherapy for GBM. The therapeutic agents used were glucose polymer (GP)-conjugated and indocyanine green
(ICG)-loaded silicon nanoparticles (GP-ICG-SiNPs). Facultatively anaerobic bacteria, such as attenuated Salmonella
typhimurium VNP20009 (VNP) and Escherichia coli 25,922 (EC), efficiently internalize these nanoparticles via the
bacteria-specific ATP-binding cassette (ABC) transporter, forming the Trojan bacteria system. Compared to free agents,
which have difficulty crossing the BBB and reaching GBM tissues, the engineered Trojan bacteria can transport
therapeutics across the BBB, target GBM and penetrate GBM tissues more effectively. The Trojan bacteria system
utilizes photothermal effects induced by ICG-loaded SiNPs under 808-nanometer irradiation to destruct tumor cells,

release tumor-associated antigens and promote immune responses.'®>

Conclusion and Future Perspective
The presence of the blood-brain barrier (BBB) and the blood-tumor barrier (BTB) is a major impediment to the treatment of
glioblastoma (GBM), one of the most aggressive malignant forms of brain cancer.®” The selective permeability of
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physiological barriers impedes the passage of therapeutic molecules, posing a challenge to delivering drugs to the brain and
tumor microenvironment. Large and hydrophilic molecules are unable to cross these batriers, resulting in lower therapeutic
concentrations at the site of action and reduced treatment efficacy for patients, ultimately impacting survival rates.'®>'** To
improve treatment outcomes in GBM, it is crucial to advance new approaches that can overcome these barriers.

Various strategies have been explored to overcome the BBB and BTB, and among them, NP-based drug delivery
systems have shown great potential. Surface modifications, such as receptor-mediated targeting and adsorptive-mediated
transcytosis, have demonstrated enhanced NP transport across the barriers.'>** The use of NP-based combination
strategies holds immense potential.'®> The use of NPs with ultrasound waves or magnetic fields represents
a developed strategy to enhance drug delivery to tumor sites.''>'?* This approach takes advantage of the increased
permeability and localized targeting, thereby improving the efficiency and precision of therapeutic agent delivery to the
targeted area. Furthermore, the integration of cell-based drug delivery systems with NPs offers a unique approach to
enhance drug delivery to GBM. Mesenchymal stem cells (MSCs), monocytes/macrophages, and other immune cells have
been explored as carriers for delivering NPs to the tumor site. These cells possess inherent tropism for GBM and can be
genetically modified or loaded with NPs to enhance their therapeutic efficacy.””

The combination of NP-based drug delivery systems with cell-based carriers not only improves the delivery of
therapeutic agents but also offers additional advantages such as immunomodulation, tumor targeting, and the potential for
personalized medicine.'* The use of genetically modified cells or the engineering of living cells with functionalized NP
provides exciting avenues for tailored and targeted therapies. In recent years, the development of NP based combination
therapy approaches has gained significant attention in the treatment of cancer.'®'®® By combining NP-based strategies
with other modalities, such as ultrasound-wave, magnetic field, or intranasal delivery, the synergistic effects can lead to
improved drug penetration and therapeutic efficacy. These strategies offer promising opportunities for non-invasive and
targeted drug delivery to GBM, ultimately improving patient outcomes. The rationale behind combination therapy lies in
the complementary mechanisms of action employed by different modalities. The use of ultrasound-wave or magnetic
field can enhance the permeability of the BBB and facilitate the transport of NPs across the barrier.'!>!'!®

Similarly, intranasal delivery offers a direct route to bypass the BBB and deliver therapeutics to the brain.'*® By
combining these approaches with NP-based drug delivery systems, the potential for achieving higher drug concentrations
within the tumor site increases significantly. Moreover, NP based combination therapy has the advantage of addressing
the inherent heterogeneity of GBM. The tumor microenvironment is characterized by diverse cell populations, each with
distinct vulnerabilities and resistance mechanisms. By targeting multiple pathways simultaneously, combination therapy
can overcome drug resistance and improve treatment efficacy. Additionally, combination approaches can enhance
therapeutic selectivity, reducing off-target effects and minimizing systemic toxicity.'®’

Viral vector drug delivery holds significant potential due to their inherent properties such as specific targeting
capabilities and surface modifiability. Research has shown that virus and bacteria can cross the BBB through transcel-
lular, paracellular, or Trojan horse mechanisms.'>” To advance the development and clinical translation of bacterial
nanoparticle-based therapies for glioblastoma, it is essential to resolve challenges related to immunogenicity, scalability,
target specificity and microbiome interactions.'®'

However, successful clinical application of combination therapy requires careful consideration and optimization of
several factors. These include the selection of appropriate therapeutic agents, dosage regimens, and treatment schedules
to maximize synergistic effects. Furthermore, the design and engineering of NPs must be tailored to ensure optimal drug
loading, stability, and controlled release. Safety considerations, including potential toxicity and long-term effects, should
also be thoroughly evaluated.'®®

Furthermore, the clinical translation of nanoparticle-based strategies for overcoming the blood-brain barrier (BBB) is
entering a promising phase, propelled by recent research. These trials aim to validate the safety, efficacy, and optimal
dosing of these innovative systems.'>’ Personalized medicine, using detailed patient profiles to tailor nanoparticle
properties, is expected to refine treatment efficacy further.'>® The convergence of nanotechnology with emerging fields
such as genomics and proteomics is expected to open new avenues for personalized medicine.'®>'”® Understanding
individual patient profiles could lead to the development of custom-tailored nanoparticle systems, optimizing treatment
efficacy while minimizing side effects.® Ethical considerations and conflicts of interest are essential in research
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involving human participants. This includes ensuring informed consent through informed consent forms that detail the
scope and potential risks of the study.”’8 Institutional Review Board (IRB) documents play a critical role in ensuring the
ethical conduct of the study, including the protection of participants’ rights and welfare. These documents must be
carefully prepared and approved prior to the start of the research to ensure adherence to ethical standards and resolve any
potential conflicts of interest to maintain the integrity of the study.'”"

In conclusion, NP-based combination therapy strategies have the potential to overcome the challenges of BBB and
BTB for the treatment of GBM. The combination of NP-based drug delivery systems with complementary strategies such
as ultrasound, magnetic field or intranasal delivery will greatly enhance the potential for improved drug penetration and
therapeutic efficacy. The ability to target multiple pathways and overcome drug resistance further underscores the
importance of combination therapy for the treatment of GBM. Continued research and development, coupled with
personalized treatment approaches, can provide promising potential for overcoming GBM and can significantly improve
lifetime of patient.
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