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Abstract

Although some tumor has become a curable disease for many patients, involvement of the central nervous system
(CNS) is still a major concern. The blood-brain barrier (BBB), a special structure in the CNS, protects the brain from
bloodborne pathogens via its excellent barrier properties and hinders new drug development for brain tumor. Recent
breakthroughs in nanotechnology have resulted in various nanovehicless (NPs) as drug carriers to cross the BBB by
different strategys. Here, the complex compositions and special characteristics of causes of brain tumor formation

and BBB are elucidated exhaustively. Additionally, versatile drug nanovehicles with their recent applications and their
pathways on different drug delivery strategies to overcome the BBB obstacle for anti-brain tumor are briefly discussed.
Customizing nanoparticles for brain tumor treatments is proposed to improve the efficacy of brain tumor treatments
via drug delivery from the gut to the brain. This review provides a broad perspective on customizing delivery nano-
vehicles characteristics facilitate drug distribution across the brain and pave the way for the creation of innovative

nanotechnology-based nanomaterials for brain tumor treatments.
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Introduction

Tumor relapse caused by extramedullary infiltrate poses
the biggest threat to patient survival [1]. The central nerv-
ous system (CNS) is one of the extramedullary places that
cancer (acute leukemia and lymphoma) manifests itself
in the most frequently [2]. It is estimated that between 2
and 10% of individuals with acute leukemia will experi-
ence an isolated CNS relapse despite the addition of sys-
temic chemotherapy to the CNS-directed therapy and
cranial irradiation in all patients [3]. Patients with central
nervous system involvement have a prognosis similar to
those who experience a recurrence in their bone mar-
row [4]. The mechanisms of CNS involvement are little
known despite their therapeutic importance. An essen-
tial factor in this is the function of the blood—brain bar-
rier (BBB), which serves to restrict the flow of substances
between the bloodstream and the brain [5]. The cen-
tral nervous system is so transformed into a safe haven
for cancer cells and becomes a source of cells that seed
extraneural locations. Clinical investigations have shown
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that the brain tumor recurrence rate is exceedingly high,
despite the fact that current treatments for brain tumor
typically include high-dose systemic chemotherapy, tar-
geted medication therapy, and other strategies [6].

Several different strategys of therapeutic delivery have
been developed in order to transport chemotherapeu-
tic medicines across the BBB for the purpose of treating
brain tumor [7]. These strategies were developed in order
to improve treatment strategies that are used to control
brain tumor while reducing the likelihood of backup
adverse effects and neurocognitive sequelae [8]. Among
them, the regulation of tight junctions in response to
either chemical or physical stimuli as well as the altera-
tion of drug molecules have revealed some promise [9].
The effectiveness of the drug transport mechanism may
be enhanced by modulating tight junctions using a range
of physical or chemical stimuli; however, exposure to
high concentrations of these stimuli can have a deleteri-
ous effect on brain function [10]. Although modifying
drug molecules through lipidation is an efficient method
for crossing the BBB and allowing passive penetration
of therapeutics, this tactic is only applicable to very
small drug molecules (those with a molecular weight of
less than 500 Da), which severely restricts its scope of
application and availability [11]. Furthermore, because
of the very selective character of BBB, the Trojan horse
technique for carrying pharmaceuticals through BBB is
extremely difficult to implement successfully [12]. Even if
drug molecules are able to successfully pass through the
BBB endothelium, there is still a chance that the drugs
will be expelled directly into the bloodstream via the
mechanism of the ATP-dependent efflux pump [13]. This
is due to the presence of P-glycoprotein at the luminal
cell surface, which is also known as multidrug resistance
protein.

In recent years, one of the primaries focuses of research
has been on the development of a method that does not
involve any sort of intrusive procedure in order to trans-
port medicines and macromolecules to the brain [14].
Since the introduction of nanotechnology, many different
types of nanomaterials have been explored as prospec-
tive carriers due to their unique features for anti-brain
tumor [15, 16]. These include their tiny size, high drug-
loading capacity, ease of design, outstanding stability,
biocompatibility, and biodegradability. Figure 1a, b, ¢
shows some examples of these nanomaterials. For the
delivery of drugs across the BBB without compromis-
ing its structure or functionality, nano-carrier-based
transport approaches have emerged as a promising new
dawn. In Fig. 1d, we see a breakdown of the number of
publications published in each year on the topic of using
nanovehicles (NV) to transport a drug, gene, or other
therapeutic agent over the BBB. The ever-increasing
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number of research efforts in this field attests to the fact
that NP-based drug carrier across BBB is not only a bur-
geoning academic area, but also has tremendous practi-
cal promise. This potential is indicated by the exponential
growth of studies that have been conducted in this field.

In this review, our primary focus is on providing a
complete overview of the development and application
of customizing delivery nanovehicles that are applicable
across the BBB (Fig. 2). Though there have been numer-
ous reviews on the topic of NP-mediated brain medicine
delivery, the specific BBB characteristics, role of NPs,
and their particular environment have only rarely been
confirmed. As a result, we center our attention on the
unique functions that NPs play in drug delivery across
the BBB, the recent successes and accomplishments of
nanovehicles-based drug delivery, and the potential for
nanovehicles-based technologies to treat brain tumor in
the future. In addition, a summary is provided of current
developments in the understanding of the nature of the
BBB, medications for brain illnesses, and various drug
loading strategies.

Pathogenesis of brain tumor

In the early 1970s, the issue of how tumor cells enter the
central nervous system was brought up for the first time
[17]. However, the examination of the ways by which
tumor cells enter the CNS continues to be a challeng-
ing task because current model systems are unable to
accurately portray the complexity of the central nervous
system (CNS) [18]. In spite of this, new methods have
emerged in recent years, painting a clearer picture of the
anatomical pathways used by tumor cells to penetrate the
central nervous system [19, 20].

Anatomical structures can have a role to play in the
tumor infiltration process [21]. Both the brain and the
spinal cord are considered to be components of the
central nervous system (Fig. 3). In physiological condi-
tions, the interfaces between the structures of the central
nervous system and the arteries form a complex barrier
system [22]. This system is responsible for the selective
and controlled entrance of substances and cells into the
central nervous system [23]. In the context of tumor
cell central nervous system (CNS) invasion, the blood-
CSE-barrier (BCSFB), the blood leptomeningeal barrier
(BLMB), and the endothelial blood—brain barrier (BBB)
are thought to be the most significant barriers [24].

To form the BBB, the perivascular endothelial cells,
astrocytes, and pericytes that surround the central nerv-
ous system parenchyma work together [25, 26]. The cho-
roid plexus of the brain’s ventricles is home to the BCSFB
[27]. It is made up of epithelial cells inside the choroid
plexus that communicate with one another through
adherens junctions and vasculature in the meninges that
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are lined with fenestrated endothelium [28]. New studies
have shown that the meninges contain a dural lymphatic
system that drains macromolecules and cells from the
central nervous system’s deep substructure and works in
tandem with the brain’s vasculature [29, 30]. Therefore,
the blood-dural lymphatics barrier (BDLB) may play a
significant role in CNS invasion alongside the BCSFB, the
BLMB, and the BBB.

Histopathological studies have shown that tumor cells
can invade the central nervous system by growing along
the Virchow-Robin spaces, which are tiny blood vessels
that extend into the brain parenchyma, and eventually
breaking through the pia-glial membrane and settling in
the cortex [20, 31]. New findings detail the use of intra-
vital microscopy to monitor the attachment and growth
of a GFP-labeled Nalm-6 acute lymphoblastic leukemia
(ALL) cell line [32]. The researchers determined that,
similar to metastatic models of solid tumors, the injected
cells become stalled in the microvasculature’s branching
structures soon after injection [33]. These results lend

support to the idea that the parenchymal involvement of
ALL, which occurs when tumor cells cross the BBB and
enter the central nervous system, is probably of lesser.
This suggests that the BLMB and BCSFB are the primary
entry points for leukemia cells into the CNS.

Multiple in vivo studies employing xenograft mod-
els of ALL have successfully localized CNS invading
cells in the subarachnoid region of the leptomeninges,
which is near the ureteral venous sinuses [34]. This is
in line with the results of the autopsy investigation con-
ducted by Price and Johnson, who looked at 126 brain
samples and found arachnoid involvement in 70 of
them [35]. Initially, the leukemia cells only appeared in
the superficial arachnoid and subarachnoid space [36].
Interestingly, in vivo studies have shown that Nalm-6
cells xenografted into NSG mice circulated through
and briefly resided in the leptomeningeal vasculature,
despite failing to cross the BLMB. Another finding that
disproves the hypothesis that ALL enters the CNS via
the BLMB and BCSFB was that tumor cells did not
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appear in the choroid plexus until late in the course of
the disease. When investigating potential entry points
other than the BLMB and the BCSFB, Yao et al. uncov-
ered small cavities that spanned the bone marrow and
the subarachnoid region [37]. They were thought to
correspond to bridge veins since they co-stained for
laminin and alpha-smooth muscle actin (SMA). Mice
harboring the leukemia gene were found to have exces-
sive numbers of tumor cells in these spaces. The high-
est laminin levels are seen on the abluminal (outside)
surface of blood vessels. Yao and coworkers came to
the conclusion that integrinlaminin-mediated activi-
ties were required for interaction with these arteries.
This suggests that leukemia cells invade the subarach-
noid region by a direct pathway along the membrane of
bridging veins. Instead of taking the alternate route that
involves the BSCFB, BLMB, and BBB. Additional stud-
ies are needed to verify if the CNS infiltration reported
in individuals with ALL is consistent with the infiltra-
tion route observed in preclinical mouse models.
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It was long thought that tumor cells traveled through
the bloodstream to reach the brain and spinal cord [38].
While this is true, the recently found dural lymphatic
system represents an alternative route of lymphocyte
trafficking, and it appears that ALL cells may hijack the
CNS lympha system to exit or enter the CNS [39]. This
may be a promising new area of study with huge poten-
tial clinical applications. Due to the potential for tumor
cells to enter and dominate the systemic circulation,
this hypothesis takes on further weight in the setting of
CNS relapse [40]. This could explain why patients with
isolated CNS recurrence almost always present positive
in the bone marrow and hence require systemic treat-
ment. It is important to note that none of the research
that have been described above demonstrate evidence
for the uniqueness of any one entry. However, no mat-
ter how ALL cells penetrate the brain, nano-vehicles
carrying drugs to the brain won't restrict for brain
tumor therapy [41].
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Pathways for transporting substances over the BBB
Multiple transport channels exist for the flow of proteins
and peptides to maintain brain homeostasis, despite the
BBB’s role in preventing molecules from crossing from
the brain parenchyma into the bloodstream [12, 42].
Diffusion-controlled transport processes including tran-
scellular and paracellular transcytosis, receptor-mediated
transcytosis, transporter protein-mediated transcytosis,
cell-mediated transcytosis, and adsorbing mediated tran-
scytosis (Fig. 4) [43, 44].

The process of transporting solute molecules over an
intercellular space separating two endothelial cells that
are adjacent is referred to as paracellular diffusion [45].
The positive concentration gradient that exists from the
blood to the brain is what acts as the driving force behind
this non-specific paracellular pathway. The paracellular
space is only accessible to very small molecules that are
water-soluble and have a molecular weight of less than
500 Da [46]. Researchers have discovered that modula-
tions of tight junctions can lead to increased paracellular
diffusion. On the other hand, the modification of the tight
junctions may potentially enhance the permeability of the
BBB to other chemicals that are undesirable [47]. “Tran-
scellular diffusion” refers to the process by which solute
molecules pass through an endothelial cell [48]. Through
this pathway, the BBB can only be transported by a lim-
ited number of select small-sized chemicals that have the
non-ionized materials, high hydrophilicity, and neces-
sary lipid solubility [49]. In the same way as paracellular

diffusion is driven by the positive concentration gradient,
transcellular diffusion is driven by the negative concen-
tration gradient [50].

Despite this, the ability of solutes to dissolve in lipids
and to be hydrophilic assists in their passage through
endothelial cells [51]. Hormonal steroids and alcohol, for
example, can cross the BBB via transcellular diffusion, in
which they dissolve into the plasma membrane of tar-
get cells [52]. Transcellular diffusion is another form of
non-specific diffusion that works in a manner similar to
paracellular diffusion [45]. Through a process known as
active transport, certain transporter proteins, including
the large amino-acid transporter (LAT) and the glucose
transporter isoform Glucose transporter type 1 (GLUT-
1), are able to transport molecules from across BBB [46].
Firstly, glucose or amino acids connect with blood-side
transporter proteins so they can cross the BBB [47].
Amino acids and glucose enter the brain side of the cell
due to a subsequent change in the structure of trans-
porter proteins. Changing the medications so that they
meet the structural binding criteria of the transporter
proteins is crucial, however antibody conjugation on the
drug surfaces is not required for this procedure. In addi-
tion, transporter proteins like GLUT-1 can only transport
glucose over the BBB, limiting the potential of this route
to be exploited for the administration of drugs [48].

As was mentioned previously, the transport of medi-
cines across the brain capillary endothelial cells is
exceedingly challenging because of the strict properties
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of the BBB provided by the tight junction [49]. Figure 5
illustrates how the existence of efflux pumps further
complicates the already challenging task of medication
distribution [53]. Near the cell surface, or luminal side,
of BBB endothelial cells. Efficient drug elimination is
achieved by a family of proteins known as efflux pumps
that includes pglycoprotein as well as the multidrug
resistance proteins and breast cancer resistance proteins

[51]. When working together, these proteins prevent the
buildup of a wide variety of hydrophobic compounds and
possibly harmful chemicals in the brain [52].
Additionally, the accumulation of medicines in the
brain is stopped by these proteins in two distinct stages.
In the first phase, they work together to stop endothelial
cells from taking in drug molecules [54]. In the second
phase, they actively remove anticancer drugs from the
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brain [55]. These drugs include doxorubicine, daunoru-
bicine, and vinblastine, amongst others. It is generally
assumed that ATP supplies the required power for the
transport of medicines against a concentration differ-
ence that is negative [56]. These efflux pumps play both a
negative and a positive role to make in BBB. For addition,
they are accountable for lessening the neurotoxic and
damaging impacts that medications have on the body. On
the other hand, they place significant limitations on the
dispersion of medicines in the CNS, which can be help-
ful in the treatment of CNS disease [57]. Therefore, alter-
ing efflux pumps at the BBB may be a useful strategy for
increasing drug entry into the brain and providing new
therapeutic options for a wide range of central nervous
system (CNS) disorders.

Nanovehicles for medication delivery

across the BBB

There is an urgent requirement for the development of
noninvasive drug delivery systems in order to address
the increasing number of patients who are afflicted with
CNS diseases. These strategies need to be able to mitigate
the greater risk and cost factors that are associated with
traditional surgical procedures, radiotherapy, and chem-
otherapy [58]. Transporting drugs or other molecules
(including imaging agents, proteins, or nucleic acids)
over the BBB in a way that doesn’t disrupt normal brain
function typically requires the use of a variety of nano-
carriers delivery systems. In this review, we divide them
into the three most frequent forms, which are nanovehic-
less based on inorganic materials, polymers, and biomi-
metic materials. Additionly, a selection of newly created
nanoplatforms that are indicative of the field are empha-
sized in Table 1.

Polymer-based Nanovehicless

When it comes to transporting medications across the
BBB, polymeric nanoparticles provide a number of ben-
efits. For instance, they can increase the bioavailability of
medications by lowering the rate of their breakdown by
hydrolytic and enzymatic processes [74]. The utilization
of drug-loaded polymeric nanocarriers makes it possible
to achieve improved brain penetration as well as larger
concentrations of medications within the tumor. There
are four popular transport carriers that are based on pol-
ymers: polyethylene glycol (PEG), poly(lactic acid) (PLA)
poly(lactide-coglycolic acid) (PLGA), B-1,3-D-glucan,
PVP, alginate, and chitosan (Fig. 6). Among them, the
PLGA nanoparticles have the advantages of lower tox-
icity, excellent biocompatibility, and carefully regulated
drug release [75]. Using PLGA NPs as the delivery vehi-
cle is one way to get over problems such as the insolu-
bility of the drug and the absence of a passive transport
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alternative that can get the drug across the BBB. For the
treatment of glioma, for example, Ghosh and colleagues
have demonstrated the transport of PLGA nanoparticles
through the blood-brain barrier (BBB) [76]. As part of
their research, one-of-a-kind synthetic peptides that are
targeted against somatostatin receptor 2 were grafted
onto PLGA NPs. As a result, the NP transport capac-
ity was significantly improved. In addition to the above,
the findings demonstrated that this system was able to
incorporate medicines within brain tumor and success-
fully trigger apoptosis. This form of drug carrier has the
potential to reduce the cytotoxicity of the medications
that it transports as a result of the superior biocompat-
ibility of PLA and PEG NPs.

The traditional chemotherapy treatment for tumor
does not provide clinical responses that are maintained
over time. This disadvantage can be remedied by employ-
ing nanoparticles, which have the capacity to maintain
the release of the medication that has been encapsulated
or entrapped over a period of time, hence reducing the
number of times that the drug needs to be administered.
Among the polymers that are utilized for the manufac-
ture of nanoparticles, poly (D,L-lactic-co-glycolic) acid,
also known as PLGA, is the polymer that is most highly
chosen due to the fact that it is biocompatible and bio-
degradable. Both the diffusion of the drug inside the pol-
ymer matrix and the breakdown of the polymer matrix
contribute to the release of the medication at a pace that
is maintained throughout time when it is encapsulated in
PLGA. PLGA nanoparticles have been shown to deliver
a prolonged release of all-trans retinoic acid, which has
been shown to be useful in the treatment of tumor. The
etoposide was loaded into the PLGA nanoparticles by a
technique called solvent evaporation, which was followed
by high pressure homogenization. Because these nano-
particles were able to keep releasing etoposide for as long
as 72 h, it was hypothesized that they may be effective in
the chemotherapeutic treatment of tumor. A modified
version of the nanoprecipitation process was used to load
the antimetabolite cytarabine into PLGA nanoparticles.
Cytarabine is typically utilized for the treatment of tumor
and brain tumor. The in vitro drug release from the pure
medication was finished after two hours, whereas the
release from the PLGA nanoparticles continued for up to
twenty-four hours. It was hypothesized that decreasing
the frequency of dosing with this continuous drug release
of cytarabine would lead to a reduction in the adverse
effects that are often associated with standard tumor
treatment.

Additionly, a gatekeeping layer composed of biode-
gradable polyethylene glycol (PEG) and polylactic acid
(PLA) was typically deposited on the surface of NPs in
order to permit controlled medication release [77, 78].
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For instance, Shen and colleagues used PLA as just a
ROS-responsive linker to coating mesoporous silica NPs.
This resulted in an improvement in the drug release even
when subjected to high levels of oxidative stress. Because
PEG has a reduced cell endosomal absorption, which can
also slow the clearance of PEG-modified NPs, a thick PEG
coating can help NPs spread passively in the brain [79].
This is due to PEG’s decreased reticuloendothelial system
accumulation. As a result, the PEGylation approach is
used to change polymeric vectors in order to extend the
amount of time that they spend circulating through the
system, accomplish more effective penetration, and build
up more in the brain. The researchers made use of these
qualities of PEGs and covered the surface of the gold nan-
oparticles with PEG, as can be seen in Fig. 6a. Because of
their inherent biocompatibility and biostability, they are
able to traverse the BBB in both directions under normal
conditions for an extended period of time. In addition to
this, as a result of the acid-labile nature of cancer cells,
they have the ability to rapidly dissolve within the cells
of a brain tumor and to concentrate medications within
the cancerous zone. Polymeric nanoparticles (NPs) have
emerged as significant players in this industry; nonethe-
less, certain obstacles continue to impede their further
expansion, prompting us to look for alternate solutions.
Traditional linear polymers have a problem in that they
have limited interaction sites and drug-loading regions.
Currently, some elegantly constructed polymeric NPs
with huge specific surface areas are being used for drug
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delivery over the BBB. Dendrimers, for example, are
a specific type of stretched polymer with much more
tightly controlled structures. Dendrimer NPs, as opposed
to traditional linear polymers, allow for the attachment of
a substantially higher number of “peripheral” functional
groups that may be regulated [80]. G5 polyamidoamine
dendrimers were linked together with cyclic[RGDyK]
peptide, CGS, PEG, and Cy5.5. This confers biocompat-
ibility, BBB piercing capabilities, signal responsiveness,
and tumor targeting on these polymeric NPs [81]. CGS,
for example, can activate the A2A adenosine transporter,
momentarily increasing extracellular space across brain
capillary endothelial cells [82]. As a result, more NPs
are able to cross over the BBB and spread into the brain
side of the body. In furthermore, research has shown that
increasing the number of generations of dendrimers has
the potential to extend the amount of time that blood is
circulated and to increase accumulation in the injured
brain. This is a potential benefit that could be realized by
increasing the number of dendrimers.

Unfortunately, one possible problem of these nano-
vehicless is that the majority of polymeric NPs are unable
to track them in cells unless they are coupled to at least
one fluorescent dye. This is a need that must be met in
order for these carriers to be useful. This is a prerequisite
for carrying out the action. Therefore, a complex manu-
facturing technique is necessary in order to attach fluo-
rescent dye monitoring molecules to polymeric NPs. A
brand-new kind of fluorescent polymeric NPs, based on
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poly [Triphenylamine-4-vinyl-(Pme thoxy-benzene)], has
been developed by Lu and his colleagues (TEB) [83]. By
doing so, we got rid of the time-consuming and difficult
dye tracing method. Additionally, the functionalization
of this nanoparticle with a variety of ligands, including
lipoprotein, lactoferrin, and transferrin, resulted in an
improvement in the transcytosis that takes place across
the BBB. Furthermore, Lu and his coworkers have devel-
oped a completely original mathematical model in order
to estimate the effectiveness with which TEB NPs are
carried via BBB.

Biomimetic-based nanovehicless

The immune system is able to quickly recognize exoge-
nous NPs employed for drug administration, and the liver
and kidneys are able to eliminate them from the body
[84]. Since of this, the creation of biomimetic nanovehi-
cless is gaining interest because these NPs can immedi-
ately detect and target ligand, continue to be circulating
in the blood for an extended length of time, and prevent
being killed by the immune system. Chitosan (CS), which
is generated from chitin through the process of partial
deacetylation, is considered to be a common biomimetic
drug carrier due to its biodegradability, minimal immu-
nogenicity, biocompatibility, and capability to access cel-
lular tight junctions [85]. Chitosan (CS) is derived from
chitin, and the process generates it [86]. In addition,
several naturally occurring vesicles that are created with
membranes, such as liposomes, exosomes, red cell mem-
branes, or “Leukolike” coated nanoparticles, have been
the subject of extensive research and study in the field of
brain medication delivery as key biomimetic NPs. These
vesicles include liposomes, exosomes, red cell mem-
branes, and “Leukolike” coated nanoparticles. The fact
that the phospholipid bilayer is the element that leads
to its excellent biocompatibility is not something that
should come as much of a surprise.

The different morphologies of both a liposome-based
drug delivery platform is depicted in Fig. 7a. [87] In this
study, liposome nanoparticles were coupled with six dif-
ferent peptides in order to break through the BBB and
deliver chemotherapeutics to treat brain tumor. Accord-
ing to the findings of the IVIS spectrum (Fig. 7b), pep-
tide-modified liposomes may be able to pass through the
BBB and increase the rate at which liposomes are inter-
nalized at the tumor site [88]. In addition, multifunc-
tional proteins or proteins that self-assemble, such as the
ferritin that is so often used, can be used to construct
biomimetic nanovesicles that can be used for the delivery
of drugs. Protein-based nanovehicles have the potential
to boost cellular absorption since colloidal systems are
one of the types of systems they belong to. Furthermore,
these nanoparticles have many beneficial properties, such
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as the fact that they are non-toxic, non-antigenic, biode-
gradable, and simple to change on the surface. In addi-
tion, they can be easily fabricated.

A number of different medication delivery methods
based on liposomes are currently undergoing clinical
testing. The medication 2B3-101 is a PEGylated liposo-
mal doxorubicin formulation coupled with glutathione.
This formulation enables increased drug-delivery to the
brain by employing specific transporters that are located
on the BBB [89]. In 2011, individuals suffering from
glioma or brain metastases as a result of breast cancer
participated in a phase I/II clinical trial with the drug
2B3-101 (ClinicalTrials.gov identifier: NCT01386580).
As a monotherapy and in combination with trastuzumab,
a monoclonal antibody that interferes with the human
epidermal growth factor receptor, the goal of the trial
was to investigate the safety, tolerability, and pharma-
cokinetics of 2B3-101. Another delivery technology that
is currently being investigated in clinical trials is a lipo-
somal encapsulation of the camptothecin derivative and
topoisomerase I inhibitor CPT-11 (ClinicalTrials.gov
Identifier: NCT00734682) [90]. Patients with recurrent
high-grade gliomas who are either wild type or heterozy-
gous for the UGT1A1*28 gene are being recruited for the
study as part of a phase I trial to investigate the efficacy,
pharmacokinetics, and maximum dose that can be safely
administered to these patients.

Protein-based nanovehicles have the potential to trans-
port drugs that, after being given intravenously, are
unable to cross the BBB. This is because of the proper-
ties described above (BBB). Figure 7c illustrates the study
that the researchers undertook to investigate the stability
of protein corona Au NPs as the particles were moving
across the BBB [91]. In addition to candidates for vac-
cines and therapeutic treatments manufactured from
protein-based nanomaterials, virus-like NPs (VLPs),
which are a kind of noninfectious capsule protein-based
NPs, have also been taken into account. VLPs are pro-
duced by a number of distinct types of viruses that
assemble themselves. If you employ the protein that is
found in the shell, you can use a technique that is often
known as the Trojan horse to deliver encapsulated drugs
or other agents. Exciting new study on engineered VLPs
(as a nanocarrier) that can traverse the blood—brain bar-
rier was presented by Anand et al. (Fig. 7d) [92]. They
used the protein shell of the Salmonella typhimurium
bacteriophage P22 as their starting material and used an
endocytosis method to effectively deliver the analgesic
marine snail amino acid ziconotide to an in vitro model
of the BBB.

Recently, an exciting technique for creating a gut-
to-brain delivery platform without an active-targeted
ligand has been developed. The strategy is described as
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Fig. 7 aThe various morphologies of both a liposome-based drug delivery platorm [88]; b Using the recently discovered cyclic peptide, it is

possible to transport pharmaceuticals by nanovehicles over the blood-brain barrier [91

]. ¢ Elucidation of brain cancer targeting methods of

ligand-modified NPs [92]; d Mechanism of the gene delivery platform targeted to the brain [93]

follows: The yeast S. cerevisiae can create a wide vari-
ety of glucose polymers, one of which is called -glucan
[73]. Figure 8a demonstrates that the covalently prodrug
is capable of self-assembling into NPs (B-glucans NPs)
when it is placed in water [73]. A substance is referred
to as a prodrug if, following its consumption, it passes
through a process, either enzymatic or chemical, that
results in the freeing of the pharmaceutically active drug
molecule. When administered orally to a mouse model
with an orthotopically produced glioma, B-glucans nan-
oparticles (NPs) selectively target M cells, pass through
the barrier provided by the intestinal epithelium, and are
endocytosed or hitchhiked by macrophages located in
the periphery of the body (Fig. 8b) [73]. It is believed that
B-glucans are microbe-associated chemical patterns that
may be identified by immune-relevant cells (especially M
cells and macrophages) whose cell membranes produce

abundant amounts of the protein dectin-1 (Fig. 8c) [73].
B-glucans nanoparticles that have hitched a ride on mac-
rophages are carried into systemic circulation via the ILS.
Once there, they are able to break through the blood-
brain barrier and ultimately end up in the brain tumor. In
the end, the glutathione that is overproduced in the brain
tumor cleaves the disulfide bonds in the B-glucans NPs,
which frees the active drug and enables it to have its anti-
cancer impact (Fig. 8d) [73]. Therefore, conjugating gut
macrophage-targeting chemicals to oral delivery vehicles,
such as glucans, may help in crossing the gut-to-brain
barrier for the purpose of providing well-targeted treat-
ment for brain tumors.

Inorganic-based nanovehicless
Inorganic nanoparticles have benefits over polymeric and
biomimetic nanoparticles when it comes to medication
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delivery in the brain because of their size-dependent,
different material, and great stability physicochemical
features [94]. In the present day and time, diverse inor-
ganic-based nanovehicless with a variety of architectures
have been the subject of extensive research [13]. It is not
difficult to modify inorganic-based nanovehicles by add-
ing polymer or specific ligands in order to facilitate the
dispersion of pharmaceuticals and macromolecules over
the BBB. The Food and Medication Administration (FDA)
of the United States has approved silica nanovehicles

(also known as Si nanovehicles) for use in the food indus-
try, making them one of the most promising options for
drug delivery in the brain [95]. This is due to the fact
that silica nanoparticles can be produced in a controlled
manner, cost very little, and do not adversely affect living
organisms. The Song group has created lactoferrin (Lf)
modified Si-nanovehicles with the intention of explor-
ing the size-dependent transport efficiency of Si-nan-
ovehicless from across the BBB model (Fig. 9a) [63]. In
order to lessen the amount of protein that binds to the
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surface of the Si Nanomaterials, polyethylene glycol was
linked there. When compared to naked Si-nanovehicless,
the Lf-attached Si-nanovehicless resulted in an increase
in the transport efficiency across the BBB. In addi-
tion, Lf-modified Si-nanovehicless of varying sizes were
investigated so that transport efficiency could be deter-
mined. The investigations showed that the best transfer
efficiency was achieved with particles measuring 25 nm
in size, which is approximately four times (21.3% higher)
than that of bare Si-nanotechnology. We also compared
the efficacy of Si-NP transport in monolayer (endothelial
cell) and trilayer (fibroblast) BBB models (a coculture of
astrocytes, pericytes, and endothelial cells). As another
type of porous material based on Si, mesoporous silica
nanoparticles, commonly known as MSNs, are becom-
ing increasingly attractive for application in drug delivery
systems. In addition to inheriting good biocompatibility,
they possess a substantial specific surface area, which can
be loaded with ligands or pharmaceuticals.

For the treatment of glioma, Kuang et al. investigated
a drug delivery system based on traditional MSNs. The
results of their study are shown in Fig. 9b. [96] Another
type of inorganic material that possesses significant
promise for use in medication delivery is gold nano-
material. Under the conditions of near-infrared (NIR)
laser irradiation, certain exceptional Au nanoparticles
have the potential to convert photo energy into thermal
energy, making them an excellent option for photother-
mal treatment (PTT). The fibrous Ab is a crucial part of
Alzheimer’s disease, and Yin et al. used Au-based nano-
vehicles, which are famous for their outstanding NIR
absorption ability, to break it up. After being exposed
to NIR irradiation, the fibrils system vanished in atomic
force microscopy (AFM) and transmission electron
microscope (TEM) pictures, demonstrating the vast sur-
face area of Au-based nanovehicless for dissociating Ab
fibrils (Fig. 9¢) [97]. Additional compounds used to sub-
vert the BBB include silver NPs and titanium dioxide
NPs. An illustration of the passage of an Ag NPs, Ag ion,
nand TiO, NPs over an in vitro BBB model is provided
in Fig. 9d. [98] Due to the magnetic characteristics of
iron oxide nanoparticles, which reduce off-target effects
when used as drug carriers, these nanoparticles are cur-
rently the subject of development and ongoing research.
The research team led by Zhao produced a magnetic
SiO,@-Fe;0, nano-carrier, linked it to the cell-penetrat-
ing peptide Tat, and evaluated its fates in traversing the
blood-brain barrier. Their experimental findings suggest
that these particles, thanks to the cell-penetrating pep-
tide Tat and the magnetic characteristics of Fe;O,, are
able to successfully permeate the brain’s endothelial cells.
Inorganic nanoparticles (NPs) have been shown to have
a number of potential adverse impacts on the structure
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and operation of BBB, despite the fact that they do offer a
number of advantages. For instance, one research group
investigated the potentially harmful effects of SiO, nano-
particles (NPs) on the blood-brain barrier (BBB). They
discovered that NPs could disrupt the structure of the
BBB and cause inflammation in the BBB via ROS- and
ROCK-mediated pathways. In conclusion, each NPs
come with their own individual sets of benefits and
drawbacks. For instance, the manufacture of inorganic
nanoparticles still requires the use of organic solvents or
inorganic reagents, both of which are quite pricey. Inor-
ganic nanoparticles continue to be a major source of
worry due to their toxicity as well as their slow clearance
rate in living organisms. However, targeted effective-
ness, big NP size, poor and manufacture difficulties still
restrict them future usage in the brain medicine admin-
istration, despite their biodegradability, surface modifica-
tion, and outstanding biocompatibility.

Moosavi and his colleagues employed nitrogen-doped
titanium dioxide nanoparticles (N-TiO,) in conjugation
with visible light [99]. They were able to demonstrate
that this innovative NP-based photodynamic treat-
ment (PDT) system induces both reactive oxygen spe-
cies (ROS) and autophagy. The author demonstrated
that well-dispersed photo-activated N-TiO, NPs have
the potential to promote terminal megakaryocyte dif-
ferentiation or cell death in K562 tumor cells, and that
this ability is dependent on the concentration of the
NPs. These biological consequences are mediated by
autophagy and are dependent on the ROS levels that are
present inside the cell. In this scenario, low dosages of
photodynamic therapy (PDT; 10 g/ml N-TiO,; 12 J/cm2)
led to an increase in the levels of reactive oxygen species
(ROS) and autophagy in PBLs, but it did not result in any
growth-inhibiting or cytotoxic effects in the human nor-
mal-cell model. The author’s combined N-TiO, NPs and
PDT technique allows preferential targeting and regu-
lated photo-activated production of ROS and autophagy
activation in tumor cells. This may offer a potential treat-
ment approach for a broad spectrum of various cancer
types.

Meanwhile, several different nanoparticle constructs
that contain magnetic elements like iron, gadolinium,
and manganese are either in the process of being devel-
oped or have already made their way into a clinical set-
ting for the purpose of employing them as MRI contrast
agents in the imaging of brain tumors. It has been dem-
onstrated that exposure to these nanoparticles leads to an
increase in signal enhancement over an extended length
of time and improves one’s ability to visualize the tumor
border. As potential contrast agents for T2/T2* imaging
of brain tumors, iron oxide nanoparticles have been the
subject of substantial research [100]. In phase I clinical
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trials, patients with recurrent high-grade glioma who
were receiving chemotherapy were given ferumoxytol,
which is an ultra-small SPIO coated with polyglucose
sorbitol carboxymethyl ether. Ferumoxytol was used as
the MRI contrast agent along with a standard gadolin-
ium chelate for these patients (ClinicalTrials.gov identi-
fier: NCT00769093) [101]. In this dual agent MRI study
using gadolinium and ferumoxytol, quantitative imaging
changes of brain tumor vascularity after anti-angiogenic
therapy with bevacizumab versus steroid therapy with
dexamethasone are being evaluated. The steroid therapy
with dexamethasone is being compared to the anti-angi-
ogenic therapy with bevacizumab.

Nanovehicle drug delivery parameter
manipulation

Nanovehicle are currently attracting a lot of interest as
a novel area of study in brain medicine delivery because
of its various properties, such as mechanical attributes
(lightweight, high flexibility), remarkable adaptabil-
ity, and tunability to define the transport mode across
the BBB. Nanoparticles’ physicochemical properties
are known to be strongly influenced by their surface
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chemistry aand shape. By adjusting nanovehicle ‘ physi-
cal characteristics (such as their surface charge, coating
ligands and size, shape) (Fig. 10), it is possible to boost
transport efficiency, enhance medication controllabil-
ity, prevent RES, and increase therapeutic agent stability
[102].

Size

Medication efficacy upon brain delivery and nanovehi-
cle transport through the BBB are often influenced by
a variety of factors. One of the most important fac-
tors in nanovehicle intracellular localization and nano-
vehicle passage through the BBB is nanovehicle size
[103]. Numerous studies, for instance, have suggested
that receptor-mediated endocytosis makes it simpler
for nanovehicle with a diameter of around 50 nm to be
taken up by epithelial cells than uptake of other sizes of
nanomaterials [104]. Another group investigated size-
dependent changes in the permeability of silica nano-
vehicle using the BBB model (30, 100, and 400 nm, as
well as the microparticles) [105]. The nanoparticles with
a diameter of 30 nm were found to have the highest per-
meability coefficient of all the silica NPs, suggesting that
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the permeability of the BBB varies with particle size. Sim-
ilarly, the photothrombotic ischemia (PTI) model showed
that 30 nm biocompatible NIR NPs had a higher capac-
ity for evaluating BBB damage than 10 nm and 60 nm
nanovehicle. While smaller nanovehicle are capable of
crossing the BBB, their rapid drug release and removal
make them unsuitable for drug delivery. For the function
of nanocarriers in the transport of medications to the
brain, nanovehicle up to around 20 nm in size are often
big enough to avoid renal excretion while yet being tiny
enough to penetrate the BBB.

Shape

The absorption of medications by cells can also be
affected by the shape of the nanoparticles involved [106].
Over the course of the past few years, numerous nano-
vehicle configurations have been put through their paces
in order to determine which one is most suited for treat-
ing brain diseases [107]. Shapes such as spherical, cubic,
rodlike, and ellipsoidal nanovehicles are included in this
category. Due to their convenience in preparation and
surface modification, spherical nanoparticles can offer
significant advantages over other nanoparticle shapes
when applied to drug delivery. It has been demonstrated,
on the other hand, that nanorods covered in particular
antibodies have a greater capacity for adhesion than their
spherical analogues do [108]. For instance, rod-shaped
polystyrene nanovehicle coated with transferrin revealed
a brain deposition that was seven times greater when
compared to their spherical nanovehicle equivalents.

Surface charge

Nowadays, the influence of surface charge on nanovehi-
cles for medication transport across the blood—brain
barrier has received an increasing amount of atten-
tion [109]. Because of the negatively charged structure
of cellular membranes, zeta potential can have a direct
impact on how much NPs are taken in by the cell. There-
fore, the process of internalization of positively charged
nanoparticles is considerably simpler than that of neu-
tral or negatively charged nanoparticles. In addition to
this, the surface charge of NPs is linked to a number of
other important characteristics, including biodistribu-
tion of the particles and the half-life of their circulation
in the blood. Alexis et al. discussed the elements that can
determine the amount of time that NPs spend in the cir-
culation as well as the organs in which they accumulate
[110]. Negatively charged or neutral nanovehicle can
reduce plasma protein adsorption and nonspecific cel-
lular absorption, leading to a longer blood circulation
half-life than positive charge NPs. Comparing the two
NPs revealed this. Positively charged nanoparticles are
poisonous, compromising the BBB. For brain medication
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delivery, negative zeta potential nanovehicles can avoid
BBB disintegration. Zhang et al. linked peptide to lower
NPs’ zeta potential. This improved BBB transportation
efficiency [111]. Poly(n-butyl cyanoacrylate) nanopar-
ticles that were encapsulated with a negative charges
(— 35.2+1.1 mV) polysorbate 80 were found to have
good stability and excellent transport through the BBB by
a different set of researchers.

Drug loading strategies

Given that this will affect the number of loaded medica-
tions as well as their binding strength, it is essential that
the procedures for drug loading be both efficient and
convenient [112]. Designing an ideal drug delivery sys-
tem involves a number of steps. For this reason, it is abso-
lutely necessary to have the very best interaction between
the drugs and the nanoparticles that is possibly conceiv-
able. It will be difficult to release the drugs if the interac-
tions are either too strong or too weak; respectively, they
will induce unneeded early leakage if they are too weak.
If the interactions are too strong. A drug loading that is
too low will have an effect on the therapy, while a medi-
cine loading that is too high may cause certain adverse
effects. Both of these factors might have an impact on the
patient. Because of this, it is of the highest significance
to determine whether or not the right binding between
medications and nanocarriers has been achieved. Non-
covalent adsorption, covalent bonding, and direct
embedding are now the three techniques that are utilized
the most frequently in the process of connecting various
drugs used to treat CNS diseases with nanoparticles.

Covalent bonding

The traditional method for connecting pharmaceuticals
with nanoparticles is through the formation of covalent
bonds. In the majority of instances, fast reversible con-
densation procedures consisting of ketals/acetal, boro-
nate esters, and Schiff’s base are utilized in order to
carry out this method [113]. To give you an example,
the process of dehydration condensation between NH,
and COOH allowed anticancer medications to be trans-
formed on the surface of quantum dots [114]. Covalent
bonding, on the other hand, is regarded a less versatile
technique because there are only a limited number of
reversible condensation reactions. In addition, the time
it takes to attain the thermodynamic equilibrium is par-
ticularly long because strong covalent bonds produce
slow binding and dissociation. As a result, it will take a
very long time to complete.

Adsorption that is not covalent has lately emerged
as one of the most frequent strategies for drug load-
ing due to its simplicity of operation and the speed with
which it may bind and transport pharmaceuticals [115].
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Adsorption of medicines can be affected by a wide vari-
ety of non-covalent phenomena, including hydrogen
bonding, halogen bonding, ion-ion electrostatic interac-
tions, p-p stacking, van der Waals contacts, coordination
bonding, hydrophilic, and hydrophobic properties. In
the context of rational drug design, the halogen bond has
been used as a strike to enhance drugtarget binding affin-
ity in recent years. In other studies, scientists looked at
the possibility of using several weakly-covalent contacts
to firmly attach biomedicines to nanocarriers. It’s possi-
ble that this procedure will result in stronger bonds and
more interaction sites than older approaches.

Drug encapsulation

An alternate method for loading medicines is to place
them in a vesicle that has been produced via a sealed lipid
molecules membrane [116]. This method results in the
pharmaceuticals being completely enclosed within the
vesicle. In compared to both covalent and non-covalent
techniques of drug immobilization, drug entrapment
offers the ability to eliminate the risk of an unfavorable
early drug-tissue interaction. In contrast to lipid nanoves-
icles, the approach of molecular design is used to directly
entrap pharmaceuticals on the inside of the cavities of 3D
nanomaterials. This has the potential to give customized
molecularly controlled delivery systems. Tang et al. suc-
cessfully used a molecularly imprinted polymer to entrap
the drug aminoglutethimide and build a drug-delivery
platform [117]. According to the findings of the experi-
ments, this material managed to achieve both a high bio-
availability and a speedy drug release rate.

Ligands

Some laboratories are conjugating chemicals to poly-
meric NPs to boost the efficiency of brain drug delivery
via the receptor-mediated route [118]. Polymeric NPs
combined to targeted drugs improved the delivery of
therapeutics to malignancies. Gint4.T is an aptamer that
has been shown to target platelet-derived growth factor
receptor b. Here, Lin and his team show that P NPs with
the ligand Gint4.T attached may easily cross the blood—
brain barrier (BBB) and accumulate in U87MG glioblas-
toma (GBM) cells [83]. Ligands for receptor-mediated
transcytosis are commonly used to transport nanovehi-
cle across the BBB. It has been shown that a variety of
ligands, including as lactoferrin (Lf), transferrin (Tf), and
low-density lipoprotein (LDL) receptors, may be used to
selectively target receptors expressed on the BBB mem-
brane and so promote receptor-mediated transcytosis.
Conjugating ligands such as peptides, proteins, or anti-
bodies to the surface of NPs is a common way to increase
their targeting affinity with receptors. For BBB crossing
via receptor-mediated transcytosis, several NP-based
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drug delivery methods rely on ligands. This article will
discuss how various ligands may be categorized accord-
ing to their capacity to facilitate BBB penetration.

Utilization of ligands in the creation of protein corona

When nanovehicles are placed into a biological condi-
tion, the surface of the nanovehicles immediately begin to
absorb proteins from the circulation. This process occurs
almost instantaneously. A protein covering is produced
as a consequence of this process and is called “protein
corona” in this process [119]. More than seventy distinct
serum proteins that are detectable in the bloodstream
have been shown to be capable of adsorbing onto the sur-
face of nanoparticles. In order to modify the Tween-80 on
the surface of the NPs, Shubar et al. employed surfactant-
assisted synthetic methods, and the findings Tween-80
modified NPs to efficiently pass BBB [120]. The Tween-80
treated nanocomposites showed significantly increased
biocompatibility and absorption compared to uncoated
NPs. Because these NPs are biocompatible, it is feasible
to provide medication to the brain while experiencing
significantly reduced cytotoxicity. This is made possible
by the fact that these NPs are biodegradable. In addition
to being biocompatible with the NPs, the protein corona
has the potential to alter the surface chemistry of the
NPs, provided that the proper designs are implemented.
Because of this, there is a rise in surface avidity, which
in turn leads to surface functionalization. As a direct
result of this, there is also an increase in the efficiency
with which drugs can be administered. Protein corona,
on the other hand, has the potential to hasten the clear-
ance of NPs from the circulation by means of the reticu-
loendothelial system (RES) [121]. This, in turn, reduces
the quantity of NPs that are available for drug delivery
to the brain and causes inflammation. Grafting nano-
particles with molecules of a surfactant can reduce the
amount of surface fouling, which in turn lowers clearance
and increases biocompatibility. For example, PEG treat-
ment reduces NP opsonization and increases circulation
time because of its antifouling properties, low surface
charge, low ionic interactions, and hydrogen bonding.
PEG modification is also very low in surface charge.
Lipka and coworkers found that the half-life of NP was
prolonged by a PEG chain of 10 kDa, which was previ-
ously unknown. The diameter of the PEG chain was used
to calculate its length [122]. After twenty-four hours,
they discovered that greater than 15% of the PEG-mod-
ified NPs had entered the bloodstreams of the mice par-
ticipants. After keeping an eye on the mice for a full day,
they came to this conclusion after noticing something
interesting about their behavior. PEG grafting on NPs
has the potential to effectively inhibit protein adsorption,
which in turn slows down the clearance of NPs, which
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ultimately leads to a higher buildup of PEGylated NPs in
the brain. As a result of this, PEG grafting on NPs has the
potential to effectively inhibit protein adsorption.

Utilization of ligands to target receptors on the BBB
Ligand-modified nanovehicles have a better capacity to
react to receptors and to increase BBB permeability than
nanovehicles that have not been changed in any way
[123]. This is the case when comparing the two types of
nanovehicles. Attaching transferrin peptide to nanoparti-
cles, as demonstrated by research carried out by Ulbrich
and his colleagues, makes it feasible to achieve well-sur-
face dispersion despite the smaller particle size that is
used. The tunable surface peptide has the ability to target
the transferrin receptor on the endothelial cells that make
up the BBB. This will cause the process of transcytosis to
begin after it has been initiated. Only very recently have
various other targeted ligands that are capable of attach-
ing themselves to a wide array of receptors successfully
been reported.

The monomers of amphipathic peptides play a crucial
part in the process of enabling the uptake of NPs across
the BBB, which in turn increases the efficiency of trans-
port [124]. In general, amphiphilic peptide modified
nanoparticles have a high affinity for the BBB and are sta-
ble. The energy penalty connected with peptide strands,
especially increases undesirable interparticle electrostatic
interactions, may be responsible for the increased stabil-
ity. When it comes to transporting NPs via the BBB, the
number of ligands present as well as the affinity of their
receptors play a significant role (avidity). In mice carry-
ing subcutaneous Neuro2A tumors, Choi and colleagues
explored whether or not human transferrin (Tf) has an
effect on the PEGylated gold nanoparticles (on tumor tar-
geting) [125]. They discovered that a considerable propor-
tion of the targeting ligands had an effect on the number
of NPs that were found to be localised in cancer cells. The
optimal ligand density for targeting brain microvascular
endothelial cells and subsequent translocation across the
BBB was identified by Moos et al. [126] When targeting
the endothelial cells of cerebral blood vessels, the highest
affinity is achieved at this optimum ligand density. Better
dispersion and targeting of NPs for neurological disor-
ders were also shown when they were modified with dif-
ferent ligands. Zhang et al. used a dual-targeting peptides
ligand, TGN and QSH as ligands on PEG-PLA NPs, to
treat neurological disorders [127]. TGN is a target ligand
at the BBB membrane, whereas QSH has a high affin-
ity for cells that are damaged by brain diseases. The NP
with TGN and QSH was more effective in penetrating
the hippocampus than the unmodified NP or the NP with
only TGN added. Additionally, another team designed a
Y-shaped liposome-based carrier that can traverse both
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the BBB and the BBB [128]. In vivo fluorescence imaging
showed that liposomes coated with two ligands have bet-
ter nanocarrier distribution in tumors than single-ligand-
conjugated or unconjugated liposomes.

Administration strategies for nanovehicles

If the administration strategies of these nanovehi-
cles could (1) enable for specific distribution to and
spread to the interior of the tumor and (2) minimize
neurotoxicity and systemic toxicity, then the therapeutic
potential of nanoparticles could be improved for clini-
cal translation. This would be accomplished by improv-
ing the specific distribution of these particles [129]. In
this article, we will go through the essential tactics for the
administration of nanoparticles and evaluate the benefits
and drawbacks of using them to treat brain cancer.

Oral administration

Taking medications orally has many benefits, including
reducing patient stress and improving their quality of life
by removing the need for painful and potentially infec-
tious injections [130]. As a result, the delivery of drugs
from the gut to the brain is of utmost significance. The
route of drug oral administration from the digestive tract
to the brain, including the vagus nerve, the immune
system, and blood circulation. However, the intesti-
nal epithelial barrier (IEB) and the blood brain barrier
(BBB) prevent the majority of orally delivered antican-
cer treatments from crossing into intracerebral diseased
areas [73]. The BBB protects the brain from dangerous
compounds in the bloodstream, while the IEB protects
the digestive system from harmful viruses and tox-
ins. Together, these two biological barriers significantly
reduce the ability of orally delivered drugs to accumulate
at the brain tumor site.

A prodrug with gut to brain drug delivery was created
by Professor Sung [73]. The prodrug is conjugated onto
the glucans using a linker that contains disulfide, which
then results in the production of the prodrug. After oral
treatment in mice that have glioma, the prodrug in its
as-prepared form is able to selectively target intestine
M cells, bypass the IEB, and be phagocytosed or hitch-
hiked by local macrophages (M®). The M®-hitchhiked
prodrug is delivered into the circulatory system via the
lymphatic system, allowing it to pass through the blood—
brain barrier. Next, the glutathione that is overexpressed
in the tumor cleaves the disulfide bond that is contained
within the prodrug. This releases the active drug and
increases the effectiveness of the treatment. According to
these findings, the created prodrug has the potential to
act as an oral drug delivery platform for the well-targeted
therapy of gliomas, and it can do so by traveling from the
gut to the brain.
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Nasal administration

The architecture, physiology and brain delivery pathway
of the nasal cavity have been widely researched [131].
Basically, two regions of the nasal cavity, the respira-
tory region and the olfactory region, are important for
medication absorption into brain or blood. Through the
respiratory area mucosa some substances can enter the
systemic circulatory system and subsequently cross the
BBB to brain, while some can be immediately delivered
to brain via the trigeminal nerve pathway or lamina pro-
pria adsorption from perivascular and lymphatic regions.
By the olfactory mucosa chemicals can be transferred
into the olfactory bulbs and then into cerebrospinal fluid
through lamina propria absorption, olfactory neurons,
lymphatic and perivascular spaces, and the trigeminal
nerve pathway. Among these paths, the olfactory mucosa
pathway is the most fast, and so it is the major conduit
that facilitates drug delivery from the nasal cavity to the
brain [131]. Nonetheless, the volume that can be intra-
nasally delivered is relatively tiny (25—-200 pL), which can
limit the drug dose and the concentration of medication
transferred into brain. The nasal cilial clearance further
lowers the absorption period of medicine in the nasal
cavity and drug metabolism and secretion can also limit
the drug transfer into the brain.

Although there are already direct transport pathways to
the brain in both the respiratory region and the olfactory
region mucosa, the most important aspect of improving
direct drug delivery to the central nervous system (CNS)
via the nasal cavity is to increase the deposition and
enrichment of drugs or their preparations on the olfac-
tory mucosa, which will result in more direct diffusion
of the drug from the olfactory mucosa to the brain [131].
This can be accomplished by increasing the concentration
of drugs or as of right now, a variety of scientific method-
ologies have been created to improve the efficacy of drug
transport from the nose to the central nervous system for
the purpose of treating central nervous system illnesses.
It has been proposed that novel approaches consist of
combining a bioadhesive formulation with either an
absorption enhancer or an active targeting mediated by
an agglutinant or a brain-homing peptide derived from
the screening of phage display libraries. This would be a
novel way to attack the problem. In addition, iontopho-
resis, phonophoresis, electrotransport, and a number of
other cutting-edge devices (Optinose ', OptiNose UK
Ltd., United Kingdom; DirectHaler TM, DirectHaler A/S
Co., Denmark; and ViaNase ', Kurve Technology, Inc.,
United States) have been used effectively.

Intravenous administration
Systemic injection of nanoparticles is a particularly
convenient method for delivery, as it enables repeated
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dosing to take place [132]. Even though there are many
different nanoparticle systems now under research, the
majority of them have the ability to target brain tumors
via either passive or active targeting mechanisms. As was
mentioned before, passive targeting takes place when
nanoparticles are allowed to travel across a breached
blood-brain barrier (BBB), which is referred to as the
EPR phenomenon. In active targeting, the surfaces of
nanoparticles are functionalized with targeting moieties
that are unique to BBB and glioma cells.

Intravenous (IV) injections are an obvious choice
for one of the delivery methods that can be used for
nanoparticles [133]. The introduction of nanoparticles
through intravenous means has been described in innu-
merable studies, including a significant number of the
reports discussed above. In order to keep the tumor
growth under control in the preclinical models, the nan-
oparticle-based therapies are frequently administered to
the animals in various doses at an injection frequency
ranging from once every three days to once every two
weeks. The greatest dose that can be safely administered
of a nanoparticle-based therapy is typically a sizeable
multiple of that required for the free medication. In com-
parison to the free medications, the phase I beginning
dose for these treatments is significantly lower when they
are administered to patients every three to four weeks
(ClinicalTrials.gov Identifier: NCTO01386580) [134].
External factors such as a magnetic field or concentrated
ultrasound can help capture systemically delivered nan-
oparticles at the site of a tumor. This is in addition to
the tuning of nanoparticle size and surface features to
effect intratumoral accumulation. The blood-brain bar-
rier (BBB) can be locally disrupted using low-frequency
focused ultrasound. Preclinical investigations have indi-
cated that this method can safely boost the targeted
delivery of therapeutic medicines into brain tumors. This
breach of the BBB that was caused by ultrasound is only
temporary and may be repaired; there is no permanent
damage to the neurons or any other unfavorable long-
term repercussions. Clinical trials have made use of mag-
netic targeting, another noninvasive method that aims to
facilitate magnetic nanoparticle accumulation at a tar-
get region (ClinicalTrials.gov Identifier: NCT0005495,
NCT00034333) [101]. The exposure of adults to mag-
netic field devices up to 8 Tesla and children to mag-
netic field devices up to 4 Tesla does not pose any safety
issues, according to the guidelines provided by the FDA.
Using mice afflicted with 9L-gliosarcoma, Chertok et al.
revealed that it was possible to monitor the effects of
intravenous administration of iron oxide particles using
MRI. The authors observed that magnetic targeting led to
a fivefold increase in the total exposure of glioma cells to
the nanoparticles in comparison to non-targeted tumors,
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as well as a threefold improvement in the target selectiv-
ity for accumulation in the tumor as opposed to normal
brain tissue. In spite of the fact that several methods have
been established for the systemic administration of nano-
particles to circumvent the BBB, the overall percentage
of systemically injected nanoparticles that are normally
discovered in the brain is less than one percent. This non-
specific accumulation of nanoparticles in normal tissues
has the potential to induce significant deleterious con-
sequences, as well as an increase in both mortality and
morbidity among patients.

The most significant disadvantage of using systemic
distribution is the possibility that nanoparticles will build
up in organs that are not the intended targets, such as the
liver, kidneys, spleen, and lungs. It is believed that nano-
particles such as iron oxide and gold nanoparticles are
not hazardous to normal tissues; nevertheless, the long-
term effects of nanoparticle deposition in the brain have
not yet been fully investigated.

Intracranial administration

One way to get around the BBB and avoid non-specific
accumulation throughout the body is to administer nan-
oparticles locally, directly into a tumor location [135].
This is one of the available treatment options. Despite
the fact that this mode of delivery, which can use either
biodegradable or non-biodegradable polymers, has dem-
onstrated some capacity to kill tumor cells, it is charac-
terized by low drug penetration and has limits regarding
dosing.

Convection enhanced delivery (CED), is another way
for delivering nanoparticles to the intratumoral space,
and it appears to circumvent these problems [101]. CED
is a method that can be used to deliver therapeutic drugs
directly to the location of the tumor, which has the added
benefit of improving the distribution of molecules within
tumor tissue. This technique makes use of pressure gra-
dients to drive the bulk flow of nanoparticles, and agents
are continually administered through the use of a cathe-
ter that is coupled to a syringe pump that can be inserted
during surgery. In this scenario, it is possible to acquire
larger drug concentrations and more broad distribution
in a tumor in comparison to when the drug is adminis-
tered systemically, all while experiencing minimal levels
of systemic toxicity. CED of medicinal compounds has
even made its way into clinical studies, and the same
methodology can be applied to the administration of
nanoparticles. In an intracranial U87 xenograft model,
Noble et al. demonstrated that a single CED infusion of
1.6 mg nanoliposomal CPT-11 significantly prolonged
median survival over 100 days [101]. This was in com-
parison to 28.5 days of survival when the free drug was
administered or 19.5 days when the control liposomes
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were administered. In addition, the prolonged exposure
to nanoliposomal CPT-11 did not exhibit any detectable
toxicity to the central nervous system at any of the lev-
els that were investigated. It has also been demonstrated
that CED can deliver dendrimers and nanoparticles of
iron oxide to brain tumors. Even while there is evidence
that local administration is successful in treating brain
tumors, there is still significant cause for concern due to
the highly invasive aspect of this treatment approach.

Future and outlook

The BBB is a significant barrier to the administration of
medications used to treat brain tumors and other neu-
rological disorders. This work provides a comprehensive
analysis of the recent developments in nanovehicles-
based drug carrier design for effective drug delivery
strategies across the BBB. In our search for the most effi-
cient means of drug delivery, we examined a wide range
of delivery nanovehicles to learn more about the factors
that affect penetration efficiency. However, it is impor-
tant to note that several factors affect which nanovehicles
are able to cross the BBB. Notable characteristics include
size, shape, surface charge, ligand density, and drug load-
ing method and delivery method (gut to brain delivery).
Due to its distinct advantages, nano-vehicle based sys-
tems have been intensively investigated in an effort to
create a synthetic platform for brain medicine delivery.
However, there are still important questions that have
not been well addressed. Moreover, several challenges
must be surmounted before functional nanocarriers may
be used effectively in medicine.

(1) For usage in biomedical applications, the biodeg-
radability and biocompatibility of nanovehicles are
essential qualities; these characteristics can directly
impact how far nanovehicles progress along the
route to clinical translation. Although many studies
have shown that biodegradable and biocompatible
nanovehicles, such as inorganic nanovehicles, bio-
mimetic nanovehicles, and polymer nanovehicles,
can be transported across the BBB, the interac-
tions between these nanovehicles and the immune
system are complicated, and it is not known what
effects, if any, they may have on human health. In
comparison to other nanomaterials, certain poly-
meric nanovehicles exhibit higher levels of biodeg-
radability and biocompatibility. This is an important
point to keep in mind. More study is required to
find a solution to the issue of the physiological sta-
bility of polymeric nanovehicles and to realize the
objective of controlled medication administration
across the BBB.
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(2) The surface charge of nanovehicles has a conflict-
ing role to play in the process of bridging the BBB,
and this role should be balanced. Cationic nano-
particles, which have a positive charge, are thought
to have a greater chance of penetrating the blood—
brain barrier (BBB) since endothelial cells have
a complementary negative charge. However, the
toxicity and half-life of anionic or neutral NPs are
significantly lower than those of cationic nanovehi-
cles. Furthermore, charge may lead to non-specific
adsorption of protein or peptide in the circulatory
system, which interferes with the normal operation
of medicine administration. So far, the most suc-
cessful method has been to encapsulate nanopar-
ticles with polyethylene glycol (PEG) chains. This
tactic leads to less nanovehicles endocytosis, lower
macrophage uptake, and increased blood circula-
tion.

(3) There is a delicate balancing act to be performed
when considering the competing roles played by the
NPs’ surface charge and the BBB-bridging process.
It is difficult to find biocompatible nanocarriers
that are also suited for controlled medication load-
ing and release. In addition, only a limited number
of medications was able to be administered to the
brain tumor because of drug leakage that occurred
during delivery.

Drug carriers based on nanoparticles should ideally
have a high specific surface area and strong interac-
tions with the drugs they are transporting. Drugs may be
loaded into responsive porous materials to an extreme
degree, and the materials can then release the drugs in
a regulated fashion just where theyre needed most (in
the sick tissue). Nanotechnology offers new possibili-
ties for the creation of nano-carriers, which are essen-
tial for delivering drugs to their destinations. Nowadays,
researchers are working on both multifunctional thera-
nostic nanoplatforms and specialized nanocarriers that
can traverse the blood—brain barrier. Computed tomog-
raphy, photoacoustic imaging, the second NIR window
optical imaging, and NP-based magnetic resonance
imaging are all examples of such nanoplatforms. While
still in the research and development phase, ligand con-
jugated nanoparticles have shown the most promise in
transporting medications over the BBB.

Nano-vehicles have demonstrated a significant amount
of potential and diversity in terms of their ability to
encapsulate many chemicals simultaneously in controlled
drug-delivery systems and direct them to the most inac-
cessible parts of the brain in order to inhibit tumor
growth. Treatment options for other brain illnesses (e.g.
stroke, AD and PD) are also restricted by BBB, just as
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they are for brain tumors. The development of nano-
particles can prove useful in the treatment of disorders
of a similar nature. Furthermore, a growing number of
studies are revealing that NPs have a healing effect on
animal models of neurological diseases (e.g. stroke, AD
and PD). It is necessary to conduct additional research in
order to gain a better understanding of the differences in
nano-vehicles transport between healthy animal models
and diseased animal models. However, it is important to
keep in mind the constraints of an experimental model,
as such a model cannot perfectly simulate a particular
human disease. Even though it is common knowledge
that the BBB properties are significantly changed in
in vivo models of Parkinson’s disease, Alzheimer’s dis-
ease, or stroke, no comprehensive research has been con-
ducted to investigate how the physicochemical properties
of nano-vehicles influence the transport and localization
of NPs in the brain. To the best of our knowledge, there
is not a single nano-vehicle formulation that is now being
investigated in clinical trials for the treatment of stroke,
Alzheimer’s disease, or Parkinson’s disease. However, we
can make the educated guess that it is only a matter of
time before nano-vehicles generated in preclinical stud-
ies are examined in future clinical assays. Simultane-
ously, this review is also concerned about the gut to brain
drug delivery system, which transports pharmaceuticals
to the brain via the gut-brain axis. Thus, we anticipate
that medication delivery via nanovehicles into the brain
will have a bright future in the treatment of brain tumor
illnesses.
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