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Abstract: Malignant brain tumor is a life-threatening disease with a low survival rate. The therapies
available for the treatment of brain tumor is limited by poor uptake via the blood–brain barrier. The
challenges with the chemotherapeutics used for the treatment of brain tumors are poor distribution,
drug toxicity, and their inability to pass via the blood–brain barrier, etc. Several researchers have
investigated the potential of nanomedicines for the treatment of brain cancer. Nanomedicines are
designed with nanosize particle sizes with a large surface area and are loaded with bioactive agents
via encapsulation, immersion, conjugation, etc. Some nanomedicines have been approved for clinical
use. The most crucial part of nanomedicine is that they promote drug delivery across the blood–brain
barrier, display excellent specificity, reduce drug toxicity, enhance drug bioavailability, and promote
targeted drug release mechanisms. The aforementioned features make them promising therapeutics
for brain targeting. This review reports the in vitro and in vivo results of nanomedicines designed
for the treatment of brain cancers.
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1. Introduction

Cancer is a class of diseases characterized by uncontrolled cell growth and, in some
cases, spreads to the surrounding tissues [1]. The uncontrolled growth of cells in the brain
is known as brain cancer. There are two grades of brain cancer, namely primary brain
cancer that starts in the brain and secondary brain cancer that originates elsewhere in the
body and spreads through the bloodstream [2]. There are two major forms of brain cancer:
benign brain cancer (which is slow-growing, such as meningiomas, craniopharyngiomas,
pituitary tumors, neuromas etc.) and malignant brain tumors (which spread to other parts
of the brain or spinal cord, e.g., astrocytomas, glioblastomas, oligodendrogliomas, etc.) [3].
There are also different grades of brain cancer based on the appearance of the cells such as
grades I–IV. Grade I cells resemble normal brain cells and spread slowly; grade II cells are
abnormal but grow slowly; grade III cells are abnormal and spread to the nearby tissues;
and grade IV cells are abnormal and grow at a rapid rate [4,5].

Brain cancer is the cause of a large number of deaths. In 2012, there were 116,605 females
and 139,608 males treated with primary malignant brain and other CNS tumors globally [6].
There were about 18,078,957 cases of cancers worldwide according to the 2018 Cancer
Registry with approximately 296,851 cases associated with brain cancers. The highest
number of cases of brain cancer was reported in Asia (156,217) and the lowest number
was reported in Oceania (2438 cases). In 2018, there were about 9,555,027 cases of death
around the world, of which 241,037 deaths were related to brain cancers [7]. In terms of
global cancer statistics, GLOBOCAN 2020 confirmed 308,102 cases of brain cancer with
251,329 deaths in 2020, revealing that the brain cancer mortality rate is increasing yearly [8].
The 10- and 5-year survival rates for malignant brain and other CNS tumors have been
confirmed to be 34.9% and 29%, respectively. The survival rates vary depending on the
tumor’s histological classification [9].
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The major challenge in the development of effective therapies for the treatment of
brain tumor is the heterogeneity of the brain tumors and the BBB [10]. To overcome
these challenges, researchers have developed nanomedicine with innovations translated
to clinical applications. Nanomedicine offers the possibility of developing sophisticated
targeting therapeutics with multi-functionality [11]. Nanomedicines have been reported
to accumulate selectively in the tumors due to the enhanced permeability and retention
(EPR) effects, which takes full advantage of cancer tissue permeable vasculature and
reduced lymphatic drainage. However, only a small amount of the total administered
drug accumulates in the tumor site via this pathway. Nanomedicine designed with ligands
for targeted drug uptake for enhanced drug accumulation is an interesting approach [12].
The advancement in the development of nanomedicines for cancer therapy over the last
ten years has yielded promising results with the potential to be translated to clinical
application. Hydrophobic and hydrophilic anticancer compounds have been incorporated
into nanocarriers resulting in sustained and controlled drug release profiles suitable to
overcome drug resistance and toxicity. Over the last ten years, polymeric nanomedicines
have emerged as a good platform for the treatment of malignant tumors. Polymeric drug
carriers, such as polymersomes, nanogels, polymeric micelles, etc. can improve drug
stability, extend drug circulation time, minimize side effects, enhance tumor accumulation,
and regulate the release of bioactive agents [13].

2. Brain Targeting
2.1. Transport Mechanisms

Drug molecules travel from the nasal cavity to the brain parenchyma via the trigeminal
or olfactory nerves. The molecules are also transported to the roots of nerves in the
cerebrum and pons after spreading across the brain. The mechanism is via intracellular and
extracellular pathways [14]. In the intracellular pathway, the uptake of the drug molecule is
via the olfactory neuron and the drug release is via exocytosis. In the extracellular pathway,
the drug uptake to the lamina propria is via the nasal epithelium followed by transportation
through the neuronal axon by processes known as bulk flow. It is important to note that
the axon leads into the CNS, where the drug is released and transported further through a
fluid movement [14].

2.1.1. Pathways of Nasal Transportation to the Brain

The first set of structures for the respiratory system is formed by the interior part
of the nose or nasal cavity, i.e., the entry point for inhaled air [15]. The nasal cavity is
separated into two compartments by the nasal septum. The mucosal layer covers the cavity
and protects against pathogens that are infectious and allergic [15]. The nasal cavity is
made up of the respiratory section (a passage for airflow), the nasal vestibule (a wide
area of the nostril), and the olfactory section (composed of olfactory receptors) [16]. The
respiratory section is also involved in drug uptake. It promotes drug uptake because it is
highly vascularized, making it useful for nose-to-brain transportation of drugs [17]. The
vestibule is not vascularized and also not permeable to drug uptake [17]. The mucosa on
the olfactory is composed of nerves connected to the olfactory nerve [17]. The cell type in
the vestibule is known as the squamous epithelial cells, composed of a few ciliated cells
with small surface areas that limit drug absorption. The respiratory section has a large
surface area and contains cell types such as ciliated, non-ciliated columnar, goblet, and basal
cells [18]. The goblet cells produce mucin that creates the mucus layer. The mucus traps
drug molecules and delivers them to the throat for uptake into the GI tract. Drug uptake
via the mucus layer can reach the surface of the epithelium. However, the viscosity of the
mucus influences the drug clearance rate. The higher viscosity of the mucus results in a low
clearance rate and high uptake of drugs. A combination of the highly vascularized and the
large surface area of the respiratory section makes it a significant site for drug absorption to
the systemic circulation [18]. The therapeutic agents may be absorbed and transported via
a neuronal pathway, such as the trigeminal nerves or olfactory or vasculature, and through
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pathways including the lymphatic system or CSF [19]. One or more pathways may be used
to transfer drugs from the nasal cavity to the brain.

2.1.2. Olfactory Neuronal Pathways

The olfactory neuronal pathway is considered to be one of the most effective intranasal
drug absorption pathways in the brain. The drug molecules cross the olfactory epithe-
lium [20]. The drug uptake across the cell membrane is controlled in three strategies:
passive diffusion, neuronal endocytosis, and paracellular motion. Lipophilic drug uptake
occurs via passive diffusion. These pathways of drug uptake are impacted by the molecular
weight of a drug molecule and lipophilicity [21,22].

2.1.3. Trigeminal Nerve Pathways

Intracellular transport via endocytosis or axonal transport is used to move drugs from
the nose via the trigeminal nerve pathway [23]. The largest cranial nerve is the trigeminal
nerve. The ophthalmic, maxillary, and mandibular are all part of it. In nose-to-brain drug
transmission, the ophthalmic and maxillary branches are important. The dorsal section of
the nasal mucosa and the anterior nostril is innervated by the trigeminal nerve’s ophthalmic
branch. The nasal mucosa turbinates are innervated by the maxillary branch [23,24]. When
a drug molecule disperses via the nasal mucosa, it goes to the branches of trigeminal nerves
in the respiratory and olfactory regions, as well as to the axonal pathway through the
brain stem. Drug transmission from the nasal cavity to the forebrain is also aided by a
portion of the trigeminal nerve that crosses through the cribriform plate [25]. Paracellular,
transcellular, receptor-mediated transport, carrier-mediated transport, and transcytosis
have all been reported to be involved in drug transportation via the mucosa [26]. Drug
molecules are conveyed between cells via the paracellular route, whereas drugs are deliv-
ered across cells via the transcellular route. Endocytosis or carrier-mediated transport are
two options for transcellular transportation. Adsorptive transcytosis, which involves an
interaction between the cell surface and the ligand in the bloodstream, is used to transport
macromolecules via the transcellular pathway. The interaction between the negatively
charged membrane and the positively charged macromolecules and proteins is electrostatic.
Transcytosis is a major transportation approach of nanoparticles and chemicals to the
CNS [22,25].

2.1.4. Cerebrospinal Fluid (CSF) Pathways

The cerebrospinal fluid pathways run from the CSF of the brain’s subarachnoid space
to the nasal lymphatic system via the olfactory nerves located in the perineurial space [22].
However, there is no detailed research report on drug delivery in the CSF lymphatic
passageway from the nose to the brain. There is a need for more investigations. In a
study by Johnston et al., radioactively labelled tracer filled into the CSF was conveyed
through the olfactory nerve-associated passages to the nasal lymphatic and cervical lymph
node system [22]. This pathway is a potential route for the transportation of drugs to the
brain. Factors such as the drug molecule’s molecular weight, the degree of ionization,
and the lipophilic nature of the drug influence the drug uptake in this pathway [27]. The
lipophilic drugs are distributed more effectively [22]. This pathway is a potential route for
the transportation of drugs to the brain.

3. Drug Delivery to the Brain

There are reports on the design of therapeutics for brain targeting. A 29-amino-acid
peptide (RVG29) obtained from rabies virus glycoprotein was used as the targeting ligand
in the brain-targeted drug delivery system. In vitro studies showed that the drug delivery
system, RVG29-lip, exhibited remarkably greater uptake in dopaminergic cells and murine
brain endothelial cells as well as via the BBB. In a Parkinson’s disease (PD) mouse model,
the therapeutic did not induce systemic toxicity after intravenous administration [28].
A variety of nanoparticles capable of transporting drug payloads to specific organs or
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tissues have been reported by several researchers. Their capability to transport drugs to
the diseased tissues/organs makes them appropriate for targeted drug delivery. However,
targeted drug delivery requires the conjugation of a receptor-specific ligand to the surface
of the nanoparticles. Nanoparticles are characterized by a large surface area suitable for
interaction with the cells in non-specific surface interactions [28].

Complex drug delivery systems are generally costly, adding to the difficulty of main-
taining a batch-to-batch consistency. Nanocarriers can be enhanced to promote passive
and active targeting mechanisms for enhanced uptake into the tumor tissue. The efficacy
of bortezomib in the treatment of glioblastoma was reported by drug administration into
the brain lesion via catheter when compared to intravenous systemic delivery [29]. A
double emulsion solvent evaporation method was used to develop selegiline-loaded poly
(lactic-co-glycolic acid) nanoparticles loaded in a transdermal film. The in vivo study
revealed good brain targeting capability of the formulation for over 72 h [30]. Intranasal
delivery has been reported to bypass the BBB and transport the drugs into the CNS at a
faster rate. Mucoadhesive drug delivery techniques increase the drug’s time at the site of
application. They also improve the formulation’s interaction with the absorption surface,
which enhances the drug’s therapeutic results [31]. In vivo, zaleplon encapsulated into
an in situ nanoemulsion gel with droplet sizes ranging from 35 to 73 nm increased drug
bioavailability by eightfold. With high systemic bioavailability, nasal tissue penetration
was also improved [32]. In situ gelling formulations for intranasal administration prepared
from deacetylated gellan gum and loaded with curcumin showed good bioavailability.
The uptake of curcumin and its distribution in the brain was enhanced when compared to
the intravenous injection. The brain targeting index of the intranasal gel formulation was
0.39, which was higher than the intravenous injection, i.e., 0.06 [33]. Other formulations,
such as functionalized risperidone liposomes for nasal delivery of risperidone to the brain,
have been reported to be a promising therapeutic for the management of schizophrenia.
Liposomal formulations promoted better brain uptake in vivo. Furthermore, risperidone
uptake into the brain was higher from the PEGylated liposomes, (LP-16) than in the plasma.
LP-16 displayed a high brain targeting efficiency index, suggesting that the drug uptake
to the brain is selective. Some researchers have effectively formulated surface-modified
risperidone liposomes for nasal delivery with good brain targeting delivery [34]. Magnetic
nanoparticles have been designed for brain targeting. It was prepared by single emulsion
solvent evaporation of polymers with oleic acid-coated magnetic nanoparticles and Rh123.
The capability of magnetically targeted nanoparticles to transmit substances to the brain
was established. The uptake of the nanoparticles revealed their capability to overcome the
P-gp efflux system [35].

Bortezomib (BZM) has been studied for its efficacy via intranasal delivery to the
brain by a combination with NE100 (enriched perillyl alcohol). The intranasal delivery of
BZM in combination with NE100 increased the survival rate of the tumor-bearing animals
compared to those who received administered BZM alone. Furthermore, intranasal delivery
of NE100 in combination with BZM promoted the high concentration of the drug in the
brain [28].

Following TDDS application, the drug targeting efficacy and ability of selegiline
hydrochloride-loaded PLGA nanoparticles (SGN-NPs) were computed as per cent. Drug
targeting effectiveness (DTE) and drug targeting potential were also studied. According to
the results, nanoparticles have a higher DTE (136.87 ± 3.84%) and drug targeting potential
(26.93 ± 4.29%) than the plain drug, implying that nanoparticles have a stronger brain
targeting performance. This is attributed to the loading of SGN into PLGA nanoparticles
that effectively cross the BBB to deliver the drug to brain tissue [29]. The use of a facial
intradermal injection to circumvent the BBB through the trigeminal nerve has been reported
to be an innovative approach to bypassing the BBB. Intradermal injection of Evans blue
(EB) into the rat mystacial pad resulted in increased drug concentration of Evans blue in the
brain sub-areas when compared to administration via intravenous (i.v.) and intranasal (i.n.)
injections. The intradermal injection has also improved brain drug targeting effectiveness,
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brain direct transfer percentage, and brain bioavailability of EB, even though intranasal
inoculation only slightly changed them. The facial intradermal injection, which bypasses
the BBB through the trigeminal substructures, is a potential method for brain-targeting de-
livery [36]. Polyethene glycol, cholesterol, and 1,2-distearyl-sn-glycerol-3-phosphocholine
were used to generate liposomes by Al Asmari et al. (DSPC). Liposomal formulations
of donepezil administered through the intranasal route enhanced the bioavailability of
donepezil in the brain and plasma [37]. In another analysis, a ligand (the RVG29 peptide)
that could bind to acetylcholine receptors was coupled to polyethylene glycol-modified
poly-(D,L-lactide-co-glycolide) to create a targeted conveyor; nanoprecipitation was used
to make the targeted docetaxel nanoparticles (DTX-NPs). The NPs had smooth surfaces
and were about 110 nm in diameter. The number of receptors on the surface of glioma
cells was 2.04-fold greater than that of non-malignant cells and it facilitated the uptake of
RVG29-improved NPs at the targeting site. In an in vitro cellular uptake analysis, the NPs
exhibited targeting uptake in the glioma cells compared to the non-targeting NPs. Targeted
NPs displayed greater BBB infiltration in an in vitro model. RVG29-PEG-PLGA-NPs were
found to be taken up in the intracranial glioma tissue in vivo studies. Furthermore, findings
suggested that RVG29-modified NPs are useful for the treatment of glioma [36].

Neurotropic viruses, such as rabies, can penetrate the BBB and infect brain cells.
Peptidyl-targeting vectors based on rabies virus glycoprotein (RVG) that had previously
been exhibited to bind to the nicotinic acetylcholine receptor in the neurons were developed.
Intravenous administration of the formulation in mice resulted in RVG29, i.e., 29-mer
peptide, and exhibited selective brain uptake, resulting in a three-fold increase in RVG29
uptake in the brain compared to the mock peptide. In addition, immunocompromised
mice were injected with the Japanese encephalitis virus and the therapeutic efficacy of
RVG29-mediated siRNA delivery was discovered. The antiviral RVG29 siRNA complex was
administered to the infected mice intravenously once every day for 3 days post-infection.
At 30 days after infection, medicated mice had an 80% survival rate, while all control mice
died within ten days [37–39].

The capability of biodegradable poly (N-butyl cyanoacrylate) (PBCA) nanoparticles to
cross the BBB has been widely reported. As opposed to the free drug, PBCA coated with
polysorbate 80 raised the concentration of rivastigmine in the brain by 3.8 times. Liposomes
loaded with both transferrin (T) and folate (F) were conjugated to create dual-targeting
doxorubicin (DOX) liposomes (Tf). The findings showed that they were able to penetrate
the BBB and target brain tumors. Yang et al. used a transfection reagent to separate
exosomes from brain EC culture media and loaded them with vascular endothelial growth
factor siRNA. In xenotransplanted zebrafish carrying brain tumors, the exosomes enhanced
siRNA passage via the BBB [40].

Jinbing et al. used magnetic nanoparticles, i.e., PLGA, L-a-phosphatidylethanolamine
(DOPE), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-amino (polyethylene
glycol) (DSPE-PEG-NH2), to design magnetic poly (D, L-lactide-co-glycolide) (PLGA)–lipid
(MPL) nanoparticles (NPs). TAT-MPLs were designed by conjugating the trans-activating
transcriptor (TAT) peptide into the surface of MPLs, prompting them to target the brain
using magnetic guidance and TAT penetration. The great fluorescence intensity in the
cytoplasm and cell nucleus suggested that TAT-MPLs loaded into QDs were effectively
delivered into the BECs. The coupling of TAT on MPLs remarkably enhanced the cellular
absorption of administered drugs in bEnd.3 cells by increasing cell membrane infiltration,
suggesting the successful BBB crossing of the drug delivery systems [41]. A polyanhydride
polymer wafer comprising bis-chloroethyl nitrosourea (BCNU) (carmustine) was used to
treat recurrent high-grade gliomas. A 2-month-long drug release was reported. Despite the
increased risk of trauma and the ineffectiveness of the distribution system, the formulation
was reported to be a promising system [42]. Protein complex nanoparticles made of poly
(ethylene glycol)-poly (lactic acid) block copolymer (PEG-PLA) were unable to pass the safe
BBB. On the other hand, the complex nanoparticles delivered brain-derived neurotrophic
factor (BDNF) to the brain and improved efficiency in a mid-cerebral artery occlusion
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mouse replica for strokes. Furthermore, the PEG-PLA BDNF complex reached the brain
through a stroke-induced disruption of the BBB [40].

3.1. Nanodelivery Platforms Developed for Drug Delivery
3.1.1. Passive Targeting

Hyper-vascularizing, leaky, and scarce lymphatic drainage systems are properties
that promote passive targeting, thereby enabling the drug uptake into the intratumoral
space while protecting the healthy brain tissue (Figure 1). Passive targeting causes rapid
and damaged angiogenesis, and blood vessels in tumors can possess a dripping endothe-
lium that fails to perform its usual barrier function, enabling macromolecules as small as
400 nm to enter. The nanoparticles passively push through into tumor tissue via dripping
vasculature, collecting in the tumor bed due to defective lymphatic drainage, releasing
therapeutic payloads into the area of tumor cells during the intravenous administration
period. The enhanced permeability and retention (EPR) effects are then given to this pro-
cess. Furthermore, the EPR effect is used in most nanomedicines that are presently in
agreement for clinical applications in therapy for solid tumors. According to the literature,
the optimum size of NPs should be below 100 nm and the existence of a hydrophilic surface
to circumvent clearance by macrophages inside the reticuloendothelial system should
be considered. When the nanoparticles measure was below 100 nm, good results were
observed. However, passive targeting strategies have some restrictions since the EPR effect
is completely dependent on drug diffusion, which is hard to monitor, making it unlikely for
some drugs to disperse efficiently. Due to a thick brain matrix, which obstructs diffusion
and increases interstitial fluid pressure, the EPR effect on brain tumors is unlikely to be well
organized [43–45]. Generally, nanoscale drug delivery systems accumulate in the tumor
via the porous brain tumor–blood barrier (BTBB) through EPR effects and are retained due
to reduced lymphatic drainage. The EPR effect applies to nanosized carriers in the range of
10–200 nm [36]. Many others have found that this passive targeting alone cannot overcome
the BBB or does so to a degree that is insufficient for effective treatment, showing that only
smaller particles (approximately 20 nm) or smaller (<12 nm) [37] can cross the BTBB [38,39].
Although studies have found that small nanoparticles and drugs can take advantage of the
leaky tumor vasculature [42], various methods to further improve penetration of the BTBB
should be explored.

Figure 1. Passive targeting.

3.1.2. Active Targeting

Active targeting involves the use of a mixture of nanocarriers and ligands that bind
with various cell surface receptors. Active targeting of the BBB is a non-invasive and
promising approach for drug delivery to brain tumors. To obtain drug delivery, active
targeting of the tumor sites enable the use of an intrinsic cell characteristic (Figure 2). A
homing system, such as an antibody or ligand, is also used. Many novels and smart devices
have been used. Drug uptake into tumors via antigens or receptors without impacting
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normal tissues has been reported. As a result of external stimuli, such as heat, ultrasound,
light, and a magnetic field, environmentally sensitive macromolecular drug carriers can
release cargo drugs in the targeted tumor tissues. In comparison to other active targeting
methods, this triggered drug release has many advantages. It also allows for precise control
over drug release timing and position. Active targeting has been effective in producing
a series of antibody–drug conjugates (ADC) due to their selectivity and binding affinity.
However, the ADC approach is limited by some challenges that must be resolved to take a
greater step forward [46–48].

Figure 2. Active targeting.

Although external stimuli can release cargo drugs in the targeted tumor tissues, there
are also limitations associated with their use, such as susceptibility to off-target delivery in
pH-sensitive systems, limited penetration of ultrasound to deep tissues by acoustic-based
drug delivery systems, prolonged exposure time resulting in damage to the surrounding
healthy tissue in light-sensitive systems, and complications which require a sensitive
synthesis approach [49–51].

3.1.3. Mechanisms of Efflux in Drug Transport to the Brain

BBB absorption and efflux processes are useful for drug targeting to the brain and the
desired CNS pharmacological impact. Drug penetration through the BBB is reduced to
avoid exposing the CNS to the side effects. Most in vivo methods for drug absorption into
the brain would immediately include incorporating any task of CNS efflux. The CNS has
many efflux pathways that impact drug concentrations in the brain. Other mechanisms are
active and some are passive. Active efflux from the CNS through particular transporters can
frequently minimize measured drug absorption at the BBB to levels below those anticipated
by the drug’s physicochemical properties, such as lipid solubility. The amount of free drugs
obtainable to interact with drug receptor sites in the brain extracellular fluid is influenced
by the function of these efflux mechanisms.

The P-glycoprotein (Pgp), the multidrug transporter, the multi-specific organic anion
transporter (MOAT), and the multidrug resistance protein (MRP) are all members of the
ABC cassette of transport proteins, which are currently receiving a lot of attention. In
humans, Pgp is the outcome of the MDR gene, which recognizes a broad variety of lipid-
soluble substrates and actively effluxes them from cells, indicating the gene product. MOAT
in the choroid plexus has substrate preferences that are similar to MRP. Co-administration
of a Pgp inhibitor with certain Pgp substrates can not only improve oral absorption but also
BBB porosity. In mice, co-administration of the Pgp blocker valspodar not only increased
the brain levels of paclitaxel but also significantly improved its therapeutic consequence on
tumor volume [52].
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4. Mode of Transportation across the Brain
4.1. Suggested Mechanisms of Transport through the Blood–Brain Barrier

BBB is mainly built up of a polarized layer of vascular endothelial cells with astrocytes
and tight junctions. The different transcellular transport actions can be differentiated into
the following processes. (i) Diffusion that is operated by a concentration gradient, including
tiny hydrophobic molecules. Some therapeutics use this mechanism as their key entry
point into the brain. (ii) Paracellular transport is restricted to tiny water-soluble molecules.
(c) Proton pumps efflux transporters. (d) Adsorptive transcytosis presumably mediated
transport which is used for positively charged cargo in a non-specific way. (e) Receptor-
mediated transcytosis is a peptidic signalling pathway linked to regulatory molecules, such
as leptin, insulin, interleukins, and nutrients. (f) Carrier-mediated transport takes place, for
example, in amino acids, nucleosides, glucose, and curative, (including azidothymidine
vinca alkaloids, etc.). Focusing on receptors that internalize ligands through vesicular
transport is considered to be a good choice, such as the intracellular transport containers that
can easily accommodate nanoparticles as small as 100–200 nm. This form of transcellular
transfer is very normal in polarized cells. In polarized cells, transcytosis is the vectorial
transport of cargo in the middle of the apical and basolateral surfaces. Three stages that
show different transcellular transport are: (a) intracellular vesicular trafficking towards the
opposing surface at which exocytosis of the vesicular contentments occurs; (b) endocytosis
of the nanoparticle/cargo at the plasma membrane; and (c) transcytosis, which can depend
on receptor-mediated and absorptive charge-dependent endocytic internalization events.
For serum albumin, the absorptive manner has been represented. Deltorphin, enkephalin
transferrin (iron), insulin, and LDL may all be implicated in receptor-mediated transcytosis
in the brain endothelium. This also addresses the possibility of selective targeting of
nanoparticles in the brain using a transcytotic passageway, preferably an endocytosis-
mediated degradation passageway [53–55].

4.1.1. Paracellular Transport

Distinct junctions, such as zonula adherens, close junctions, and macular adherens,
connect cells inside the nasal epithelium. Large molecule drugs cannot move through
these junctions. However, neuronal and basal cells become permeable because of constant
turnover. The opening of these junctions helps paracellular transport. Various DDSs are
rapidly transmitted via nasal mucosa to the brain by opening these junctions, according to
some reports [56].

4.1.2. Transcellular Diffusion

Davison demonstrated in 1955 that the separation of substances from the blood into
the CSF and brain tissue was dictated by lipid solubility and size. Tiny lipophilic molecules
can also pass through the BBB via passive transmembrane diffusion, which is now well
understood. Most drugs that can reach the CNS do so through passive transmembrane
diffusion, which is not a saturated mechanism. The partitioning of lipid-soluble compounds
into aqueous and nonpolar media, such as octanol and water, defines their ability to cross
the BBB. Furthermore, substances that spread passively through the BBB must move
through the cytosol, luminal membrane, and abluminal membrane before reaching the
CNS. The lipophilicity of a drug, on the other hand, favors diffusion through the BBB over
sequestration within the cell membrane. When the analyzer agent is an efflux transporter
substrate, the transcellular diffusion of substances through the BBB is also influenced
(Figure 3) [57,58].
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Figure 3. Mode of transportation across the brain.

5. The Different Nanomedicines Designed for Brain Cancer Therapy
5.1. Polymer-Based Nanoparticles

Polymer-based nanoparticles (NPs) are nanomedicines with particulate dispersions or
solid colloidal particles with a diameter ranging between 1 and 1000 nm [59]. Therapeutic
molecules are adsorbed, encapsulated, or conjugated in the polymer matrix of polymeric
nanoparticles (Figure 4). Polymeric NPs have a long half-life in the systemic circulation
with the improved release of the agents from the NPs. Furthermore, polymeric molecules
comprise different dissolvable profiles in different solvents. It is useful to functionalize
various delivery and targeting purposes. The polymeric NPs with desired physicochemical
properties can be protected from enzymatic degradation, rapid clearance, and hepatic
metabolism. The large surface area of polymeric NPs is an appealing characteristic for
controlling the release kinetics, drug loading capability, and administration path [60].
Since these brain-penetrating nanoparticles (BPNPs) have the potential for cell targeting
and regulated drug release after administration, they have a high potential for treating
intracranial tumors [61]. Some of them have been licensed by health regulatory agencies
for a clinical trial for the delivery of a variety of therapeutic agents and diagnostic of target
organs [60].

Figure 4. Polymer-based nanoparticles.

As opposed to non-modified nanoparticles, the amount of poly(ethylene glycol)
nanoparticles (PEGylated NPs) found in tumors has been enhanced. Other hydrophilic
polymers, such as dextrans, heparins, and polyvinylpyrrolidone, can be used to achieve
the same result [62]. PEG-PLGA nanoparticles were tested for their ability to deliver
anti-glioma drugs by actively targeting the tumor. In contrast to paclitaxel-conjugated
nanoparticles and the commercial drug Taxol®, the targeted nanosystem demonstrated
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higher inhibition of tumor and extended the survival time in rats with intracranial C6
glioma [63].

Pharmacokinetic research was used to examine the polymeric nanoparticles (PNP)–
sirolimus and the findings demonstrated that PNP–sirolimus circulates in the blood for
a long time. In xenograft tumor mice, PNP–sirolimus circulation was maintained and
the in vitro killing consequence of free sirolimus against cancer cells, and intravenous
administration revealed its powerful in vivo anticancer efficacy. Furthermore, in vitro and
in vivo studies using PNP–sirolimus improved the radiotherapeutic potency of sirolimus.
According to the clinical application, PNP–sirolimus circulates proved useful for cancer
treatment [10]. Nanoprecipitation was used to make surface-improved poly (D,L-lactic-co-
glycolic acid) (PLGA) nanoparticles for achieving a therapeutic concentration of paclitaxel
(PTX) in brain tumors. In vitro evaluation of the NP cytotoxicity and cellular uptake
was performed on C6 glioma cells. Biodistribution and brain penetration were examined
in BALB/c mice after intravenous administration. Moreover, the results revealed that
nanoprecipitation parameters could be fine-tuned. The PLGA NPs coated with surfactants
with a dimension of about 150 nm delivered PTX for more than two weeks. When opposed
to non-coated NPs, the surface coatings can maximize cellular uptake performance, with
D-tocopherol polyethylene glycol 1000 succinate (TPGS) showing the greatest improvement.
When compared to bare Taxol® and NPs, TPGS-PLGA NPs showed a greater accumulation
of PTX in the brain tissue (>800 per cent after 96 h). Finally, PLGA-TPGS with PLGA-NPs
coating were effective for good transportation of PTX through the BBB, with the benefits of
simple formulation, low production costs, and greater encapsulation reliability [64].

For the transportation of rhodamine -123 and loperamide into the brain, PLGA NPs
have been conjugated with a glyco-heptapeptide. Glyco-heptapeptide coating imitates the
behavior of opioid peptides through absorption-mediated endocytosis. These NPs were
allowed to move through the BBB with simplicity [65]. Polymer nanoparticles, such as block
copolymer nanoparticles and poly (lactic-co-glycolic acid) nanoparticles comprising of poly
(ω-pentadecalactone-co-p-dioxanone) and polyethylene glycol, hybrid nanoparticles using
poly (lactic-co-glycolic acid), charged 1,2-dioleoyl-3-trimethylammonium-propane, and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(carboxy-poly(ethylene glycol)), were
applied for the delivery of distinct anticancer drugs, displaying enhanced drug release and
targeting effectiveness with a low brain tumor dimension [66].

In the in vitro evaluation of human primary brain cancer cells with hybrid polymer–
nucleic acid–gold nanoparticles, the cells internalize the nanoparticles and transported them
to the cytoplasm. Furthermore, these hybrid polymer–nucleic acid–gold nanoparticles
are a theranostic platform technology for delivering genetic therapy combinations to
human cells [67]. In comparison to the clinically applied DTX formulation Taxotere®, an
intravenous injection of DTX-NPs raised the blood circulation period of DTX by 5.5 times
and the AUC0-24 h in the tumor-bearing brain by 5-fold. Ex vivo fluorescence imaging,
on the other hand, was applied to analyze the kinetics of NPs in the brain. This finding
supported the delivery of DTX into the brain by NPs and indicated that ex vivo fluorescence
imaging of NPs is a useful and fast way to assess drug disposition in the brain. This finding
supported the delivery of DTX into the brain by NPs and indicated that ex vivo fluorescence
imaging of NPs may be a useful and fast way to assess drug disposition in the brain [67,68].

Nanoparticles of poly (beta-amino ester) (PBAE) were developed. Transfected cells
experienced controlled apoptosis as a result of their plasmid delivery of a suicide gene
treatment to pediatric brain cancer replicas, precisely the herpes simplex virus type I
thymidine kinase (HSVtk). In mice inserted with AT/RT (MB (p = 0.0001 vs. control and
p = 0.0083 vs. control), PBAE-HSVtk medicated categories had a higher median overall
survival. Their findings show that biodegradable PBAE nanoparticles can be used as
secured and efficient nanomedicine for pediatric CNS malignancies [69]. Ahmed et al.
prepared terpolymer–lipid hybrid nanoparticles with doxorubicin (DOX–TPLN). In vitro
results revealed sevenfold higher effectiveness of DOX–TPLN towards human GBM U87-
MG-RED- Fluc cells as compared to free DOX [70].
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Combining information from multiple fields such as cell biology, chemistry, and tumor
pathophysiology could help enhance the clinical translation of polymer-based nanoparticles.
A detailed understanding of how nanoparticle modifications influence biological systems
is important to improve the conjugate design with effective therapeutic effects [71].

The polymer-based NPs possess the ability to be loaded with various types of an-
ticancer agents for the treatment of brain cancer. Some of the in vivo studies exhibited
that drug-loaded NPs can result in high tumor inhibition and prolonged survival time
of animals with brain cancer in vivo. Nanoparticles can also improve pharmacological
parameters of the loaded drug, such as extended time of drug circulation in the blood until
they reach the targeted brain tumor. The in vitro studies demonstrated that polymeric NPs
can increase cellular uptake of anticancer agents by brain cancer cell lines, indicating that
they can lead to excellent antitumor activity. More interestingly, these nanomedicines can
simply pass through the BBB, which is the most important mechanism in the treatment of
brain cancer and other brain-related diseases.

5.2. Nanoliposomes

Nanoliposomes are artificial and small vesicles that are spherically shaped [72]. These
nanomedicines are mainly formulated from cholesterol and phospholipids, and they display
both hydrophobic and hydrophilic properties with excellent biocompatibility. The nature of
the nanoliposome bilayers, such as bilayer charge, permeability, and rigidity, is influenced
by the components used for their formulation. The particle sizes of nanoliposomes are
in the range between 30 nm and several micrometres [73]. These nanomedicines are
used as drug delivery systems for hydrophobic and hydrophilic drugs. They possess the
ability to be encapsulated with hydrophilic and lipophilic bioactive agents due to their
biocompatibility, biodegradability, and non-toxicity. Furthermore, nanoliposomes promote
site-specific drug delivery which makes them useful for the delivery of bioactive agents
to the brain [73]. Wang et al. demonstrated the impact of liposomes when administered
alone. The liposome did not induce any significant necrosis or apoptosis in C6 glioma
cells. However, loading quercetin into nanoliposomal formulation resulted in enhanced
antitumor activity in C6 glioma cells [74]. Clinical reports on liposomes show that they are
safe and effective when encapsulated with drugs by reducing their off-target accumulation
and extending circulation time [75]. Many commercial liposome products are manufactured
on industrial scales and their synthetic nature makes it easier to maintain their batch-to-
batch consistency [44,76].

Liposomes containing transferrin–folate doxorubicin were examined. The findings
indicated that the amount of doxorubicin transported through the BBB was seven times
higher in the transferrin–folate doxorubicin-loaded liposome category of glioma bearing
rates than in the non-targeted doxorubicin-loaded liposome group of glioma bearing
rates [44]. Multiple biological targets have been published in the treatment of glioblastoma,
including hyaluronic-acid-conjugated liposomes, c(RGDyK)-pHA-PEG-DSPE-incorporated
DOX-loaded liposomes, curcumin-loaded RDP–liposomes, iron oxide nanoparticles coated
with CTX loading plasmid DNA ciphering TRAIL, and chitosan–PEG–polyethyleneimine
copolymers. These compounds are successful against glioblastoma. On the other hand,
the in vivo findings revealed a possible use in diagnosis with substantial therapeutic
consequences, leading to a remarkable accumulation in the brain tumor regions [77].

According to Arial et al., DOX-loaded liposomes (liposome–DOX) and DOX-loaded
microspheres (microsphere–DOX) were prepared and combined with TGP for prolonged
drug delivery, and their impact on cell feasibility was investigated using glioma cell
lines (LN229 and U-87MG). DOX-loaded TGP (TGP–DOX) was used in combination with
microsphere–DOX (microsphere–DOX + TGP) or TGP combined with liposome–DOX
(liposome–DOX + TGP) for in vitro studies in LN229 + U-87MG cells. TGP–DOX lowered
cell survival by 29% and 91% on days 10 and 1 of treatment, respectively. TGP had no toxic
impact on LN229 or U-87MG cells alone, suggesting that DOX mediated its anti-tumor
consequence after being released from the TGP gel. In addition, DOX release was prolonged
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(10–30 days) in TGP + liposome–DOX and TGP + microsphere–DOX [77]. In the clinical
translation of nanoliposome, the addition of stabilizers and surfactants in nanoliposome
synthesis has been offered as a good option to promote electrostatic repulsion, which
minimizes the loss of encapsulated drugs and increases the size of the vesicles [78].

The anticancer drugs loaded in the nanoliposomes significantly passed through the
BBB in large amounts when compared to the unloaded drugs, suggesting that nanolipo-
somes are potential nanomedicines for brain cancer targeting. The in vivo investigation
showed that nanoliposomes are useful for diagnosis with interesting therapeutic outcomes
due to their ability to accumulate in the brain cancer sites. The in vitro drug release ex-
periments demonstrated that anticancer drugs can be released from the nanoliposomes
in a slow and sustained manner for a prolonged time, and this mechanism can result in
overcoming multidrug resistance and drug toxicity to the normal cells.

5.3. Polymer–Drug Conjugates

Polymer–drug conjugates, also termed “polymer prodrugs”, are nanocarriers that
comprise four components: polymer backbone, bioactive agent, targeting moiety, and
solubilizing agent. The model of polymer–drug conjugates was firstly proposed in 1975
by Helmut Ringsdorf (Figure 5) [79]. The solubilizing agent and targeting moiety are
incorporated into the polymer prodrugs to enhance the therapeutic and pharmacokinetic
outcomes of the loaded drugs. The advantages of polymer prodrugs include reduced drug
toxicity, improved drug solubility, enhanced bioavailability and biodegradability, excellent
biocompatibility, and improved pharmacological properties. Furthermore, they possess
the ability to preserve and protect loaded bioactive agents from enzymatic attacks during
circulation and they deliver the therapeutic agent to the target biological site [80].

Figure 5. A schematic diagram of a conjugate.

Carbon nanotubes with polyethene glycol-linked conjugates of mangiferin were syn-
thesized. On U-87 cell lines, cytotoxicity investigations and flow cytometry were performed.
At the pH of cancer cells, drug release experiments showcased a spatiotemporal release
pattern. The IC50 value was reduced by 1.28 times in cytotoxicity studies, suggesting
successful anticancer activity, while the hemolytic profile demonstrated safety. In contrast
to the free drug, the flow cytometry indicated that the nano-conjugate effectively induces
apoptosis with minimal necrosis. The pharmacokinetic study confirmed that the increase
was multiplied by four in the region under the curve, i.e., the bioavailability of the drug
afterwards conjugation to that of plain mangiferin. Based on the findings, it was hypoth-
esized that these functionalized nanocarriers can deliver phytochemicals to brain cancer
cells efficiently and safely [81]. There are few reports on the clinical translation of polymer
therapeutics. Successful clinical translation of polymer therapeutics will require rigorous
optimization and a high throughput assessment of the designed conjugates. Measurable
design specifications are also essential [82].

One challenge in the clinical translation of polymer–drug conjugates is the uncon-
trolled conjugation of drug molecules into the polymeric carriers, resulting in heterogeneity,
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varied drug loadings, etc. However, new controlled synthetic approaches have been devel-
oped for quantitative drug loading efficiencies. In the conjugation of two or more drugs for
combination therapy, maintaining an optimal ratio of drugs is challenging in vivo, due to
the different pharmacokinetics and biodistribution of the drugs [83].

5.4. Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLNs) are hydrophilic nanoparticles whereby the bioactive
agents are encapsulated in their core (Figure 6) leading to slow drug release kinetics. They
also exhibit reduced toxicity and a large surface area [78]. To deliver the anticancer drug,
adriamycin, to tumor tissue, Hodoshima et al. developed lipid nanoparticles. For easy
encapsulation in SLNs, easy and economical PEG lipid derivatives (to reduce RES uptake)
were synthesized [84]. By acylation, 5-fluorouracil was translated to stearyl prodrug, which
improved the drug’s lipophilic properties and, hence, its incorporation into SLNs. Physical
agglomeration was used to make SLNs, and the concentration of 5-fluorouracil in mice liver
was doubled in the case of SLNs compared to 5-fluorouracil injection [85,86]. DOX–SLNs
were prepared using a solvent evaporation procedure with an average particle size of close
to 200 nm and a polydispersity index (PDI) of 0.3. On U87MG cell lines, a cytotoxicity
study demonstrated that DOX–SLNs were more toxic than plain DOX. The internalization
of DOX–SLNs within brain cancer cells was also supported by cellular uptake studies. The
design of SLNs as carriers for brain cancer treatment with improved potential to cross the
BBB was reported in the study [84,87].

Figure 6. A schematic diagram of solid lipid nanoparticles.

Coating and conjugating SLNs, on the other hand, will improve the amount of drugs
delivered to the brain. Curcumin delivery to the brain is efficient when SLNs are coated
with PS80 [88]. PS80 tends to allow ApoE adsorption on SLNs in the identical way that
PLGA and PBCA nanoparticles do [89]. The surface functionalization of SLNs has also
been widely applied to optimize SLN transmission to the brain. In contrast to the molecules
alone, SLNs functionalized with CBSA [90], transferrin [91], angiopep-2, thiamine, and
ApoE demonstrated higher delivery of their cargos to the brain. Dal Magro et al. investi-
gated the brain bioavailability of SLNs functionalized with an ApoE-derived peptide in
mice based on the nanoparticle administration path. The nanoparticles were delivered
either intraperitoneally, intravenously, or intratracheally [92]. After intravenous and in-
tratracheal administration, the SLNs could be seen in the brain using in vivo fluorescence
molecular tomography, revealing their capability to cross the BBB. The clinical translational
requirements include a size range of 100 nm or less, adequate product stability, robustness,
extremely effective encapsulation techniques, scalable manufacturing procedures, and a
minimum surface charge [93,94].

The anticancer drugs loaded in SNLs showed high cytotoxicity against brain cancer
cells when compared to plain drugs, indicating that SNLs can significantly improve the
anticancer activity of selected anticancer agents. SNLs can further improve the antitumor
efficacy of anticancer drugs by increasing cellular internalization within the brain cancer
cells. These nanomedicines can cross the BBB, demonstrating that they can be very useful
in the treatment of glioblastoma and other related brain conditions. Furthermore, the high
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drug loading and encapsulation efficiency of SNLs can lead to a high amount of drugs
delivered to the brain.

5.5. Nanostructured Lipid Carriers (NLCs)

Nanostructure lipid carriers (NLCs) belong to the group of lipid nanoparticles together
with SLNs. They comprise a combination of solid lipids and spatially incompatible liquid
lipids (Figure 7) and they have the advantage of enhancing drug loading ability and
bestowing release properties [95]. NLCs are usually formulated using oil, whereas SLNs
are formulated using organic solvents. Recently, another group concentrated on developing
NLCs as drug delivery carriers for the treatment of glioma. For example, NLCs modified
with the arginine–glycine–aspartic acid peptide (RGD) were applied to deliver TMZ for
the treatment of gliomatosis cerebri [96]. The in vivo studies of DNA and TMZ, i.e.,
co-encapsulated NLCs for GBM, was examined using mice as an animal model. RGD-TMZ-
NLCs were found to have a higher cytotoxic effect on U87MG cells than TMZ-NLCs, as
well as a greater antitumor efficacy in vivo. The results indicated that DNA-NLCs/TMZ
improved anti-tumor potential and gene transfection efficacy by transferring the two of
the drugs and gene into the gliomatosis cerebri [97]. To tackle this issue, Kim et al. [98]
designed RIPL peptide NLCs conjugated with cleavable PEG that was released from the
nanocarrier surface at the tumor position in an acidic environment. The hydrophobic
anchor 1,2-dipalmitoyl-sn-glycero-3-phosphothioethanol (DPPE) was used to establish
cleavable PEG, which was connected to the PEG3000 chain through a hydrazone bond [99].

Figure 7. Schematic diagram of nanostructured lipid carriers.

Tsai et al. used an intravenous route to evaluate the brain targeting capacity of
baicalein-loaded NLCs loaded with poloxamer and vitamin E [100]. According to the
researchers, vitamin E was found to help increase the stability of baicalein in vivo. Hsu
et al. reported that by changing the composition of NLCs, they were able to effectively
target the brain. In vivo bioluminescence monitoring revealed that intravenously injected
combined polyethylene glycol NLCs and polysorbate 80 significantly enhanced brain
targeting when compared to an aqueous apomorphine solution [101]. In contrast, curcumin
NLCs exhibited improved cytotoxicity in the astrocytoma–glioblastoma cancer cell line.
In vivo biodistribution findings indicate that intranasal administration of curcumin NLCSs
resulted in a greater concentration of drug in the brain than drug solution. According
to the study, NLCs appear to be a good drug delivery system for the treatment of brain
cancer [23].

The poly (D,L-lactic-co-glycolic acid) nanoparticles loaded with bevacizumab were
designed and administered intranasally to CD-1 mice to study their pharmacokinetic and
pharmacodynamic profiles, after almost 7 days of administration. In comparison to free
bevacizumab administered intranasally, the PLGA NP demonstrated significantly greater
brain bioavailability. PLGA NPs loaded with bevacizumab improved bevacizumab pene-
tration (higher Cmx) and residence time in the brain. The efficacy of this nanosystem was
studied in an orthotopic GBM nude mice model, testing tumor growth and anti-angiogenic
impact using bioluminescence. After 14 days, PLGA NPs loaded into bevacizumab exhib-
ited a remarkable reduction in tumor growth as well as a stronger anti-angiogenic effect.
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These findings can be supported by the fact that, after 14 days of formulation adminis-
tration, only the PLGA NPs loaded into the bevacizumab group promoted the uptake of
bevacizumab into the brain in vivo [102].

The experimental data have demonstrated that NLCs can be explored in combination
therapy for the treatment of brain cancer. The NLCs loaded with anticancer drugs show
high cytotoxicity against glioma cells, as well as an improved antitumor activity than
plain anticancer agents, suggesting that NLCs are potential nanomedicines for brain cancer
therapy. The polymeric NLCs significantly improved brain targeting than the free anticancer
drugs, indicating their capability for brain cancer targeting. The in vivo studies exhibited
that NLCs result in greater bioavailability and high accumulation of the drug in the brain
when compared to pristine drug solutions. In addition, NLCs loaded with anticancer
drugs demonstrate a remarkable reduction in tumor growth, revealing that the NLCs
can be effective candidates to overcome the emergence of multi-drug resistance, which
is common in the currently used anticancer drugs. The findings are likely to provide an
unconventional path to a more secure and efficient delivery system. Methods for scaling
up their production, as well as their use in clinical trials in the coming years, should be
clinically examined. The findings are likely to provide an unconventional path to a more
secure and efficient delivery system.

5.6. Thermosensitive Gel

Gels are polymeric nanomedicines that possess three-dimensional networks (Figure 8)
and they are prepared from natural and synthetic polymers [103]. They can absorb and
preserve huge volumes of water and biological fluids. The porosity of polymer-based gels
is influenced by features such as formulation procedure, polymer composition, etc. The
advantages of gels include non-toxicity, non-immunogenicity, excellent biocompatibility,
and affordability [103]. Ding et al. designed calcium phosphate nanoparticles made
of polyethylene glycol-dipalmitoyl phosphatidylethanolamine as an injectable thermo-
responsive hydrogel for local as well as sustainable delivery of TMZ and PTX to glial
tumors. TMZ and PTX were loaded into nanoparticles using the double emulsion process.
The anti-glioma impact of TMZ/PTX was (1:100) on C6 cells. The thermo-responsive gel
suppressed glioma growth by autophagy, while PTX and PTX-TMZ nanoparticles hindered
glioma cell proliferation [104].

Figure 8. A schematic diagram of thermosensitive gel loaded with drugs.

To deliver ellagic acid (EA) for the treatment of brain cancer, Kim et al. prepared
thermosensitive gel glycerophosphate chitosan loaded with EA. The Ch/-GP solution
generated a heat-induced gel at body temperature. In the existence of lysozymes, the
in vitro release rate of ellagic acid from an EA-loaded Ch/-GP gel was 2.5 times greater
than in the exclusion of lysozymes. Besides that, the anti-tumor activity of EA-loaded
Ch/-GP gel was examined using C6 rat glioma cells and human U-87 glioblastoma cells.
Three days after incubation, the cell feasibility of C6 rat glioma and U-87 cells was lower
than that of the chitosan gel. The efficacy of EA-loaded dialyzed chitosan solution gel
on human rat C6 glioma and U-87 glioblastoma cells in an EA concentration-dependent
manner was studied. When the concentration of EA in DCh/-GP gels was increased, the
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metabolic activities of both cells were reduced [105,106]. Unexpected leakage at close
physiological temperature might have unfavourable consequences, including systemic
toxicity and off-target tissue interactions. To avoid these dangers, it is critical to optimize
the formulation, which necessitates the employment of a model drug to precisely define
the formulation [107].

The polymeric thermosensitive gels display the ability to be used in combination
therapy, which is one of the best strategies to overcome the limitations of presently used
anticancer drugs, especially drug resistance. The studies have demonstrated that the
drug-loaded gels can significantly suppress glioma growth, while combination therapy
using gels can inhibit glioma cell proliferation, suggesting that thermosensitive gels are
potential nanotherapeutic for the treatment of brain cancer. The in vitro drug release
profiles displayed that the bioactive agents are released from the thermosensitive gels
in a controlled and sustained manner. Furthermore, the polymeric thermosensitive gels
significantly improved the antitumor activity of loaded anticancer agents on brain cancer
cell lines when compared to free agents, demonstrating that they are effective candidates
for the treatment of cancer.

5.7. Dendrimers

Dendrimers are polymer-based nanomedicines that are monodispersed, high-branched,
and possess three-dimensional structures (Figure 9) [108]. Dendrimers are very impor-
tant in drug delivery because of their low polydispersity, controlled molecular weight,
and good biocompatibility. The functional groups on the outside layer of polymer-based
dendrimers can be used for the incorporation of bioactive agents and targeting moiety.
Their intramolecular cavity is very useful for encapsulating drugs, leading to sustained
drug release profile, improved drug biological activity, and reduced drug toxicity [108].
Peripheral functional groups and internal cavities in PAMAM dendrimers are the most
thoroughly studied dendrimers and can be adjusted to encapsulate agents or other cargoes
for biomedical uses. Dendrimers may be used as nano-agents to treat tumors, bacteria,
and viruses infections [109]. The cytotoxicity of PAMAM dendrimers terminated with
positively charged groups is influenced by the generation and concentration in vitro. PA-
MAM dendrimers of the G5 or lower generation are non-toxic [110]. Sarin et al. prepared
doxorubicin conjugated into gadolinium-chelated G5 PAMAM dendrimer via pH-sensitive
covalent correlations (Gd-D5-DOX) as a theranostic for brain tumors. Gd-D5-DOX with a
diameter of 7–10 nm was shown to deliver therapeutic DOX concentrations across the BBB
into brain tumor cells [111]. The findings concluded that one dose of Gd-G5-DOX was way
more successful in preventing the growth of RG-2 glioma than free DOX at an equal dose
in preventing the growth of RG-2 glioma [111].

Figure 9. A schematic diagram of a dendrimer.
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Zhao et al. developed fibrin-binding peptide CREKA conjugated to PAMAM den-
drimers to create a small nanoparticle DDS that targets extracellular fibrin in brain tumors
to enhance nanoparticle retention. The CREKA-modified PAMAM accumulated more
and penetrated more in glioblastoma multiforme tissue than unmodified CREKA PA-
MAM [112], indicating that it may be a promising treatment option for brain tumors.
Besides that, other brain tumor capillaries overexpress multiple receptors, which guide
ligand-anchored dendrimer-based DDSs and promote drug delivery to the brain tumor
tissue [113]. DOX with PEGylated PAMAM dendrimer was conjugated to PAMAM through
the acid-sensitive cis-aconityl linker [114], which can enhance tumor targeting by linking
to overexpressed integrin receptors on the tumor cells and regulating doxorubicin release
in acidulous lysosomes [115]. Hydroxyl-modified generation-four (G4-OH) PAMAM den-
drimers administered systemically were taken up significantly in vivo in the activated
microglia and astrocytes of the brain of newborn rabbits with cerebral palsy. The uptake
was not significant in the healthy rabbits. N-acetyl-L-cysteine-based dendrimers suppressed
neuroinflammation in brain injury with improved motor function [116]. The degree of glial
activation, BBB damage, and severity of brain disease all influence dendrimer accumula-
tion in the disease site [117]. The breakdown of occludin, TJ proteins zonula occludins,
and claudin-5 in the periventricular region due to neuroinflammation induced the uptake
of dendrimers into the brain parenchyma. However, there is an increased possibility of
transcytosis due to inflammation [118].

The toxicity of Aβ was substantially decreased by 27 terminal morpholine groups
which beautifully decorated the gallic acid triethylene glycol dendrimer, most likely by
accelerating the procedure of fibril formation and reducing the quantity of prefibrillar forms
in the system [119]. Phosphorus dendrimers and PAMAM can modify amyloid formation.
Generation-five (PPI-G5-Mal) and generation-four (PPI-G4-Mal) maltose-decorated PPI
dendrimers were nontoxic to SH-5YSY and PC12 neuroblastoma cells and could interact
with Aβ fibrilization [120]. The architecture and size of dendritic nanoparticles have an
impact on their capability to deliver drugs to the brain and should be considered when
designing brain-targeted drug delivery systems. Dhanikula et al. developed a series of
polyether–copolyester dendrimers with a series of branching structures [121]. Based on
an in vitro model, the study found that the architecture of dendrimers impacts the cellular
update of dendrimers and their permeability through the BBB [121]. The internalization
of the synthetic PEPE dendrimers was reported to be primarily mediated by clathrin and
caveolin-mediated endocytosis. Moreover, the PEPE dendrimers were able to pass through
the BBB in large quantities in vitro without disturbing the close junctions [121]. Their
findings indicate that this new form of dendrimer can be further tested for drug delivery
in the brain. Another major obstacle in getting drugs to brain tumors is the blood–brain
tumor barrier. Dendrimer nanoparticles with a diameter of less than 11.7 to 11.9 nm have
been reported to be able to pass through the vents of the blood–brain tumor barrier in RG-2
malignant gliomas [122].

PEG was conjugated to the PAMAM dendrimer. The resultant copolymer (PEG-
PAMAM) was designed to deliver DOX and DNA [118]. Benzyl ester dendrimer silicon
phthalocyanine was prepared to make polymeric nanoparticles and encapsulated in am-
phiphilic block copolymers. Confocal laser scanning imaging was used to analyze cellular
absorption and subcellular localization in U251 glioma cells. After being treated for 6 h,
the cellular uptake of U251 glioma cells reached its peak and was found in lysosomes
and mitochondria [123]. The effectiveness of photodynamic therapy against U251 glioma
cells was tested. Under laser irradiation, the analysis indicated great photo-cytotoxicity in
U251 glioma cells. This polymeric nanoparticle has the potential to be a good candidate
for glioma therapy [124]. Due to concerns about toxicity and biocompatibility, the clinical
translation of dendrimer-based drug delivery devices has been restricted. Dendrimers
have indeed demonstrated a strong affinity for lipids, metal ions, bile salts, and nucleic
acid proteins, causing toxicity. As a response, great effort is being put into designing
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biocompatible dendrimers with surface modifications to improve their biocompatibility.
The complexity and cost involved with dendrimer manufacture must be addressed [124].

The particle size analysis demonstrates that polymeric dendrimers possess suitable
particle size to pass through BBB by either transcellular or paracellular pathways to deliver
loaded bioactive agents to the brain tumor without disturbing the close junctions. The
drug-loaded dendrimers display high inhibition of glioma cell growth and proliferation
when compared to free drugs, indicating that the dendrimers can result in improved
therapeutic outcomes of the anticancer drugs on brain cancer cells. Dendrimers are potential
nanocarriers to promote drug delivery to the brain tumor environment. The in vitro
experiments of drug-loaded dendrimers exhibit higher cellular uptake and internalization
by brain cancer cell lines with improved cytotoxicity when compared to plain anticancer
drugs, confirming dendrimers as effective nanomedicines for glioblastoma therapy.

5.8. Micelles

Micelles colloidal and self-assembled nanoparticles (Figure 10) with an average par-
ticle size that range between 5 and 100 nm [125]. They are made up of amphiphiles or
surfactants and consist of two different regions: hydrophilic head and hydrophobic tails.
The concentration that results in the production of micelles is called critical micelle concen-
tration (CMC) [126]. Various factors affect the formulation of the micelles, such as the size
of the hydrophobic domain in the amphiphilic molecules, the concentration of amphiphiles,
the used solvent, and temperature. The advantages of micelles in biomedical applications
include high drug cellular uptake, easy elimination from the biological environment after
biodegradation, high drug encapsulation, and high drug loading capacity, enhanced drug
stability. Furthermore, they can be used in combination therapy, can protect normal body
cells from drug toxicity, and can enhance drug pharmacokinetic parameters [127]. Nanopar-
ticles functionalized and GMT8 aptamer greatly improved tumor spheroid infiltration
and intracellular drug delivery in U87 tumor spheroid uptake and in vitro cell uptake
research. The in vivo imaging analysis indicate that ApNP could target glioblastoma in
an orthotropic brain glioblastoma model, leading to a two-fold greater tumor uptake than
non-targeted controls in an orthotropic brain glioblastoma model [128].

Figure 10. A schematic diagram of micelle.

Soni et al. generated nanogels by crosslinking polymeric micelles made of
N-isopropylacrylamide and N-vinylpyrrolidone for the delivery of N-hexylcarbamoyl-5-
fluorouracil which is poorly water-soluble [129]. They found that coating the drug-carrying
nanogels with polysorbate 80 increased N-hexylcarbamoyl-5-fluorouracil aggregation in the
brain [129]. Even though a substantial portion of N-hexylcarbamoyl-5-fluorouracil-loaded
nanogels accumulates in the RES coating nanogels with polysorbate 80, the quantity of
nanogel uptake in the brain increased from 0.18 per cent to 0.52 per cent of the injected dose.
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Thus, the covalently coupling of drugs to the micellar nanoparticles has been examined for
brain drug delivery. Aspartic acid was conjugated to doxorubicin (DOX) trace of a poly
(ethylene glycol)-β-poly (aspartic acid) block copolymer by Inoue et al. [130]. CED was
used to deliver the polymeric micelles generated by the DOX-conjugated poly (aspartic
acid) block to the brain. In comparison to liposomal DOX and free DOX at the same
dosage (0.2 mg/mL), micellar DOX injected by CED resulted in a longer median survival
(36 days) [130]. MPEG-PCL block copolymers were prepared by ring-opening polymeriza-
tion of -CL in the existence of MPEG. The ninhydrin reaction, which turns reddish-violet
when it reacts with the amino residue, was used to confirm the Tat analogue conjugation
with MPEG-PCL through the ester bond. MPEG-PCL was 50 nm with a small negative
charge in water when it was not loaded. Non-loaded MPEG-PCL-Tat, on the other hand,
was around 30 nm with a positive charge. Moreover, coumarin-loaded MPEG-PCL has a
loading capacity of 70% and is about 100 nm in size, even though MPEG-PCL-Tat loaded
into coumarin is about 90 nm and has a drug loading efficacy of 90% [131]. They are useful
platforms for loading hydrophobic drugs. The clinical translation of polymeric micelles
has been possible for the administration of drugs via the parenteral routes [132]. There is a
critical need to develop mucoadhesive micelle formulations for the administration of drugs
via the mucosal route.

The in vitro experiments show that polymer-based micelles can improve the cellular
uptake of the loaded anticancer agents within the brain cancer cell lines. Other studies
have demonstrated that drug-loaded micelles possess enhanced drug targeting to the brain
tumor than the free anticancer drugs.

6. The Limitations of Nanomedicine

Nanomedicine, despite its numerous advantages and numerous applications, it cannot
be defined as being ideal. There have been reports of toxicity associated with nanomedicines,
such as blood clotting, as well as hemolysis caused by cationic nanoparticles and brain
damage inducing lipid peroxidation by fullerenes [133]. In vitro studies on the newly
engineered nanotubes also revealed ROS formation, changes in cell morphology, oxidative
stress, mitochondrial dysfunction, and lipid peroxidation, ultimately leading to toxicity.
Carbon nanotubes also clumped the airways hindering the lungs from accessing sufficient
oxygen. Furthermore, the non-biodegradable nanocarriers can cause soil, water, and air
pollution [134]. Another limitation associated with nanomedicines is their high cost. The
application of nanomedicine can result in a high cost of health care, making it unaffordable
to the poor [135].

Nanoparticles rely on the surrounding that drives their uptake resulting in size changes
and toxicity. Solubility, surface charge, chemical composition, and the modification of func-
tional groups on the nanoparticles are all factors that can contribute to their toxicity [136].
Unknown interactions of these nanocarriers inside the body can result in unpredictable
reactions, entering into capillaries, to other body parts, causing toxicity. They can also
access various cell organelles causing damage [134]. The biodegradable nanoparticles are
easily excreted, but the non-biodegradable ones can accumulate in organs, causing harm
and inflammation resulting from a build-up at the site of drug administration [137].

7. Strategies under Development to Overcome Limitations of Nanomedicine

In cancer, drug resistance refers to the potential of cancerous cells to become toler-
ant to therapies that would have killed them previously. Multiple factors contribute to
the development of drug resistance; some are based on evolution and spontaneous mu-
tations (intrinsic), while others are a result of drug uptake (acquired or extrinsic) [138].
Nanocarriers containing anticancer drugs were found to enter the cell through endocytosis,
leading to drug release at a perinuclear location within the cell, far from cell membranes
and efflux pumps. Because of the overall assessment, the loaded drugs bypass efflux
transporters [139,140]. Combination therapy, in which many medications are loaded into a
single drug carrier, is another way to treat drug-resistant tumors with NPs. Developing



Pharmaceutics 2022, 14, 1048 20 of 28

nanocarriers can be used to incorporate efflux pump inhibitors and chemotherapeutics
can be used to impede the function of efflux transporters [141,142]. Hypoxia [143], which
results from increased oxygen demand by proliferating cancer cells caused by abnormal
blood vessels, is another factor that contributes to multidrug resistance. This factor causes
tumor heterogeneity and induces a more aggressive phenotype which can mediate the
overexpression of drug efflux proteins [144]. HIF-1α overexpression has been described
in a variety of human cancers [145], and targeting HIF-1α is yet another treatment way to
overcome drug resistance [146]. Drug resistance in cancer was successfully overcome by
using nanocarriers loaded with HIF-1siRNA [147,148].

Immune cells can extravasate after the BBB is disrupted with microbubble-mediated
focused ultrasound (FUS). In vivo studies are now investigating the possibilities of im-
munotherapy in combination with FUS [149]. The noninvasive nature of FUS in combi-
nation with numerous drugs makes FUS a versatile and promising technique for drug
or immune therapy delivery for various brain tumors. The non-specificity of drugs can
lead to toxicity and is a possible concern with intranasal drug delivery. Toxicity can be
reduced by targeting tumor cells. GRN163 is an example that has been studied in vivo and
has been shown to specifically target telomerase. The treatment resulted in precise tumor
targeting as well as less significant side effects [150]. Combining intranasal drug delivery
plus microbubble-mediated FUS is another technique to reduce toxicity to surrounding
brain tissue. The combination of these approaches resulted in higher and targeted drug
uptake in the tumor location [151]. Because only a few studies have looked into the use
of intranasal drug delivery for the treatment of primary brain tumors, it is difficult to say
whether intranasal drug delivery is a good way to get around the BBB. Drug modification
may be performed by chemically enhancing a pharmaceutically active drug to create a
pharmacological active prodrug that can improve the BBB permeation. Another strategy is
the lipophilic character of the medication that allows the drug it to diffuse well through
the BBB [152]. While making a more lipophilic prodrug or increasing the lipophilicity of
a drug molecule can help it cross the BBB, it can also increase its metabolism and active
clearance by efflux proteins, which are both disadvantages of this technique [153].

There are some shortcomings associated with focused ultrasound (FUS). One major
shortcoming of ultrasound is it can be significantly reduced by the bone and its application
in the brain can distort ultrasound waves by the skull [154,155]. It also gives room to
the uptake of unwanted substances, such as inflammatory agents and foreign matter into
the brain. Due to the aforementioned limitation, there is a pressing need for clinicians
to fully study and understand tissue responses to FUS, which includes localized edema,
hemorrhage, etc., [156]. FUS is a less invasive technology useful for making a thermal lesion
in the brain without making a hole in the skull. In the past, the scattering and refraction
properties of ultrasound limited its use. Currently, the use of sophisticated computer
algorithms makes it useful to produce a small lesion in the needed part of the brain [157].
FUS has been used to treat Parkinson’s disease and various forms of tremor. However, it is
not appropriate in the treatment of movement disorders where deep brain simulation is
used [158]. FUS is cost-effective with no risk of infection, skin incision, or implants, though
it does make a lesion with irreversible effect [158]. The use of MR-guided FUS is limited
when used for the treatment of tumors in moving body organs due to its sensitivity to
motion artifacts, such as in the treatment of liver tumors. To control movement such as
respiratory movement, general anesthesia is employed for intermittent breath holding [159].
Organ movement during the use of a high-intensity focused ultrasound surgery can result
in an incomplete target ablation or collateral damage [160].

8. Future Perspective and Conclusions

The most widely studied nanoparticles are spherical; nevertheless, nanoparticles can
be created in a variety of shapes, including cubes, rods, discs, and stars [149]. The shape of
nanoparticles affects their behaviour in blood flow, endothelial cell interactions, and the
MPS, impacting cellular uptake, circulation time, and biodistribution [149].
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Liposomes’ distinctive phospholipid bilayer structure, which is comparable to that of
a natural membrane, has made it easier for medicinal compounds to pass across the BBB
and reach the brain [150]. Because of their extensive track record, minimal toxicity, and
capacity to transmit both hydrophilic and lipophilic chemicals, they are the most studied
and clinically recognized nanocarriers [150]. Hu et al. revealed glutathione PEGylated
liposomal doxorubicin (2B3101), a brain-targeted liposomal formulation that has reached
and been tested in clinical trials [151]. Glutathione was used as a BBB-targeting ligand. In
patients with gliomas, 2B3101 has completed a Phase I/IIa trial [151].

Soft lithography technologies can also be used to create non-spherical nanoparticles
(such as cylindrical shapes) [152]. Surface adjustments can be applied through the ter-
minal carboxylic acid groups, for example, to create diblock (PEG-b-PLGA) or triblock
(PLGA-b-PEG-b-PLGA) [153] copolymers, or to introduce targeted moieties, such as folic
acid or antibodies [161]. For bridging the BBB, a variety of PLGA formulations has been
investigated [162]. For example, in transgenic mice, PLGA nanoparticles coated with a
cyclictransferrin-targeting peptide and loaded with Aβ generation inhibitor peptide and
curcumin exhibited improved spatial memory and recognition [163]. In addition, two
non-CNS targeting PLGA formulations have been authorized in clinical trials. Genexol-PM
was authorized in South Korea in 2006 for the treatment of head, neck cancer, and breast
cancer, while Nanoxel was approved in India in 2007 for a variety of malignancies [149].
Drug delivery for neurological illnesses has also been explored using PCL-based nanoparti-
cles [164]. For instance, in an in vitro BBB model, peptide-functionalized PEG-PCL micelles
showed considerably higher transport ratios and greater accumulation in an intracranial
glioma tumor-bearing in vivo model [165,166].

The anti-transferrin receptor antibody was conjugated to the polymeric nanoparticles
and rod-shaped nanoparticles accumulated seven times more in the brain than spherical
ones [167]. In a microfluidic model, rod-shaped polystyrene nanoparticles had a lower
affinity than spherical nanoparticles, but they had a higher BBB transit when normalized by
endothelial attachment [167]. Findings with a similar shape were also noted for inorganic
hybrid nanoparticles with a polymer shell. For instance, gold nanorods coated with PEG
and RVG (a BBB shuttle peptide) accumulated more in the brain of mice than spherical
nanoparticles [167]. Some shapes, including cubic nanocages, nanostars, and nanodiscs,
have yet to be studied for BBB penetration efficacy, although they have exhibited shape-
dependent biodistribution and cell attachment, which could contribute to increased BBB
penetration. For instance, in a tumor-bearing animal model, gold nanoparticles with
a nanodisc shape were reported to have better tumor penetration than nanorods and
nanocubes [168,169].

However various concerns should be addressed in the future to reach a successful clin-
ical translation of nanoformulations: (a) an eco-friendly green method should be designed
for the preparation of nanoformulations; (b) the nanomaterials should be biodegradable
in nature and give effective and very safe brain-targeted drug delivery systems; (c) a
non-invasive alternative approach for nanocarrier drug delivery should be designed to
avoid complications, such as poor patient compliance associated with i.v. and other inva-
sive pathways, and newer drug administration pathways for nanocarrier-mediated CNS
drug-delivery systems, such as transbuccal, oral, nasal, or mucosal/sublingual, need to be
investigated; and (d) factors, such as shape, size, charge, and moiety, attached to nanomate-
rials should be well elucidated and studied, which is essential for bypassing and designing
brain-targeted drug delivery systems [170].

Nanomedicines are promising therapeutics for the treatment of brain cancer. Their
unique features in the biological environment and their size range promote their enhanced
cellular uptake. The ability of nanomedicines to improve the efficacy of existing clinically
authorized anticancer medications by boosting the efficiency or specificity of delivery
to their sites of action are their most significant advantage. Moreover, it is easy to add
biological targeting moieties to the surface of nanomaterials, thereby enabling targeted
delivery of chemotherapeutics to malignant tissue while lowering toxicity in healthy
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tissue. Studies have also shown that changing the size and shape of particles, as well
as procedures to modify their surface, can result in the formation of nanoparticles with
the desired properties, but without a toxic effect. In vitro studies showed that specific
oxide nanoparticles can act selectively on cancer cells with lower toxicity than normal cells.
Polymer coatings are an effective way to reduce the toxicity of nanoparticles. To drive the
clinical translation, more information around nano delivery to the brain is required, i.e.,
how a nanoformulation should be properly developed and optimized. Another problem
limiting the clinical applicability of brain-directed NCs is the lack of in vivo evaluations in
general. Moreover, the distribution of nanomaterials in the brain is another issue. To achieve
drug targeting in the brain, the following must be considered: (i) a uniform preparation
procedure should be designed to make the NPs more homogenous and predictable; (ii)
materials should be biodegradable and capable to be eliminated from the brain, which
would provide the brain-targeted drug delivery systems with biological safety; (iii) factors
that influence in vivo behaviour of NPs should be well elucidated and investigated, which
is fundamental for constructing brain-targeted drug delivery systems; and (iv) targeting
efficiency is far from satisfactory and considerable enhancement should be made before
their clinical application.

Author Contributions: Conceptualization T.N.; methodology, T.N., investigation, T.N.; writing—
original draft preparation, T.N. and B.A.A.; writing—review and editing, B.A.A.; supervision,
B.A.A.; funding acquisition, B.A.A. All authors have read and agreed to the published version
of the manuscript.

Funding: The financial assistance of the Govan Mbeki Research and Development Council, University
of Fort Hare, Medical Research Council, and National Research Foundation, South Africa, towards
this research are hereby acknowledged. The views and opinions expressed in this manuscript are
those of the authors and not of MRC or NRF.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Khan, S.; Muhammad, I.; Tariq Tahir, B.; Syed, W.A.S.; Muhammad, S.; Arif, M.; Srijit, D.; Hnin, E.T.; Aishah, A.; Zahid, H.

Curcumin based nanomedicines as efficient nanoplatform for treatment of cancer: New developments in reversing cancer drug
resistance, rapid internalization, and improved anticancer efficacy. Trends Food Sci. Technol. 2018, 80, 8–22. [CrossRef]

2. Tereza, C.; Marie, S.; Vojtech, A.; Rene, K.; Tomas, E. Nanocarrier drugs in the treatment of brain tumors. J. Cancer Metastasis Treat.
2016, 2, 407–416.

3. Available online: https://www.cancer.org.au/about-cancer/types-of-cancer/brain-cancer.html (accessed on 5 October 2019).
4. Available online: https://abc2.org/guidance/brain-cancer-facts/tumor-grades-and-types (accessed on 5 October 2019).
5. Markman, M. Brain cancer grades. CTCA 2022, 844, 240–6471. Available online: https://www.cancercenter.com/cancer-types/

brain-cancer/grades (accessed on 15 March 2022).
6. Available online: http://www.cbtrus.org/factsheet/factsheet.html (accessed on 1 October 2019).
7. Khazaei, Z.; Goodarzi, E.; Borhaninejad, V.; Iranmanesh, F.; Mirshekarpour, H.; Mirzaei, B.; Naemi, H.; Bechashk, S.M.; Darvishi,

I.; Sarabi, R.E.; et al. The association between incidence and mortality of brain cancer and human development index (HDI): An
ecological study. BMC Public Health 2020, 20, 1696. [CrossRef]

8. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]

9. Haley, G.; Alexander, B.; Quinn, T.O.; Gabrielle, T.; Yi., F.; Carol, K.; Jill, S.B.S. Survivorship in adults with malignant brain and
other central nervous system tumor from 2000–2014. Neuro-oncology 2018, 20 (Suppl. 7), 6–16.

10. Van’t, R.M.; Lowik, C.; Mezzanotte, L. Targeting Nanomedicine to Brain Tumors: Latest Progress and Achievements. Curr. Pharm.
Des. 2017, 23, 1953–1962.

11. Andreas, W.; Dominik, W.; Vimalkumar, B.; Jörg, H. Nanomedicine in cancer therapy: Challenges, opportunities, and clinical
applications. J. Control. Release 2015, 200, 138–157.

http://doi.org/10.1016/j.tifs.2018.07.026
https://www.cancer.org.au/about-cancer/types-of-cancer/brain-cancer.html
https://abc2.org/guidance/brain-cancer-facts/tumor-grades-and-types
https://www.cancercenter.com/cancer-types/brain-cancer/grades
https://www.cancercenter.com/cancer-types/brain-cancer/grades
http://www.cbtrus.org/factsheet/factsheet.html
http://doi.org/10.1186/s12889-020-09838-4
http://doi.org/10.3322/caac.21660


Pharmaceutics 2022, 14, 1048 23 of 28

12. Kazumi, S.; Yutaka, M.; Yuki, M.; Takuya, M.; Kazuko, T.; Yasutaka, A.; Vinicio, M.; Xueying, L.; Takehiko, I.; Osamu, N.; et al.
Glucose transporter 1-mediated vascular translocation of nanomedicines enhances accumulation and efficacy in solid tumors. J.
Control. Release 2019, 301, 28–41.

13. Huanli, S.; Yangyang, D.; Jan, F.; Zhiyuan, Z. Peptide-decorated polymeric nanomedicines for precision cancer therapy. J. Control.
Release 2018, 290, 11–27.

14. Tyler, P.C.; Heather, M.W.G.; Anumantha, G.; Kanthasamy, W.H.H. Mechanism of intranasal drug delivery directly to the brain.
Life Sci. 2018, 195, 44–52.

15. Maoxiang, L.; Jack, R.H.; Zahidul, I.; Chistopher, F.C.; James, J.P. T-2 toxin impairs murine immune response to respiratory
reovirus and exacerbates viral bronchiolitis. Toxicol. Appl. Pharmacol. 2006, 217, 76–85.

16. Timothy, P.C.; Stanley, D.A.; John, F.K.; David, R.L.; Narasimhulu, B.N.; Manoj, P.; Kevin, P.; Michael, A.W.; Zhongyu, W.; Zhizhen,
B.Z. Pyrazolopyrimidine Macrocycles as Inhibitors of Human Immunodeficiency Virus Replication. U.S. Patent 10,125,148 B2,
13 November 2018.

17. Eleni, S.; Maria, J.A. Nose-to-brain peptide delivery—The potential of nanotechnology. Bioorg. Med. Chem. 2018, 26, 2888–2905.
18. Erdo, F.; Bors, L.A.; Farkas, D.; Bajza, Á.; Gizurarson, S. Evaluation of intranasal delivery route of drug administration for brain

targeting. Brain Res. Bull. 2018, 143, 155–170. [CrossRef] [PubMed]
19. Hemant, M.; Rajeev, J.; Balbir, S.K.; Arjun, M.; Suprakas, S.R. Synthesis and flocculation properties of gum ghatti and

poly(acrylamide-co-acrylonitrile) based biodegradable hydrogels. Carbohydr. Polym. 2014, 114, 321–329.
20. Alexander, E.B.; Evgeny, V.G.; Irina, V.B.; Anastassia, E.K.; Shilpi, A.; Alexey, G.T.; Vinod, K.G. Adsorption of heavy metals on

conventional and nanostructured materials for wastewater treatment purposes: A Review. Ecotoxicol. Environ. Saf. 2018, 148,
702–712.

21. Ramanatham, V.; Sanjay, D.V.; Bobba, V.S.K.; Umesh, N.B.; Shekhar, B.B.; Uday, C.M. Synthesis, anti-bacterial, anti-asthmatic
and anti-diabetic activities of novel N-substituted-2-(4-phenylethynyl-phenyl)-1H-benzimidazoles and N-substituted 2[4-(4,4-
dimethyl-thiochroman-6-yl-ethynyl)-phenyl)-1Hbenzimidazoles. Eur. J. Med. Chem. 2008, 43, 986–995.

22. Johnston, M.; Zakharov, A.; Papaiconomou, C.; Salmasi, G.; Armstrong, D. Evidence of connections between cerebrospinal fluid
and nasal lymphatic vessels in humans, non-human primates and other mammalian species. Cereb. Fluid Res. 2004, 1, 2.

23. Selvaraj, K.; Gowthamarajan, K.; Karri, V.V. Nose to brain transport pathways an overview: Potential of nanostructured lipid
carriers in nose to brain targeting. Artif. Cells Nanomed. Biotechnol. 2018, 46, 2088–2095. [CrossRef]

24. Dhuria, S.V.; Hanson, L.R.; Frey, W.H. Intranasal delivery to the central nervous system: Mechanisms and experimental
considerations. J. Pharm. Sci. 2010, 99, 1654–1673. [CrossRef]

25. Liu, X.F.; Fawcett, J.R.; Hanson, L.R.; Frey, W.H. The window of opportunity for treatment of focal cerebral ischemic damage with
noninvasive intranasal insulin-like growth factor-I in rats. J. Stroke Cerebrovasc. Dis. 2004, 13, 16–23. [CrossRef] [PubMed]

26. Arora, P.; Sharma, S.; Garg, S. Permeability issues in nasal drug delivery. Drug Discov. Today 2002, 7, 967–975. [CrossRef]
27. Roland, N.; Fritz, S.; Eiffert, H. Penetration of Drugs through the Blood-Cerebrospinal Fluid/Blood-Brain Barrier for Treatment of

Central Nervous System Infections. Clin. Microbiol. Rev. 2010, 23, 858–883.
28. Mengke, Q.; Qing, L.; Shanshan, H.; Luyao, W.; Yao, F.; Zhirong, Z.; Ling, Z. A brain targeting functionalized liposomes of the

dopamine derivative N-3,4-bis(pivaloyloxy)-dopamine for treatment of Parkinson’s disease. J. Control. Release 2018, 277, 173–182.
29. Weijun, W.; Steve, S.; Hee-Yeon, C.; Florence, M.H.; Axel, H.S.; Thomas, C.C. Efficient brain targeting and therapeutic intracranial

activity of bortezomib through intranasal co-delivery with NEO100 in rodent glioblastoma models. JNS 2019, 132, 1.
30. Nikhil, R.B.; Pramod, S.S. Selegiline nanoparticle embedded transdermal film: An alternative approach for brain targeting in

Parkinson’s disease. J. Drug Deliv. Sci. Technol. 2019, 54, 101299.
31. Boddupalli, B.M.; Mohammed, Z.N.K.; Banji, D. Mucoadhesive drug delivery system: An overview. J. Adv. Pharm. Technol. Res.

2010, 1, 381–387. [CrossRef]
32. Khaled, M.H.; Zainy, M.B. The formulation of a nasal nanoemulsion zaleplon in situ gel for the treatment of insomnia. Expert

Opin. Drug Deliv. 2013, 10, 1033–1041.
33. Wang, S.; Chen, P.; Zhang, L.; Yang, C.; Zhai, G. Formulation and evaluation of microemulsion-based in situ ion-sensitive gelling

systems for intranasal administration of curcumin. J. Drug Target. 2012, 20, 831–840. [CrossRef]
34. Marazioti, A.; Papadia, K.; Kannavou, M.; Spella, M.; Basta, A.; de Lastic, A.-L.; Rodi, M.; Mouzaki, A.; Samiotaki, M.; Panayotou,

G.; et al. Cellular Vesicles: New insights in engineering methods, interaction with cells and potential for brain targeting. ASPET J.
2019, 370, 772–785. [CrossRef]

35. Kirthivasan, B.; Singh, D.; Bommana, M.M.; Raut, S.L.; Squillante, E.; Sadoqi, M. Active brain targeting of a fluorescent P-gp
substrate using polymeric magnetic nanocarrier system. Nanotechnology 2012, 23, 255102. [CrossRef] [PubMed]

36. Hongchen, H.; Xuemei, Z.; Hongjie, M.; Qingqing, M.; Ying, J.; Yiyun, W.; Xiaoyan, L.; Aiping, W.; Sha, L.; Yaping, Z.; et al.
RVG29-modified docetaxel-loaded nanoparticles for brain-targeted glioma therapy. Int. J. Pharm. 2018, 543, 179–189.

37. Zi-Ying, W.; Sravan, G.S.; Ju-Xian, S.; Jing-Yi, L.; Min, L. Strategies for brain-targeting liposomal delivery of small hydrophobic
molecules in the treatment of neurodegenerative diseases. Drug Discov. Today 2019, 24, 595–605.

38. Bushra, N.; Saleha, R.; Saba, K.; Sanjula, B.; Javed, A. Ligand conjugation: An emerging platform for enhanced brain drug delivery.
Brain Res. Bull. 2018, 142, 384–393.

39. Jason, M.L.; Eric, V.S. Targeting Receptor-Mediated Transport for Delivery of Biologics Across the Blood-Brain Barrie. BJP 2015,
55, 613–631.

http://doi.org/10.1016/j.brainresbull.2018.10.009
http://www.ncbi.nlm.nih.gov/pubmed/30449731
http://doi.org/10.1080/21691401.2017.1420073
http://doi.org/10.1002/jps.21924
http://doi.org/10.1016/j.jstrokecerebrovasdis.2004.01.005
http://www.ncbi.nlm.nih.gov/pubmed/17903945
http://doi.org/10.1016/S1359-6446(02)02452-2
http://doi.org/10.4103/0110-5558.76436
http://doi.org/10.3109/1061186X.2012.719230
http://doi.org/10.1124/jpet.119.257097
http://doi.org/10.1088/0957-4484/23/25/255102
http://www.ncbi.nlm.nih.gov/pubmed/22652439


Pharmaceutics 2022, 14, 1048 24 of 28

40. Yang, T.; Fogarty, B.; LaForge, B.; Salma, A.; Pham, T.; Lai, L.; Bai, S. Delivery of small interfering rna to inhibit vascular endothelial
growth factor in zebrafish using natural brain endothelia cell-secreted exosome nanovesicles for the treatment of brain cancer.
AAPS J. 2017, 19, 475–478. [CrossRef]

41. Jinbing, X.; Zheyu, S.; Yasutaka, A.; Kazunori, K.; Xiaoyuan, C. Nanomaterial-based blood-brain-barrier (BBB) crossing strategies.
Biomaterials 2019, 224, 119491.

42. Luca, A.B.; Franciska, E. Overcoming the Blood–Brain Barrier. Challenges and Tricks for CNS Drug Delivery. Sci. Pharm. 2019,
87(1), 6.

43. Sang-Soo, K.; Joe, B.H.; Kathleen, F.P.; Esther, H.C. Effective treatment of glioblastoma requires crossing the blood– brain barrier
and targeting tumors including cancer stem cells: The promise of nanomedicine. Biochem. Biophys. Res. Commun. 2015, 468,
485–489.

44. Maria, M.; Joao, J.S.; Alberto, P.; Carla, V. Targeted theranostic nanoparticles for brain tumor treatment. Pharmaceutics 2018,
10, 181.

45. Rachel, A.K.; Resham, B.; Priyabrata, M. Cancer Nanotechnology: Emerging Role of Gold Nanoconjugates. Anticancer Agents Med.
Chem. 2011, 11, 965–973.

46. Drazen, R.; Sonja, D.; Jungsu, R. Macromolecular drug carriers for targeted Glioblastoma therapy: Preclinical studies, challenges,
and Future Perspectives. Front. Oncol. 2018, 8, 624.

47. Be´duneaua, A.; Saulniera, P.; Benoita, J.P. Active targeting of brain tumors using nanocarriers. Biomaterials 2007, 28, 4947–4967.
[CrossRef] [PubMed]

48. Muhammed, H.E.; Abdelrahman, I.A.; Ahmed, H.E.H.; Hadeer, M.L.; Amira, B.; Shurouk, A.M.; Hossam, A.-E.; Somia, A.; Aya,
S.; Nouran, A.; et al. Nanomedicine as a putative approach for active targeting of hepatocellular carcinoma. Semin. Cell Biol. 2019,
61, 91–99.

49. Wang, Y.; Shim, M.S.; Levinson, N.S.; Sung, H.W.; Xia, Y. Stimuli-Responsive Materials for Controlled Release of Theranostic
Agents. Adv. Funct. Mater. 2014, 24, 4206–4220. [CrossRef]

50. Wells, C.M.; Harris, M.; Choi, L.; Murali, V.P.; Guerra, F.D.; Jennings, J.A. Stimuli-responsive drug release from smart polymers. J.
Funct. Biomater. 2019, 10, 34. [CrossRef]

51. Chen, W.C.; Zhang, A.X.; Li1, S.D. Limitations and niches of the active targeting approach for nanoparticle drug delivery. Eur. J.
Nanomed. 2012, 4, 89–93. [CrossRef]

52. Sandipan, R. Strategic Drug Delivery Targeted to the Brain: A Review. Der. Pharm. Sin. 2012, 3, 76–92.
53. Georgieva, J.V.; Dick, H.; Inge, S.H. Ligand-mediated transport of drug delivery devices across the blood-brain barrier. APA 2012,

1–33. Available online: https://pure.rug.nl/ws/portalfiles/portal/25703785/02_c2.pdf (accessed on 26 March 2022).
54. Julia, V.G.; Dick, H.; Inge, S.Z. Smuggling drugs into the Brain: An overview of ligands targerting transcytosis for drug delivery

across the BBB. Pharmaceutics 2014, 6, 557–583.
55. Jaleh, B.; Mohammad, A.R.; Mohammad, M.P.; Yadollah, O. Blood-brain barrier transport machineries and targeted therapy of

brain diseases. BioImpacts 2016, 6, 225–248.
56. Abdur, R.K.; Mengrui, L.; Muhammad, W.K.; Guangxi, Z. Progress in brain targeting drug delivery system by nasal route. J.

Control. Release 2017, 268, 364–389.
57. Michelle, A.E.; William, A.B. Neuroimmune Axes of the Blood–Brain Barriers and Blood–Brain Interfaces: Bases for Physiological

Regulation, Disease States, and Pharmacological Interventions. Pharmacol. Rev. 2018, 70, 278–314.
58. Marijke, D.B.; Valérie, V.H.; Roosmarijn, E.V.; Elke, D.; Nan, W.; Luc, L. Into rather unexplored terrain—Transcellular transport

across the blood–brain barrier. GLIA 2016, 64, 1097–1123.
59. Sailaja, A.K.; Amareshwar, P.; Chakravarty, P. Different Technique Used for the Preparation of Nanoparticles Using Natural

Polymers and Their Application. Int. J. Pharm. Pharm. Sci. 2011, 3, 45–50.
60. Sams, M.A.S.; Sheikh, T.J.; Azita, H. Effects of Size and Surface Charge of Polymeric Nanoparticles on in Vitro and in Vivo

Applications. JBNB 2016, 7, 91.
61. Saucier-Sawyer, J.K.; Seo, Y.E.; Gaudin, A.; Quijano, E.; Song, E.; Sawyer, A.J.; Deng, Y.; Huttener, A.; Saltzman, W.M. Distribution

of polymer nanoparticles by convection-enhanced delivery to brain tumors. JCR 2016, 232, 103–112. [CrossRef]
62. Navya, P.N.; Anubhav, K.; Srinivas, S.P.; Suresh, K.B.; Vincent, M.R.; Hemant, K.D. Current trends and challenges in cancer

management and therapy using designer nanomaterials. Nano Converg. 2019, 6, 23. [CrossRef]
63. Chenlu, L.; Pooya, D.; Wenbo, Z.; Kah-Hoe, P.C.; Chi-Hwa, W. Development of Nanoparticles for Drug Delivery to Brain Tumor:

The Effect of Surface Materials on Penetration into Brain Tissue. J. Pharm. Sci. 2019, 108, 1736–1745.
64. Eleonora, C.; Alessio, C.; Alice, P.; Alessandro, D.M.; Brunella, T.; Carla, E. Biocompatible Polymer Nanoparticles for Drug

Delivery Applications in Cancer and Neurodegenerative Disorder Therapies. J. Funct. Biomater. 2019, 10, 4.
65. Daniel, M.T.; Christina, C.; Alexandru, M.G.; Adrian, V.; Raluca, I.T. Impact of Nanoparticles on Brain Health: An Up to date

review. J. Clin. Med. 2018, 7, 490.
66. Corey, J.B.; Stephany, Y.T.; Jordan, J.G. Degradable polymer-coated gold nanoparticles for co-delivery of DNA and siRNA. Acta

Biomater. 2015, 11, 393–403.
67. Chunsheng, H.; Ping, C.; Jason, L.; Tian, Z.; Lucy, L.; Azhar, Z.A.; Jeffrey, T.H.; Andrew, M.R.; Xiao, Y.W. Blood-brain barrier-

penetrating amphiphilic polymer nanoparticles deliver docetaxel for the treatment of brain metastases of triple negative breast
cancer. J. Control. Release 2017, 246, 98–109.

http://doi.org/10.1208/s12248-016-0015-y
http://doi.org/10.1016/j.biomaterials.2007.06.011
http://www.ncbi.nlm.nih.gov/pubmed/17716726
http://doi.org/10.1002/adfm.201400279
http://doi.org/10.3390/jfb10030034
http://doi.org/10.1515/ejnm-2012-0010
https://pure.rug.nl/ws/portalfiles/portal/25703785/02_c2.pdf
http://doi.org/10.1016/j.jconrel.2016.04.006
http://doi.org/10.1186/s40580-019-0193-2


Pharmaceutics 2022, 14, 1048 25 of 28

68. John, C.; Yuan, R.; Jayoung, K.; Noah, G.; David, R.W.; Kristen, K.; Antonella, M.; Eric, S.; Henry, B.; Betty, T.; et al. Nonviral
polymeric nanoparticles for gene therapy in pediatric CNS malignanciesâ. Nanomed. Nanotechnol. Biol. Med. 2019, 23, 102115.

69. Dou, Y.; Omar, F.K.; Mario, L.S.; Biqin, D.; Wojciech, K.P.; Ting, X.; Meijing, W.; Yu, H.; Atique, U.A.; Irina, V.B.; et al. Multiplexed
RNAi therapy against brain tumor-initiating cells via lipopolymeric nanoparticle infusion delays glioblastoma progression. Proc.
Natl. Acad. Sci. USA 2017, 114, E6147–E6156.

70. Ahmed, T.; Liu, F.C.F.; He, C.; Abbasi, A.Z.; Cai, P.; Rauth, A.M.; Henderson, J.T.; Wu, X.Y. Optimizing the Design of Blood–Brain
Barrier-Penetrating Polymer-Lipid-Hybrid Nanoparticles for Delivering Anticancer Drugs to Glioblastoma. Pharm. Res. 2021, 38,
1897–1914. [CrossRef]

71. Paus, C.; Voort, R.; Cambil, A. Nanomedicine in cancer therapy: Promises and hurdles of polymeric nanoparticles. Explor. Med.
2021, 2, 167–185. [CrossRef]

72. Danaei, M.; Kalantari, M.; Raji, M.; Samareh, F.H.; Saber, R.; Asnani, G.P.; Mortazavi, S.M.; Mozafari, M.R.; Rasti, B.; Taheriazam,
A. Probing nanoliposomes using single particle analytical techniques:Effect of excipients, solvents, phase transition and zeta
potential. Heliyon 2018, 4, e01088. [CrossRef]

73. Alven, S.; Aderibigbe, B.A. Efficacy of Polymer-Based Nanocarriers for Co-Delivery of Curcumin and Selected Anticancer Drugs.
Nanomaterials 2020, 10, 1556. [CrossRef]

74. Wang, G.; Wang, J.J.; Yang, G.Y.; Du, S.M.; Zeng, N.; Li, D.S.; Li, R.M.; Chen, J.Y.; Feng, J.B.; Yuan, S.H.; et al. Effects of quercetin
nanoliposomes on C6 glioma cells through induction of type III programmed cell death. Int. J. Nanomed. 2012, 7, 271–280.

75. Lundy, D.J.; Nguyễn, H.; Hsieh, P.C.H. Emerging Nano-Carrier Strategies for Brain Tumor Drug Delivery and Considerations for
Clinical Translation. Pharmaceutics 2021, 13, 1193. [CrossRef] [PubMed]

76. Mojarad-Jabali, S.; Farshbaf, M.; Walker, P.R.; Hemmati, S.; Fatahi, Y.; Zakeri-Milani, P.; Sarfraz, M.; Valizadeh, H. An update on
actively targeted liposomes in advanced drug delivery to glioma. Int. J. Pharm. 2021, 602, 120645. [CrossRef] [PubMed]

77. Arai, T.; Benny, O.b.; Joki, T.; Menon, L.G.; Machluf, M.b.; Abe, T.; Carroll, R.S. Novel local drug delivery system using
thermoreversible gel in combination with polymeric microspheres or liposomes. Anticancer Res. 2010, 30, 1057–1064. [PubMed]

78. Vimalkumar, J.M.; Nidhi, R.; Piyush, G.; Vishakha, T.; Kiran, K.; Rakesh, K.T. Dendrimer-Cationized-Albuminâ€™ encrusted
polymeric nanoparticle improves BBB penetration and anticancer activity of doxorubicin. Int. J. Pharm. 2019, 555, 77–99.

79. Erica, L.; Maria, N.; Chiara, U.; George, L.; Eirini, F.; Valerio, M.; Andrea, P.; Theodoros, T.; Dimitrios, P.; Jessica, P.; et al. Targeted
delivery of silver nanoparticles and alisertib: In vitro and in vivo synergistic effect against glioblastoma. Nanomedicine 2014, 9,
839–849.

80. Elvira, C.; Gallardo, A.; San Roman, J.; Cifuentes, A. Covalent polymer-drug conjugates. Molecules 2005, 10, 114–125. [CrossRef]
81. Alven, S.; Nqoro, X.; Buyana, B.; Aderibigbe, B.A. Polymer-Drug Conjugate, a Potential Therapeutic to Combat Breast and Lung

Cancer. Pharmaceutics 2020, 12, 406. [CrossRef]
82. Ekladious, I.; Colson, Y.L.; Grinstaff, M.W. Polymer–drug conjugate therapeutics: Advances, insights and prospects. Nat. Rev.

2019, 18, 273–294. [CrossRef]
83. Raosaheb, H.S.; Mohanty, P.; Jain, A. Solid lipids nanoparticles for brain targerting. J. Drug Deliv. 2019, 9, 248–252.
84. Hodoshima, N.; Udagawa, C.; Ando, T.; Fukuyasu, H.; Watanabe, S.; Nakabayashi, S. Lipid nanoparticles for delivering antitumor

drugs. Int. J. Pharm. 1997, 146, 81–92. [CrossRef]
85. Yu, B.T.; Sun, X.; Zhang, Z.R. Enhanced liver targeting by synthesis of N1-stearyl-5 Fu and incorporation into solid lipid

nanoparticles. Arch. Pharm. Res. 2003, 26, 1096–1101. [CrossRef] [PubMed]
86. Manjunath, K.; Suresh, J.R.; Venkateswarlu, V. Solid Lipid Nanoparticles as Drug Delivery Systems. Exp. Clin. Pharmacol. 2005, 27,

127–144. [CrossRef] [PubMed]
87. Jain, P.; Pandey, V.; Soni, V. Surface Modified Solid Lipid Nanoparticles for Brain Cancer Treatment. Asian J. Pharm. Sci. 2019, 13,

119–124.
88. Kakkar, V.; Mishra, A.K.; Chuttani, K.; Kaur, I.P. Proof of concept studies to confirm the delivery of curcumin loaded solid lipid

nanoparticles (C-SLNs) to brain. Int. J. Pharm. 2013, 448, 354–359. [CrossRef]
89. Göppert, T.M.; Müller, R.H. Polysorbate-stabilized solid lipid nanoparticles as colloidal carriers for intravenous targeting of drugs

to the brain: Comparison of plasma protein adsorption patterns. J. Drug Target. 2005, 13, 179–187. [CrossRef]
90. Agarwal, A.; Majumder, S.; Agrawal, H.; Majumdar, S.; Agrawal, G.P. Cationized Albumin Conjugated Solid Lipid Nanoparticles

as Vectors for Brain Delivery of an Anti-Cancer Drug. Curr. Nanosci. 2011, 7, 71–80. [CrossRef]
91. Gupta, Y.; Jain, A.; Jain, S.K. Transferrin-conjugated solid lipid nanoparticles for enhanced delivery of quinine dihydrochloride to

the brain. J. Pharm. Pharmacol. 2007, 59, 935–940. [CrossRef]
92. Dal Magro, R.; Ornaghi, F.; Cambianica, I.; Beretta, S.; Re, F.; Musicanti, C.; Rigolio, R.; Donzelli, E.; Canta, A.; Ballarini, E.; et al.

Nanomedicine for the Treatment of Alzheimer’s Disease. J. Control. Release 2017, 249, 1997–2024.
93. Sonia, M.; Schneider, M.; Türeli, A.E.; Türeli, N.G. Key for crossing the BBB with nanoparticles: The rational design. Beilstein J.

Nanotechnol. 2020, 11, 866–883.
94. Akinc, A.; Maier, M.A.; Manoharan, M.; Fitzgerald, K.; Jayaraman, M.; Barros, S.; Ansell, S.; Du, X.; Hope, M.J.; Madden, T.D.;

et al. The Onpattro story and the clinical translation of nanomedicines containing nucleic acid-based drugs. Nat. Nanotechnol.
2019, 14, 1084–1087. [CrossRef]

95. Akbarzadeh, A.; Rezaei-sadabady, R.; Davaran, S.; Joo, S.W.; Zarghami, N.; Hanifehpour, Y.; Samiei, M.; Kouhi, M.; Nejati-Koshki,
K. Liposome: Classification, preparation, and applications. Nanoscale Res. Lett. 2013, 8, 102. [CrossRef] [PubMed]

http://doi.org/10.1007/s11095-021-03122-9
http://doi.org/10.37349/emed.2021.00040
http://doi.org/10.1016/j.heliyon.2018.e01088
http://doi.org/10.3390/nano10081556
http://doi.org/10.3390/pharmaceutics13081193
http://www.ncbi.nlm.nih.gov/pubmed/34452156
http://doi.org/10.1016/j.ijpharm.2021.120645
http://www.ncbi.nlm.nih.gov/pubmed/33915182
http://www.ncbi.nlm.nih.gov/pubmed/20530409
http://doi.org/10.3390/10010114
http://doi.org/10.3390/pharmaceutics12050406
http://doi.org/10.1038/s41573-018-0005-0
http://doi.org/10.1016/S0378-5173(96)04779-5
http://doi.org/10.1007/BF02994764
http://www.ncbi.nlm.nih.gov/pubmed/14723346
http://doi.org/10.1358/mf.2005.27.2.876286
http://www.ncbi.nlm.nih.gov/pubmed/15834465
http://doi.org/10.1016/j.ijpharm.2013.03.046
http://doi.org/10.1080/10611860500071292
http://doi.org/10.2174/157341311794480291
http://doi.org/10.1211/jpp.59.7.0004
http://doi.org/10.1038/s41565-019-0591-y
http://doi.org/10.1186/1556-276X-8-102
http://www.ncbi.nlm.nih.gov/pubmed/23432972


Pharmaceutics 2022, 14, 1048 26 of 28

96. Zhang, X.; Pan, W.; Gan, L.; Zhu, C.; Gan, Y.; Nie, S. Preparation of a Dispersible PEGylate Nanostructured Lipid Carriers (NLC)
Loaded with 10-Hydroxycamptothecin by Spray-Drying. Chem. Pharm. Bull. 2008, 56, 1645–1650. [CrossRef] [PubMed]

97. Chen, Z.; Lai, X.; Song, S.; Zhu, X.; Zhu, J. Nanostructured lipid carriers based temozolomide and gene co-encapsulated
nanomedicine for gliomatosis cerebri combination therapy. Drug Deliv. 2016, 23, 1369–1373. [CrossRef] [PubMed]

98. Kim, C.H.; Sa, C.K.; Goh, M.S.; Lee, E.S.; Kang, T.H.; Yoon, H.Y.; Battogtokh, G.; Ko, Y.T.; Choi, Y.W. pH-sensitive PEGylation
of RIPL peptide-conjugated nanostructured lipid carriers: Design and in vitro evaluation. Int. J. Nanomed. 2018, 13, 6661–6675.
[CrossRef] [PubMed]

99. Jnaidi, R.; Almeida, A.J.; Gonçalves, L.M. Nose to brain transport pathways an overview: Potential of nanostructured lipid
carriers in nose to brain targeting. Pharmaceutics 2020, 12, 860.

100. Tsai, M.J.; Wuc, P.C.; Huang, Y.B.; Changc, J.S.; Linc, C.L.; Tsai, Y.H.; Fange, J.Y. Baicalein loaded in tocol nanostructured lipid
carriers (tocol NLCs) for enhanced stability and brain targeting. Int. J. Pharm. 2012, 423, 461–470. [CrossRef]

101. Hsu, S.H.; Wen, C.J.; Al-Suwayeh, S.A.; Chang, H.W.; Yen, T.C.; Fang, J.Y. Physicochemical characterization and in vivo
bioluminescence imaging of nanostructured lipid carriers (NLCs) for targeting the brain: Apomorphine as a model drug.
Nanotechnology 2010, 21, 405101. [CrossRef]

102. Flavia, S.; Harkiranpreet, K.D.; Florence, G.; Bruno, S.; Mansoor, M.A. Enhanced anti-angiogenic effects of bevacizumab in
glioblastoma treatment upon intranasal administration in polymeric nanoparticles. J. Control. Release 2019, 309, 37–47.

103. Alven, S.; Aderibigbe, B.A. Combination Therapy Strategies for the Treatment. Molecules 2019, 24, 3601. [CrossRef]
104. Ding, L.; Wang, Q.; Ming, S.; Ying, S.; Xiangyu, Z.; Can, H.; Jianhua, C.; Rongxin, L.; Yourong, D. Thermoresponsive nanocom-

posite gel for local drug delivery to suppress the growth of glioma by inducing autophagy. Autophagy 2017, 13, 1176–1190.
[CrossRef]

105. Kim, J.; Chang, J.C.; Bora, K.; Hong, J.M.; Jung-Kyo, C.; Seung, H.L.; Soo-Chang, S. Thermosensitive/magnetic poly(organophosphazene)
hydrogel as a long-term magnetic resonance contrast platform. Biomaterials 2012, 33, 218–224. [CrossRef] [PubMed]

106. Ramesh, D.; Fakhrossadat, E.; Sooyeun, L.; Jee-Heon, J.; Simmyung, Y. Polymeric and lipid-based drug delivery systems for
treatment of glioblastoma multiforme. J. Ind. Eng. Chem. 2019, 79, 261–273.

107. Mehmood, R.; Rashid, F.; Mansoor, Z. Thermosensitive Liposome Formulation with Topotecan and Doxorubicin as Drug Payload
for Delivery Coupled with High Intensity Focused Ultrasound. Clin. Pharm. Biopharm. 2020, 9, 199.

108. Alven, S.; Aderibigbe, B.A. The Therapeutic Efficacy of Dendrimer and Micelle Formulations for Breast Cancer Treatment.
Pharmaceutics 2020, 12, 1212. [CrossRef] [PubMed]

109. Tomalia, D.A.; Christensen, J.B.; Boas, U. Dendrimers, Dendrons, and Dendritic Polymers: Discovery, Applications, and the Future;
Cambridge University Press: Cambridge, UK, 2012; pp. 378–406. [CrossRef]

110. Beezer, A.K.; King, A.S.H.; Martin, I.K.; Mitchel, J.C.; Twyman, L.J.; Wain, C.F. Dendrimers as Potential Drug Carriers; Encapsula-
tion of Acidic Hydrophobes within Water Soluble PAMAM Derivatives. Tetrahedron 2003, 34, 3873–3880. [CrossRef]

111. Sarin, H.; Kanevsky, A.S.; Wu, H.; Sousa, A.A.; Wilson, C.M.; Aronova, M.A.; Griths, G.L.; Leapman, R.D.; Vo, H.Q. Physiologic
upper limit of pore size in the blood-tumor barrier of malignant solid tumors. J. Transl. Med. 2009, 7, 51. [CrossRef] [PubMed]

112. Zhao, J.; Zhang, B.; Shen, S.; Chen, J.; Zhang, Q.; Jiang, X.; Pang, Z. CREKA peptide-conjugated dendrimer nanoparticles for
glioblastoma multiforme delivery. J. Colloid Interface Sci. 2015, 450, 396–403. [CrossRef]

113. Mishra, V.; Kesharwani, P. Dendrimer technologies for brain tumor. Drug Discov. Today 2016, 21, 766–778. [CrossRef]
114. Zhang, L.; Zhu, S.; Qian, L.; Pei, Y.; Qiu, Y.; Jiang, Y. RGD-modified PEG–PAMAM–DOX conjugates: In vitro and in vivo studies

for glioma. Eur. J. Pharm. Biopharm. 2011, 79, 232–240. [CrossRef]
115. Dongdong, M.; Xiuqin, C.; Yuhua, W.; Qiumei, G.; Qiuhao, Y.; Ruotao, G.; Shuanghuang, X.; Qing, Y.; Yide, H.; Yiru, P. Benzyl

ester dendrimer silicon phthalocyanine based polymeric nanoparticle for in vitro photodynamic therapy of glioma. J. Lumin.
2019, 207, 597–601.

116. Kannan, S.; Dai, H.; Navath, R.S.; Balakrishnan, B.; Jyoti, A.; Janisse, J.; Romero, R.; Kannan, R.M. Dendrimer-Based Postnatal
Therapy for Neuroinflammation and Cerebral Palsy in a Rabbit Model. Sci. Transl. Med. 2012, 4, 130ra46. [CrossRef] [PubMed]

117. Nance, E.; Zhang, F.; Mishra, M.K.; Zhang, Z.; Kambhampati, S.P.; Kannan, R.M.; Kannan, S. Nanoscale effects in dendrimer-
mediated targeting of neuroinflammation. Biomaterials 2016, 101, 96–107. [CrossRef] [PubMed]

118. Klajnert, B.; Wasiak, T.; Ionov, M.; Fernandez-Villamarin, M.; Sousa-Herves, A.; Correa, J.; Riguera, R.; Fernandez-Megia, E.
Dendrimers reduce toxicity of Abeta 1−28 peptide during aggregation and accelerate fibril formation. Nanomedicine 2012, 8,
1372–1378. [CrossRef] [PubMed]

119. Xu, L.; Zhang, H.; Wu, Y. Dendrimer advances for the Central Nervous System delivery of therapeutics. ACS Chem. Neurosci.
2014, 5, 2–13. [CrossRef]

120. Dhanikula, R.S.; Hildgen, P. Synthesis and evaluation of novel dendrimers with a hydrophilic interior as nanocarriers for drug
delivery. Bioconjug. Chem. 2006, 17, 29–41. [CrossRef]

121. Yang, H. Nanoparticle-mediated Brain-Specific Drug Delivery, imaging, and diagnosis. Pharm. Res. 2010, 27, 1759–1771.
[CrossRef]

122. Sarin, H.; Kanevsky, A.S.; Wu, H.; Brimacombe, K.R.; Fung, S.H.; Sousa, A.A.; Auh, S.; Wilson, C.M.; Sharma, K.; Aronova, M.A.;
et al. Effective transvascular delivery of nanoparticles across the blood-brain tumor barrier into malignant glioma cells. J. Transl.
Med. 2008, 6, 80. [CrossRef]

http://doi.org/10.1248/cpb.56.1645
http://www.ncbi.nlm.nih.gov/pubmed/19043233
http://doi.org/10.3109/10717544.2015.1038857
http://www.ncbi.nlm.nih.gov/pubmed/26017099
http://doi.org/10.2147/IJN.S184355
http://www.ncbi.nlm.nih.gov/pubmed/30425481
http://doi.org/10.1016/j.ijpharm.2011.12.009
http://doi.org/10.1088/0957-4484/21/49/499802
http://doi.org/10.3390/molecules24193601
http://doi.org/10.1080/15548627.2017.1320634
http://doi.org/10.1016/j.biomaterials.2011.09.033
http://www.ncbi.nlm.nih.gov/pubmed/21975461
http://doi.org/10.3390/pharmaceutics12121212
http://www.ncbi.nlm.nih.gov/pubmed/33333778
http://doi.org/10.1017/CBO9781139048859.010
http://doi.org/10.1016/S0040-4020(03)00437-X
http://doi.org/10.1186/1479-5876-7-51
http://www.ncbi.nlm.nih.gov/pubmed/19549317
http://doi.org/10.1016/j.jcis.2015.03.019
http://doi.org/10.1016/j.drudis.2016.02.006
http://doi.org/10.1016/j.ejpb.2011.03.025
http://doi.org/10.1126/scitranslmed.3003162
http://www.ncbi.nlm.nih.gov/pubmed/22517883
http://doi.org/10.1016/j.biomaterials.2016.05.044
http://www.ncbi.nlm.nih.gov/pubmed/27267631
http://doi.org/10.1016/j.nano.2012.03.005
http://www.ncbi.nlm.nih.gov/pubmed/22465497
http://doi.org/10.1021/cn400182z
http://doi.org/10.1021/bc050184c
http://doi.org/10.1007/s11095-010-0141-7
http://doi.org/10.1186/1479-5876-6-80


Pharmaceutics 2022, 14, 1048 27 of 28

123. Jie, Q.; Liangqiao, Z.; Zhihua, C.; Guohua, M.; Ziyun, G.; Xianling, L.; Xingen, Z.; Jianming, Z. Nanostructured lipid carriers, solid
lipid nanoparticles, and polymeric nanoparticles: Which kind of drug delivery system is better for glioblastoma chemotherapy?
Drug Deliv. 2016, 23, 3408–3416.

124. Valenzuela-Oses, J.K.; García, M.C.; Feitosa, V.A.; Pachioni-Vasconcelos, J.A.; Gomes-Filho, S.M.; Lourenço, F.R.; Cerize, N.N.P.;
Bassères, D.S.; Rangel-Yagui, C.O. Development and characterization of miltefosine-loaded polymeric micelles for cancer
treatment. Mater. Sci. Eng. C 2017, 81, 327–333. [CrossRef]

125. Giovanni, T.; Teresa, M.; Barbara, R.; Claudia, C.; Daniela, B.; Rosario, P.; Maria, A.V.; Giovanni, P. The “fate” of polymeric and
lipid nanoparticles for brain delivery and targeting: Strategies and mechanism of blood–brain barrier crossing and trafficking
into the central nervous system. J. Drug Deliv. Sci. Technol. 2016, 32, 66–76.

126. Soni, S.; Babbar, A.K.; Sharma, R.K.; Maitra, A. Delivery of hydrophobised 5-fluorouracil derivative to brain tissue through
intravenous route using surface modified nanogels. J. Drug Target. 2006, 14, 87–95. [CrossRef] [PubMed]

127. Inoue, T.; Yamashita, Y.; Nishihara, M.; Sugiyama, S.; Sonoda, Y.; Kumabe, T.; Yokoyama, M.; Tominaga, T. Therapeutic efficacy
of a polymeric micellar doxorubicin infused by convection-enhanced delivery against intracranial 9L brain tumor models.
Neuro-Oncol. 2009, 11, 151–157. [CrossRef] [PubMed]

128. Kanazawa, T.; Taki, H.; Tanaka, K.; Takashima, Y.; Okada, H. Cell-penetrating peptide-modified block copolymer micelles
promote direct brain delivery via intranasal administration. Pharm. Res. 2011, 28, 2130–2139. [CrossRef]

129. Sosnik, A.; Raskin, M.M. Polymeric micelles in mucosal drug delivery: Challenges towards clinical translation. Biotechnol. Adv.
2015, 33, 1380–1392. [CrossRef] [PubMed]

130. Kwatra, S. Nanotechnology and medicine—The upside and the downside. IJDDR 2013, 5, 0975–9344.
131. De Jong, W.; Borm, P. Drug delivery and nanoparticles: Applications and hazards. Int. J. Nanomed. 2008, 3, 133–149. [CrossRef]
132. Singh, O.P.; Nchru, R.M. Nanotechnology and Cancer treatment. Asian J. Exp. Sci. 2008, 22, 45–50.
133. Nicole, H.; Poh, C. Nanomedicine and Cancer. Food Sci. Technol. 2005. Available online: http://www.tahan.com/charlie/

nanosociety/course201/nanos/NH.pdf (accessed on 26 March 2022).
134. Dong, X.; Mumper, R.J. Nanomedicinal strategies to treat multidrug-resistant tumors: Current progress. Nanomedicine 2010, 5,

597–615. [CrossRef]
135. Yao, Y.; Zhou, Y.; Liu, L.; Xu, Y.; Chen, Q.; Wang, Y.; Wu, S.; Deng, Y.; Zhang, J.; Shao, A. Nanoparticle-based drug de-livery in

cancer therapy and its role in overcoming drug resistance. Front. Mol. Biosci. 2020, 7, 193. [CrossRef]
136. Murakami, M.; Cabral, H.; Matsumoto, Y.; Wu, S.; Kano, M.R.; Yamori, T.; Nishiyama, N.; Kataoka, K. Improving drug potency

and efficacy by nanocarrier-mediated subcellular targeting. Sci. Transl. Med. 2011, 3, 64ra2. [CrossRef] [PubMed]
137. Cheng, H.; Wu, Z.; Wu, C.; Wang, X.; Liow, S.S.; Li, Z.; Wu, Y.L. Overcoming STC2 mediated drug resistance through drug and

gene co-delivery by PHB-PDMAEMA cationic polyester in liver cancer cells. Mater. Sci. Eng. C 2018, 83, 210–217. [CrossRef]
[PubMed]

138. Soma, C.E.; Dubernet, C.; Bentolila, D.; Benita, S.; Couvreur, P. Reversion of multidrug re-sistance by co-encapsulation of
doxorubicin and cyclosporin A in polyalkylcyanoacrylate nanoparticles. Biomaterials 2000, 21, 1–7. [CrossRef]

139. Jing, X.; Yang, F.; Shao, C.; Wei, K.; Xie, M.; Shen, H.; Shu, Y. Role of hypoxia in cancer therapy by regulating the tumor
microenvironment. Mol. Cancer 2019, 18, 157. [CrossRef] [PubMed]

140. Xia, S.; Yu, S.; Yuan, X. Effects of hypoxia on expression of P-gp and mutltidrug resistance protein in human lung adenocarcinoma
A549 cell line. J. Huazhong Univ. Sci. Technol. Med. Sci. 2005, 25, 279–281.

141. Vadde, R.; Vemula, S.; Jinka, R.; Merchant, N.; Bramhachari, P.V.; Nagaraju, G.P. Role of hypox-ia-inducible factors (HIF) in the
maintenance of stemness and malignancy of colorectal cancer. Crit. Rev. Oncol. Hematol. 2017, 113, 22–27. [CrossRef]

142. Rey, S.; Schito, L.; Wouters, B.G.; Eliasof, S.; Kerbel, R.S. Targeting Hypoxia-inducible factors for anti-angiogenic cancer therapy.
Trends Cancer 2017, 3, 529–541. [CrossRef]

143. Luan, X.; Guan, Y.Y.; Liu, H.J.; Lu, Q.; Zhao, M.; Sun, D.; Lovell, J.F.; Sun, P.; Chen, H.Z.; Fang, C. A tumor vascular-targeted
interlocking trimodal nanosystem that induces and exploits hypoxia. Adv. Sci. 2018, 5, 1800034. [CrossRef]

144. Hajizadeh, F.; Ardebili, S.M.; Moornani, M.B.; Masjedi, A.; Atyabi, F.; Kiani, M.; Namdar, A.; Karpisheh, V.; Izadi, S.; Baradaran, B.;
et al. Silencing of HIF-1α/CD73 axis by siRNA-loaded TAT-chitosan-spion nanoparticles ro-bustly blocks cancer cell progression.
Eur. J. Pharmacol. 2020, 5, 882–173235.

145. Arvanitis, C.D.; Ferraro, G.B.; Jain, R.K. The blood–brain barrier and blood–tumour barrier in brain tumours and metastases. Nat.
Rev. Cancer 2019, 2, 26–41. [CrossRef]

146. Hashizume, R.; Ozawa, T.; Gryaznov, S.M.; Bollen, A.W.; Lamborn, K.R.; Frey, W.H.; Deen, D.F. New therapeutic approach for
brain tumors: Intranasal delivery of telomerase inhibitor GRN163. Neurooncology 2008, 10, 112–120. [CrossRef] [PubMed]

147. Ye, D.; Zhang, X.; Yue, Y.; Raliya, R.; Biswas, P.; Taylor, S.; Tai, y.; Rubin, J.B.; Liu, Y.; Chen, H. Focused ultrasound combined with
microbubble-mediated intranasal delivery of gold nanoclusters to the brain. J. Control. Release 2018, 286, 145–153. [CrossRef]
[PubMed]

148. Gabathuler, R. Approaches to transport therapeutic drugs across the blood-brain barrier to treat brain diseases. Neurobiol. Dis.
2010, 37, 48–57. [CrossRef] [PubMed]

149. Zhang, W.; Mehta, A.; Tong, Z.; Esser, L.; Nicolas, H.; Voelcker, H. Development of Polymeric Nanoparticles for Blood–Brain
Barrier Transfer Strategies and Challenges. Adv. Sci. 2021, 8, 2003937. [CrossRef] [PubMed]

http://doi.org/10.1016/j.msec.2017.07.040
http://doi.org/10.1080/10611860600635608
http://www.ncbi.nlm.nih.gov/pubmed/16608735
http://doi.org/10.1215/15228517-2008-068
http://www.ncbi.nlm.nih.gov/pubmed/18755917
http://doi.org/10.1007/s11095-011-0440-7
http://doi.org/10.1016/j.biotechadv.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25597531
http://doi.org/10.2147/IJN.S596
http://www.tahan.com/charlie/nanosociety/course201/nanos/NH.pdf
http://www.tahan.com/charlie/nanosociety/course201/nanos/NH.pdf
http://doi.org/10.2217/nnm.10.35
http://doi.org/10.3389/fmolb.2020.00193
http://doi.org/10.1126/scitranslmed.3001385
http://www.ncbi.nlm.nih.gov/pubmed/21209412
http://doi.org/10.1016/j.msec.2017.08.075
http://www.ncbi.nlm.nih.gov/pubmed/29208281
http://doi.org/10.1016/S0142-9612(99)00125-8
http://doi.org/10.1186/s12943-019-1089-9
http://www.ncbi.nlm.nih.gov/pubmed/31711497
http://doi.org/10.1016/j.critrevonc.2017.02.025
http://doi.org/10.1016/j.trecan.2017.05.002
http://doi.org/10.1002/advs.201800034
http://doi.org/10.1038/s41568-019-0205-x
http://doi.org/10.1215/15228517-2007-052
http://www.ncbi.nlm.nih.gov/pubmed/18287341
http://doi.org/10.1016/j.jconrel.2018.07.020
http://www.ncbi.nlm.nih.gov/pubmed/30009893
http://doi.org/10.1016/j.nbd.2009.07.028
http://www.ncbi.nlm.nih.gov/pubmed/19664710
http://doi.org/10.1002/advs.202003937
http://www.ncbi.nlm.nih.gov/pubmed/34026447


Pharmaceutics 2022, 14, 1048 28 of 28

150. Merle, P.; Camus, P.; Abergel, A.; Pageaux, G.P.; Masliah, C.; Bronowicki, J.P.; Zarski, J.P.; Pelletier, G.; Bouattour, M.; Farloux,
L.; et al. Safety and efficacy of intra-arterial hepatic chemotherapy with doxorubicin-loaded nanoparticles in hepatocellular
carcinoma. ESMO Open 2017, 2, e000238. [CrossRef]

151. Hu, Y.; Hammarlund-udenaes, M. Perspectives on Nanodelivery to the Brain: Prerequisites for Successful Brain Treatment. Mol.
Pharm. 2020, 17, 4029–4039. [CrossRef]

152. Chu, K.S.; Hasan, W.; Rawal, S.; Walsh, M.D.; Enlow, E.M.; Luft, J.C.; Bridges, A.S.; Kuijer, J.L.; Napier, M.E.; Zamboni, W.C.; et al.
Plasma, tumor and tissue pharmacokinetics of Docetaxel delivered via nanoparticles of different sizes and shapes in mice bearing
SKOV-3 human ovarian carcinoma xenograft. Nanomedicine 2013, 9, 686. [CrossRef]

153. Zhang, K.; Tang, X.; Zhang, J.; Lu, W.; Lin, X.; Zhang, Y.; Tian, B.; Yang, H.; He, H.J. PEG–PLGA copolymers: Their structure and
structure-influenced drug delivery applications. J. Control. Release 2014, 183, 77–86. [CrossRef]

154. Vykhodtseva, N.; McDannold, N.; Hynynen, K. Progress and problems in the application of focused ultrasound for blood-brain
barrier disruption. Ultrasonics 2008, 48, 279–296. [CrossRef]

155. Pernot, M.; Aubry, J.F.; Tanter, M.; Thomas, J.L.; Fink, M. High power transcranial beam steering for ultrasonic brain therapy.
Phys. Med. Biol. 2003, 48, 2577–2589. [CrossRef]

156. LeWitt, P.A.; Lipsman, N.; Kordower, J.H. Focused ultrasound opening of the blood–brain barrier for treatment of Parkinson’s
disease [published online 28 May 2019]. Mov. Disord. 2019, 34, 1274–1278. [CrossRef] [PubMed]

157. Lipsman, N. The Future of Focused Ultrasound: Movement Disorders and Beyond. NeurologyLive 2019, 2. Avail-
able online: https://www.neurologylive.com/view/the-future-of-focused-ultrasound-movement-disorders-and-beyond
(accessed on 15 March 2022).

158. Taira, T.; Lozano, A.M.; Obeso, J.A. MRI-Guided Focused Ultrasound (FUS) to Treat Movement Disorders. Int. Parkinson Mov.
Disord. Soc. 2018. Available online: https://www.movementdisorders.org/MDS/Scientific-Issues-Committee-Blog/MRI-guided-
focused-ultrasound-to-treat-movement-disorders.htm (accessed on 15 March 2022).

159. Elhelf, I.A.S.; Albahar, H.; Shahd, U.; Otoe, A.; Cressman, E.; Almekkawy, M. High intensity focused ultrasound: The fundamen-
tals, clinical applications and research trends. Diagn. Interv. Imaging 2018, 99, 349–359. [CrossRef] [PubMed]

160. McWilliams, J.P.; Lee, E.W.; Yamamoto, S.; Loh, C.T.; Kee, S.T. Image-guided tumor ablation: Emerging technologies and
futuredirections. Semin. Interv. Radiol. 2010, 27, 302–313. [CrossRef] [PubMed]

161. Kocbek, P.; Obermajer, N.; Cegnar, M.; Kos, J.; Kristl, J. Targeting cancer cells using PLGA nanoparticles surface modified with
monoclonal antibody. J. Control. Release 2007, 120, 18. [CrossRef]

162. Hoyos-Ceballos, G.P.; Ruozi, B.; Ottonelli, I.; Da Ros, F.; Vandelli, M.A.; Forni, F.; Daini, E.; Vilella, A.; Zoli, M.; Tosi, G.;
et al. PLGA-PEG-ANG-2 Nanoparticles for Blood–Brain Barrier Crossing: Proof-of-Concept Study. Pharmaceutics 2020, 12, 72.
[CrossRef]

163. Huang, N.; Lu, S.; Liu, X.G.; Zhu, J.; Wang, Y.J.; Liu, R.T. PLGA nanoparticles modified with a BBB-penetrating peptide co-
delivering Aβ generation inhibitor and curcumin attenuate memory deficits and neuropathology in Alzheimer’s disease mice.
Oncotarget 2017, 8, 81001. [CrossRef]

164. Varan, C.; Bilensoy, E. Cationic PEGylated polycaprolactone nanoparticles carrying post-operation docetaxel for glioma treatment.
Beilstein J. Nanotechnol. 2017, 8, 1446. [CrossRef]

165. Xin, H.; Jiang, X.; Gu, J.; Sha, X.; Chen, L.; Law, K.; Chen, Y.; Wang, X.; Jiang, Y.; Fang, X. Angiopep-conjugated poly(ethylene
glycol)-co-poly(ε-caprolactone) nanoparticles as dual-targeting drug delivery system for brain glioma. Biomaterials 2011, 32, 4293.
[CrossRef]

166. Nowak, M.; Brown, T.D.; Graham, A.; Helgeson, M.E.; Mitragotri, S. Size, shape, and flexibility influence nanoparticle transport
across brain endothelium under flow. Bioeng. Transl. Med. 2020, 5, e10153. [CrossRef] [PubMed]

167. Lee, C.; Hwang, H.S.; Lee, S.; Kim, B.; Kim, J.O.; Oh, K.T.; Lee, E.S.; Choi, H.G.; Youn, Y.S. Rabies Virus-Inspired Silica-Coated
Gold Nanorods as a Photothermal Therapeutic Platform for Treating Brain Tumors. Adv. Mater. 2017, 29, 1605563. [CrossRef]
[PubMed]

168. Black, K.C.L.; Wang, Y.; Luehmann, H.P.; Cai, X.; Xing, W.; Pang, B.; Zhao, Y.; Cutler, C.S.; Wang, L.V.; Liu, Y.; et al. Radioactive
198Au-Doped Nanostructures with Different Shapes for In Vivo Analyses of Their Biodistribution, Tumor Uptake, and Intratumoral
Distribution. ACS Nano 2014, 8, 4385. [CrossRef] [PubMed]

169. Thangudu, S.; Cheng, F.Y.; Su, C.H. Advancements in the Blood–Brain Barrier Penetrating Nanoplatforms for Brain Related
Disease Diagnostics and Therapeutic Applications. Polymers 2020, 12, 3055. [CrossRef] [PubMed]

170. Naqvi, S.; Panghal, A.; Flora, S.J.S. Nanotechnology: A promising approach for delivery of neuroprotective drugs. Front. Neurosci.
2020, 14, 494. [CrossRef]

http://doi.org/10.1136/esmoopen-2017-000238
http://doi.org/10.1021/acs.molpharmaceut.0c00881
http://doi.org/10.1016/j.nano.2012.11.008
http://doi.org/10.1016/j.jconrel.2014.03.026
http://doi.org/10.1016/j.ultras.2008.04.004
http://doi.org/10.1088/0031-9155/48/16/301
http://doi.org/10.1002/mds.27722
http://www.ncbi.nlm.nih.gov/pubmed/31136023
https://www.neurologylive.com/view/the-future-of-focused-ultrasound-movement-disorders-and-beyond
https://www.movementdisorders.org/MDS/Scientific-Issues-Committee-Blog/MRI-guided-focused-ultrasound-to-treat-movement-disorders.htm
https://www.movementdisorders.org/MDS/Scientific-Issues-Committee-Blog/MRI-guided-focused-ultrasound-to-treat-movement-disorders.htm
http://doi.org/10.1016/j.diii.2018.03.001
http://www.ncbi.nlm.nih.gov/pubmed/29778401
http://doi.org/10.1055/s-0030-1261789
http://www.ncbi.nlm.nih.gov/pubmed/22550370
http://doi.org/10.1016/j.jconrel.2007.03.012
http://doi.org/10.3390/pharmaceutics12010072
http://doi.org/10.18632/oncotarget.20944
http://doi.org/10.3762/bjnano.8.144
http://doi.org/10.1016/j.biomaterials.2011.02.044
http://doi.org/10.1002/btm2.10153
http://www.ncbi.nlm.nih.gov/pubmed/32440560
http://doi.org/10.1002/adma.201605563
http://www.ncbi.nlm.nih.gov/pubmed/28134459
http://doi.org/10.1021/nn406258m
http://www.ncbi.nlm.nih.gov/pubmed/24766522
http://doi.org/10.3390/polym12123055
http://www.ncbi.nlm.nih.gov/pubmed/33419339
http://doi.org/10.3389/fnins.2020.00494

	Introduction 
	Brain Targeting 
	Transport Mechanisms 
	Pathways of Nasal Transportation to the Brain 
	Olfactory Neuronal Pathways 
	Trigeminal Nerve Pathways 
	Cerebrospinal Fluid (CSF) Pathways 


	Drug Delivery to the Brain 
	Nanodelivery Platforms Developed for Drug Delivery 
	Passive Targeting 
	Active Targeting 
	Mechanisms of Efflux in Drug Transport to the Brain 


	Mode of Transportation across the Brain 
	Suggested Mechanisms of Transport through the Blood–Brain Barrier 
	Paracellular Transport 
	Transcellular Diffusion 


	The Different Nanomedicines Designed for Brain Cancer Therapy 
	Polymer-Based Nanoparticles 
	Nanoliposomes 
	Polymer–Drug Conjugates 
	Solid Lipid Nanoparticles 
	Nanostructured Lipid Carriers (NLCs) 
	Thermosensitive Gel 
	Dendrimers 
	Micelles 

	The Limitations of Nanomedicine 
	Strategies under Development to Overcome Limitations of Nanomedicine 
	Future Perspective and Conclusions 
	References

