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ABSTRACT

Although numerous medications have the potential to treat central nervous system (CNS) disorders, only a
small number of these drugs have actually been used successfully. It is as a result of the blood-brain barrier
(BBB) and blood-cerebrospinal fluid barrier (BCSF) preventing them from exerting biological activity by allowing
them to cross the brain. The current methods for enhancing penetration across these barriers for efficient CNS
medication delivery are reviewed in this article. Direct systemic delivery, invasive delivery, BBB disruption,
and convection enhanced delivery are a summary of these problems. Additionally, cutting-edge nanoscale
drug delivery methods such polymeric nanoparticles, liposomes, nanoemulsions, dendrimers, and micelles are
explored. These nanocarriers might lead to a development in the treatment of numerous CNS illnesses. To
evaluate the biocompatibility and safety of these medical devices, however, further extensive research is required.
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1 INTRODUCTION

N the past twenty years, there has been a noticeable
Iand substantial advancement in the diagnosis and treat-

ment of CNS diseases. Nonetheless, conditions affect-
ing the CNS like AD, PD, neuroinflammation, neuro-AIDS,
and MS, remain the primary cause of disabilities, work
incapacity, and premature mortality worldwide. The main
challenge in addressing these conditions lies in the fact
that numerous medically approved medications have lost
their effectiveness due to their incapability to efficiently
penetrate the brain and reach the brain tissue for deliv-
ery. The BBB is an exceptional and complex endothelial
barrier that guards the brain from potentially hazardous
chemicals. The BBB is composed of meticulously arranged
monolayers of polarized ECs that exhibit glycosaminogly-
cans attached to proteins and lipids within the cell mem-
brane, along with membrane receptors and enzymes. The
endothelial lining of the capillary wall contains specialized
transporters that facilitate the transfer of primarily amino
acids, glucose, and FFA to adjacent neurons [1]. Capil-

© 2023 by the authors. licensed under Creative Commons Attribution 4.0 International (CC BY 4.0).

lary endothelial cells are enveloped by a dense network
of strong interconnections, with complex TJs being the
most well-known among them. The structural integrity of
the brain barrier enables it to carry out several important
roles, including providing vital nutrients like glucose and
amino acids, protecting against the effects of neuroactive
chemicals and poisons, and allowing the interchange of
chemical substances between the CNS and the circula-
tory system. In recent years, significant endeavors have
been undertaken to comprehend the mechanisms of drug
transportation and delivery to the CNS. Several studies
were carried out to explore the operation of the intact
and impaired BBB, leading to the identification of key
factors influencing this process [2]. Precise understanding
of drug transportation to the brain plays a pivotal role
in developing drugs for CNS disorders. Various disease
and pathological conditions have a significant impact on
the drug delivery process since the possession of the BBB
undergo changes during neurological disorders, inflamma-

https://tpb.nabea.pub


https://orcid.org/0000-0001-8664-5712
sahadqasim91@gmail.com
http://dx.doi.org/10.57238/tpb.2023.144275.1003
https://tpb.nabea.pub 

Shahad Q. Al-Hamadiny et al.

CNS DRUG DELIVERY APPROCH

i

4 INTENSIVE TECHNIQUES |

NON INTENSIVE TECHNIQUES

MISCELLANEOUS TECHNIQUES h

4 INTRACEREBRAL IMPLANTS |

| cHemicaL | | siotoGicaL | | coutoat |

| INTRANASAL DELIVERY _

et INTRAVENTRICULAR INFUSION |

PRODRUG

NANOPARTICLE

DRUG
| CONJUGETS _" | IONTOPHOROTIC DELIVERY e
-+
MONOCLONAL ANTIBODIES APROTININ/CHIMERIC
CONJUGATES PEPTIDES AS A CARRIER
| RECEPTOR/VECTOR MEDIATED |

Fig. 1. CNS drug delivery approach.

tory situations, or infections caused by bacteria, fungi, or
viruses. These changes influence the integrity and function
of the BBB, includes receptor and transporter expression
and performance. Studies have indicated that the drug de-
livery process is modified under pathological conditions,
possibly due to alterations in various transport pathways
like transcellular transport and paracellular transport [3].
Indeed, a compromised BBB can create a favorable chance
for drugs that typically cannot penetrate the BBB to access
specific targets within the brain tissue.

At present, there exist multiple strategies available for
brain drug delivery, encompassing invasive, pharmacolog-
ical or biological, chemical, and physiological approaches
(Fig.1). Invasive techniques involve the introduction of
intraventricular medications, intracerebral implants, or
manipulation of the BBB. The alteration of pharmacologi-
cally active substances through chemical modification has
commonly been employed to improve the physicochem-
ical properties of drug compounds. The development
of highly permeable substances is a result of improving
specific physicochemical properties such ionization, molec-
ular size, lipophilicity, polar surface area, hydrogen bond-
ing, and affinity for plasma proteins [4]. Another strat-
egy that has been used to enhance the CNS transport of
low molecular weight medicines is the prodrug approach.
However, this particular approach is not covered in detail
within this study [5,6]. Conversely, to enable targeted drug
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delivery to the brain, the biological approach involves cou-
pling a drug with antibodies. The antigen located on the
BBB is the target of these conjugates. Molecular Trojan
horses, chimeric peptides, and vector-mediated transport
are other biological approaches. The physiological strat-
egy for brain drug delivery uses built-in transport systems
that traverse the BBB. This strategy involves differentiating
RMT, CMT and AME. This review focuses on recent meth-
ods explored for efficiently transporting therapeutic and
diagnostic factors to the brain. The main stress lies on two
approaches: direct systemic delivery and invasive deliv-
ery, encompassing techniques like Convection-enhanced
delivery and BBB disruption. The article also analyzes
and discusses cutting-edge nanoscale medication delivery
methods [6].

2 Direct systemic delivery

Drug delivery directly to the CNS via systemic routes can
be classified into two types: invasive and non-invasive
methods (Fig.2, Table 1).

Present-day studies in CNS drug development primarily
focus on two main areas: the enhancement of systemic
drug delivery to the brain and the strategies to overcome
or disrupt the BBB. Nanotechnological systems or devices
can also facilitate systemic delivery. It is noteworthy that
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Fig. 2. A summary of the current drug delivery techniques for the treatment of primary brain tumors.

drugs with low likelihood of crossing the BBB can be
encapsulated in liposomes or other drug delivery systems
to enhance their lipophilicity [13].

2.1 Intranasal delivery

Medicines managed intranasally utilize the olfactory-
sensory neurons as a route of transportation. Through this
pathway, they can reach considerable concentrations in
the CSF and the olfactory bulb without being hindered by
the BBB. The ability of materials to penetrate is facilitated
by the abundant vascularization of the mucosa, propria
plaques, and permeable epithelium [14]. The use of in-
tranasal drug delivery enables the transportation of large
molecular weight drugs, such as stem cells and proteins, to
access the brain. This approach opens up possibilities for
treating various diseases, including AD, PD, epilepsy, and
critical brain tumors [15]. The drugs are transported to the
brain through different methods, encompassing transcel-
lular, paracellular, and neuronal transport pathways [13].

The transnasal method of drug administration offers nu-
merous benefits. By bypassing the first-pass metabolism
in the liver, the drug experiences higher bioavailability
and reaches the brain more rapidly. Additionally, this
approach is simple, non-invasive, and easy for drug ad-
ministration [14]. In a rat model, researchers demonstrated
that intranasal pathway can successfully transfer VIP. A
minimum concentration of intact VIP was found in the ol-
factory bulbs and midbrain just 30 minutes after intranasal
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delivery, whereas no intact VIP was found in the brain fol-
lowing intravenous injection. This suggests that intranasal
administration could serve as an alternative method for
delivering neuropeptides that cannot pass through the
BBB or are rapidly metabolized in the blood [16]. Further-
more, a study assessing the transfer of siRNA to the brain
has confirmed the effectiveness of utilizing nano-micelles
derived from polyethylene PEG-PCL copolymers coupled
with CPP, MPEG-PCL-Tat.

This effectiveness is particularly notable when employing
the intranasal route as opposed to the intravenous ap-
proach. MPEG-PCL-Tat significantly decreases the transit
time via the olfactory and trigeminal nerve pathways due
to its strong nasal mucosal permeability [17]. Currently,
there have been numerous animal researches investigat-
ing the intranasal administration of antipsychotic drugs.
However, there is a lack of sufficient human analyses on
this matter. Antipsychotic drugs are distinguished by their
limited solubility, which restricts the practicality of in-
tranasal administration to highly potent drugs due to the
constrained volume of drug dose that can be administered.
Another issue is the potential genetic and morphological
toxicity of nanoparticles used as carriers for these kinds
of medications, such as polymeric nanoparticles or na-
noemulsions [18].
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Table 1. Methods and strategies for administering drugs to the central nervous system.

Methods for systemic medication
administration to the central
nervous system

Methods

Strategy Ref.

Chemical

Biological

Non-invasive techniques

Colloidal drug carriers

Prodrugs
Molecular packaging
Chemical drug delivery system
Lipophilic analogs
Viral vectors
Cell-penetrating peptide-mediated drug delivery
Receptor -mediated delivery of chimeric peptides
SLNs
Liposomes
Dendrimers
Microemulsions and micelles
Nanocapsules and nanospheres
Polyethyleneimine derivatives

[7]

[9]

Carbon nanotubes, single- multi-walled carbon nanotubes

Pharmacological

Intracerebral implants
Intrathecal/ Intraventricular / interstitial delivery
Biological tissue delivery

[10]

Ultrasound-mediated blood-brain barrier disruption strategy

Invasive techniques Blood-brain barrier disruption

Alternative routes for central
nervous system drug delivery

Convection-enhanced delivery
Biochemical blood-brain barrier disruption strategy
Osmotic blood-brain barrier disruption strategy
Iontophoretic delivery
Trigeminal and olfactory pathways to
the central nervous system, intranasal delivery

[11]

[12]

2.2 Intraarterial drug delivery

The IA method, in contrast to intravenous or oral drug de-
livery techniques, offers numerous advantages, primarily
by increasing the concentration of the drug within the tu-
mor and speeding up systemic clearance [19]. Among the
various strategies developed for delivering drugs through
the BBB, this method of drug administration is one of
the most commonly utilized. It facilitates the distribution
of therapeutic agents through the capillary network sur-
rounding and within the tumor, thereby restricting their
transport to an exact region. Hence, this approach lowers
the risk of systemic toxicity and shows great promise for
treating brain tumors effectively [20]. Furthermore, the
IA method of drug administration enables higher drug
concentrations and enhanced usefulness at the intended lo-
cation, though it is suitable only for drugs that can rapidly
cross the BBB [21].

An instance of IA drug delivery can be observed in the
transportation of stem cells to the brain during crucial
AIS. Unlike intravenous and intracerebroventricular de-
livery methods, this approach is minimally invasive and
enables preferential distribution of drugs within the infarct
part, as it prevents the stem cells from getting trapped in
the lungs or liver. Regrettably, the use of IA route for
stem cell administration comes with certain limitations,
primarily associated with their size and the potential to
worsen cerebral blood flow. Up to now, the investigates
have demonstrated the effectiveness of administering MSC
through the IA route in treating acute AIS 24 hours after
its occurrence. Nevertheless, additional research has re-
vealed that the optimal timing and dosage of stem cells
for effective treatment via the IA route are yet to be fully
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determined. This suggests that further trials are required
to achieve successful treatment using this approach [22].

Lu et al. research [23] illustrates that administering RES en-
capsulated in RES NPs through the IA route is an effective
approach to protect against cerebral ischemia/reperfusion
injuries. The RES-NPs were observed to avoid brain
edema, shield neurons from apoptosis, and promote neu-
rogenesis, which are often linked to a rapid recovery of
blood stream following a LAO stroke.

2.3 Intracerebral injection

An additional invasive method for drug delivery to the
brain is intracerebral injection. This approach hinges on
precisely selecting the site of drug injection, allowing the
drug to diffuse into the surrounding areas [24]. The use
of a tiny amount of the drug administered, less danger
of drug leaking outside of the target tissue, and a lower
probability of inducing an immune response are what
set direct injection apart [25]. The procedure of direct
drug administration initiates with the patient’s head be-
ing anesthetized and immobilized in a stereotaxic frame.
The next step involves drilling a hole in the skull and
inserting a flexible fused silica catheter or a needle into
the brain parenchyma. In order to pinpoint the injection
site, stereotactic coordinates taken from the brain atlas and
supported by MRI guiding devices are used [26]. Potential
uses for direct intracerebral injection include brain tumor
gene therapy. To demonstrate, for instance, the efficacy,
safety, and ability of a tiny non-enveloped AAV to infect
both proliferating and quiescent cells, notably neurons,
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investigations using this AAV have been carried out in
animals. Preclinical research has explored gene therapy
utilizing rAAV for diseases affecting specific brain regions
like PD and extensive brain areas such as LSDs. While the
study outcomes showed promise, further investigations
involving larger patient cohorts are necessary [25]. Stereo-
taxic injection is an alternative approach for treating drug-
resistant epilepsy. In this method, the epileptogenic foci
are directly injected with AAV vectors that release galanin
and neuropeptide Y. Studies in rodents have demonstrated
a considerable decline in epileptic seizures as a result of
this treatment [27]. While direct administration of AAV to
the CNS induces a milder immune response in patients,
neuroinflammatory reactions remain a notable concern.
So far, instances of inflammations in the DRG and spinal
cord pathology have been stated. The precise cause and
procedure behind the neuroinflammatory answer have not
been fully understood at this point. In order to reduce
the danger of such an inflammatory reaction, a treatment
tactic needs to be devised. This strategy should involve
either priming the immune system for AAV revelation
or minimizing the likelihood of transgene expression in
tissues other than the intended target tissue [28].

2.4 Ultrasound technique

Transcranial FUS involves briefly permeating the BBB to
enable drugs to access specific brain targets. This approach
offers the benefit of utilizing a reduced drug dosage to
attain an effective concentration within the brain. It is
critical to remember that any substance that is circulat-
ing in the bloodstream could result in a negative drug
reaction. Furthermore, the timing of drug administration
relies on the opening of the blood-brain barrier by the
transcranial FUS [29]. FUS is a complementary treatment
to surgery and radiotherapy. The exact process behind
the opening of the BBB through FUS has not been fully
understood [30]. However, there are two primary possible
mechanisms by which FUS can open the BBB. The ini-
tial mechanism involves the power of radiation caused by
sonication or microbubble vibration, leading to vasocon-
striction, which results in provisional ischemia, thereby
weakening the BBB. The second method relies on active
vacuolar transport [31]. PET and MRI are the prevailing
techniques utilized to check the outcomes of the ultra-
sound procedure. MRI allows for the visualization of the
overall impact of ultrasounds. On the other hand, PET not
only monitors tissue activity but also serves as a highly
sensitive method to quantify the number of radiopharma-
ceutical present in a particular tissue [30]. Significantly, it
has been observed that the BBB can retrieve within a few
hours after exposure to ultrasound [31].

Although FUS has been demonstrated to be secure for
improving BBB permeability in a reversible manner, fur-
ther study is essential to establish the clinical significance
of drug delivery using this method. Researchers have
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investigated the impact of microbubbles and ultrasound
on tumor delivery, biodistribution, and therapeutic use-
fulness of a liposome coated with cleavable PEG that is
sensitive to enzymes from the metalloproteinase family. To
improve cellular absorption and hasten drug release, the
coat was cleaved. The research illustrated that the combi-
nation of ultrasound and microbubbles led to greater drug
accumulation within the tumor, as well enhanced extrava-
sation and liposome penetration into the extracellular ma-
trix. Interestingly, It was discovered that the ultrasound’s
strength had no bearing on how deeply the penetration
occurred [32]. Brain tumors have been successfully tar-
geted in animal trials using doxorubicin coupled with
multifunctional microbubbles made of superparamagnetic
iron oxide nanoparticles [33].

The FUS method has been employed to deliver
trastuzumab, a monoclonal antibody utilized in the treat-
ment of breast cancer metastases, to the brain. According
to studies done on mouse brains, the animals’ survival
time was significantly increased when trastuzumab was
transported by FUS. FUS has demonstrated successful
transport of neural stem cells, and current clinical trials
are in progress to evaluate its efficiency in delivering amy-
loid antibodies to patients with AD [34].

2.5 Convection enhanced delivery

The CED procedure involves inserting specialized
catheters right into the brain tissue. Through pressure-
controlled infusion and the aid of stereotaxis, the drug is
delivered to the targeted area [35]. The infusion continues
for several hours before removing the catheter [36]. Con-
sequently, the drug can penetrate the BBB, allowing for
the administration of large macromolecular drugs. The
conventional approach also carries the risk of toxicity be-
cause it necessitates high systemic doses of medication to
get an adequate drug concentration in the brain. In GBM
patients, the CED technique has made it easier to directly
administer the anti-cancer medication carboplatin into the
tumor site. Glioblastoma multiforme cells are more vulner-
able to the effects of carboplatin than brain cells, according
to in vivo tests, which show that carboplatin has non-toxic
effects on brain cells. To establish a proficient infusion
technique, several aspects need to be taken into account,
including the positioning of the catheter tip, the trajectory
of the catheter, the catheter’s construction, the volume of
infusion, and the flow rate of infusion. Precise definition
of these aspects is essential to ensure a safe and effective
treatment [37].

Moreover, the CED approach has been effectively utilized
to deliver liposomal chemotherapeutics to the CNS in
tiny creatures. Tests conducted on mice have indicated
that CED enables precise dispersion of liposomal poi-
sons throughout the CNS, bypassing the BBB. To sum
up, the outcomes of these medical tests have displayed
that employing the CED technique for drug delivery sub-
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stantially enhances drug concentration at the intended
location while concurrently diminishing toxicity [38].

3 NANOTECHNOLOGICAL DRUG DELIVERY
SYSTEMS

Over the past two decades, there has been considerable
enthusiasm for the advancement of biodegradable nan-
odevices as efficient means of drug delivery. In general,
nanostructures aim to deliver a diverse array of drugs
to different tissues. These nanodevices can shield the
drugs enclosed or linked to them from hydrolytic and en-
zymatic degradation. In the present era, nanotechnology
offers a significant potential for addressing CNS diseases,
particularly neurodegenerative disorders. By leveraging
nanoscale structures and materials with distinct chemical
and physical properties, they can be tailored to execute
specific functions, such as breaching the blood-brain bar-
rier or interfering with signaling pathways [39].

The process of crossing the blood-brain barrier is primarily
affected by the physico-chemical attributes of NPs, such
as their size, shape, stiffness, and surface properties (e.g.,
surface charge, density of ligands, and targeting ligands)
[40]. NPs can be transported to brain tissue through the
following mechanisms:

1. NPs can disrupt TJs between endothelial cells or cause
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localized toxic effects, leading to a localized perme-
abilization of the BBB and subsequent drug penetra-
tion [40];

2. NPs are conveyed across endothelial cells via transcy-
tosis [40].

3. NPs employ endocytosis, releasing their contents into
the endothelial cell cytoplasm and subsequently exo-
cytosing on the endothelium abluminal side [41].

Studies have indicated that NPs may employ a combi-
nation of the previously mentioned mechanisms. The
transcytosis of NPs is facilitated by various receptors, in-
cluding TfR and LDL receptors [42,43]. Additionally,
cellular transporters such as GLUT1 and LAT1 also play
a role in the transport of NPs. The receptors and trans-
porters can be targeted by employing different types of
peptides, proteins, or antibodies, which are either physi-
cally or chemically attached to the surface of the NPs [6,44].
The ability to alter the surface of NPs is especially crucial
due to the fact that numerous neurological disorders e.g.,
AD and cancer are linked to changes in the expression
and function of GLUT1 transporters. As a result, inves-
tigations into GLUT1 transporters have been conducted
to improve BBB transport, tumor penetration, brain accu-
mulation, and pharmacological effectiveness [40]. As an
example, researchers prepared poly (ethylene glycol)-co-
poly (trimethylene carbonate) NPs that were functional-
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ized with 2-deoxy-D-glucose to investigate the expression
profile of glucose transporters in both the BBB and glioma
cells. The findings indicated that the developed NPs could
be considered as a promising dual-targeted vehicle for
brain glioma therapy [45]. In the following section, the
primary focus is on carrier systems and the role of some
of them in targeted drug delivery to the brain will be
examined (Fig.3).

3.1 Liposomes

Drug carriers like liposomes and nanoparticles serve the
purpose of enhancing drug effectiveness and minimizing
its toxicity. Due to their small size and ability to cross
the BBB, these carriers can effectively deliver substantial
substances like genes, peptides, or oligonucleotides [46].
Liposomes are minute nanoparticles made up of phos-
pholipids, forming vesicles with one or more concentric
layers around a central aqueous core. They adopt a core-
shell arrangement, comprising amphiphilic compounds
featuring a hydrophilic head group and twin hydropho-
bic tails. Because of this configuration, liposomes bear
likeness to cell membrane structure and are effectively
utilized as a modern approach for delivering substances
with both hydrophobic and hydrophilic characteristics,
including peptides, proteins, and drugs. Lipid bilayers of
liposomes are often where lipophilic medications are con-
tained, while aqueous cores of liposomes or the exterior
water phase are where hydrophilic pharmaceuticals might
be placed.

Based on their size and the number of lipid layers they
contain, liposomes can be divided into three groups: mul-
tilamellar vesicles with a diameter greater than 200 nm,
large unilamellar vesicles with a diameter between 100 and
1000 nm, and small unilamellar vesicles with a diameter
below 100 nm [46].

Liposomes are highly valuable when creating therapeutics
targeted for the brain due to their biocompatibility, lack of
toxicity, and inability to trigger an immune response. The
BBB is just one biological membrane that liposomes make
it easier to transport medications through, but they also
protect the drugs being delivered from being degraded by
plasma enzymes. The unique characteristics of liposomes
enable customization of their surface through the attach-
ment of specific groups that facilitate drug delivery to the
CNS. Surface treatment of nanoparticles with PEG led to
this result, which extended their circulation time in the
bloodstream. To avoid clumping in solution and to reduce
reticuloendothelial system uptake, PEG is added to the sur-
face of liposomes. Additionally, the surface of liposomes
can be covered with silk fibroin, chitosan, and PVA [47,48].
The process of opsonization in the plasma and subsequent
phagocytic clearance is decreased by using PEG as a pro-
tective layer on the surface of liposomes. Advanced stages
of ovarian and breast cancer, as well as AIDS, have all been
successfully treated with this alteration [38]. Liposomes
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modified with PEG and carrying sertraline, a medication
for depression, were employed to study the speed of its
release and its transportation through the BBB using a
mouse brain model. Liposome surfaces can also be altered
using polysaccharides, ligands, or peptides. This adjust-
ment enables them to effectively traverse the BBTB and
selectively target cancer cells. This adaptation has demon-
strated success in experiments involving mice with glioma.
Treatment with proteolytically stable peptides, specifically
(D)CDX (a D-peptide ligand that targets nicotine acetyl-
choline receptors on the BBB), proved to be more effective
than using unmodified liposomes [49]. By attaching to the
surface of transferrin, liposomes can assist in transport-
ing 5-fluorouracil, an anticancer drug [46]. Additionally,
liposomes are being investigated for their potential in tar-
geted delivery of therapeutics for treating neurological
conditions like PD or AD. As an example, liposomes with
maltodextrin-coated surfaces were employed as a highly
effective carrier for levodopa, a drug commonly used in
PD treatment [38].

Over three decades ago, the initial experiments utilizing li-
posomes for drug delivery in PD were conducted. In these
studies, rats with unilateral substantia nigra lesions had
liposomes transplanted stereotactically into the striatum
as dopamine transporters [33]. According to the study,
dopamine-containing liposomes can improve the impair-
ments seen in a mouse model of PD. Furthermore, these
findings demonstrated the potential of liposomes as a
promising approach for precisely delivering therapeutic
agents to specific regions of the brain.

3.2 Exosomes

EVs are tiny, membrane-bound structures involved in in-
tercellular communication and serve as carriers for pro-
teins, lipids, or nucleic acids. These EVs can be classified
into three groups based on their size, content, and release
mechanism: exosomes, which have a diameter of 40-100
nm; microbubbles, with a diameter of 100-1000 nm; and
apoptotic bodies, with a diameter greater than 1000 nm.
EVs and Exosomes are released constantly, but their re-
lease growths during times of tension, whereas apoptotic
bodies are only released due to cell damage. Among these
EV types, exosomes have garnered significant interest re-
cently. Exosomes are circular lipid vesicles and constitute a
vital component of the cell membrane. Exosomes offer sub-
stantial advantages as drug carriers, including their ability
to readily traverse the BBB, efficiently penetrate biological
barriers due to their small size, widespread distribution in
body fluids, and superior safety profile when compared
to polymeric nanoparticles [49]. Crucially, the inherent
biological nature of exosomes guarantees their excellent
biocompatibility, stability, minimal immunogenicity, and
low intrinsic toxicity. Exosomes are derived from the in-
ward budding of MVBs, leading to the formation of ILVs.
They are then released into the extracellular space through
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the fusion of MVBs with the plasma membrane [50].

As previously stated, exosomes can serve as carriers for
therapeutic nucleic acids. According to Zhang and col-
leagues’ study [50], exosomes have been found to contain
2838 miRNA,3408 mRNAs, and 9769 proteins. For in-
stance, a study involving the mouse brain made use of
exosomes’ capacity to carry physiologically active sub-
stances. The study investigated the effectiveness of exo-
somes loaded with hydrophobically modified siRNA ad-
ministered through ICV infusion for seven days, leading
to a significant reduction of up to 35% in Huntington’s
mRNA levels [51]. In a different study, EVs were em-
ployed to transport molecules with poor stability and
bioavailability. A notable example is curcumin, renowned
for its anti-cancer and anti-diabetic properties [52]. Mice
were intranasally managed with exosomes containing cur-
cumin, and over time, a notable decrease in brain inflam-
mation was observed due to the efficient delivery of cur-
cumin to the CNS. Additional experiments demonstrated
that curcumin-loaded exosomes also provided protection
against LPS-induced brain inflammation [53]. In a broader
sense, adapted exosomes are especially appropriate for
achieving targeted drug delivery to specific tissues and
cells, enhancing drug concentrations in the brain, and im-
proving the efficacy of treatments for neurodegenerative
disorders and CNS tumors [50]. As an illustration, Qu
et al. [54] effectively transported dopamine to the stria-
tum and substantia nigra using exosomes derived from
the bloodstream. On the other hand, using macrophage-
derived exosomes carrying glial cell-line derived neu-
rotrophic factor, Zhao et al. [55] observed a reduction
in neurodegeneration and neuroinflammation in animals
with PD.

3.3 Polymeric nanoparticles

NPs are solid colloidal dispersions consisting of PACA,
PLGA, and PLA, which are biodegradable and biocompati-
ble polyesters. These types of NPs are the most commonly
employed for drug delivery purposes. Polymeric nanopar-
ticles typically range in size from 10 to 100 nm [81]. These
nanoparticles are composed of a dense polymer matrix
core that accommodates lipophilic drugs, along with a hy-
drophilic corona that ensures steric constancy [38]. Drug
molecules may be chemically bound, encapsulated, or
adsorb to the surface of NPs. Employing NPs for drug
delivery safeguards the drugs from metabolic processes
and enhances the effective transportation of poorly soluble
drugs to specific target cells [38]. For example, research
discovered that when Dalargin was orally given in the
form of PS80-coated PACA nanoparticles, it was able to
traverse the BBB and produce a pain-relieving impact [56].
NPs have been utilized as efficient agents for delivering
drugs in the management of MPS, a set of hereditary
metabolic disorders characterized by impaired function-
ing of lysosomal enzymes responsible for breaking down
GAGs. A recent investigation employing PLGA nanopar-
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ticles in conjunction with simil, an opioid g7, demon-
strated their capability to be directed towards particular
brain cells. This was achieved through intraperitoneal
and oral administration, indicating their effectiveness in
conveying therapeutic enzymes across the BBB [57]. An
additional illustration could involve PBCA nanoparticles,
which have effectively been employed to transport prac-
tical proteins into both neurons and cell lines associated
with neurons [58].

3.4 SLN

An alternative category of nanoparticles used as efficient
vehicles for drug delivery are SLNs. These colloidal
nanocarriers, comprising natural lipids (steroids, fatty
acids, triglycerides, and waxes), are dispersed in water
or a surfactant solution. Upon cooling, SLNs have the
ability to solidify [39]. Much like NPs, the incorporation
of PEG into SLNs enhances their ability to penetrate the
BBB and improve the transport of drugs to the CNS. For
example, research revealed that PEG-modified SLNs effi-
ciently carry anticancer medications like camptothecin and
doxorubicin [59]. SLNs offer various benefits compared
to NPs. These advantages include minimal cytotoxicity,
structural stability, and safeguarding fragile drugs against
deterioration. Moreover, SLNs facilitate the transportation
of therapies to the brain and allow for regulated drug re-
lease [39]. Several accounts indicate an improved method
of delivering drugs to the brain facilitated by SLNs. To
illustrate, when an SLN loaded with a calcium channel
blocking drug was intravenously administered to rodents,
it exhibited more efficient brain uptake and sustained ele-
vated drug concentrations compared to a freely suspended
drug.

3.5 Dendrimers

Dendrimers are complex, water-soluble artificial macro-
molecules distinguished by their homogeneity, three-
dimensional spherical shapes, large branching points, and
nanometer-scale dimensions.

Dendrimers possess distinctive characteristics, such as uni-
form molecular weight devoid of specific weight variation,
a three-dimensional structure, reduced hydrodynamic vol-
ume, and smaller molecular dimensions in comparison
to linear polymers of comparable molecular weight. The
arrangement of dendrimers with developed generations
offers a promising potential for a diverse range of uses,
including the encapsulation of drugs [60]. Utilizing den-
drimers as systems for delivering drugs offers numerous
benefits, including extended duration of the drug within
the bloodstream, shielding the drug from its surroundings,
enhanced permanency of the active substance, and tar-
geted delivery to specific tissues [61]. Different categories
of dendrimers, including PAMAM, polyhydroxylamine,
PLL, and PPI have been employed for transporting drug
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and contrast factors [62]. Dendrimer-centric approaches
for delivering drugs can be harnessed for directing drugs
to the brain, employing both invasive and non-invasive
techniques [63]. Among these approaches, CMT emerges
as particularly encouraging. For instance, Sharma and col-
leagues [64] successfully attached mannose molecules to
the outside of fourth-generation PAMAM dendrimers fur-
nished with terminal hydroxyl groups via click chemistry.
This investigation aimed to determine whether binding tar-
get ligands could enhance the uptake of substances within
the brain. The findings from in vitro tests demonstrated
that the alteration involving mannose brought about a
notable shift in the internalization process of dendrimers.
This modification made them more inclined to undertake
mannose-mediated endocytosis through carriers. Cru-
cially, the researchers observed that the attachment of
mannose to PAMAM dendrimers induced an altered dis-
persion pattern of dendrimers within the neonatal rabbit
cerebral palsy model. Remarkably, this alteration did not
lead to a reduction in the quantity of dendrimers deliv-
ered to the damaged glial cells in the brain [64]. The
transporters CAT1, LAT1, GLUT1, choline transporter,
and nucleobase transporter can also be used to transport
dendrimer-linked conjugates. Dendrimer-centered sys-
tems for drug delivery can also navigate the BBB through
mechanisms like AMT and RMT [63].

3.6 Polymeric micelles

Polymeric micelles represent an alternative kind of drug
delivery system that self-assembles naturally within so-
lutions containing amphiphilic copolymers. They adopt
a structure characterized by a shell-core arrangement. In
essence, polymeric micelles comprise a hydrophobic block
polymer such as L,D-lactide polycaprolactone forming the
core and a hydrophilic block polymer like PEGs form-
ing the outer shell. Typically falling within the range
of 10 to 100 nm in size, these nanoscale devices are de-
signed to transport drugs that are not soluble in wa-
ter [38]. In addition to improving the stability of drugs
and bioavailability, polymeric micelles also protect thera-
peutic compounds from interactions with blood proteins.
These attributes collectively render polymeric micelles
well-suited for precise drug delivery to the brain. For
instance, Ding and colleagues [65] documented the cre-
ation of dual-component polymeric micelles, comprising
PEG copolymers integrated with borneol, designed for the
specific conveyance of vinpocetine. These arrangements
facilitated extended drug release in vitro and elevated
drug levels within the brain.

3.7 CNTs

CNTs have recently become a promising substrate for
nanocarriers, consisting of nano-sized cylinders formed
from graphene sheets, for addressing diseases within the
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CNS. CNTs hold significant potential due to their capac-
ity for surface customization through targeted chemical
modifications that can influence both their physical and
biological attributes [66]. As an example, chemically mod-
ified MWCNTs possess the capability to readily traverse
the BBB, resulting in improved accumulation of CNTs
within tumor locations [62]. However, the application of
CNTs carries significant drawbacks, including substan-
tial potential for unfavorable reactions, toxicity concerns,
inconsistency between different batches, and a notably
expensive production process [67]. In the study by Lohan
and colleagues [68], They talked of adding berberine, an
isoquinoline alkaloid, to the phospholipid-coated MWC-
NTs’ surface. These nanoscale constructs played a role
in restoring memory in rats afflicted with AD following
administration from the 18th to the 20'h day. Pharma-
cokinetic investigations demonstrated notable enhance-
ments in the speed and scope of berberine assimilation
into both the bloodstream and brain, suggesting that these
MWCNTs traverse the BBB. Consequently, the researchers
hypothesized that the engineered nanoformulation holds
substantial promise for mitigating the aggregation of p-
amyloid [68].

4 SUMMARY AND FUTURE DIRECTIONS

Targeting the brain remains a formidable challenge. Over-
coming a range of barriers such as structural, chemical,
transport-related (physiological), and metabolic obstacles
is essential for effectively treating different CNS disorders.
In recent decades, there has been a focus on creating and
deploying devices for delivering drugs to the brain with
precision. This has garnered the interest of researchers
and led to significant advancements in this area. As a re-
sult, we have witnessed notable advancements in the field.
These include innovative drug delivery approaches that
go beyond conventional treatments for various central ner-
vous system disorders like epilepsy, stroke, brain cancer,
and traumatic brain injury. Significantly, advancements in
comprehending the structure and functioning of the BBB
under both normal and pathological conditions have led to
a growing acknowledgment of the difficulties in delivering
drugs for brain disorders. In order to create effective new
targeted drug delivery methods, it is imperative to possess
an understanding of the roles played by various brain cell
elements, including microglia, astrocytes, and endothelial
cells, in the pathology of central nervous system diseases.

The challenges in achieving drug delivery to the brain
specifically encompass several factors:

1. The limited predictive accuracy of preclinical models,
2. An incomplete grasp of brain disease mechanisms,

3. The absence of dependable pharmacodynamic
biomarkers,

4. Imprecise assessment methods for clinical outcomes,
A
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5. Considerable diversity within the clinical population.

Achieving therapeutic levels of drugs in brain tissue is a
challenge for most substances after they are administered
intravenously or orally. As a result, invasive methods are
often employed to address this issue. Various invasive
approaches enable the direct delivery of drugs to brain
tissue. Furthermore, alternative techniques have been de-
vised, including approaches that involve compromising
the integrity of the blood-brain barrier through biochem-
ical or osmotic means. Additionally, the utilization of
biodegradable delivery systems has also been explored.
Nevertheless, employing these approaches comes with
various limitations, such as subjecting patients to physi-
ological stress, raising intracranial pressure, or inadver-
tently delivering anticancer drugs to healthy areas of the
brain. Certain techniques, like intrathecal injections, also
exhibit drawbacks due to their sluggish and insufficient
diffusion within the brain. Furthermore, incorrect catheter
positioning can result in stark bleeding or encephalitis.
On the other hand, techniques like intracerebral implants
have presented improved remedies for precise drug de-
livery to the brain. These implants not only safeguard
therapeutic agents from degradation but also regulate
localized release, resulting in reduced systemic adverse
effects. Numerous preclinical investigations have indi-
cated encouraging effectiveness of drug delivery systems
based on nanotechnology. Nonetheless, the transition
from laboratory findings to practical clinical applications
is challenging due to limited understanding regarding
toxicity, which remains not entirely established, as well as
concerns encompassing aggregation and swift elimination.
Hence, conducting comprehensive toxicology evaluations
and establishing the pharmacokinetic characteristics of
brain-targeting nanostructures is entirely warranted. Re-
searchers suggest that not only degradation byproducts
but also biocompatibility need to be thoroughly scruti-
nized. Consequently, forthcoming findings from more ad-
vanced investigations into enhancing existing nano-sized
drug delivery systems will undoubtedly unveil the thera-
peutic capabilities of nanomedicine for delivering drugs
to the brain. During the evolution of CNS medications,
the BBB poses a significant obstacle, impeding numerous
pharmaceutical compounds from penetrating the brain to
exert their intended biological actions. As a result, effec-
tively treating individuals afflicted with conditions like
epilepsy, neurodegenerative ailments, and brain tumors
is notably complex. Nevertheless, as research into CNS
and BBB physiology continually expands, there is an op-
timistic outlook for overcoming the challenges posed by
CNS disorders in the times ahead. As a rule, only a lim-
ited selection of nutrients and peptides can easily traverse
the BBB to attain sufficient concentrations in the brain
following oral or intravenous dosing. In certain instances,
it might be imperative to disturb the BBB’s integrity or
directly introduce therapeutics into brain tissue using var-
ious methods at hand, such as convection-enhanced de-
livery, intracerebral implants, or intraventricular admin-
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istration. The primary obstacle confronting medicinal
chemists, neurologists, and technologists is to achieve the
ideal drug concentration within brain tissue. Nanotechnol-
ogy, especially nanomedicine, offers a potential solution by
enabling the creation of efficient and secure nanocarriers.
These nanocarriers can deliver an appropriate quantity of
therapeutic substances while minimizing systemic adverse
effects. Modern nanotechnology encompasses an array
of nanocarriers, such as micelles, polymeric nanoparti-
cles, nanoemulsions, liposomes, and dendrimers, which
are progressively gaining significant scientific interest for
their diagnostic and therapeutic roles. Additional enhance-
ments to these nanocarriers will enable improved compat-
ibility of drugs within the body and extend their time
in circulation, all the while diminishing their adverse ef-
fects on the entire system. Precision chemotherapy and
antisense gene treatment for malignant brain tumors were
made possible by nanoscale drug delivery elements, result-
ing in significant disease suppression in both laboratory
settings and living organisms. Nonetheless, only a handful
of encouraging preclinical investigations have transitioned
effectively into clinical application. We hold the view that
the potential of employing nanomedicine for CNS drug
delivery is highly auspicious. However, more extensive re-
search is required to comprehensively evaluate its impact
on the human physiology.

ABBREVIATIONS

CNS: central nervous system, AD: Alzheimer’s disease

PD: Parkinson’s disease, MS: multiple sclerosis

BBB: Blood-Brain Barrier, EC: endothelial cell

FFA: free fatty acids, BCSF: blood-cerebrospinal fluid

CMT: carrier-mediated transport, RMT: receptor-mediated transport
AME: adsorptive-mediated endocytosis, CSF: cerebrospinal fluid
VIP: vasoactive intestinal peptide, PEG: polyethylene glycol

PCL: polycaprolactone, CPP: cell-penetrating peptide

TfR: transferrin receptor, PIL: PEGylated immunoliposome

MADb: monoclonal antibody, CED: convection-enhanced delivery

IA: intraarterial, MSC: mesenchymal stem cells

AIS: ischemic stroke, RES: resveratrol

RES NP: polymeric nanoparticle, LAO: large artery occlusion

FDA: Food and Drug Administration, CSF: cerebrospinal fluid

ICV: intracerebroventricular, FGF: fibroblast growth factor

MRI: magnetic resonance imaging, AAV: Adeno-Associated Virus
LSD: lysosomal storage disease, DRG: dorsal root ganglion

FUS: focused ultrasound, GBM: glioblastoma multiforme

PET: positron emission tomography, CED: Convection enhanced delivery
LDL: low-density lipoprotein, GLUT1: glucose transporter 1

LAT1: L -type amino acid transporter 1, PVA: polyvinyl alcohol
BBTB: blood-brain-tumor barrier, EV: Extracellular vesicles

MVB: multivesicular bodie, ILV: intraluminal vesicle

miRNA: microRNA, NP: Polymeric nanoparticle

PACA: poly alkylcyanoacrylate, PLA: poly lactide

PLGA: poly D,L-lactide-coglycolic acid, MPS mucopolysaccharidoses
GAG: glycosaminoglycans, PBCA: polybutylcyanoacrylate

SLN: solid-lipid nanoparticle, PAMAM: polyamidoamine
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PLL: poly-L-lysine, PPI: polypropylene amine

CMT: carrier-mediated transport, CAT1: cationic amino acid transporter
1

AMT: adsorptive-mediated transcytosis, CNT: Carbon nanotube
MWCNT: multiwalled carbon nanotube
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