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ABSTRACT: The design of a drug that successfully overcomes the
constraints imposed by the blood−brain barrier (BBB, which acts as a
gatekeeper to the entry of substances into the brain) requires an
understanding of the biological firewall. It is also of utmost
importance to understand the physicochemical properties of the
said drug and how it engages the BBB to avoid undesired side effects.
Since fewer than 5% of the tested molecules can pass through the
BBB, drug development pertaining to brain-related disorders takes
inordinately long to develop. Furthermore, in most cases it is also
unsuccessful for allied reasons. Several drug delivery systems (DDSs)
have shown excellent potential in drug delivery across the BBB while
demonstrating minimal side effects. This mini-review summarizes key
features of the BBB, recapitulates recent advances in our under-
standing of the BBB, and highlights existing strategies for the delivery of drug to the brain parenchyma.

1. INTRODUCTION

1.1. Blood−Brain Barrier (BBB). The brain is the most
complex and vital organ of the human body. For this reason, it is
important to protect it against any insults that can possibly lead
to infection, inflammation, improper activation, and even the
death of cerebral cells.1 The CNS is composed of the brain and
the spinal cord. These areas are protected by two main barriers:
BBB and the blood−cerebrospinal fluid barrier (BCB).1 Using
the term “barrier” to describe these interfaces seems misleading
as these barriers of CNS act as a selectively permeable
membrane and do not completely block all of the incoming
compounds.2 The BBB is defined by a distinctive structure and
an interaction between the acellular and cellular components in
the brain. The primary function of the BBB is to make sure that
there exists a suitable environment for the interaction and
functioning of the neurons, which is important for maintaining
homeostasis, regulating efflux and influx and protecting the
brain from pathogenic agents.1 The BBB is composed of a
continuous layer of endothelial cells connected through tight
junctions (TJs), adherent junctions (AJs), and gap junctions
(GJs). Among these junctions, TJs are the main compositional
element of the BBB and provide enhanced trans-endothelial

resistance in the BBB.3 These junctions allow for the controlled
passage of the drugs across the BBB by tethering the adjacent
cells so tightly that they occlude the intercellular space between
them.2,3 The specialized cells found in the BBB are pericytes,
astrocytes, microglia and adjacent neurons.1 From an
anatomical viewpoint, pericytes are multifunctional mural
cells that wrap around endothelial cells and regulate TJs, AJs
and transcytosis across the BBB.4 These cells can be designated
as member of the vascular smooth muscle cell lineage, and their
main function is to regulate flow of blood in brain capillaries via
contraction and relaxation of the walls of blood capillaries.3 On
the contrary, astrocytes are glial cells that help neurons in
maintaining homeostasis by regulating the neurotransmitter
concentration and maintaining the redox potential and the
removal of debris from the cerebrospinal fluid (CSF). Their
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interaction with the endothelial cells through projections in the
basolateral cerebral capillaries leads to the formation of
connections between the brain capillary and the adjacent
neurons. Furthermore, microglia are the primary immune cells
of the brain and can be activated in response to either systemic
inflammation or trauma. These cells helps to clear neuronal or
other cellular debris via phagocytosis.5 The basement
membrane, on the other hand, consists of pericytes and
endothelial cells which embody the surface of >99% of the
capillaries found in the CNS. It is also rich in proteoglycans,
namely, heparan sulfate and proteins such as collagen type IV
and laminin3 (Figures 1 and 2).

In addition to the physical barriers, there exist numerous
carrier mechanisms which regulate the entry of essential
compounds (such as glucose and amino acids) or the efflux
of certain compounds which need to be excluded from the
CNS.2 Such transportation of molecules across the BBB can be
classified into three broad categories: a paracellular pathway, a
transcellular pathway, and a carrier-mediated pathway. In the
paracellular pathway, solutes passively diffuse across the BBB.
As a consequence, net migration can take place only via
concentration gradients.4 By contrast, the transcellular trans-
portation system involves an energy expenditure (i.e., the
hydrolysis of adenosine tripolyphosphate (ATP)) and includes
mechanisms such as transcellular diffusion, active receptor-
mediated transport, and transcytosis to transport the molecules.
Most small molecules cross the BBB through a substrate-
specific process known as an endogenous transporter or a
carrier-mediated pathway (third route).4 This process occurs in
the presence of a concentration gradient with the assistance of
passable transporters. For example, carbon dots (CDs;
nanosized particles (1−10 nm) with versatile surface

chemistry) can be covalently conjugated with large drug
molecules, resulting in the delivery of drugs via carrier-mediated
transport.3 In the case of large molecules such as peptides and
proteins, the passage through the BBB occurs via the endocytic
mechanism.1,4 There are three subcategories in this type of
transport: (a) transporter-mediated, (b) receptor-mediated,
and (c) absorptive-mediated.1,4 Transporter-mediated trans-
port is a nonspecific type of transport. GLUT-1 is an example of
a glucose transporter which can also transport other hexoses as
well. Also, LAT-1 is an amino acid transporter, and due to its
nonspecific nature, it has the ability to carry and transport
several types of amino acids.
By contrast, receptor-mediated transport requires the binding

of ligands to the receptor so that the transport of various
macromolecules and proteins can occur across the cerebral
endothelium. Examples include angiopep-2 and seq12 to
transport different peptides as targeting groups. Whereas in
the case of absorptive-mediated transport, since the surface of
the cerebral endothelium is negatively charged, macromolecules
and proteins with positive surface charge can attach or absorb
to the surface of these cells, resulting in their transcytosis.
Example includes TAT and K16ApoE as targeting groups1

(Figure 3).
1.2. Barriers to CNS Drug Delivery. In brain capillaries,

intercellular clefts are almost nonexistent. Therefore, the
transport must occur trans-cellularly. As a result, lipid-soluble
solutes can freely diffuse through the endothelial membrane,
resulting in their easy transport across the BBB.6 This results in
the compromised therapeutic value of promising drugs which in
turn have made cerebral disorders most refractory to
therapeutic interventions. Lipid soluble drugs are preferred
for drug delivery across the BBB.6 Due to the architecture of the
BBB which acts as an interface between the aqueous blood
environment and the aqueous brain interstitial fluid, the
solubility of drugs in lipids is important for transporting
molecules into the brain via passive diffusion.2

However, exceptions include doxorubicin and epipodophyl-
lotoxin. These lipophilic drugs show poor permeability, thus
posing difficulty in brain tumor treatment. This could be
attributed to the active efflux mechanisms present in the
membranes of the BBB. Moreover, increased lipid solubility
may not guarantee the deposition of the drug in the brain
because high lipid solubility can be positively correlated with
enhanced accumulation of the drug at nontarget sites.2,6

The BBB has additional barriers as well. Solutes crossing the
cerebral endothelial membrane, which is rich in mitochondria,
are subsequently exposed to degrading enzymes such as
neprilysin, enkephalin, and insulin-degrading enzymes.6 In
addition, the BBB can also recognize and readily degrade
peptides such as neuropeptides.7 Furthermore, the BBB is
additionally reinforced by a high concentration of P-
glycoproteins (Pgp) in the luminal membrane of the
endothelium. This efflux transporter, a member of the B
subfamily of the ATP-binding cassette proteins (ABC-B1), is a
glycosylated protein that uses ATP hydrolysis to actively
remove a wide range of drugs from the endothelial cytoplasm
before they can cross the brain parenchyma8 (Figure 4). Drug
molecules that are able to escape Pgp clearance are later
exported out of the brain parenchyma via a second line of
defense termed phase I and II metabolism. In this mechanism,
enzymes either unmask or add reactive polar groups to the
surface of the drug molecule (phase I modification), followed
by the conjugation of anionic groups onto the drug molecules

Figure 1. Schematic representation of the BBB.

Figure 2. Schematic representation of tight junctions and adherence
junctions between endothelial cells.

ACS Omega http://pubs.acs.org/journal/acsodf Mini-Review

https://dx.doi.org/10.1021/acsomega.0c01592
ACS Omega 2020, 5, 12583−12595

12584

https://pubs.acs.org/doi/10.1021/acsomega.0c01592?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01592?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01592?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01592?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01592?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01592?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01592?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01592?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c01592?ref=pdf


(phase II modification) to mark them for phase III expulsion.
Removal occurs by either the multidrug resistance (MRP)
protein or the breast cancer resistance protein (BCRP). The
action of phase I and II metabolism reduces the lipid solubility
of the drug molecule. This in return prevents the passage of the
compound back into the brain parenchyma.2

In addition to the previous large and complex set of barriers,
there is a second barrier set that contributes to CNS complexity
known as BCB.5 Physiologically, choroid plexus serves as a
barrier in the brain by separating blood from CSF. A group of
ependymal cells forms the choroid plexus. These cells line the
ventricles of the brain and are responsible for the secretion of
CSF.5 On the external surface of the brain, the ependymal cells
fold over onto themselves to form a double layer which is called
the arachnoid membrane.5 The arachnoid membrane is
selectively permeable to hydrophilic substances. In a crucial
evolutionary strategy, the choroid plexus and the arachnoid
membrane work together at the barrier between the blood and
the CSF. The BCB is also fortified by an active organic acid
transport system in the choroid plexus which is capable of
driving CSF-borne organic molecules into the blood5 (Figure
5). As a result of this system activity, penicillin, a narrow-
spectrum antibiotic, and methotrexate, an antiviral agent, can be
actively removed from the CSF and therefore are inhibited from
diffusing into the brain parenchyma.5 These drugs exhibit poor

lipid solubility and are thus restricted by the TJs between the
cells that forms this barrier and require additional assistance for
their transport across the BBB.2 Although these barriers (BBB
and BCB) are very important for the normal functioning of the
brain, they are also observed to provide multidrug resistance to
the brain. This, in turn, acts as an obstacle in the delivery of
therapeutics in the CNS. In addition, BBB permeability not
only is dependent on the nature of the drug but also is affected
by other factors. One of the factors is the blood/plasma
concentration of the drug after a few hours of administration.
This factor not only is dependent on the permeability across the
BBB but also is related to (i) the rate of efflux from the brain,
(ii) the absorption of drug onto the surface of the plasma
protein, thus resulting in its retention in the blood, and (iii) the
dissociation of the drug into its constituents and therefore
reduced lipid solubility and transportation across the BBB via
passive diffusion.2

Alzheimer’s disease (AD), cerebral malignancies, multiple
sclerosis, Parkinson’s disease (PD), and stroke are CNS
disorders.1 These disorders arise from a combination of familial
and sporadic factors, systemic pathologies, and abnormalities
related to the development and functioning of the brain (Figure
6). When compared with other parts of the human body, the
existing treatments for neurodegenerative and neurological
diseases are comparatively unsuccessful due to the complexity

Figure 3. Schematic diagram of the different mechanisms for crossing the BBB.

Figure 4. Schematic representation of the Pgp. Figure 5. Schematic representation of the BCB.
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of the brain and regulated entry into the cerebral mass. In the
near future, the number of neuronal cases is expected to rise.
Therefore, innovation and development of improved interven-
tional strategies are essential.1 Despite some successful
examples of brain drug delivery, only a few have passed the
phase where they can be considered safe for human
administration. Around 95% of the studied drugs cannot
cross the BBB, and even if they overcome this interface, they are
ineffective. This could be attributed to the fact that these drugs
enter the brain so slowly that they are unable to reach
therapeutic concentrations required to show their maximum

effect.2 Thus, drug development for brain disease takes a longer
time to develop and in most of the cases is unsuccessful.1 As
previously described, BBB is a dynamic interface controlling the
entry of molecules into the brain from the blood. The passage
across the BBB can be improved by the chemical modification
of drugs and prodrugs, regulating efflux transport, enhancing
trans-cellular diffusion, or transiently disrupting the TJs
complexes. This can be achieved via technologies such as the
suppression of protein expression (TJs) by RNA interference
(RNAi).1 Such discoveries open a new path for strategies and
concepts about brain drug delivery.

Figure 6. Schematic diagram of diseased and healthy BBB.

Figure 7. Schematic representation of (A) viral vectors, (B) polymeric nanoparticles, (C) liposomes, (D), dendrimers, (E) micelles, (F) carbon
nanotubes, (G) carbon dots, and (H) carbon nano-onions.
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Although there are many challenges, one of the biggest
hurdles is to find an efficient vector that can easily cross the
BBB and deliver the drug.1 Chemical drug delivery is
attempting to increase the influx and decrease the efflux of
drug by utilizing a metabolic approach which includes
increasing the influx via passive diffusion and enhanced drug
solubility in lipids.1 The use of nanotechnology could
potentially improve noninvasive drug-delivery strategies that
can further lead to the design of improved formulations. Such
formulations will have a better chance of crossing the BBB than
conventional drugs.1 Nanotechnology is an emerging field
which utilizes principles from various disciplines toward the
development of materials with one of its dimensions in the size
range of 1−100 nm. Therefore, this review focuses on
describing the importance of various nanotechnology-based
carriers (i.e., nanocarriers and their application in delivering
therapeutic molecules across the BBB).

2. STRATEGIES FOR ENHANCED CNS DRUG DELIVERY

Pharmaceutical manipulation, BBB disruption, and other
methods involving the use of nanocarriers are being utilized
to facilitate the transport of therapeutic drug to the target site in
the brain. Some of the strategies for drug delivery across the
BBB are listed in detail below (Figure 7A−H).
2.1. Viral Vectors. Viral vectors have the ability to infect

host cells by using their genetic material (RNA or DNA). These
vectors have recently attracted a lot of attention owing to their
ability to deliver the desired genes to patients suffering from
neurological disorders. These DDSs are extensively used to
transport nucleic acids to the brain parenchyma. The main
advantage of using viral vectors compared to other drug delivery
candidates in gene transduction (in the brain) is their high
transfection efficiency (∼80%) and long-term expression of
transgenes within the nondividing cells. Some of the viral
vectors such as Lentivirus, herpes simplex virus (HSV),
adenovirus (AdV) and adeno-associated virus (AAV) have
achieved drug delivery into the brain. However, some of the
limitations associated with the use of these vectors for drug
delivery applications in addition to immunogenicity includes
high cost of production and difficulties associated with
manufacturing. Since viruses cannot passively cross the BBB,
several administration routes such as stereotaxic injection and
injection into the CSF have been developed to bypass the BBB.
Hence, more research on their use, safety, and associated
immunogenicity needs to be explored for the translation of viral
vectors from preclinical to clinical studies.
In a study carried out by Shukla et al., the biodistribution and

reticuloendothelial clearance of viruses were assessed in normal
and cancer-bearing mice. It was reported that a new platform of
potato virus X (PVX), a filamentous plant virus, was
introduced. This virus showed up to a 30% signal in brain
tumor sites, the colon, and mammary glands of the mice, while
the remaining viral particles (70%) underwent reticuloendo-
thelial clearance by the spleen and liver. Also, kidney and bile
showed slower processing and clearance of these viral particles.9

In another study, the delivery of the glutamic acid
decarboxylase gene in the AVV2 vector was studied using 42
PD patients. The study was conducted for 12 months in an
open-label fashion. A reduction in levodopa-induced dyskine-
sias was observed at 12 months in a group injected with the
AAV2- glutamic acid decarboxylase gene compared with the
control. Hence, the clinical benefits were observed in patients

injected with the AAV2-glutamic acid decarboxylase gene at 12
months.10

2.2. Polymeric Nanoparticles.Nanoparticles are materials
that have at least one of their dimensions in the nanometer
range.11 These have evolved to be one of the most successful
candidates for drug delivery applications owing to their ability
to undergo surface modification (e.g., PEGylation), nanosizing,
bioactivity, controlled and sustained drug release, nontoxicity,
bioavailability, biocompatibility, reticuloendothelial clearance
bypass, and the encompassing of various active molecules
including drugs, oligonucleotides, and peptides11 (Figure 7B).
These nanoparticles have been extensively used as carriers for
therapeutic drugs due to their efficient delivery across the BBB.
Such entrapment of the drug via “nanoencasement” prevents
phagocytosis, hence enhancing the blood circulation time.11

Some of the limitations associated with the use of these
nanoparticles include low transfection efficiency, batch-to-batch
variation, poor drug loading capacity and entrapment efficiency,
and particle−particle aggregation increasing the complexity of
handling these nanocarriers in both liquid and dry forms. Also,
polycation nanocarriers have been observed to induce osmotic
swelling and the subsequent rupture of the lysosome. This can
eventually result in oxidative stress, protein aggregation, and
mitochondrial dysfunction, subsequently resulting in cell
death.12 Also, these nanocarriers can result in complement
activation, thus inducing an inflammatory response.
A study was focused on the use of curcumin-loaded

polylactide-co-glycolic-acid (PLGA) nanoparticles to dissolve
amyloid-β aggregates.13 This disintegration effect could be
related to the ability of curcumin not only to inhibit the
formation of new amyloid beta aggregates but also to dissolve or
disintegrate the pre-existing ones. The encapsulation of this
hydrophobic drug, curcumin, inside PLGA nanoencasement
allowed us to overcome the low ability of curcumin to cross the
BBB. The as-synthesized nanohybrid was reported to show no
significant toxicity to the hippocampal cell culture when in vitro
studies were performed. Also, a targeted delivery was achieved
by decorating the PLGA surface with g7 ligands. In a different
study, andrographolide-loaded human serum albumin (HSA)
nanoparticles and polyethylcyanocrylate nanoparticles were
used as anticancer agents. Andrographolide is a well-known
anti-inflammatory compound derived from medicinal plant
Andrographis paniculata, but limited bioavailability limits the
further use of this drug. To overcome this challenge,
andrographolide was encapsulated inside two different nano-
carriers as mentioned previously. The experimental results
showed enhanced permeability for human albumin-based
nanoparticles compared to polyethylcyanocrylate nanopar-
ticles.14 Thus, improved permeation of andrographolide upon
encapsulation inside human serum albumin was observed, but
in the case of polyethylcyanocrylate nanoparticles, disruption of
the BBB membrane was reported. However, free andrographo-
lide could not pass through the BBB model as predicted by in-
silico studies as well. Therefore, HSA could serve as a promising
candidate for the transport of andrographolide across the
BBB.14

2.3. Liposomes. Liposomes are spherical delivery vehicles
composed of amphiphilic lipid bilayers that can hold various
therapeutic molecules including drugs, vaccines, nucleic acids,
and proteins (Figure 7 C). In addition, the ease of surface
modification, biocompatibility, amphiphilic nature, and en-
hanced circulation time make them an efficient DDS for the
delivery of therapeutic medication.11 The application of
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liposomes mostly includes targeted drug delivery due to their
ability to easily bypass the brain parenchyma and deliver drug to
the targeted site.1 However, there are limitations associated
with these nanocarriers, including the high cost of production,
short half-life, low solubility, batch-to-batch variation, and
leakage of the encapsulated drug during the storage process.
Some of the safety issues arising due to liposome introduction
includes hepatotoxicity as evident by an increased level of liver
enzymes in the blood circulation upon liposome introduction
and liposome-induced complement system activation (immu-
nogenic response).12 These are also known to cause
inflammation by inducing the upregulation of proinflammatory
cytokines.12

Docetaxel passage across the BBB is restricted due to its
pharmacological properties. Therefore, Shaw et al. developed
docetaxel-loaded nanoliposomes via a lipid hydration method
to treat solid tumors of brain. When tested in vitro, the
formulation was readily taken up by C6 glioma cells. Compared
to free docetaxel, this nanoformulation showed better
pharmacokinetic results and enhanced uptake by the brain in
rats, thus pointing toward the efficiency of liposomes to serve as
a carrier for docetaxel to treat gliomas.15 In another study
conducted by Rehman et al., a thermoresponsive lipid
nanoparticulate delivery system was synthesized to hold
anticancer drug paclitaxel. This formulation not only enhanced
the BBB permeability of the drug but was also effective at
targeting glioblastoma cells (the most aggressive type of brain

tumor). Interestingly, the nanoensemble displayed a slower
drug release profile at physiological temperature (37 °C).
However, abrupt release was observed at 39 °C. This could be
attributed to the increased diffusion of drug from the liposome
at increased temperature.16 Therefore, liposome systems owing
to their high biosafety can be employed for the treatment of
CNS-related disorders.

2.4. Dendrimers. Dendrimers are tree-shaped synthetic
molecules with multiple branched monomers radiating out
from the central core.11 Excellent properties such as being
nanosized and having a predictable molecular weight, low
polydispersity, rigidity, and ease of surface modification make
them a desirable candidate for applications in the treatment of
neurodegenerative disorders.11,17,18 Dendrimers are generally
used to deliver hydrophobic compounds to the desired areas in
the brain11 (Figure 7D). However, the associated limitations
include the high cost of synthesis, batch-to-batch variations, and
difficulty in achieving targeted drug delivery. Safety issues
related to cationic dendrimers includes high toxicity which can
be ascribed to the interaction between the positively charged
nanocarrier and the negatively charged cell surface. Such an
interaction results in the creation of nanopores in the cell
membrane and the subsequent leakage of cellular content and
hence cell death.19

Fifth-generation amine-terminated (i.e., polyamidation)
dendrimers are nanounifiers utilized to administer drug at the
tumor site in the brain to treat gliomas.11,17 In this study, a

Figure 8. (A and B) Localization of the nanoformulation (G6-Cy5) in macrophages (Iba-1-positive) and neurons (TUJ1-positive) after 72 h of
HCA. The images are from ref 18 and are reproduced after copyright permission from Elsiever.
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theranostic composed of poly(amidoamine) (PAMAM)
dendrimers multifunctionalized with poly(ethylene glycol)
(PEG), anticancer drug chlorotoxin, and 3-(4′-hydroxyphenyl)
propionic acid-OSu was prepared. Later, the nanoplatform was
radiolabeled with 131I at the remaining terminals such that the
multifunctional dendrimer can act as a good theranostic agent.
The as-synthesized nanohybrid displayed good cytotoxicity
against cancer cells and was specific to metallopeptidase 2
(MMP 2) overexpressing cancer cells. Thus, it can be
concluded that this dendrimeric multifunctional nanocarrier
has great potential to be used as a theranostic against human
gliomas. In another study, generation 6 (G6) PAMAM
dendrimers were used as a nanoplatform to see its effect in
the canine model of hypothermic circulatory arrest (HCA)-
induced brain injury.18 The experimental data revealed an
increased blood circulation time and brain accumulation of the
nanocarrier compared to generation 4 dendrimers (G4). This
could be due to the smaller size of G4 dendrimers (∼4 nm)
compared to G6 (∼7 nm). Moreover, increased levels of G6
were reported in cerebrospinal fluid indicating (CSF/blood:
∼20%) an enhanced uptake of G6 dendrimers compared to
other nanoformulations. Also, reduced clearance by the kidneys
and increased liver uptake were reported (Figure 9). Hence, the

study pointed toward the importance of employing this
nanosystem in large animal models to record its response and
finally the potential of the clinical translation of this
nanoformulation.18

2.5. Micelles. These are unilayered amphiphilic nano-
carriers that allow the controlled release of encapsulated
drugs20,21 (Figure 7E). These nanoparticles permit enhanced
passage of hydrophobic drugs through the BBB for brain-
related therapy.20,21 Micelles have also shown promising results
as a nanocarrier for various active molecules such as small
molecules and peptides. These nanoparticles have been
observed to potentially treat AD as well as provide magnetic
resonance for imaging brain inflammation and strokes.
However, the associated limitations include the high cost of
production, being prone to deformation and disassembly, high
instablity, and an inability to be stored for future use. The safety
issue associated with micelles includes the onset of a
complement-induced immunogenic response (e.g., a Taxol-
loaded micellar formulation).12

In a study carried out by Shiraishi et al., gadolinium-micelles
(Gd-micelles) were prepared as an MRI contrast agent. After
about half an hour of intravenous injection into a rat, clear
contrast images of the ischemic hemisphere revealed increased
permeability of the BBB and the distribution area of the
nanoparticle in the ischemic hemisphere.20 Therefore, this
nanoparticle can be considered to be a promising clinical
diagnostic for finding recombinant human tissue plasminogen
activator-dependent intracranial hemorrhage risks. In another
study carried out by Yin et al., a nanodrug delivery system
composed of doxorubicin-loaded poly(lactic-glycolic) acid-
lysoGM1 micelles was developed, and a good encapsulation
percentage (∼61%) of this low-solubility drug was achieved.
This nanosystem could easily cross the BBB and accumulate
inside the brain parenchyma through micropinocytosis and
lysosomal pathways as evident by in vivo studies on mice and
zebra fish21 (Figure 10). The nanoformulation showed an
excellent antiglioma effect in rats, indicating its potential as an
antiglioma drug.

Figure 9. Schematic diagram of the size-dependent hypsochromic shift
in the emission of CQDs.

Figure 10. (a) High-resolution TEM image, (b) analysis of hydrodynamic size, and (c) secondary structure analysis of Cu(II)-induced amyloid-β
aggregation in the absence and presence of OPCDs. The image is from ref 24 and is reproduced after copyright permission from the Royal Society of
Chemistry.
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2.6. Carbon Nanotubes (CNTs). These nanostructures are
composed of nanoscaled cylinders of graphene sheets. CNTs
have emerged as a promising nanocarrier system and
therapeutic agent in many brain-specific therapies. These
promising activities of CNTs can be attributed to their ability
to undergo surface functionalization easily with specific
chemical compounds. Such surface modifications contribute
to the variation in their physical and biological properties22

(Figure 7F). For instance, as observed in many in vitro and in
vivo model experiments, polymer-coated carbon nanodots and
chemically functionalized multiwalled carbon nanotubes
(MWCNTs) are able to easily bypass BBB and also form an
interface with neurons. This results in enhanced uptake of
CNTs at the site of a tumor.22 However, the associated
limitations include toxicity, no control over CNT length and
chirality, batch-to-batch variation, polydispersity in CNT type,
and a high cost of production. These nanocarriers have been
reported to induce mesothelioma, lung inflammation upon
accumulation, and complement-system activation.12 Also,
studies on mice have shown that at a dose of 3 mg/mouse
these nanocarriers displayed a carcinogenic effect.12

In a study carried out by Lohan et al., Berberine, an
isoquinoline alkaloid and an anti-Alzheimer’s drug, was
introduced on the surface of MWCNTs. MWCNTs were also
surface modified with phospholipids and polysorbate to
enhance their bioavailability. During in vitro experiments, no
significant toxicity against SHSY-5Y cells was observed. Later,
in vivo experiments pointed to the recovery of memory in rats
after the 18th to 20th day of nanoformulation administration.
Brain and plasma tissues of rats displayed the absorption of
drug, indicating the crossing of BBB by the nanoformulation.
Thus, drug-loaded phospholipid/polysorbate-coated
MWCNTs can help in potentially reducing amyloid-β
aggregation at the target site in AD patients.22

2.7. Carbon Dots (CDs). As a new class of zero-dimensional
carbonaceous nanomaterials, CDs display improved properties
compared to traditional inorganic quantum dots or noble metal
nanoclusters, making them promising luminescent nanocarriers
and probes. One of the most intriguing characteristics of CDs is
their tunable fluorescence (fully color-tunable fluorescent from
the blue to the near-infrared regions) (Figure 9) and ease of
surface modification for targeted delivery. These powerful tools
may be used for chemo- or biosensing based on their tunable
luminescence properties. CDs are often used in the biomedical
field because of their array of physical and optical properties
that include feasible fluorescence, adjustable stability, and water
solubility. CDs have good biocompatibility and low toxicity,
and their synthesis methods are cost-effective (Figure 7G).
However, some of the limitations include photobleaching,
instability, particle−particle aggregation, creation of a non-
homogeneous mixture, and their inability to be stored for very
long times. CDs with sizes below 5 nm were observed to show
more toxic effects than the ones with a size above 10 nm. This
points toward the importance of size-induced toxicity. Also,
trophic-level specific toxicity and oxidative stress were also
reported.23

In a study, o-phenylenediamine (OPD)-based nitrogen-
containing polyaromatic-surface-rich CDs were prepared.
These CDs displayed Cu(II) chelation (responsible for AB
aggregation and AD pathogenesis), acted as a β-sheet-rich
structure breaker, and caused light-induced amyloid-β
oxidation (Figure 10). Thus, multifunctional CDs can be
employed to alleviate amyloid-β-related toxicity.24

2.8. Carbon Nano-onions (CNOs). This carbonaceous
zero-dimensional nanostructure exhibits unique electronic and
structural features that highlight them as an excellent candidate
for biomedical applications. These features includes a broad
absorption band, a large surface area to volume ratio, the ability
to reversibly accept multiple electrons, biocompatibility, and
thermal stability.25 Because of the poor solubility of CNOs,
they cannot be used in their pristine form. Hence, surface
functionalization is carried out to avoid aggregation in organic
and inorganic solvents due to intermolecular interactions (e.g.,
van der Waals forces) between the pristine nanostructures.
These onion-like carbons are synthesized via thermal annealing
of nanodiamonds at very high temperatures in an inert
atmosphere and under high-pressure conditions and are on
average composed of six to eight graphitic shells. Their average
size is in the range 5 to 6 nm. The distance between two
graphitic layers is 0.335 nm, and hence the structure is termed
as graphitic (Figure 7H) . However, some of the limitations of
using CNOs includes the inability to prepare well-dispersed
CNOs in aqueous solution due to their hydrophobic nature
which might result in bioaccumulation and hence the toxicity of
these nanocarriers, batch-to-batch variation (size and number
of graphitic shells depending on the synthesis method), and
inability to easily bypass the BBB due to their high molecular
weight, which might result in a disruption of the integrity of the
BBB.25

In a study carried out by Sarkar et al., CNOs were developed
to transport an anti-Alzheimer’s drug across the BBB.26 In their
study, water-soluble CNOs (wsCNOs) in the size range of 25−
50 nm were prepared and loaded with an acetylcholinesterase
inhibitor. Thus, Trojan horse-like nanostructures were formed
in where the inhibitor could be released in a sustained fashion at
physiological pH. Then, these wsCNOs were tested for their
cargo ability to cross the BBB and inhibit the acetylcholin-
esterase enzyme at the target site in glioblastoma multiform
induced mice (GBM) and the cerebral autosomal-dominant
arteriopathy with subcortical infarcts and leukoencephalopathy
(CADASIL) murine model.

3. OTHER STRATEGIES FOR ENHANCED DRUG
DELIVERY ACROSS THE BBB
3.1. Lipoproteins. Low-density lipoprotein-receptor-re-

lated proteins (LRP-1 and LRP-2) are used as carriers. LRP,
a multifunctional endocytic receptor, allows the internalization
and degradation of ligands that are involved in metabolic
pathways. It also allows the endocytosis of various secreted
proteins by directly interacting with them or by activating
various signal pathways, resulting in the degradation of these
proteins.27 Although nanoparticles have been employed for
drug delivery across the BBB, the exact mechanism of the
transcytosis is not clearly known yet. One possible mechanism
could be the ability of surfactant-coated nanoparticles such as
polysorbate 80-coated polybutyl-cyanoacrylate nanoparticles to
absorb apolipoproteins (such as B and E) from the bloodstream
and employ LRP to cross the brain parenchyma via trans-
cytosis.28 These proteins have been observed to prevent
polymeric nanostructure-induced complement activation pre-
sumably based on their interaction with these nanostructures.12

Interestingly, Angiochem Inc. has been developing angiopep
peptides to enhance the uptake of therapeutic agents by the
brain parenchyma. ANG1005, the most advanced peptide, is
formed by the chemical conjugation of Angiopep-2 with three
molecules of paclitaxel and is used to treat brain cancers.
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Adenosine receptor (AR) substrate modulates BBB perme-
ability and can be used to enhance the uptake of drug by either
activating the A2A receptors or by restricting the entry of
neurotoxic substances into the CNS.28

3.2. Ultrasound and Microbubbles. Sonoporation with
focused ultrasound and added intravenously injected micro-
bubbles (MBs) allow more location-specific drug delivery.29

Microbubbles and ultrasound, which result in sonopermeation,
the formation of pores, and other structural changes in the
permeability of the BBB, can be used to target the tumor area or
other parts of the brain. Pore formation does not require high-
energy ultrasound and hence does not cause any damage to the
tertiary tissues, thereby enhancing nanoparticle or non-
compound entry into the brain parenchyma.29 However, such
temporary disruption of the BBB is risky and may damage the
integrity of the BBB. Compromised integrity of the BBB may
lead to the uncontrolled influx of drugs and toxins into the BBB
as a result of the loss of homeostatic function of this barrier to
forming cells.29

4. NANOCARRIERS IN CLINICAL TRIALS
The unique properties (mentioned in detail in section 2) of
these nanomaterials make them a suitable candidate for
targeted drug delivery through the most complicated organs
of the human body, such as the brain. These manipulated
nanocarriers have the ability to efficiently overcome the BBB.30

The associated advantages include the encapsulation and
delivery of hydrophobic drugs, reduced systemic side effects,
increased therapeutic efficacy, decreased therapeutic dose, and
sustained and controlled release of the therapeutic drug at the
destined location while minimizing the toxic effects of the
encapsulated or adsorbed therapeutic agents. Table 1

summarizes some of the promising nanocarriers in clinical
trials relevant to the treatment of neurodegenerative diseases,
whereas Figure 11 summarizes the existing obstacles or
requirements for the clinical translation of these nanocarriers.

5. CONCLUSIONS AND OUTLOOK
Brain diseases and correlated illnesses lack proper treatment
because of their inability to cross the BBB. For an administered
drug to show its effect at the target site, it first needs to pass
through this highly selective barrier. The development of a drug
small enough to circulate past this “gate” is still being
researched and tested. Diseases such as AD have no cure due
to the inability of these drug molecule to cross the BBB. Thus,
the application of nanotechnology is significant in CNS-related
disorders when speaking of delivering drugs to the brain. DDS
includes polymeric nanoparticles, liposomes, dendrimers,
micelles, and carbon nanotubes. These nanocarriers are
known to deliver drug at a certain location, providing
protection against enzymatic degradation and resulting in
minimized immunogenicity, enhanced plasma stability and
solubility, and drug release in a controlled and sustained
manner and are small enough to cross the BBB and avoid
reticuloendothelial clearance. Understanding how nanoparticles
function in greater detail will help to develop new forms of
treatment for brain diseases that currently limit research related
to CNS disorders. Moreover, the selective targeting of the drug
only to cerebral circulation will allow enhanced uptake of the
compound by the brain, allowing minimized toxicity to other
organs of the body. This may include designing vectors that are
able to release drug only in response to an external stimulus
(e.g., pH or photoactivation by a laser beam). For drug delivery,
the nanocarrier should remain stable in the blood, should be

Table 1. Advantages of Nanocarriers in the Treatment of Neurodegenerative Disease30−34

type of nanocarrier used for
clinical trial

size range
(nm)

neurodegenerative
disease drug applications and advantages

polymeric nanoparticle 1−100 Alzheimer’s disease MEM-PEG-PLGA-NPs reduction of β-amyloid plaques, disruption of β-amyloid (Aβ)
aggregates

Parkinson’s disease PLGA-NPs reach lysosomes and restore their impaired function
liposome 50−450 Huntington’s

disease
apolipoprotein E (ApoE)
amino acid

increase cellular drug uptake as a versatile “nanovehicle” to deliver
drug across the BBB

dendrimers 1.5−10 Alzheimer’s disease KLVFF peptides prevent Aβ-induced spatial memory impairments
carbon nanotubes (CNTs) 1−100 stroke aggregated single-walled

CNTs
ability to repair damaged neural tissue

micelles 10−100 Alzheimer’s disease resveratrol-loaded polymeric
micelles

protect cells against Aβ-induced oxidative stress and apoptosis

Figure 11. Existing obstacles or requirements for the clinical translation of a drug.35
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able to bypass renal clearance and plasma protein binding,
should be able to penetrate the BBB, and should be able to
overcome active efflux by Pgp or other mechanisms. While
currently we have some solutions to these problems
individually, the perfect candidate for the treatment of CNS
disorders would be the one that is able to solve all of these
issues at once. While there are several techniques described in
the literature to deliver drug molecules across the BBB, only a
handful of them have resulted in clinical translation as
mentioned in section 4. These limited clinical translations can
be ascribed to an expensive and time-consuming process,
scalability complexities, and biocompatibility and safety issues.
Therefore, a better understanding of the interactions among
different factors related to nanoparticle structure will allow the
development of more specific and successful drug delivery
system for more efficient delivery of therapeutic drug and
diagnostic molecules across the brain parenchyma. Overall,
these nanocarriers have the potential to show major impact in
CNS-related disorders. However, there are still many issues that
need to be addressed. These, in addition to previously
mentioned ones, include cost, hurdles related to manufacturing
and commercialization, and a reduction in the complexity of the
nanosystem and regulatory standards. To summarize, the future
of these nanocarriers in the field of treatment of CNS-related
disorders and bypassing the BBB to deliver therapeutic doses of
the drug is very promising.
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