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ABSTRACT. Cerebral tissues possess highly selective and dynamic protection known as blood brain
barrier (BBB) that regulates brain homeostasis and provides protection against invading pathogens and
various chemicals including drug molecules. Such natural protection strictly monitors entry of drug
molecules often required for the management of several diseases and disorders including cerebral vascular
and neurological disorders. However, in recent times, the ischemic cerebrovascular disease and clinical
manifestation of acute arterial thrombosis are the most common causes of mortality and morbidity
worldwide. The management of cerebral Ischemia requires immediate infusion of external thrombolytic
into systemic circulation and must cross the blood brain barrier. The major challenge with available
thrombolytic is their poor affinity towards the blood brain barrier and cerebral tissue subsequently. In the
clinical practice, a high dose of thrombolytic often prescribed to deliver drugs across the blood brain
barrier which results in drug dependent toxicity leading to damage of neuronal tissues. In recent times,
more emphasis was given to utilize blood brain barrier transport mechanism to deliver drugs in neuronal
tissue. The blood brain barrier expresses a series of receptor on membrane became an ideal target for
selective drug delivery. In this review, the author has given more emphasis molecular biology of receptor
on blood brain barrier and their potential as a carrier for drug molecules to cerebral tissues. Further, the
use of nanoscale design and real-time monitoring for developed therapeutic to encounter drug dependent
toxicity has been reviewed in this study.

KEY WORDS: blood brain barrier (BBB); cerebral ischemic disorders; drug delivery; earthworm
protease; neurodegenerative disorder; thrombolytic.

INTRODUCTION

The blood brain barrier (BBB) is a highly dynamic biological
membrane interface between blood and brain, providing selective
transport to various biomolecules (1). The selective transport
facilitates uptake of ions, amino acids, glucose, and other nutrient
from blood to fulfil nutrient and energy demand (2).
Simultaneously, BBB also restricts entry of pathogens, toxic
chemicals, and metabolic products into neuronal tissue, maintain
integrity of vital tissue (3). Such dynamic nature of the BBB has
been a major challenge to drug delivery systems in delivering
drug molecules into neuronal tissue for the management of
several life-threatening diseases and disorders (4). These addi-
tional biological protections are not limited only to the brain but
also extended into the spinal cord. There are numerous diseases
and disorders with higher mortality that are associated with
brain and other neuronal tissue and additional protection to

neuronal tissue that made them even more devastating (5,6).
The diseases such as Alzheimer, Parkinson, brain tumor, and
ischemic cerebral disorder are few needs to encounter first. To
combat these life-threatening diseases, there is an immense need
for an efficient and selective method for the delivery of thera-
peutics from external sources (7,8).

The ischemic cerebrovascular disorders and associated
complications have emerged as a major cause of mortality
and physical deformity in the recent time (9). The major cause
of cerebral ischemia is thrombus/plaque formation within the
fine vascular pipeline of the cerebral tissue that restricts sup-
ply of blood and nutrient subsequently (10). The blood coag-
ulation is a dynamic process regulated by a series of enzyme-
catalyzed reactions running concurrently in blood plasma (11).
A healthy homeostatic system governs blood coagulation and
clot dissolution under highly regulated process of defensive
and aggressive component of blood plasma (12). The failure of
any one of the components results in clot formation and bring
several life-threatening consequences. As for the concern to
the neuronal tissue, abnormal behavior of blood coagulation
mechanism brings most devastating consequence as these tis-
sues need a continuous supply of nutrients and oxygen (Fig. 1)
(14). To combat cerebral vascular ischemia, an external clot
dissolving agent, thrombolytic essentially required from
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external sources (15). The major challenge with an external
thrombolytic agent for clinical use in cerebral tissue is their
low affinity towards the blood brain barrier and poor diffusion
into the brain and neuronal tissue by conventional means of
delivery (16).

STRUCTURE AND BIOLOGY OF BBB

The blood brain barrier (BBB) comprised of a monolayer
of brain microvascular endothelial cells (BMVEC) joined to-
gether by much tighter junctions than peripheral vessels and
formed a cellular membrane that is known as the main phys-
ical barrier of BBB (4,17). The other elements playing an
important role as a building block in designing of blood brain
barrier are claudins and occludin supported by tight junction
and adherence (18,19). The cellular membrane provides
unique features such as uniform thickness, low pinocytosis
activity, and continuous membrane with an overall negative
charge (20). In addition to endothelial cells, the BBB is
composed of the capillary basement membrane enriched
in cells like pericytes, astrocytes, and microglia building
neurovascular tissue with a highly selective affinity for biomol-
ecules (21,22). The building blocks of the BBB, brain micro-
vascular endothelial cells are further supported by another layer
of natural structural protein, including collagen and elastin,
specialized proteins such as fibronectin and laminin with a sig-
nificant amount of proteoglycans (Fig. 2) (23,24).

Recent investigations have shown that the lipophilic na-
ture (lipophilcity of drug), charge (net ionic concentration),
and molecular weight of molecule are three key factors that
decide diffusion from blood into the CNS (26). However, the
overwhelming majority of small molecules with average mo-
lecular weight 500 Da including proteins and peptides fail to
cross the blood brain barrier (27). Approximately, 98% of the
small molecules and nearly all large molecules of average
molecular weight more than 1 kDa, such as recombinant
proteins or gene-based medicines completely fail to cross the
blood brain barrier (28). Currently, more emphasis is given to
deliver the drug molecules through the interaction with spe-
cific transporters and/or receptors expressed on the luminal
(blood) side of the endothelial cells. The conventional and
novel developed therapeutics will be effective once drug must
reach into the brain and other part of neuronal tissue (29).
Along with blood brain barrier, a physical protection in
restricting entry of drug molecules, there are several

additional secondary biological protections that are also run-
ning to inhibit the efficiency of drug delivery (30). The existing
enzymes in blood brain barrier can be regarded as a second
barrier after negative surface charge. These native enzymes
involved in disposition of drugs and xenobiotic before entering
the endothelial cells of capillaries (31). A series of enzyme,
including alkaline phosphatases, acid phosphatase, 5′-nucleo-
tides, adenosine triphosphatase, and nucleoside diphosphatase
are among well-studied enzymes distributed within the blood
brain barrier constituting a second barrier line against invading
molecules (32).

CARRIER PROTEINS AND BLOOD BRAIN BARRIER

The delivery of drug molecules into the brain and cere-
bral tissue is the main obstacle despite of decade research. The
highly protective barriers and selective transport across the
blood brain barrier can be conquered by different mechanism
depending on physiochemical property of drug molecules
(33). Among these mechanisms, the hydrophilic molecules,
including amino acids, glucose, and other small sized often
uptake by different transporter expressed in BBB (34). In case
of larger lipoprotein molecules such as hormone, iron, and
insulin and lipophilic molecules target specific receptor for
their transport into the brain and cerebral tissue (35). More
important lipophilic molecules enter into the brain by passive
diffusion using an efflux pump (P-glycoprotein (P-gp), some
multidrug resistance proteins (MRP), breast cancer resistance
protein (BCRP), and others (Fig. 3). However, all these mech-
anism will be functional in only one case as once targeted
molecules must show its affinity to these carrier proteins to-
wards the luminal side of the BBB (3). In the current research
investigations, there is more emphasis that has been given in
exploring transporter/receptors expressing on BBB and medi-
ated drug delivery.

Both, luminal side (blood) and abluminal possess a series
of receptors that regulate trafficking of different molecules,
including essential nutrient and drug molecules (37). The
major proteins expressing on blood brain barrier as transport-
er or receptor are as follows:

Carrier-mediated transport (CMT)
a. Glucose transporter 1 (GLUT1)
b. Organic anion transporting polypeptide (OATP)
c. Large neutral amino acid transporter (LAT)

Fig. 1. Impact and consequence of stroke on blood brain barrier and neuronal tissue under
ischemic condition (13)
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Receptor-Mediated transport (RMT)
d. Transferrin receptor (TFR)
e. Insulin receptor (IR)
f. Lipoprotein receptor (LPR)
g. Diphtheria Toxin receptor (DPTR)

CARRIER-MEDIATED TRANSPORT (CMT)

The carrier mediated transport is a natural phenomenon
running spontaneously across the BBB for transferring of
small biomolecules including nutrients-glucose, hormones,
amino acids, bile salts, and monocarboxylic acids (38). The
driving force for carrier-mediated transport is a concentration

gradient across the BBB. Additional factors, such as affinity of
molecules, molecular size, and physiochemical properties fur-
ther facilitate/inhibits transfer of a wide variety of molecules
(39). This passive diffusion transport does not have much
scope in developing drug delivery therapeutics (40).
However, structural refinements in drug can result the possi-
bility to enter BBB. Among these carrier proteins, glucose
transporter 1 (GLUT1) expresses, especially for the uptake of
glucose essentially needed to supply energy for brain physiol-
ogy (41). Further, the glucose transporter is highly specific
towards D-glucose and conjugates often fail to transfer via
glucose transporter 1 (42).

Several studies have been done to deliver antitumor drug
coupled with glucose but fail to enter the brain (3). There are
very less evidence and data available demonstrating

Fig. 3. Transport across blood brain barrier, role of channels, transport membrane proteins,
selective carriers, and receptors for precise transport (36)

Fig. 2. An overview of cellular structural organization in blood brain barrier. Cells, tight junction, and adhesion molecules
define protection and selective transport (25)
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applications of glucose transport 1 as a carrier for therapeutic
agents. Recently, glycosylated drug molecules are under trails
for conquering BBB transport via glucose transport 1 (21).
Another important carrier protein on BBB recently charac-
terized and has shown tremendous potential in delivery of
chemotherapeutic agents is organic anion transporting poly-
peptides (OATPs). There are several OATPs that have char-
acterized OATP 1Cl, OATP1A, OATP2B1, naturally
expressing on endothelial brain cells (25). These transporters
were studied as an ideal carrier for the drugs into brain tissue,
such as antibiotics, sterols, opioid peptides, and bile salts.
Additionally, OATPs are choice to target for hormones
(thyroxin), antimicrobial agents (methotrexate), antiviral
(saquinavir), and non-steroidal anti-inflammatory drugs
NSAIDs (43). There are no evidences for use of OATPs
as a carrier of thrombolytics, but their potential in deliv-
ering larger peptides surely makes a positive remark in the
future.

The large neutral amino acid transporter (LAT1) is a
sodium independent exchanger expresses on different tis-
sues, including brain, testis, and placenta. The LAT1 is
primarily associated with transport of large amino acids
such as tyrosine, thyroid hormones, especially triiodothy-
ronine across the biological membranes in different tissues
(44). In the last few decades, LAT1 has emerged as prime
targets to deliver several drugs acting on central nervous
system such as antiparkinson (L-Dopa), anticonvulsant,
e.g., gabapentin and antidepressant (45). The LAT-1, an
ideal target for drug delivery of wide variety drugs with
slight structural modifications so that they become LAT-1
substrates have enhanced BBB penetration (Fig. 4). The
use of LTA1 as a ligand for delivery of recombinant proteins
is underway and may be in the future, it comes with clinical
practice (46).

RECEPTOR-MEDIATED TRANSPORT (RMT)

In contrast to carrier-mediated transport, receptor-
mediated transport is an active transport and highly specific
(47). The receptor-mediated transport facilitates entry of larger
molecules by transcytosis. The RMT runs against concentration
gradient, and hence, its active transport needs large amount of
energy. The governing factor in RMT is the affinity of drug
molecule towards receptor (48). This is an ideal platform for
the large size of molecules, including drugs and recombinant
proteins as part of therapeutics. The receptor-bound molecules
undergo endocytosis and forming intracellular transport vesicles
(49). There are different pathways for trafficking of therapeutic
vesicles either by lysosomal or ubiquitin-protease cascade.
There is another mechanism delivering therapeutics vesicles
into neuronal tissue by exocytosis transport intracellular in the
abluminal side of the BBB (50). The most important and vital
protein expressing on the BBB is transferrin receptor which is
basically a transmembrane glycoprotein with two subunits (51).
The transferrin receptor generally expresses on the luminal side
of the BBB and associated with transport of ions into brain
parenchyma in conjugation with transferrin, a circulating iron
binding protein (52).

Under normal circumstances, transferrin receptors do not
allow binding and entry of any drug/recombinant protein due
to high concentration of endogenous transferrin (53). There
are two ways to target drugs to via transferrin receptor, one
using endogenous transferrin as ligand and raising antibodies
against TR and targeting. Rather than targeting endogenous
transferrin as a ligand for drug/recombinant protein, receptor-
specific antibodies and drug targeting are more practical (54).
The TR specific antibodies bind to the receptors on endothe-
lial cells and conjugated drugs, recombinant proteins uptake
by brain parenchyma by endocytosis (55). Among the several

Fig. 4. An overview of carrier and receptor-mediated transport across blood brain barrier (25)
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receptors expressed abundantly on BBB, insulin receptor
expressed on the luminal side of the base membrane of BBB
and associated with receptor-mediated transport (RMT) for
the transport of large size molecules, including drugs and
recombinant proteins (56). The insulin receptor does not al-
low entry of any molecules in conjugation with the insulin due
to the high specificity of IR and substrate insulin (57). On the
other hand, using antibodies against IR is an ideal option for
delivering candidate drug and recombinant protein into brain
parenchyma through the BBB.

Coloma et al. (2000) have demonstrated the scope of IR-
specific antibodies in the delivery of various drugs (58). Further,
Boada et al. (2007) developed chimeric and humanized antibodies
against IR for the transport of drugs and recombinant proteins in
conjugation with antibodies (59). Currently, lipoprotein receptor
family had great attention to researcher as an ideal target for
delivery of large drug molecules and a variety of proteins in brain
and neuronal tissue. The lipoprotein receptor protein (LRP) is
600 kDa synthesize as precursor protein and cleaved by furin in
trans-Golgi into two fragments, larger one 515 kDa and smaller
unit 86 kDa lined non-covalently (60). The LRP is a multifunction-
al endocytic receptor associated with internalization and degrada-
tion of different ligands involved in diverse metabolic pathways
(61). The LRP is associated with internalization of a series of
proteins, including tissue plasminogen activators (t-PA), plasmino-
gen activators inhibitors 1, amyloid precursor protein (APP), factor
VIII, α2 macroglobulin, and apolipoprotein E (62). In the LRP
family, two individual receptors have been characterized as LRP1
and LRP2 and are the ideal target for transferring drugs and
recombinant proteins in brain parenchyma (63).

Over the year, low-density lipoprotein receptor protein,
LRP1 and LRP2 tremendously explored for delivery of drugs
in conjugation with nanodesigns. Different drugs, including tu-
bocurarine, loperamide, 8-chloro-4-hydroxy-1-oxol, 2-
dihydropyridazino, quinoline-5-oxide choline salt fail to pass
BBB in native form under conventional modes of administra-
tion shown tremendous scope in the conjugationwith nanoparticle
mediated by LRP (60,64). The diphtheria toxin receptor (DTR) is
a transmembrane heparin binding growth factor (HB-EGE) con-
stitutively expressed in BMEC, neuron, and glial cells. The DTR
unregulated under hypoxic conditions like ischemic stroke, inflam-
matory conditions, and seizures (65,66). The diphtheria toxin
readily binds to the receptor and internalized by endocytosis but
cannot be used as such for a ligand is toxic in nature. A mutant
variant of toxin CRM 197 was studied and shown potential as a
ligand and carrier for drug into brain tissue. The mutant toxin
showed its affinity towards HB-EGF analyzed by conjugation
between CRM197 and horseradish peroxidase (HRP) were
transported across the in vitro model of the BBB using bovine
brain capillary endothelial cells in co-culture with newborn rat
astrocytes. Interestingly, intravenous administration of CRM197-
HRP that was reported in the brain parenchyma in guinea pigs
suggests the scope of thrombolytic therapy in brain (67).

RECENT TRENDS IN THROMBOLYTIC THERAPY
TO BBB

Tissue Plasminogen Activator (t-PA)

The recombinant variant of tissue plasminogen activators
(rt-PA) is the only drug available as external thrombolytic

clinically approved for the management of cerebral ischemia
(68). The human tissue plasminogen activator (EC 3.4.21.68)
is a protease of the S1 family (trypsin family) and is found in a
wide variety of mammalian tissues, especially endothelial cells
(67). The t-PA (70 kDa) is secreted as a single chain precursor,
which is cleaved to a two-chain form by plasmin. The tissue
plasminogen activator (t-PA) is routinely given intravenously
to treat acute stroke (69). The t-PA has shown tremendous
scope in the management of cerebral ischemia due to its
thrombolytic activity and its ability to restore circulation to
the brain (Table I) (70). Simultaneously, t-PA is associated
with neuronal damage after intracerebral infusion stimulates
excitotoxins such as glutamate, a major challenge with t-PA.
The clinical application of t-PA brings intracranial hemor-
rhage immediate after infusion into neuronal tissues (71).

Streptokinase and Staphylokinase

The microbial-based external thrombolytic including
streptokinase (SK), staphylokinase (SAK), and their recom-
binant variants has shown therapeutic potential in cardiac
ischemia, pulmonary embolism, and myocardial infarction
(72). The application of these microbial agents for cerebral
tissue in combating cerebral ischemia has not been reported.
The major challenge associated with these agents towards
neuronal tissue is their poor diffusion across the BBB. The
drug instability, short half-life, rapid tissue clearance, and
immunogenicity are subsequent limitations associated with
microbial-based external thrombolytic (73). However, recom-
binant variants of staphylokinase with enhanced half-life and
reduced immunogenicity will be possibly future medicine for
cerebral ischemia (74). An advantage using staphylokinase for
further study in developing novel neuronal anti-ischemic drug
molecule is its molecular weight. The staphylokinase possesses
least molecular weight 16.5 kDa among available external
thrombolytic ideal for crossing blood brain barrier (75).

Earthworm Fibrinolytic Enzyme

The earthworm was known for its therapeutic potential
since ancient time, and several potent biomolecules were iso-
lated and purified in the last two decades (76). The earthworm
fibrinolytic enzyme (EFE), a group of serine protease has
shown tremendous potential in combating vascular diseases
not only cardiac but also cerebral disorders (77). The EFE is a
fibrin-specific serine protease that exists as isoform of six
protease of molecular weight 24–33 kDa with different fibri-
nolytic activity (78). The EFE acts on circulating plasminogen
leading to activation into plasmin and also dissolves clot di-
rectly by acting on fibrin. The dual mechanism of fibrinolysis
EFE emerged as amazing thrombolytic molecule (79). The
EFE differs from other available external thrombolytics, one
is it can easily get absorbed from intestinal mucosa and it
possesses stability in different pH and temperatures (80).

Further, one of the fractions of the earthworm fibrinolytic
enzyme had shown great potential in combating cerebral is-
chemia. In a study, carried out in 2008, Hongrui Ji et al. has
demonstrated EFE fraction managing cerebral ischemia by
regulating JAK1/STAT1 pathway (9). The role of platelets in
the initiation and development of ischemic vascular disease
has been studied, and antiplatelet therapy has become the
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useful means of preventing or treating ischemic cerebrovascu-
lar diseases (81). The onset of cerebral ischemia leads to
activation of Janus tyrosine kinase (JAK1), promote the de-
velopment of procerebrum, and offer protection to neuronal
tissue. However, ischemic conditions lower down signal trans-
ducer and activator of transcription (STAT 1) expression for a
reason not known yet. Hongrui Ji et al. have identified mes-
senger RNA (mRNA) level of JAK1/STAT1 after administra-
tion of EFE to animal model (rat) (82). The expression was
significantly increased in case of JAK1 mRNA while STAT1
was remarkably falling down.

The management of cerebral ischemia requires immediate
infusion of anti-ischemic drug to conquer blood flow restrictions
(83). However, the ischemic condition driven consequences,
such as cerebral hypoxia or cerebral infarction and subarach-
noid hemorrhage or intracerebral hemorrhage need extra pro-
tection (84). The ideal anti-ischemic drugs for brain also include
protection of neuronal tissue (85). Unfortunately, available ex-
ternal thrombolytic offer only anti-ischemic property and often
fail in protecting damage of vital tissue from damage caused by
higher doses (86). Moreover, many external thrombolytic leads
to drug depending toxicity to brain tissue as prescribed in higher
concentration to cross the BBB (87). The EFE has shown
tremendous scope in regulating several metabolic pathways
and offering protection to the brain.

Receptor-Based Therapeutics—Challenges and Limitations

One of the major challenges with current drugs, including
thrombolytic is their poor diffusion across the blood brain
barrier. Several attempts have been made to design novel
therapeutics especially for drug delivery to neuronal tissue,
and very few results bought preliminary success (88).
Numerous problems were reported while delivering drug mol-
ecule across BBB including the hydrophilic nature of drug
molecules, larger molecular size, and poor affinity for receptor
expressed on BBB, kinetics parameters, and lack of real-time
monitoring (89).

Physiochemical Property of Drug Molecule

One basic prerequisite for any drug intended to cross
BBB is that drug must be lipophilic. The hydrophilic drugs
and biomolecules often fail to bind receptor expressed on
BBB. Biomolecules, including protein and peptide drugs, be-
ing large and mostly polar show minimal passive uptake into
neuronal tissue. Further, charged drugs and other molecules
also fail to cross biological barriers on neuronal tissues (90).
Research finding has explored more than 20 different trans-
porter shuttles on BBB that governs entry of essential mole-
cules into or outside of brain tissue under through the precise
mechanism (91). The molecular size and weight of candidate
drug is another crucial factor to decide fate of drug into
neuronal tissues. The average molecular weight less than
500 Da is ideal for transport shuttle running in the brain,
and higher molecular weight fails to diffuse.

Optimization of Kinetic Parameters

To achieve threshold plasma therapeutic concentration is a
crucial factor for any drug after administration by any route
defining fate of therapy. The pharmacokinetic parameters
(ADME) include absorption from the site of administration,
drug distribution in targeted tissue, metabolism, or biotransfor-
mation of candidate drug, and elimination of tissue is crucial for
targeted therapy (92). Moreover, drug targeting to neuronal
tissue is much complicated, as it consists of additional biological
barriers. In order to achieve success in drug delivery to neuronal
tissue, several factors are mandatory, including ease in attaining
a required therapeutic concentration of drug at the site of action
for an appropriate period of time (93). Further, availability of
drug to candidate tissue and volume of drug distribution (Vd)
that includes cellular uptake, intracellular compartmentalization
is essential to optimize for neuronal drug delivery. Additionally,
cerebrospinal fluid enriches in catabolic enzymes facilitate drug
metabolism and lack of plasma protein in cerebrospinal fluid
further potentiate drug metabolism (94).

Table I. List of Thrombolytic Drugs Clinically Approved and Available to Combat Cardiac Ischemia and will be Potential External Throm-
bolytic for Cerebral Ischemia with Advancement in Selective Drug Delivery

S no Thrombolytic
Molecular weight (kDa)

and half-life (min)
Mechanism and

plasmin specificity Sources
Scope and affinity towards

cerebral tissue

1. Streptokinase 47 and 30 Indirect and no Streptococcus Toxic to neuronal tissue with
moderate affinity

2. Staphylokinase 16.5 and 6 Indirect and yes Staphylococcus Moderate affinity
3. Tissue plasminogen

activator (t-PA)
72 and 4 Direct and yes Human Only approved drug available

with significant affinity
4. Urokinase (u-PA) 55 and 15 Indirect and no Human Moderate affinity can be used

in combination with other drugs
5. Earthworm serine

protease EFE
24–33 and 30 Direct, indirect,

and yes
Earthworm Significant affinity with great

scope in management of
cerebral ischemia

6. Recombinant reteplase 40 and 20 Indirect and no Chimeric Moderate affinity can be used
in combination with other drugs

7. Anistreplase 131 and 90 Indirect and no Chimeric Moderate affinity can be used
in combination with other drugs

8. Alteplase (rt-PA) 70 and 70 Indirect and no Chimeric Moderate affinity can be used
in combination with other drugs

EFE earthworm fibrinolytic enzyme
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Real-Time Imaging

Lack of real-time monitoring is another major challenge
for thrombolytic drug delivery and in vivo evaluation of
thrombolysis in neuronal tissue. There has been an over-
reliance towards development of cell culture systems for eval-
uation of novel drug targeting systems (95). Novel drugs and
brain targeting systems are often primarily evaluated with cell
culture models of the BBB in vitro with a number of limita-
tions. This is much more difficult to design a therapeutic along
with a reporter molecule (cy3 and cy5) to neuronal tissue for
real-time monitoring due to many reasons, one is diffusion
limitations and other toxicity offered by reporter molecules.
Though, several attempts have been made and shown positive
results but need to refine for precise monitoring (96).

Advancement Towards BBB Targeting for Thrombolytic

To achieve efficient therapeutic concentration of candi-
date drug into neuronal tissue, one can aim for by refining of
existing thrombolytic drugs to increase BBB penetration by
promising strategies. However, developing a new chemical
entity that already possesses the desired permeability proper-
ties will be an advantage (67). Several achievements have
been made in thrombolytic therapy exclusively for brain by
refining existing external thrombolytic drugs. Claude R.
Benedict et al. (2014) developed a novel variant of t-PA
(T103N, N117Q, KHRR 296-299 AAAA, or TNK-TPA) with
higher affinity longer plasma half-life, enhanced fibrin speci-
ficity, and increased resistance to inhibition by plasminogen
activator inhibitor (PAI-1) in a rabbit thrombosed carotid
artery model (97). Similarly, t-PA-S481A, another variant of
t-PA, has shown tremendous potential for combating cerebral
ischemia. The t-PA-S481A efficiently prevents neuronal tox-
icity by activation of NMDA receptor that plays a crucial role
in impairment of cerebral hemodynamic and enhances
excitotoxic neuronal death (98). Further, novel variant of t-
PA (t-PA-S481A) offers selective thrombolysis by competing
wild type t-PA present in the systemic circulation.

The low-density lipoprotein receptor-related protein 1
(LRP1) emerges to play fundamental roles in cellular signalling
pathways in the neuronal tissue (99). Research studies carried
out over a decade were designed with more emphasis on reveal-
ing the mechanism of low-density lipoprotein receptor-related
protein 1 (LPR1) and ideal carrier for t-PA. Research investi-
gations suggested LRP1, and the NMDA receptor might even-
tually act in a combined fashion to mediate t-PA downstream
signalling (100). In this study, t-PA after binding to LRP1 and
utilizing the receptor-associated protein resulted in complete
inhibition of NMDA receptor and its activation. Additionally,
inhibition of NMDA receptor calcium influx with MK-801 re-
sulted in dramatic reduction of t-PA-mediated downstream sig-
nalling. The Angiopep-2 possesses higher BBB permeability
and emerged as an ideal vehicle for the delivery of small mole-
cules, DNA, and proteins (101). Recently, a dual-drug delivery
system for brain tumor was developed based on PEGylated
oxidized multi-walled carbon nanotubes (O-MWNTs) modified
with Angiopep-2 (O-MWNTs-PEG-ANG), possibly a tool for
thrombolytic drug delivery (102).

The application of nanoscale technology in delivering
candidate drug has become an integral part of modern

medicine (103). The nanodesigns are not limited to only de-
livering drugs but also contribute real-time monitoring (104).
In the context of nanodesigned based thrombolytic drug de-
livery, it was Marsh JN, et al. (2011) who developed a fibrin-
specific, liquid perfluorocarbon nanoparticle with modified
surface to deliver the plasminogen activator streptokinase to
neuronal tissue. The results from targeted thrombolysis were
evaluated in vitro using quantitative acoustic microscopy, and
1% surface targeting of streptokinase nanoparticles produced
significant decreases in clot volumes (approximately 30%) in
1 h (105). Further, the use of ultrasonic waves in clot dissolu-
tion had shown potential for future vascular medicine. In a
study, carried out in 2002, recombinant tissue plasminogen
activator (rt-PA) was employed for ischemic tissue in conju-
gation with ultrasonic waves (106). The ultrasonic waves are
known to have several biological effects with their energy
characteristics. Interestingly, an ultrasonic wave at higher en-
ergy levels alone has a thrombolytic effect and such waves
were already used for clinical purposes in interventional ther-
apy using ultrasonic catheters (107).

Recently, more emphasis was given in exploring the
waves at lower energy levels (<2 W/cm) which facilitates
enzymatic-mediated thrombolysis, most probably by breaking
molecular linkages of fibrin polymers and therefore, increas-
ing the working surface for the thrombolytic drug (108). Gene
therapy is one of the most advances arenas of current medi-
cine and next most suitable technology for combating neuro-
logical disorder including cerebral ischemia (109). The gene
therapy works on the principle of repair or replacement of
defective gene/s responsible for several life-threatening dis-
eases. In a study, 2001, defective herpes simplex viral vectors
were designed and evaluated for delivery of potential carrier
towards several genes that lead to neuronal damage (110).
The study suggested that genetically refined herpes simplex
virus can be an experimental model to combat stroke, cardiac
arrest, and excitotoxicity. Further, in 2003, adenovirus-
mediated gene delivery was carried out for cerebral ischemia
with significant outcomes (111). There are numerous studies
carried out, and researchers are looking for a new generation
delivering cargoes for gene therapy to neuronal tissue. The
gene therapy-based studies are still in clinical trials phase and
associated with several limitations, including ethical violation
along with higher risk of failure of therapy. More emphasis are
needed at molecular research to refine existing tools of gene
therapy and develop novel carrier for gene delivery to vital
tissues.

DISCUSSION

The CNS disorders have become a major challenge for
modern therapeutics and associated with millions of deaths all
around the world (112,113). The CNS infection, brain tumor,
and cerebral ischemic disorders are the leading along with
neurodegenerative disorders (114–116). Disease burden be-
cause of CNS disorders, including infectious, tumor, and vas-
cular is anticipated to rise to 14.7% by the year 2020, owing to
an increase in the aged population (117). The major problem
for the treatment of these diseases and disorders is the lack of
precise drug delivery system (118–120). The existing conven-
tional therapeutically options often get fail to deliver drugs to
neuronal tissue and also contribute drugs dependent toxicity
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that led to damage of vital tissue (121). However, lack of real-
time monitoring system for the evaluation of drug delivery to
brain tissue further potentiated treats (122,123). The available
therapeutics for vascular disorders have shown great potential
to combat cardiac ischemia and associated outcome, including
cardiac infraction and thromboembolism (124). The overrid-
ing goal of modern vascular therapeutics is to develop drug
molecules with broad spectrum. Development of new genera-
tion vascular medicine also emphasizes to conquer socio-
economical boundaries across the globe.

However, conventional thrombolytic therapeutics fail in
case of cerebral ischemia and ischemia-driven pathological con-
sequences (125,126).Hence, there is an immense need for finding
novel options and tools to deliver drugs across the BBB, a major
obstacle for CNS disorders (127). To conquer BBB, several
attempts have been made, including receptor expressing on
BBB, refining the physiochemical property existing drug, and in
conjugation with nanovehicles (128). Among these tools, drug
refinements leading to a more lipophilic drug are a more conve-
nient option to deliver drug without hampering neuronal tissue
homeostasis (129,130). Further, redefining pharmacokinetic pa-
rameters of candidate drug and developing into a novel drug
delivery system using different carrier had shown great scope in
future medicine for CNS disorders (131). Conjugation with re-
porter molecules is advantageous to regulate the fate of therapy
and efficiency. Amultidisciplinary approach is essentially needed
to conquer BBB and delivering drugs into neuronal tissue in
therapeutic concentration. Mechanical thrombectomy emerged
as a novel option for selective clot lysis in deep vascular pipelines
in cardiac and brain tissues (132–135). Further, sonothrombolysis
led is another emerging area of modern vascular medicine with
precise clot lysis (136–139). Tremendous research work andmas-
sive research funding in developing novel therapeutics for neu-
ronal tissue will transform conventional medicine in the future.
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