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Introduction: Entry of blood circulating agents into the brain is highly selectively con-
trolled by specific transport machineries at the blood brain barrier (BBB), whose excellent
barrier restrictiveness make brain drug delivery and targeting very challenging. Methods:
Essential information on BBB cellular microenvironment were reviewed and discussed
towards impacts of BBB on brain drug delivery and targeting. Results: Brain capillary
endothelial cells (BCECs) form unique biological structure and architecture in association
with astrocytes and pericytes, in which microenvironment the BCECs express restrictive
tight junctional complexes that block the paracellular inward/outward traverse of biomole-
cules/compounds. These cells selectively/specifically control the transportation process
through carrier and/or receptor mediated transport machineries that can also be exploited
for the delivery of pharmaceuticals into the brain. Intelligent molecular therapies should be
designed using such transport machineries for the efficient delivery of designated drugs
into the brain. For better clinical outcomes, these smart pharmaceuticals should be engi-
neered as seamless nanosystems to provide simultaneous imaging and therapy (multimodal
theranostics). Conclusion: The exceptional functional presence of BBB selectively con-
trols inward and outward transportation mechanisms, thus advanced smart multifunctional
nanomedicines are needed for the effective brain drug delivery and targeting. Fully under-
standing the biofunctions of BBB appears to be a central step for engineering of intelligent
seamless therapeutics consisting of homing device for targeting, imaging moiety for de-
tecting, and stimuli responsive device for on-demand liberation of therapeutic agent.

Introduction

sent their selective barrier functionalities (Rubin and
Staddon 1999).

Since Broman suggested the cerebral capillary endothe-
lial cells' contribution in the physical barrier function of
the blood-brain barrier (BBB), it is now clear that BBB
protects brain “the holly central dogma” from undesired
blood circulating agents. Such protection is mainly based
upon the cellular architecture of brain capillary endothe-
lial cells (BCECs), but not the astrocytic end feet or
pericytes, even though these cells are in close collabora-
tions with BCECs. Such concept has already been raised
from a study supported by electron microscopic cyto-
chemical using 40 kDa horseradish peroxidase (HRP) to
visualize the BBB after systemic injections (Reese and
Karnovsky 1967).

The permeability of BBB appears to be regulated by a
range of intricate transport machineries located at the
membrane of the BCECs which are deemed to be re-
sponsive to autocrine and paracrine stimulations to pre-

Although the pericyte and astrocyte cells support the
BCECs physically and by sharing the capillary basement
membrane with the endothelium (Armulik et al 2010,
Correale and Villa 2009, Abbott et al 2006), it is the
tight junctional characteristics that make BBB imperme-
able to many compounds (Krizbai and Deli 2003). While
the pericyte and astrocyte cells appear to be involved in
the modulation/regulation of permeability restrictiveness
of BBB, the BCECs show different features in compari-
son with peripheral endothelial cells in part due to inter-
communication with astrocytes and pericytes. Thus,
structurally and functionally, one can envisage BBB as
brain capillary endothelial cells (BCECs) with the physi-
cal and paracrine interactions between the ECs, the peri-
cytes, and the astrocytes (Liebner et al 2011, Correale
and Villa 2009, Abbott et al 2006).
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Induction of BBB may be termed as “directive” and “im-
permissive” events; nevertheless the ability of BCECs to
form a restrictive barrier between blood and brain is not
completely inherent solely to the BCECs and rather it
seems to be induced harmonically by the surrounding
microenvironment including associated cells (astrocytes
and pericytes) (Liebner et al 2011, Correale and Villa

2009, Abbott et al 2006), extracellular matrix (Robert
and Robert 1998) and hormonal biomolecules (Banks
2010). It appears that the BCECs possess an intrinsic
potential to form barrier, however some exogenous
stimulus should be in place for the formation of its full
phenotype and achievement of its ultimate fate. Fig. 1
represents the schematic illustration of BCECs.
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Fig. 1. Schematic representation of microenvironment of brain capillary endothelial cells in association with astrocytes and pericytes. Star
shape astrocytes in communication with both brain capillaries and neurons via end-foot. The ultra-structural characteristics such as tight
junction of the brain capillary endothelial cells (BCECs) differentiate them from other peripheral capillaries. Specialized transport machine-
ries are also involved at the luminal section of BCECs showing vesicular trafficking path used for traverse necessary macromolecules from

blood to brain and vice versa.

As illustrated in Fig. 1, such intricate characteristics of
BBB make brain drug delivery and targeting such a chal-
lenging field.

Our prime aim in this review is to provide basic over-
views on the structure and functions of BCECs in rela-
tion to drug delivery and targeting hurdles to brain tu-
mors. We will discuss the more recent advancement re-
garding multimodal and multifunctional nanomedicines
and theranostics, which can circumvent BCECs restric-
tive barrier functions or even exploit the cellular molecu-
lar capacity of BBB (e.g., transport machineries) to get
into brain central dogma for imaging and therapy of
brain tumors such as glioblastomamultiforme (GBM).

BBB junctional complexes and cell-to-cell
interactions

Structurally, the BBB is composed of four main cellular
elements, including: 1) endothelial cells (ECs), 2) astro-
cyte end-feet, 3) microglial cells, and 4) pericytes. These
cells are in close direct/indirect communications that
make transport across the BBB as a selectively con-
trolled process which is physically controlled via tight
junction and physiologically through cell surface trans-
port systems and enzymes (Correale and Villa 2009).
Stable cell-to-cell interactions are required to keep the
structural integrity of tissues. Dynamic changes in cell-
to-cell adhesion will participate in the morphogenesis of
developing tissues. In this regard, adhesion mechanisms
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are highly regulated during tissue morphogenesis and
related to the processes of cell motility and cell migra-
tion. Regarding junctional bio-structures, the cell junc-
tions at BBB site, can be classified into three functional
groups, including: 1) tight junctions (TJs), 2) anchoring
(adherent) junctions (AJs), and 3) gap (communication)
junctions (GJs). Of these junctions, the TJs seal cells
together in cell sheet, the AJs attach cells to their
neighbors or to the extra-cellular matrix mechanically,
and the GJs mediate the passage of chemicals or electri-
cal signals from one interacting cell to its partner (Omidi
and Gumbleton 2005).

Because of crucial role of TJs in restrictive function of
BBB, these of note structures are briefly discussed. Fig.

2 represents the TJs and its complexity with other pro-
teins at the BBB site. These TJs generate a rate-limiting
restrictive barrier to paracellular diffusion of solutes be-
tween the brain microvasculature endothelial cells, in
which they are the most apical elements of the junctional
complexes. Morphologically, TJs form a continuous
intricate network of interconnected proteins that are to-
gether arranged as a series of multiple barriers. It should
be noticed that disruption of the BBB is a consistent
phenomenon that may take place in the development of
several CNS diseases, including brain tumors. In most
cases, such pathological conditions are associated with
an increase in the microvascular permeability, vasogenic
edema, swollen astrocyte end feet, and BBB disruption
(Nico and Ribatti 2012).
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Fig. 2. Schematic illustration of brain capillary endothelial cells (BCECs) and transmission electron microscopy (TEM) micrograph of tight
junctions (TJ) and associated components. A) Schematic representation of two elongated brain capillary endothelial cells expressing apical
transporters. B) Vesicular membrane of BCECs showing coated and uncoated vesicles. C) TEM micrograph of BCECs showing TJs as
dense proteinaceous domains. D) Tight junctional interactions of two endothelial cells, showing embedded proteins within a cholesterol-
enriched region of the plasma membrane. Claudins are multigene family that form the backbone of TJ strands by making dimers and bind-
ing homotypically to claudins on adjacent cells to produce the primary seal of the TJ. Claudin 1, 3 and 5 present at the BBB. Occludin func-
tions as a dynamic regulatory protein causing increased electrical resistance across the membrane and decreased paracellular permeabili-

ty.
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Tight junctional complexes of BBB

The tight junctions between the brain microvasculature
endothelial cells are very similar to the tight junction
complexes of the epithelia cells than to the tight junc-
tions of the endothelial in peripheral blood vessels.
While TJs at the BBB site share many characteristics
with epithelial tight junctions, there also display pivotal
differences. The TJs at the BBB site, however, are highly
sensitive to ambient factors resulting in disruption of the
TJs at the BBB site. For example, the disruption of TJs
at the protein and gene expression levels in the rat brain
microvascular endothelial cell line (RBE4) was reported
upon exposure to some neurotoxicants such as lead ace-
tate, malathion and malaoxon, so that the occludin and
claudin 5, and scaffold proteins ZO1 and ZO2 were
markedly decreased after treatments (Balbuena et al
2011).

TJs disturbance, no matter from what provocative origin,
can induce an augmented paracellular permeability, thus
increased entry of inflammation related cells and mole-
cules. Such impacts may result in the selective internali-
zation of TJ transmembrane proteins such as occludin
and claudin-5 via membranous caveolae (Stamatovic et
al 2009). Thus, during the CNS inflammation, some pro-
inflammatory events appear to mediate brain endothelial
barrier disruption. Likewise, in human T cell leukemia
virus (HTLV-1)-associated myelopathy/tropical spastic
paraparesis as a neurodegenerative disease, the evidence
of BBB breakdown has been demonstrated by the pres-
ence of lymphocytic infiltrates in the CNS and plasma
protein leakage through cerebral endothelium (Afonso et
al 2007). These all highlight regulation/dys-regulation of
the tight junctional complexes resulting in the altered
permeability characteristics of BBB, in which various
ubiquitous molecular constituents are involved including
claudins, occludin, zonula, cingulin, and 7H6. Signaling
pathways involved in the regulation of TJs comprise G-
proteins, serine, threonine, and tyrosine Kkinases, extra-
and intracellular calcium levels, CAMP levels, proteases,
and TNF alpha. In addition, the cytoskeletal elements are
modulated based on receiving such signals that may also
involve in some crucial cross-talk between components
of the tight junctions and the cadherin-catenin within
cell-cell based communications. Several identified mo-
lecular components of junctional complexes of the epi-
thelia (claudins, occludins, zonula (ZO-1, ZO-2, ZO-3),
junctional adhesion molecules (JAMs), cingulin, and
7H6) can be observed in the BCECs, in which both tight
and adherent junctions are composed of multiple protein
complexes, which communicate with the actin cytoskele-
ton of the cells (Kniesel and Wolburg 2000).

BBB endothelial cells in vivo reveal a P-face/E-face ratio
of about 55%/45%, and as claudin-3 and claudin-5 are
well expressed, it can be suggested that the degree of

association with one or the other leaflet roughly reflects
the stoichiometry of claudin expression in the TJs of
BBB. However, in the non-BBB endothelial cells, tight
junctions are almost completely associated with the E-
face and claudin-3 is rarely or not expressed.

BCECs are integrated very tightly through the tight junc-
tional complexes, making a unique morphology and ar-
chitecture (Fig. 2). The phosphorylation of both trans-
membrane and accessory proteins plays an important
role in establishing and regulating the TJs at the BBB
site, in which the occludin and ZO1 are phosphorylated
on serine, threonine and tyrosine residues. Protein kinase
C (PKC) also is a major regulator of TJs formation and
regulation through ZO1 migration to the plasma mem-
brane. While TJs are generally localized at cholesterol-
enriched regions or rafts within the plasma membrane,
the integral protein within caveolae membrane domains
(caveolin-1) seems to associate with TJ components,
regulating the several downstream signaling pathways of
TJs (Krizbai and Deli 2003).

Impacts of BBB associated cells: astrocytesand
pericytes

Having an enigmatic role in the formation of BBB, the
astrocytes represent different degrees of interaction with
the BCECs (i.e., of the 11 distinct phenotypes distin-
guished, 8 involved specific interactions with blood ves-
sels). Such interactions upregulate many BBB features
and lead to the formation of tighter TJs and expression
and polarized distribution of transporters as well as en-
zymes (Nico and Ribatti 2012, Correale and Villa 2009).
Astrocytes are glial cells that envelop >99% of the BBB
endothelium (Hawkins and Davis 2005).

Astrocytes and endothelial cells are in reciprocal interac-
tions, modulating various biofunctions at the BBB site.
Such interaction enhances the TJs and reduces the gap
junctional area of BCECs, while it increases the number
of astrocytic membrane particle assemblies and astrocyte
density. Astrocytes are essential for proper neuronal
functionalities, for which the close proximity of astro-
cytes and BCECs appear to be essential for a functional
neurovascular unit (Abbott et al 2006). Although the
nature of astrocyte-derived factors (ADFs) is not fully
understood, their inductive effects on brain microvascu-
lar endothelial cell differentiation and BBB formation
has been well documented (Abbott et al 2006).Based on
our in vitro investigations, we have witnessed that the
coculture of BCECs with astrocytes improved the BBB
functionality such as permeability and cellular transport
functions (Omidi et al 2008).

Fig. 3 represents the schematic illustration of brain capil-
lary endothelial cells' interaction with astrocytes.

8| Biolmpacts, 2012, 2(1), 5-22

Copyright © 2012 by Tabriz University of Medical Sciences



BBB and brain tumor drug delivery and targeting

Blood il
Luminal Y @ MRPZ @

o Glutt o
G o " o Clathrin coated pit _(O? Y

Endathelial cell g
Tight junction

N -
2 o= -y
Abluminal 4 MCT-1 ol
- 0 [ LIF
O UF : X / 5 ©
O GT ' Lo ooo U o0 L
O AAD
@ AP
m Aquaporin- 4
m Potassium channel Kird.1
41
1) o
@ . Astroglial end feet -
LAT-1 O IL-6
MCT-1 O bFGF
P-gp O TGF-bl
Q MRP2 O Al

@ Gy -*
3_.—,1 AgD 5 = (@ ‘@

LAT-1  Gluti

th' 3
© " IL6, brGr, TGEDY ¢
O O % e

Fig. 3. Schematic representations of brain capillary endothelial cells' interaction with astrocytes. By the secretion of some actors, astrocytes
are largely involved in the induction of certain BBB characteristics such as tighter TJs, specialized enzymatic systems, and polarized trans-
porter localization. Astrocytes also play a pivotal role in the regulation of brain water and electrolyte metabolism. Astrocytes controls water
flow via aquaporin- 4 and potassium channel Kir4.1 (the so-called water regulation and CSF homeostasis process). GDNF: glial derived
neurotrophic factor. IL-6: Interleukin-6. bFGF: basic fibroblast growth factor. TGF-b1: transforming growth factor b1. Al: angiopoietin. LIF:
leukemia inhibitory factor. cGT: c-glutamiltranspeptidase. AAD: aromatic acid decarboxylase. AP: alkaline phosphatase. MCT-1: monocar-
boxylate transporter 1. Glutl: glucose transporter 1. LAT-1: large neutral amino acid transporter 1. P-gp: P-glycoprotein. MRP2: multidrug
resistance protein 2.

Investigation upon the modulatory effects of astrocyte on functions. Having quantified pericyte coverage in differ-
BCECs have revealed that the rat astrocyte cells are able ent regions of the CNS, Armulik et al (2010) showed
to modulate the chick peripheral ECs to make them less that pericyte coverage correlates with the BBB integrity.
permeable to large molecules. On the molecular level, The pericyte and endothelial cell interaction occurs via
the increased expression of barrier-relevant proteins cytoplasmic processes of the pericyte indenting the EC
(e.g., tight junction proteins) has so far been documented and vice versa. This contact process is called “peg and
in the presence of ADFs. It can be deduced that GDNF is socket” - an interdigitation process (Wakui et al 1989).
able to seal tightly the paracellular pathway in addition

to its homeostasis role on the CNS. Moreover, it appears Basically, some biomolecules including adhesive glyco-
that factors secreted by brain endothelial cells including protein and fibronectin were found to be localized at the
leukemia inhibitory factor (LIF) can induce astrocyte BCECs and pericytes junctional sites adjacent to “adhe-
differentiation (Fig. 3). ADFs also influence the func- sion plaques” at the plasma membrane, which indicates
tionality of BBB carrier-mediated transport systems. the existence of a mechanical linkage between pericytes
Astrocytes control water flux via expression of a specific and ECs -- a linkage that allowed the mechanical con-
water channel termed as aquaporin-4 (AQP4) that is in- traction or relaxation of pericyte to influence vessel di-
volved in the molecular composition of orthogonal parti- ameter. The cultured pericytes in the endothelial cell
cles' arrays (OAPs) on the perivascular glial end feet and conditioned-medium (ECCM) allowed the cerebral peri-
tightly coupled with the maintenance of the BBB integ- cyte aminopeptidase N (pAPN) to be re-expressed, while
rity (Nico and Ribatti 2012, Abbott 2005). purified pericytes deprived of endothelial cells even in
Pericytes are an imperative cellular constituent of the the presence of ACM showed no re-expression. This
BBB, which also play a regulatory role in terms of brain indicates that endothelial cells constitute an essential
angiogenesis and tight junction formation within BCECs requirement for the in vitro re-expression of pAPN, but
(Armulik et al 2010). As shown in Fig.1, these cells also not astrocytes (Ramsauer et al 1998, Krause et al 1993).
contribute to the microvascular vasodynamic capacity Pericytes are involved in the amino acid and peptide
and structural stability (Balabanov and Dore-Duffy catabolism of brain (Krause et al 1993), indicating the
1998). They are actively involved in the neuroimmune metabolic role of pericytes on maintenance and homeo-
network operating at the BBB and confer macrophage stasis of the BBB.

Copyright © 2012 by Tabriz University of Medical Sciences Biolmpacts, 2012, 2(1),5-22 |9
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Bioelectrical resistance and permeability of BBB

Given the correlation of transendothelial electrical resis-
tance (TEER) with permeability, the TEER values have
commonly been used to describe the restrictiveness and
permeability of BBB. Technically, the permeability of
BBB can be measured using **C-sucrose as a hydrophilic
agent that is mainly transported via paracellular pathway.
This value represents the tightness of biological barriers,
which is about 1.2 x 107 cm.sec™ for BBB in vivo. The
TEER values vary in the epithelial and endothelial cells
in vivo. For instance, human placental endothelium
shows 22-52 Q.cm? that permits the rapid paracellular
exchange of nutrients and waste between the mother and
fetus (Jinga et al 2000), whereas urinary bladder epithe-
lium has a very high transepithelial resistance (>5000
Q.cm?), which is absolutely necessary for preserving
urine composition (Powell 1981). The BBB possesses
the TEER values of ~2000 Q.cm?, which help to main-
tain brain homeostasis (Cohen-Kashi Malina et al 2009).

Efforts to generate a tight in vitro cell culture model for
BBB have been largely based upon the measurement of
TEER, while sucrose permeability assessments and the
expression of specific enzymes and markers of the BBB
have been utilized for reconfirmation. As a general rule,
the higher the TEER value is, the lower the sucrose per-
meability and the tighter the BBB will be. To achieve
this aim, different techniques have been recruited, e.g.
the utilizing of hydrocortisone and serum free medium in
order to increase the TEER (>700 Q.cm?) of primary
cultures of porcine brain capillary endothelial cells
(Omidi et al 2003, Smith et al 2007, Barar and Omidi
2008). Nevertheless no single immortalized cell line has
shown high enough TEER value, which is a prerequisite
characteristic of a cell line to be used as a tool for drug
screening (Gumbleton and Audus 2001). Having com-
pared two primary cultures of BCECs isolated from bo-
vine and porcine, we witnessed no significant differences
between these two primary BBB models even though
porcine BCECs showed slightly better characteristics
(Nakhlband and Omidi 2011).

Various factors can directly/indirectly play a role in the
modulation of BBB restrictiveness. For example, ex-
tracellular matrix proteins were shown to influence the
integrity of barrier functionality of BBB (Robert and
Robert 1998, Tilling et al 1998). Using primary cultures
of PBCECs, Tilling et al (1998) examined the effect of
collagen 1V, fibronectin, laminin and a secreted protein
acidic and rich in cysteine alone or one-to-one mixtures
of them. They showed that these proteins are involved in
the tight junction formation between cerebral capillary
endothelial cells by presenting increased TEER (Tilling
et al 1998).

For the function of BBB, enzymes and other differentia-
tion markers (P-glycoprotein efflux pump) are essential,
and accordingly several markers have been identified,
including: gamma-glutamyltranspeptidase (y-GTP) and
alkaline phosphatase (ALP) enzymes expression, or an-
tigenic endothelial cell markers such as Factor VIII, von
Willebrand Factor (VWF) (Shi and Audus 1994, Tatsuta
et al 1992, Betz et al 1980, Orlowski et al 1974, Abbott
et al 1992).

Biotrafficking across BBB

A number of parameters (physicochemical properties
such as molecular weight (MW), lipophilicity, pKa, hy-
drogen bonding and biological factors) may influence
trafficking of a particular substance to cross the BBB
and enter the CNS. In general, transportation across BBB
is classified into: 1) passive diffusion, which is largely
dependent upon the physicochemical properties (in par-
ticular lipophilicity) of a compound, 2) paracellular traf-
ficking of small hydrophilic compounds, 3) facilitated
transport through carrier-mediated transport through
transporters such as glucose transporter (Glutl) and large
neutral transporter (LATL1), 4) receptor-mediated endo-
cytosis/transcytosis, and 5) fluid-phase (adsorptive) en-
docytosis.

While various compounds (e.g., antitumor chemothera-
pies) exploit the transcellular path, the facilitated route is
mostly used for macromolecules and hydrophilic com-
pounds. To facilitate the inward and outward transporta-
tion, the carrier-mediated transporters are classified into
two classes of transporters, namely outward (efflux) and
inward (influx) transporters.

Fig. 4 represents the schematic illustration of BBB
transport machineries.

Passive diffusion and permeation

The central role of BBB is to protect the brain from en-
tering of toxic compounds, thus many compounds (in
particular the lipophilic drugs) can passively defuse
through transcellular route, where nutrients are actively
transported into the brain and possibly toxic compounds
are expelled via active efflux pumps. This clearly means
that the BBB permeation is a multifactorial and intricate
process. And accordingly, the theoretical modeling of
this process requires advanced computational methods.
Currently, two major approaches are exploited for com-
putational models, i.e. passive and active approaches.
The passive diffusion-controlled permeability is depend-
ent upon the inherent physicochemical characteristics
(e.g., logP, solubility and surface area) of compounds,
and basically molecular descriptor based methods are
used to generate predictive models.
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Fig. 4. Schematic representation of transport machineries at the BBB site for shuttling of endogenous and/or exogenous substrates. 1)
Lipid-soluble small substrates (<500 Da) are able to diffuse across the membrane — they may be effluxed back into the blood circulation
through efflux transporters (e.g., P-gp, MRP4). 2) Carrier-mediated transport machineries (e.g., Glutl, Lat1) are responsible for small endo-
genous molecules (e.g., amino acids, nucleosides, and glucose). 3) Some small hydrophilic molecules can be transported via paracellular
route. 4) Larger molecules (e.g., Ins-R=Insulin receptor; Alb-R=Albumin receptor; CP-R=Ceruloplasmin receptor; Tf-R=Transferrin receptor)
are transported through receptor-mediated endocytosis/transcytosis using vesicular trafficking towards the brain parenchyma. 5) Some
large proteins (e.g., albumin) are transported across the BBB by adsorptive-mediated endocytosis/transcytosis. Of the carrier-mediated
transporters, glucose transporters (Gluts) are responsible for the traverse of glucose from blood to brain and between different cells within
the brain parenchyma. Adherens junctions provide a path for the cell-to-cell intercommunication within the endothelial cells of BBB.

The ligand-receptor (i.e., influx/efflux transporters, or
receptor-mediated endocytosis) active/facilitated trans-
port can be considered for carrier/receptor mediated traf-
ficking. In short, predictive in-silico models suitable for
both the lead identification and the lead optimization
processes should include both categories. The most
commonly used type of data appear to be the logBB val-
ues that are described as the ratio of the steady-state con-
centration of a designated compound in the brain to that
of the blood, i.e. LogBB=L0g([Cgain]/[Cgiood])- The most
commonly used in vitro model is the Transwell™ system
based on BCECs, which consists of a porous membrane
support submerged in the culture media. As shown in
Fig. 4, this system is normally characterized by the two-
direction diffusion, i.e. apical to basal (A to B) or basal
to apical (B to A). Given existence of large number of
drug-like compounds (e.g., ChemNavigator), a very
small number of molecules have been drawn to carefully
monitor the main permeation driving/limiting force (i.e.
passive diffusion, active influx or active efflux), how-

ever the data available mostly represent both passive and
active transport phenomena. For detailed information,
reader is directed to see (Wolburg 2006). In short, in a
simplistic view, the absorption of drug molecules across
a BBB depends upon: 1) the rate of drug dosing which
takes into account the administered dose (mass) and the
dosing interval (t; time), 2) the interactions of drug
molecules with circulating biomolecules blood (protein
binding), 3) drug biostability and clearance, 3) the ap-
parent absorption rate constant for the drug (K,; time™).
Clearly, the stability of drug during the absorption proc-
ess and importantly the intrinsic permeability of BBB to
the drug are critical factors in determining logBB.

The passive diffusion involves the movement of drug
molecules down a concentration or electrochemical gra-
dient without the expenditure of energy and the overall
flux (J) of a drug in one dimension (i.e. the net mass of
drug that diffuses through a unit area per unit time)
which can be described by Equation (1).

Copyright © 2012 by Tabriz University of Medical Sciences
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Where; J is the flux of drug; D is the diffusion coeffi-
cient of drug across the cellular barrier; K; is a global
partition coefficient (cell membrane/aqueous fluid); A is
the surface area of barrier available for absorption; x is
the thickness of absorption barrier, and (dC/dx)t is the
concentration gradient of drug across the absorption bar-
rier.

Passive diffusion/permeation route is the main route for
the entry of many anticancer chemotherapy agents even
though they can mostly be pumped out by ABC efflux
pumps.

Various drugs are substrate to the carrier-mediated
transport machineries of BBB. Fig. 5 demonstrates the
schematic representation of efflux and influx transport
machineries of BCECs.

Efflux transporters

A key physiological function of ABC transporters is the
protection of cells from many toxic insults from either
endogenous or exogenous molecules that can enter the
cell by diffusion or active uptake (Fletcher et al 2010).
However, the ABC efflux pumps at the BBB site also
represent the major blockade control on the entrance of
several compounds by pumping them out of the CNS. Of
these efflux pumps, P-glycoprotein (P-gp;
MDR1/ABCBL1 with 12 transmembrane segments) is an
ATP-binding cassette (ABC) drug transport protein that
is predominantly found in the apical membranes of a
number of epithelial cell types in the body as well as the
brain microvessel endothelial cells. It has been shown
that mouse mdrla and the human MDR1 P-gpactively
transport the ivermectin, dexamethasone, digoxin, and
cyclosporine and, to a lesser extent, morphine across a
polarized kidney epithelial cell layer in vitro. The inves-
tigator reported that the injection of radiolabeled sub-
strates of P-gp in mdrla knockout and wild-type mice
resulted in 20- to 50-fold higher levels of radioactivity in
the mdrla knockout mice brain for digoxin and cyc-
losporine (Schinkel et al 1995b). These researchers gen-
erated mice with a genetic disruption of the drug-
transporting mdrla P-gp and showed that the P-gp
knockout mice were overall healthy but they accumu-
lated much higher levels of substrate drugs in the brain
with markedly slower elimination. For drugs (e.g., anti-
cancer agents) that are P-gp substrates, this can lead to
dramatically increased toxicity (Schinkel et al 1995a).

Overexpression of P-gp in cancer cells in response to the
chemotherapy agents (multidrug resistance) along with
other chemoresistance mechanisms make brain tumor
therapy a challenging hurdle (Robey et al 2010, Cascorbi
and Haenisch 2010). The MDR1 gene detection has been

reported in all grade brain tumors and in endothelial cells
of newly formed capillaries, thus impairing drug access
at the tumor cell level (Fattori et al 2007).

It should be stated that most of anticancer agents are
substrates ABC. Of these, the MDR1/ABCB1 can pump
out a wide range of compounds (e.g., acebutolol, actin-
omycin D, amprenavir, azidopine, betamethasone, cal-
cein-AM, cepharanthin, cerivastatin, chloroguine, ci-
metidine, clarithromycin, colchicine, cortisol, cyc-
losporine, daunorubicin, dexamethasone, digitoxin, di-
goxin, dipyridamole, docetaxel, domperidone, doxorubi-
cin, eletriptan, emetine, epinastine, erythromycin, estra-
diol-17b-D-glucuronide, estrone, ethynylestradiol, eto-
poside, fexofenadine, grepafloxacin, imatinib, indinavir,
irinotecan, ivermectin, lansoprazole, levofloxacin, lop-
eramide, losartan, lovastatin, methylprednisolone, mi-
toxantrone, morphine, neostigmine, omeprazole, panto-
prazole, prazosin, prednisolone, puromycin, quinidine2,
ramosetron, ranitidine, reserpine, ritonavir, saquinavir,
somatostain, sparfloxacin, talinolol, paclitaxel, ter-
fenadine, trimethoprim, vecuronium, verapamil, vin-
blastine, vincristine), while the MRP4/ABCC4 is able to
efflux a narrower spectrum (e.g., CAMP, cGMP, Dehy-
droepiandrosterone-3-sulfate, Estradiol-17b-D-
glucuronide, Folate, Methotrexate, Prostaglandin E1,
Prostaglandin E2).

Besides, the functional expression of multidrug resis-
tance-associated proteins (MRPs) which actively trans-
port a broad range of anionic compounds out of the cell
were reported in the BCECs (Zhang et al 2000, Begley
2004). The breast cancer resistance protein
BCRP/ABCG2 has been reported to be expressed as
active efflux drug transporters at the BBB that can dis-
play efflux functionality similar to that of P-gp and MRP
(Leslie et al 2005, Agarwal et al 2011). While many
antitumor agents are substrate to P-gp, drugs inhibiting
the MDR1 P-gp activity should be co-administered dur-
ing chemotherapy of the brain tumors. Various com-
pounds were reported as inhibitors for these efflux ma-
chineries.

Influx transporters

As described by Ohtsuki and Terasaki (2007), the inward
transportation at the BBB site are mediated by several
influx transporters that can be divided into several
groups. Various compounds are substrate to such influx
transport machineries (Ohtsuki and Terasaki 2007).

The energy transport systems include several transport-
ers such as glucose transporter (Glutl) for the transport
of glucose and mannose; monocarboxylate transporters
(MCTs) for the transport of lactate, short-chain fatty
acids, biotin, salicylic acid and valproic acid; and
creatine transporter (CRT).
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Fig. 5. Carrier-mediated transport machineries (efflux and the influx transporters) at the BBB sites of the BBB. Astrocytes, neurons and
microglial cells intercommunicate with brain capillary endothelial cells. The transport machineries of BBB are asymmetrically distributed at
the luminal and abluminal sites. P-gp: P-glycoprotein. MRP1: multidrug resistance associated protein 1. MRP4: multidrug resistance asso-
ciated protein 4. MRP5: multidrug resistance associated protein 5. BCRP: breast cancer resistance protein. Glutl: glucose transporter 1.
MCT1: monocarboxylate transporter 1. LAT1: large neutral amino acids transporter 1. ASCT2: neutral amino acid transporter 2. EAAT:
amino acid transporters. CNT2: concentrative nucleoside transport 2. SERT: serotonin transporter. NET: norepinephrine transporter. CRT:
creatine transporter. TAUT: taurine transporter. OATP2: organic anion-transporting polypeptide. OAT3: organic anion transporter 3.
OATP1A2: organic anion-transporting polypeptide. OAT2: organic anion transporter 2. OCT 1, 2: organic cation transporter 1, 2. ENT2:

equilibrative nucleoside transport 2.

The amino acid transport systems consist of small and
large neutral amino acid transporter  systems
(LAT2/4F2hc and LAT1/4F2hc, respectively) for the
transport of neutral amino acids and L-dopa; acidic
amino acid transporter for aspartate and glutamate
(ASCT2); basic amino acid transporter (BAAT) for ar-
ginine and lysine; the B-amino acid transporter for p-
alanine and taurine (TAUT); System A (ATA2) for small
neutral amino acids; System ASC/system B%".

The organic anion transport systems include oatp2 and
oatpl4 for digoxin and organic anions, and OCTN2 for
the transport of carnitine.

The nucleoside transport systems include CNT2. The
peptide transport systems are oligopeptide transporters
(PepT1, PepT2), polypeptide transport systems such as
OAT3 for PAH, HVA, indoxylsulfate; oatp14 for thyroid
hormones. The neurotransmitter transport systems such
as GAT2/BGT1, SERT and NET are respectively used
for the transport of y-aminobutyric acid, serotonin and
norepinephrine. The choline transport system is for the

transportation of choline and thiamine at the BBB site;
readers are directed to see excellent reviews (Ohtsuki
and Terasaki 2007, Terasaki et al 2003).

To enhance the brain uptake of neurotherapeutic agents,
some of these transporters have successfully been used
in prodrug development. L-dopa and progabide appear to
the classical paradigms for such application, while both
pyrimidine and purine nucleoside analogs are currently
used clinically as anti-metabolite drugs. Nucleoside
transporters have been exploited for the design of some
anticancer agents (Omidi and Gumbleton 2005). For
example, cytarabine is an analog of deoxycytidine (1-B-
d-arabinofuranosylcytosine, araC, Cytosar-Us), which is
used as combination chemotherapy in the treatment of
chronic myelogenous, leukemia, multiple myeloma,
Hodgkin’s lymphoma and non-Hodgkin’s lymphomas.
Gemcitabine (dFdC, 2',2'-diuorodeoxycytidine,
Gemzars) is a broad-spectrum agent that is used for the
treatment of a variety of cancers including pancreatic
and bladder cancers. Both cytarabine and gemcitabine
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are substrate to nucleoside transporter 1 (ENT1)
(Hubeek et al 2005, Marce et al 2006). Capecitabine (5'-
deoxy-5-N-[(pentoxy) carbonyl]-cytidine, Xelodas) is a
prodrug, which is employed in the treatment of metas-
tatic colorectal cancer (Mata et al 2001). Nucleoside
transporters are responsible for the transportation of two
purine nucleoside anti-metabolite drugs, fludarabine (9-
[-d-arabinofuranosyl-2-.uoroadenine) (Elwi et al 2009,
Molina-Arcas et al 2005), and cladribine (2-chloro-2'-
deoxyadenosine, CdA, Leustatins) that are used for the
treatment of low-grade lymphomas and chronic lympho-
cytic leukemia.

Endocytic pathway and transport of macromolecular
nanostructures

Exogenous and endogenous macromolecules’ trafficking
is mediated through cell membranous vesicular machin-
ery domains that comprise numerous components includ-
ing lipid rafts, caveolae and clathrin-coated pits. It
should be evoked that fluid-phase endocytosis or adsorp-
tive-mediated transcytosis (AMT) is also largely in-
volved in the internalization of macromolecules (Herve
et al 2008). All these cell membrane machineries seem
to involve in the endocytosis, exocytosis and transcytosis
of macromolecules.

Clathrin-mediated endocytosis is the most widely studied
vesicular membrane internalizing system, and the par-

ticipation of clathrin-coated vesicles has also been inves-
tigated in terms of receptor-mediated transport in the
BBB. Clathrin forms a non-covalently bound triskelion
structure composed of three heavy chains (192 kDa
each) and three light chains.

Membranous caveolae domains are flask-shaped invagi-
nations of the plasma membrane coated by a 22 kDa
structural protein caveolin-1 that is involved in the
travers of small and large molecules (i.e., from small
molecules like folate to macromolecules like albumin
and lipoproteins). These micro-domains are highly en-
riched in glycosphingolipids, cholesterol, sphingomye-
lin, and lipid-anchored membrane proteins. Caveolae
have been implicated in a wide range of cellular func-
tions including transcytosis, receptor-mediated uptake,
stabilization of lipid rafts and compartmentalization of a
number of signaling events at the cell surface. Several
studies have also shown that the caveolae-mediated up-
take of materials is not limited to macromolecules; in
certain cell-types, viruses (e.g. simian virus 40) and even
entire bacteria (e.g. specific strains of E. Coli) are en-
gulfed and transferred to intracellular compartments in a
caveolae-dependent fashion (Smith and Gumbleton
2006, Omidi and Gumbleton 2005).

Fig. 6 represents schematic illustration of the clathrin-
coated vesicles (CCVs) and its main protein “triskelion”.
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Fig. 6. TEM micrograph (A) and schematic illustration of molecules involved in assembly of the clathrin coated vesicle (B) and its main
protein triskelion (C). TEM: transmission electron microscopy; CCV: clathrin coated vesicle.

Endocytosis is the main path of nanoparticles' (NPs)
entry into CNS; for detailed information reader is di-
rected to see excellent review by Gumbleton’s group
(Smith and Gumbleton 2006). Accordingly, several stud-
ies have showed that receptors such as transferrin (Tf)
enhance brain delivery of NPs in vivo. For example, to
uncover the precise mechanism of such uptake, Chang et
al (2009) studied the endocytosis of poly(lactic-co-
glycolic acid) (PLGA) NPs (<90 nm) coated with Tf
using a BCECs co-culture with astrocytes. They found

that, unlike unlabeled NPs, Tf-labeled NPs were pro-
foundly endocytosed through an energy-dependent proc-
ess and remarked that the Tf-labeled PLGA NPs interact
with the cells in a specific manner and enter the cells via
the caveolae pathway (Chang et al 2009). However, Tf
conjugated biodegradable polymersomes (Tf-PO) with
diameter of approximately 100 nm were shown to be
uptaken through a clathrin mediated energy-dependent
endocytosis in the bEnd.3 cells (Pang et al 2011). Simi-
larly, lactoferrin (Lf)-modified procationic liposomes

14| Biolmpacts, 2012, 2(1), 5-22

Copyright © 2012 by Tabriz University of Medical Sciences



BBB and brain tumor drug delivery and targeting

(Lf-PCLs) were recently evaluated in the primary
BCECs and the uptake was found to be mediated by both
clathrin-dependent (receptor-mediated) and absorption-
mediated transcytosis (Chen et al 2010a).

Further, BBB is able to restrict the transport of 1gG from
the blood to the brain, while 1gG undergoes efflux from
the brain parenchyma via reverse transcytosis across the
BBB mediated by FcRn. Such fast elimination of thera-
peutic antibodies from the brain through endocytic
pathway is deemed to limit their therapeutic potency
(Caram-Salas et al 2011). Besides, the adsorptive-
mediated transcytosis (AMT) is deemed to provide a
means for the brain delivery of medicines across the
BBB, in particular using cationic NPs tagged with cell-
penetrating peptides (CPPs). Two classes of CPPs (Tat-
derived peptides and Syn-B vectors) have extensively
been exploited for the endocytosis of neurotherapeutics
(Herve et al 2008), while liposomal nanostructures may
be used for the delivery of CNS drugs (Orthmann et al
2010). Clathrin coated pits were shown to play a key role
in the transportation of poly(methoxypolyethyleneglycol
cyanoacrylate-co-hexadecylcyanoacrylate) (PEG-
PHDCA) NPs, in which an energy-dependent endocyto-
sis as well as low-density lipoprotein receptors were
shown to be involved (Kim et al 2007).

Despite the profound toxicity of polyethyleneimine (PEI)
(Kafil and Omidi 2011), the magnetic nanoparticles
modified with PEI (GPEI) havebeen used as a potential
vascular drug/gene carrier to brain tumors with results
that intra-carotid administration in conjunction with
magnetic targeting significantly increased in the tumor
entrapment of GPEI as compared to that of intravenous
administration (Chertok et al 2010). It was also shown
that the magnetic accumulation of cationic GPEI (zeta-
potential = + 37.2 mV) in tumor lesions was 5.2-fold
higher than that achieved with slightly anionic G100
(zeta-potential = -12 mV) following intra-carotid ad-
ministration (Chertok et al 2010).

Jallouli et al studied theBBB uptake and transcytosis of
60 nm porous NPs differing in their surface charge and
inner  composition. Having used maltodextrins
with/without a cationic ligand, they showed that the cati-
onic NPs were accumulated mainly around the paracellu-
lar area, while neutral NPs were mainly on the cell sur-
face and the dipalmitoylphosphatidyl glycerol (DPPG)
NPs were at both paracellular areas and on the surface of
cells. It was shown that the filipin can increase the bind-
ing and uptake, while the transcytosis of neutral NPs was
inhibited by filipin. They concluded that the neutral NPs,
like LDL, exploit the caveolae pathway and suggested
the neutral and cationic 60 nm porous NPs as potential
candidates for drug delivery to the brain (Jallouli et al
2007).

Having used a cross-reacting material 197 (CRM197)
which is a non-toxic mutant of diphtheria toxin, Wang et

al reported that the apical-to-basal transcytosis of
CRM197 can involve the caveolae-mediated pathway in
the hCMEC/D3 endothelial cells as the caveolin-1
mMRNA and protein expression levels were significantly
increased by CRM197. These researchers speculated that
the upregulation of caveolin-1 may be mediated via a
PI3K/Akt dependent pathway and reduction of the phos-
pho-FOXO1A (forkhead box O) transcription factor.
Based upon such findings, it was proposed that carrier
protein CRM197-mediated delivery across the BBB is
involved in the induction of FOXO1A transcriptional
activity and the upregulation of caveolin-1 expression
(Wang et al 2010). Similarly, CRM197-grafted polybu-
tylcyanoacrylate NPs have been used for the delivery of
zidovudine across human brain-microvascular endothe-
lial cells (Kuo and Chung 2012).

In short, to internalize the exogenous materials, it seems
that the BCECs exploit a variety of endocytic pathways
(i.e., clathrin-mediated endocytosis, caveolar endocyto-
sis, fluid phase endocytosis and macropinocytosis). Per-
haps, the physicochemical characteristics of drug deli-
very nanocarriers and their interactions with cell surface
elements dictate the internalization mechanisms to take
place. Likewise, using fixed-size NPs, it has been shown
that the surface modifications of nanoparticles (e.g.,
charge and protein ligands) can affect their mode of in-
ternalization by BCECs and thereby the subcellular fate
(Georgieva et al 2011).

Targeted therapy of brain tumours

The integrity of BBB in metastatic cancerous tumors
appears to be different from the normal ones, thus most
promising antitumor drugs effective against cancers out-
side the brain have failed to provide clinical benefits
against brain tumors, in part because of poor penetration
of the antitumor drugs into the brain parenchyma
(Ningaraj et al 2007). Thus, various cancer antigens have
been targeted through conjugated immunotherapies.

Immunotoxins

Targeted immunotoxins are the bioconjugates of cancer
specific marker targeting agent (usually monoclonal an-
tibody) with a cytotoxic toxin, which have been devel-
oped for the targeted therapy of solid tumor such as
GBM (Li and Hall 2010).

Of these, Interleukin-4 (IL-4) is a pleiotropic cytokine
which is primarily produced by Th2-type T lymphocytes,
mast cells, and basophils. Given that human malignant
glioma and astrocytictumor overexpress high-affinity I1L-
4 receptors, 1L-4 was reported to inhibit cell proliferation
through theinduction of JAK/STAT pathway. Interest-
ingly, IL-4 conjugation with pseudomonas exotoxin
(IL4-PE; NBI-3001) was reported as highly and specifi-
cally cytotoxic-targetedbioconjugate against GBM, but
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with less cytotoxic to hematopoietic and normal brain
cells (Shimamura et al 2006, Weber et al 2003). Inter-
leukin-13 (IL-13) secreted by activated type 2 T lym-
phocytes and mast cells, is a pleiotropic lymphokine. IL-
13 receptors (IL-13Rs) were shown to be overexpressed
in various solid tumors cells including brain tumor, thus
they are considered as tumor-specific markers. This has
justified the development of an IL-13 based immu-
notoxin (e.g., recombinant fusion cytotoxin I1L13-
PE38QQR or cintredekinbesudotox) for targeted therapy
of brain tumor (Shimamura et al 2006).

The epidermal growth factor receptor (EGFR), a 170
kDatransmembrane protein with extracellular receptor
domain, is overexpressed in many solid tumors such as
GBM. To control EGFR dimerization, immunotoxin TP-
38 have been developed. TP-38 is a 43.5 kDa recombi-
nant protein fusing pseudomonas exotoxin (PE-38) with
TGF-o. which can specifically target the EGFR
(Sampson et al 2003).

ONTAK (DAB389IL-2) is a ligand fusion toxin consist-
ing of the full-length sequence of IL-2 gene fused to the
enzymatically active and translocating domains of diph-
theria toxin (DT) that has been approved by the US Food
and Drug Administration (FDA) for cutaneous T-cell
lymphoma in 1999 (Frankel et al 2002).

Tf-CRM107 is conjugate protein of DT with a point mu-
tation (CRM107) linked by a thioester bond to human Tf
based on the ground that Tf receptor (a transmembrane
glycoprotein) is significantly upregulated in dividing
cells (Laske et al 1997).

Given the roles of the serine protease urokinase-type
plasminogen activator (uPA) and its receptor (UPAR) in
glioma-cell invasion and neovascularization, the recom-
binant fusion protein DTAT (encoding DT, a linker, and
the downstream 135-amino terminal fragment portion of
human urokinase plasminogen activator) was developed
(Vallera et al 2002). It targets uPAR and delivers the
potent catalytic portion of DT to the uPAR presenting
cells simultaneously targeting both overexpressed uPAR
on GBM cells and on tumor neovasculature. A bi-
specific immunotoxin DTAT13 has also been developed
to target concurrently uPAR and IL-13 receptor express-
ing GBM cells (Rustamzadeh et al 2006).

However, the main pitfall for these targeted toxins is
their limited access to brain due to the excellent barrier
presence of BBB, in which the diffusion rate of these
immunotoxins into brain tumors is tightly controlled.
Besides, the conjugated toxins are foreign proteins and
cancer patients often develop neutralizing antibodies that
impairs the retreatment strategies in case of recurrence.

Other strategies

Since cell membrane ion channels, as essential bio-
machineries, play a pivotal role in cell proliferation as

well as cancer cell development and progression, the
calcium-dependent potassium (Kc,) channels have been
targeted in brain tumor using various strategies (Ningaraj
et al 2002, Hu et al 2007). Further, recent investigations
have proven that the kinase inhibitors are thepromising
new class of therapeutics that may control gliomas, in
which the specificity of receptor tyrosine kinase inhibi-
tors (RTKIs) on various solid tumors have been shown
(Ningaraj et al 2007).

Angiogenesis also plays a central role in malignant pri-
mary brain tumor growth, in which the vascular endothe-
lial cell growth factor (VEGF) and the basic Fibroblast
Growth Factor (bFGF) were shown to bind to their re-
ceptors to promote glioma growth. While the VEGFR is
expressed in human high grade glioma (but not in nor-
mal cells), it has been targeted using mAbs and macro-
molecular nanosystems (Jensen 2009).

In short, to enhance the dose of therapeutic agent to a
brain tumor, a number of strategies have been exploited
including: 1) increasing drug plasma concentration (e.g.,
intra-arterial infusion), 2) chemical modification to in-
crease drug permeability, 3) design of inactive drug pre-
cursors (the so-called prodrugs) that could more easily
cross the blood-brain barrier before conversion to a drug
with active formulation, and 4) osmotic disruption of the
blood-brain barrier using osmotic-disruptive agents such
as mannitol (Provenzale et al 2005). In fact, the most
significant challenges facing brain tumor drug delivery is
development and advancement of effective brain target-
ing technology with BBB crossing potential. Recent ad-
vances in nanotechnology appear to provide promising
solutions to this challenge. Several nanocarriers (poly-
mer and lipid based NPs, dendrimers, nanogels, nanoe-
mulsions and nanosuspensions) appear to provide prom-
ising drug delivery platform (Wong et al 2011).

Multimodal nanomedicines and theranostics

Endeavors to engineer multimodal nanomedicines and
theranostics have resulted in various nanosystems show-
ing great promising in vivo corollaries (Roger et al
2011). Of these, liposomal nanoformulations have
widely been studied because they are deemed to the most
biocompatible nano-scaled delivery system that can pas-
sively (through enhanced permeation and retention
(EPR) effects) and/or actively (by conjugation of homing
devices) target tumors (Micheli et al 2012). Various spe-
cific features (e.g., vesicle size, chemical affinity, and
thermal/pH sensitiveness) of liposomes can be tuned
affecting the targeting potential of liposomes. It has been
shown that the BBB may be circumvented by NPs with a
size dimension smaller than 50 nm or through lipid-
mediated transport or receptor-mediated and PEG-
assisted processes (Veiseh et al 2005).
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Cross-linked iron oxide nanoparticles

Given that the precise delineation of tumor margins is a
crucial matter for successful surgical resection of brain
tumors, the development of multimodal imaging and
therapy nanosystems are essential for intraoperatively
visualizing tumor boundaries.

Cross-linked iron oxide (CLIO) NPs conjugated to Near-
infrared (NIR, at a range of 700-900 nm) fluorescence
detection avoids the background fluorescence interfer-
ence of natural biomolecules. A CLIO-C5.5, which is
detectable NP by both magnetic resonance imaging and
fluorescence, has been recently developed (Veiseh et al,
2005). The probe was fabricated by coating iron oxide
nanoparticles (NPs) with covalently bound bi-functional
poly(ethylene glycol) (PEG) polymers that were subse-
quently functionalized with chlorotoxin (Cltx), a glioma-
tumor-targeting molecule, and the NIR fluorescing
molecule Cy5.5. These researchers showed a signifi-
cantly higher degree of internalization of NPC-Cy5.5
conjugates with high stability and prolonged retention (at
least 24 h) within targeted glioma cells. Such NIR CLIO
NPs havesuccessfully been used for the accuracy of tu-
mor margin determination as similarly reported for or-
thotopictumors implanted in hosts with differing immune
responses to the tumor (Trehin et al 2006).

In 2009, Veiseh et al reported the development of an
iron oxide nanoparticle coated with polyethylene glycol-
grafted chitosan which was able to cross the BBB and
target brain tumors in a genetically engineered mouse
model. The nanoprobe was conjugated to a tumor-
targeting agent, Cltx, and a NIR fluorophore. Using in
vivo magnetic resonance, biophotonic imaging, and his-
tologic and biodistribution analyses, they showed an
innocuous toxicity profile induced by the nanoprobe,
while it showed a sustained retention in tumors and sug-
gested its application for the diagnosis and treatment of a
variety of tumor types in brain (Veiseh et al 2009).

To develop seamless nanosystems, a NS (polymer coated
MNP core conjugated with green fluorescent protein
(GFP) encoding DNA and Cltx) was engineered and
their accumulation in the tumor site and specifically en-
hanced uptake of NPs into cancer cells were shown
(Kievit et al 2010).

MNPs coated with dextran and functionalized with an
anti-insulin-like-growth-factor binding protein 7 (anti-
IGFBP7) single domain antibody was engineered and
conjugated with Cy5.5. The developed anti-IGFBP7
armed MNP-Cy5.5 was able to selectively bind to ab-
normal vessels within a glioblastoma, while the MRI,
NIR imaging, and fluorescent microscopy studies
showed corresponding spatial and temporal changes
(Tomanek et al 2012).

Fig. 7 represents the transmission electron microscopy
and the laser scanning confocal microscopy images of

incorporated multifunctional nanoprobe (PEG-Cltx-
Cy5.5 magnetic nanoparticles) with target glioma cells.
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Fig. 7. Transmission electron microscopy (A), X-ray diffraction
(B), and confocal fluorescent images (C-F) of multifunctional
PEG-CItx-Cy5.5 magnetic nanoparticles (NPC-Cy5.5) used as
ultrasound-MRI responsive agents. C) Rat cardiomyocytes
(rCM). D) 9L glioma. E) Top section of the NPC-Cy5.5 treated
9L cells. F) Middle section of the NPC-Cy5.5 treated 9L cells.
Data were adapted with permission from (Veiseh et al 2005).

Other theranostic systems

While use of chemotherapy and immunotherapy has
been limited due to poor blood-brain barrier penetration,
stimuli responsive multimodal nanomedicines may pro-
vide promising clinical outcomes.

NIR ultrasound (US) can transiently permeabilize the
BBB and thus increase passive diffusion of therapies,
while subsequent implementation of an external mag-
netic field can actively enhance the localization of a
chemotherapeutic agent immobilized on a novel mag-
netic nanoparticle. This notion has successfully been
examined and resulted in the significantly improved de-
livery of 1,3-bis(2-chloroethyl)-1-nitrosourea in rodent
gliomas (Chen et al, 2010b). Besides, the MNPs conju-
gated with NIR fluorescing dyes (e.g., Cyanine dyes
such as Cy5.5 or indocynine green) and a therapeutic
agent can be used for simultaneous imaging and therapy
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of brain tumor as previously reported (Veiseh et al 2010,
Veiseh et al 2009).

Fig. 8 represents the combined use of focused ultrasound
(FUS) and magnetic targeting for the synergistic delivery
of therapeutic MNPs across the BBB.
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MNPs targeting

MT

T T, T .
0 10 20 30 40 50 0 10 20 30 40 50
]

FUS alone FUS + MT (6h)

Fig. 8. MRIgFUS drug delivery across BBB using polymer
coated MNPs conjugated with Epirubicin. A) Intact CNS capilla-
ries. B) Disruption of the BBB through activated of MBs by FUS,
enhancing passive influx of therapeutic MNPs. C) Active delivery
of the therapeutic MNPs to the brain through the use of com-
bined magnetic targeting MT with FUS. D) In vivo imaging of
MNP distribution in the brain using FUS alone. E) In vivo imag-
ing of MNPs distribution in the brain using FUS and MT after 6 h
post treatment. MRIgFUS: MRI-guided focused ultrasound. FUS:
focused ultrasound. BBB: blood-brain barrier. MNPs: magnetic
nanoparticles. MB: microbubbles. MT: magnetic targetingA:
astrocyte. EC: endothelial cell. N: neuron. P: pericyte. Data were
adapted with permission from (Liu et al 2010).

Liu et al showed that neither FUS alone nor magnetic
targeting (MT) alonecaused significant MNP accumula-
tion in the experimental brainsite. However, when FUS
and MT were combined, MNP accumulation increased
dramatically in brainsite. This study is a proof of tech-
nology that clarifies the effectiveness of the integrated
nanomedicine platform to enhance and monitor the de-
livery of multifunctional nanoparticles to the brain (Liu
et al 2012). Using MRI-guided focused ultrasound
(MRIgFUS), macromolecules and even stem cells can be
noninvasive delivered to the specific brain regionsfrom
the blood (Burgess et al 2011). While MRIgFUS meth-
odology shows great promising clinical results (Fig. 8),

its combination with other imaging systems may ad-
vance its sensitivity and also responsiveness to exoge-
nous stimuli. Epirubicin (a cytotoxic agent similar to
doxorubicin) conjugated MNPs were profoundly able to
alter the spin—spin relaxation rate (R2) and thus be used
as anindicator of the MRI contrast agent (Liu et al 2010).

Also, quantum dots (QDs) armed antibody targeting
brain tumor marker molecules may provide an imaging
and therapy theranostics, however these NSs need to be
further furnished with moieties to cross the BBB. They
also need to be conjugated with chemotherapy agent to
exert antitumor impacts in the target cells. Since the NIR
pulsed laser can be used to stimulate the photoacoustic
(PA) properties, conjugation of chemotherapies with an
enhancing contrast agent may result in simultaneous
detection and therapy using NIR US and fluorescence as
non-invasive techniques, which may provide a more
effective and tolerable means of tumor detection and
treatment.

In 2010, Bellavance et al reported thedevelopment of a
novel cationic liposome formulation composed of DPPC:
DC-Chol:DOPE:DHPE Oregon Green, which was
shown to possess efficient internalization and intracellu-
lar delivery to F98 and U-118 glioblastoma (GBM) cells
in pH-sensitive manner. At which point, they suggested
such liposomal formulation as a novel potent and effi-
cient cytosolic delivery of intracellular therapeutics such
as chemotherapy agents to the glioblastoma (Bellavance
et al 2010).

Of the liposomal nanoformulations, the selectivity of
PEGylated immunoliposomes based on monoclonal an-
tibodies against the glial fibrillary acidic protein (GFAP)
and the E2 extracellular loop of connexin 43
(MADbE2Cx43) with respect to the focus of a glioma was
studied in experiments on animals with intracranial C6
glioma (Chekhonin et al 2012). The PEGylated stealth
immunoliposomes labeled with a fluorescent (Dil C18)
or a paramagnetic gadolinium-
diethylenetriaminepentaacetic acid (Gd-DTPA) were
injected to the tumor-bearing rats and fluorescent-labeled
liposomal nanocontainers were detected at the periphery
of the glioma 48 h after injection. The rats injected with
paramagnetic immunoliposomes carrying MADbE2Cx43
showed distinct accumulation of the paramagnetic con-
trast agent at the periphery of the glioma, indicating use-
fulness of these immunoliposomal nano-containers for
the targeted delivery of diagnostic and therapeutic drugs
to the peritumoral invasion zone of high-grade gliomas
(Chekhonin et al 2012).

Using novel quaternary ammonium beta-cyclodextrin
(QAbetaCD) NPs (with 65-88 nm diameter and control-
lable cationic properties), Gil et al reported successful
delivery of doxorubicin (DOX) across the BBB. They
showed that QAbetaCD NPs are not toxic to bovine
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brain microvessel endothelial cells (BBMVECS) at con-
centrations up to 500 ug/mL. They also showed that the
DOX/QAbetaCD complexes can kill U87 cells as effec-
tively as DOX alone, while the QAbetaCD NPs com-
pletely protect BBMVECs from the cytotoxicity of
DOX. And as a result, it was suggested that the QAbe-
taCD NPs acts as safe and effective delivery system for
anticancer agents such as DOX for brain tumors (Gil et
al 2009).

Complete resection in low-grade gliomas that show no
MRI-enhanced images appear to be a challenging ther-
apy which demands a robust and specific probe for de-
tection and possibly on demand therapy. To tackle this,
fluorescently photostable QDs armed with antibody tar-
geting the epidermal growth factor receptor (EGFR)
have been used and tumor cells were visualized with
contrast ratios as high as 1000: 1 compared to normal
brain tissue (Kantelhardt et al 2010).

In 2011, a dual-targeting drug carrier (PAMAM-PEG-
WGA-TT) was developed based on the PEGylated fourth
generation PAMAM dendrimer with transferrin (Tf) and
wheat germ agglutinin (WGA) on the periphery and
doxorubicin (DOX) loaded in the interior. Having pos-
sessed nano-scale size (~ 20 nm), the PAMAM-PEG-
WGA-TT efficiently inhibited the growth rate of C6
glioma cells, while it reduced the cytotoxicity of DOX to
the normal cells. These researchers reported significantly
the increase and accumulation of DOX in the tumor site
(due to the targeting effects of both Tf and WGA) and
suggested it to be used as a BBB penetrating agent with
tumor targeting properties (He et al 2011).

Hollow gold nanospheres (HAUNS) can generate pro-
found photoacoustic signals and also induce efficient
photothermal ablation (PTA) potential that can be used
for simultaneous imaging and PTA of the target cancer
cells. HAUNS targeted to integrins (overexpressed in
glioma) were injected to tumor bearing mice, whose
treatment with near-infrared laser resulted in an image-
guided local tumor PTA therapy with photoacoustic mo-
lecular imaging (Lu et al 2011).

Concluding remarks

Despite the implementation of current therapeutic mo-
dalities for brain tumor therapy (i.e., surgical, radiologi-
cal, and chemotherapeutic interventions), the malignant
glioma as a severe primary brain tumor show high recur-
rence rate and an extremely high mortality rate within 2
years of diagnosis. While patients with primary brain
tumors and brain metastases have a very poor prognosis,
they show poor responsiveness to chemotherapy modali-
ties, mainly because of excellent function of the BBB
that selectively controls traverse of the administered
chemotherapies. This clearly highlights essentiality for
the advancement of brain tumor therapies towards
smarter pharmaceutical. Nanomedicines appear to repre-
sent great promise in the therapy of brain tumors as they

protect therapeutic agent, cross the BBB and allow the
sustained liberation of encapsulated drugs (Orringer et al
2009). Once armed with homing and imaging devices,
these nanomedicines they can undoubtedly act as seam-
less smart multimodal nanomedicines that can be used
for the simultaneous targeting of tumor specific
marker(s) and therapy. Such potentials of multimodal
nanomedicines can provide monitoring means and on-
demand therapy for brain tumor patients. For the design
and engineering of such intelligent multimodal
nanomedicines and theranostics, thus, the transportation
mechanisms of BBB should be fully understood.
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