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Abstract At present, brain tumor is among themost challeng-
ing diseases to treat and the therapy is limited by the lack of
effective methods to deliver anticancer agents across the
blood-brain barrier (BBB). BBB is a selective barrier that
separates the circulating blood from the brain extracellular
fluid. In its neuroprotective function, BBB prevents the entry
of toxins, as well as most of anticancer agents and is the main
impediment for brain targeted drug delivery approaches.
Nanotechnology-based delivery systems provide an attractive
strategy to cross the BBB and reach the central nervous sys-
tem (CNS). The incorporation of anticancer agents in various
nanovehicles facilitates their delivery across the BBB.
Moreover, a more powerful tool in brain tumor therapy has
relied surface modifications of nanovehicles with specific li-
gands that can promote their passage through the BBB and
favor the accumulation of the drug in CNS tumors. This re-
view describes the physiological and anatomical features of
the brain tumor and the BBB, and summarizes the recent
advanced approaches to deliver anticancer drugs into brain
tumor using nanobiotechnology-based drug carrier systems.
The role of specific ligands in the design of functionalized
nanovehicles for targeted delivery to brain tumor is reviewed.
The current trends and future approaches in the CNS delivery
of therapeutic molecules to tumors are also discussed.
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Introduction

Cancer is a group of diseases that involves uncontrolled cell
division, and resistance to cell death. Cancer cells grow into an
abnormal cell mass called a tumor (Mitra et al. 2015).
According to the National Cancer Institute (NCI), in 2016, an
estimated 1,685,210 new cases of cancer will be diagnosed in
the United States and 595,690 people will die from the disease
(Siegel et al. 2016). It is estimated that by 2020, 15 million will
be diagnosed with cancer. Brain tumor is an abnormal growth
of tissue in the central nervous system (CNS) that can disrupt
the proper brain function. In 2015, nearly 25,000 new cases of
primary malignant and 53,000 non-malignant brain tumors
were diagnosed (Ostrom et al. 2016). The mean survival time
of brain tumor patients is only 3–16 months and depends on
age, histology, molecular markers and tumor behavior (Liu and
Lu 2012). Brain tumor-targeted drug delivery strategies remain
particularly challenging for chemotherapy due to the inability
of intravenously administered anticancer agents to reach the
brain parenchyma. This is primarily due to the presence of
several barriers in the CNS, which blocks the transport of an-
ticancer drugs from the bloodstream to the brain tumor site.
The above issues in delivering therapeutic molecules to the
brain tumor can be overcome by understanding the physiology
of these barriers, as well as the various transport mechanisms
and receptors availability.

In order to efficiently deliver anticancer agents into the
brain, several conventional strategies have been used. These
strategies include the disruption of the CNS barriers using
biochemical reagents, focused ultrasound and radiation
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exposure, and invasive delivery methods, such as intra-
cerebrospinal fluid injection, intrathecal, and Intratumoral in-
jections (Chacko et al. 2013; Azad et al. 2015). However,
most of these conventional methods suffer from severe neu-
rotoxic and neuropathological consequences. Recent research
in nanobiotechnology instills new advances in the treatment of
brain tumors (Bhaskar et al. 2010; Wong et al. 2012; Zhang
et al. 2015; Karim et al. 2016). There are several advantages
that nanotechnology can provide in the drug delivery research
area. Nanovehicles facilitate the delivery of encapsulated ther-
apeutic agents to the CNS.Moreover, surface modifications of
nanovehicles with specific ligands have been shown to im-
prove the targeting and crossing of the blood-brain barrier
(BBB), which is one of the major barriers in brain targeted
drug delivery approaches that favor the accumulation of the
drugs in CNS tumors. The current nanobiotechnology based
delivery strategies (combination of nano-, bio-, theranostic
and imaging technologies) offer new options for the treatment
of brain tumors. In that respect, the present review describes
the physiological and anatomical features of the brain tumor
and the BBB, and summarizes the recent advanced ap-
proaches to deliver anticancer drugs into brain tumors. The
design of nanostructures, their advantages and limitations for
targeted delivery to brain tumor are also reviewed. Current
trends and future approaches in the CNS drug delivery to brain
tumors are also discussed.

Physiological and Anatomical Features of the Brain
Tumor

Brain Tumor

Brain tumors can be classified according to the type of cells
involved in the tumor (meningioma, astrocytoma, lymphoma)
or by the tumor location in the brain (Ohgaki and Kleihues
2013). Tumors that originate within brain tissue are known as
primary brain tumors, whereas, tumors that originate from
another part of the body are called secondary brain tumors.
Glioma is the most common primary brain tumor that begins
in the glial tissue and mainly includes astrocytoma,
oligodendroglioma and ependymoma, based on the glial cells
associated (Fig. 1a). According to their locations in the brain,
the other common primary brain tumors are gliomas, menin-
gioma, pituitary adenomas, and vestibular schwannoma.

As a rapidly growing tissue, the extracellular environment
of brain tumor differs to the normal brain tissue (Engin et al.
1995). The extracellular pH of the tumor tissue is about 5.7–
7.2 due to the high rate of glycolysis in tumor cells. With the
deterioration of brain tumors, angiogenesis and vasculogenic
mimicry occur from pre-existing blood vessels, as the growth
and metastasis of tumor depend on an adequate supply of
nutrients and oxygen (Nishida et al. 2006). Brain tumor tissue

mainly consists of tumor cells with a relatively small number
of stem cells. Normal tumor cells are incapable of tumorigen-
esis and can be easily killed by chemotherapeutic drugs.
However, tumor stem cells have the ability to self-renew and
produce new tumor cells, thereby inducing the chemothera-
peutic drug resistance tumorigenesis and cancer spread (Wei
et al. 2014) (Fig. 1b).

Anatomy and Physiology of the Physiochemical Barriers
in Brain Tumor Therapy

One of the major obstacles in the development of therapeutic
agents for the treatment of CNS diseases is to formulate an
appropriate system that can effectively cross the CNS barriers,
and reaching the diseased sites. These barriers mainly include
the BBB, and the blood-brain tumor barrier (BBTB) (Wong
et al. 2012; van Tellingen et al. 2015; Karim et al. 2016).

Blood-Brain Barrier (BBB)

The majority of small molecule drugs and macromolecule
agents, such as proteins, peptides, and antibodies do not read-
ily permeate into the brain parenchyma, which is one of the
most significant challenges of an effective CNS drug delivery.
This can be explained by the fact that before reaching the
targeted sites in the CNS tumor, therapeutic agents have to
pass through the BBB. The function of the BBB is to separate
the brain extracellular fluid from the circulating blood, trans-
port beneficial endogenous molecules and essential nutrients
into the brain, and filter harmful compounds from the brain
back to the bloodstream. The components of the BBB are
monolayer of capillary endothelial cells, basement membrane,
vascular endothelium, pericytes, astrocytes, and the intracel-
lular space between the membranes (Fig. 2a). Transport of
substances across the BBB is strictly limited through both
physical specialized connections (tight junctions) and meta-
bolic barriers (enzymes and transport systems). Unfortunately,
over 95 % of substances never reach the brain in therapeuti-
cally relevant concentrations. The specific and selective mo-
lecular permeability of BBB is due to special features of the
brain cells (Persidsky et al. 2006; Karim et al. 2016).

Brain capillary endothelial cells exhibit higher mitochon-
dria numbers compared to those present in the normal circu-
latory cells (8–11 % versus 2–5 %, respectively) (Oldendorf
et al. 1977; Ronaldson and Davis 2012). This excess metabol-
ic capability of BBB tissue allows them maintaining the
higher selective molecular permeability compared to normal
cells. In addition, the brain capillary endothelial cells are
tighter (50–100 times) than the normal circulation endothelial
cells, which further restricts the diffusion of large hydrophilic
molecules (Abbott 2002). The trans-endothelial electrical resis-
tance (TEER) of the junctional complex that fuses the brain
capillary endothelial cells is higher (1500–2000 Ω.cm2) (Wong
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et al. 2012) than that of the most non-cerebral capillaries (2–
20 Ω.cm2), which severely impedes the paracellular diffusion
of polar molecules (Butt et al. 1990). Moreover, the capillary
endothelial cells of the BBB are surrounded by the astrocytes
(star-shaped glial cells in the brain) projections called astrocytic
feet, which is responsible for releasing several biochemicals and
growth factors for the maintenance of the phenotype of BBB
and the modulation of the permeability of the endothelial cells
(Abbott 2002). In contrast to other vascular endothelial cells, the
absence of fenestrations and the low activity of pinocytosis fur-
ther limit the non-specific transport of small lipophilic molecules
through BBB (Reese and Karnovsky 1967). In addition to the
above physical barriers, the expression of several ion channels as
well as the influx/efflux transporters at the BBB sites play a
pivotal function in restricting the permeability of several mole-
cules. The roles of these specific transporters are discussed later
in this review.

Blood-Brain Tumor Barrier (BBTB)

BBTB is the barrier between the brain tumor and capillary
vessels (Fig. 2b). BBTB prevents the delivery of most

hydrophilic molecules and antitumor agents to brain tumor
site. It is formed when BBB is damaged after the volume of
the tumor reaches a certain level (> 0.2 mm3) (Liu and Lu
2012). At the early stage of malignant brain tumor, such as
glioma or small brain metastasis, the growth of tumor cells
depends on normal brain vascular systems before the forma-
tion of tumor neovessels, while the BBB remains intact. With
the deterioration of brain tumor, tumor cells begin to invade
the surrounding normal brain tissues. The volume of the tumor
cell cluster must be large enough (>0.2 mm3) to damage the
BBB and allow the formation of BBTB.

In low-grade gliomas, the function of the BBTB is similar
to that of the BBB under normal conditions. However, high-
grade gliomas are characterized by alterations of the normal
vascular function resulting in leaky BBTB (Squire et al.
2001). In spite of that, the level of this disruption is not suffi-
cient to allow the therapeutic quantity of drugs, and thus,
BBTB remains an obstacle for brain-targeted drug delivery.
As the tumor invades the surrounding normal brain tissues,
astrocyte feet are displaced from the endothelial cells by
tumor cells. The capillary endothelial cells are not able to
maintain their BBB phenotype due to the lack of biochemical

Fig. 2 Physiology of the blood–brain barrier (BBB) (a) and blood brain tumor barrier (BBTB) (b)
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factors secreted by astrocyte end-feet, which leads to the
breaching of the BBB (Watkins et al. 2014). As a result, the
BBTB capillary vessels become continuous fenestrated mi-
cro-vessels, with variable permeability and pore size during
the progress of tumors (Squire et al. 2001). Although, in the
majority of cases, BBTB prevents the transport of hydrophilic
molecules to the brain tumor. Nonetheless, the evaluation of
BBTB targeted drug delivery holds hopes for the treatment of
the brain tumor.

Drug Transport Mechanisms of BBB for Brain
Tumor Targeting

The transport mechanisms at the BBB can be divided into
three major categories: (i) passive diffusion; (ii) transporters-
mediated transcytosis (TMT); (iii) fluid phase transport by
vesicles, including receptor-mediated endocytosis (RME),
and adsorptive mediated transcytosis (AMT) (Laschinger
and Engelhardt 2000; Gabathuler 2010; Zhang et al. 2016b).

Passive Diffusion

Passive diffusion is a concentration gradient dependent process
that allows molecules to move across cell membranes. The
BBB allows the passage of water (H2O), oxygen (O2), carbon
dioxide (CO2), and lipid-soluble small molecules by passive
diffusion (Mikitsh and Chacko 2014) (Fig. 3a). Drugs that
passively diffuse through the BBB are generally lipophilic
small molecules with MW <500 Da, log P 1 to 5, number of
hydrogen bond donors <5, and the number of hydrogen bond
acceptors <10 (Lipinski 2004; Wager et al. 2010; Ghose et al.
2012). However, nearly all large molecules (MW >1 kDa), do
not cross the BBB through passive diffusion (Pardridge 2005).
The essential substances that the brain needs for metabolism
and survival are glucose, insulin, growth hormone, low-density
lipoproteins (LDLs), etc. These molecules can be recognized
by specific receptors or transport mechanisms, resulting in their
specific transport into the brain. A novel magnetic/ultrasound

system was developed to enhance the passive transport of 1,2-
bis(2-chloroethyl)-1-nitrosourea to rodent glioma by transient
disruption of the BBB (Chen et al. 2010). The system was
magnetically stimulated to enhance the delivery of drug to
brain tumors. The suppression of tumor progression was veri-
fied by MRI and histological examination.

Transporters-Mediated Transcytosis (TMT)

TMT is extensively reviewed for peptides and small molecule
drugs (Gabathuler 2010; Wei et al. 2014; Bhowmik et al.
2015). TMT mechanism uses the specific transporters
expressed on the luminal and the basolateral side of the endo-
thelial cells forming the BBB to cross into the brain. In this
approach, the carrier facilitates the transport of molecules by
influx and efflux transporters, which transport substances in
and out of the CNS, respectively.

The influx transporters allow the entrance of essential en-
dogenous substances including glucose, amino acids, nucleo-
sides, vitamins, monocarboxylic acids, and purine/pyrimidine
bases (Mikitsh and Chacko 2014; Bhowmik et al. 2015).
These transporters, such as facilitated transporters, and ion-
coupled transporters, generally ferry solutes without the help
of ATP hydrolysis, therefore, they are also called solute car-
riers SLCs (Ohtsuki and Terasaki 2007; Gabathuler 2010;
Bhowmik et al. 2015). SLC plays critical roles in various
cellular physiological processes, such as importing/exporting
nutrients, neurotransmitters, and metabolites. In the BBB,
most of these transporters regulate the transport of anticancer
drugs by hindering their entry into the tumor. However, the
electrochemical or concentration gradients of solutes are es-
sentially required for this type of transportation. SLCs can
further be categorized as nucleoside, organic anion/cation,
monocarboxylate and proton-coupled oligopeptide
transporters.

Efflux transporters play an important role in maintaining
the homeostasis of the brain. However, a large number of
anticancer drugs that are able to cross the BBB are removed
out of the CNS due to the extensive activity of the efflux

Fig. 3 Nanobiotechnology based strategies for crossing the BBB
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transporter. Efflux transporters belong to the super-family
named ATP-binding cassette (ABC). ABC transporters utilize
the energy of ATP binding and hydrolysis to transport various
substrates across cellular membranes from the CNS to blood
circulation against the concentration gradient. The ABC efflux
transporters include P-glycoprotein (P-gp), multidrug
resistance-related proteins (MRP), and breast cancer resis-
tance protein (BCRP) expressed at the apical side of the
BBB (Ohtsuki and Terasaki 2007; Gabathuler 2010;
Bhowmik et al. 2015). This process is one of the well-
known underlying mechanisms of CNS anticancer drug resis-
tance. BCRP also limits the BBB permeability of various sub-
strates in the same way as P-gp. The MRPs are efflux pumps
capable of transporting lipophilic anions (Ohtsuki and
Terasaki 2007; Gabathuler 2010; Bhowmik et al. 2015).

These ABC transporters show broad substrate specificity
and collectively impede brain uptake of lipophilic molecules,
potentially toxic metabolites, and drugs (Bhowmik et al.
2015). Hence, enhanced drug uptake can be achieved by
blocking these efflux transporters. Du et al. incorporated ta-
moxifen into the lipid bilayer membrane of the liposome.
Tamoxifen was able to inhibit efflux of MRP in the brain
tumor and BBB. As a result, the overall survival of the brain
tumor-bearing rats was significantly improved (Du et al.
2009). Utilizing the TMT in drug delivery systems to the brain
is a promising brain targeting strategy. However, since the
TMT is substrate selective, only drugs that closely mimic the
endogenous carrier substrates will be taken up and transported
into the brain. Moreover, multiple factors affecting the trans-
port mechanism must be considered. Those include the trans-
port kinetics of molecules, the structural binding requirements
of the transporter and the therapeutic compound manipulation
so that the compound could bind and remain active in vivo.

Fluid Phase Transport by Vesicles

Fluid phase transport by vesicles, including adsorptive medi-
ated transcytosis (AMT), and receptor-mediated endocytosis
(RME) mainly involves three steps: endocytosis at the luminal
(blood) side, intracellular movement, and exocytosis at the
abluminal (brain) side (Laschinger and Engelhardt 2000; Liu
and Lu 2012). A targeting molecule is bound to the membrane
of the brain capillary endothelial cells due to the anionic
charge or its interaction with specific receptors through
AMT and RME mechanisms, respectively. Both RME and
AMT allow the transport of large molecules; therefore, they
are potentially useful for the delivery of anticancer biologics
into the CNS (Begley and Brightman 2003; Pardridge 2003).

Adsorptive-Mediated Transcytosis (AMT)

AMT is triggered by nonspecific electrostatic interactions be-
tween the cationic delivery system and the anionic micro

domains on the brain capillary endothelial cell membrane
(Herve et al. 2008; Wei et al. 2014). AMT is mainly achieved
using the cationic polymers, such as chitosan and gelatin,
since most of these polymers possess amine groups in their
polymer backbone and/or in their side chains (Upadhyay
2014). The cell-penetrating peptides (CCPs) made of cationic
peptides (< 30 amino acids), capable of penetrating cell mem-
brane and transporting the substances into cells. (Herve et al.
2008). According to their origin or sequences characteristics,
CPPs can be divided into subgroups (Koren and Torchilin
2012). TAT, penetratin, and polyarginine belongs to the low
amphipathic peptide class (Heitz et al. 2009). The cationic
guanidine head group of arginine is able to form hydrogen
bonds with the anionic sulfates and phosphates located on
the surface of cell membrane. The high amphipathic peptide
class CPP including model amphipathic peptide (MAP), Pep-
1, and transportan (Heitz et al. 2009; Munyendo et al. 2012)
do not have guanidine head group, and the charge contribution
originates primarily from lysine residues which have less pen-
etrating capacity. The other class of CPP includes vascular
endothelial-cadherin (pVEC) and MPG peptides, where the
hydrophobic residues and the charges are separated length-
wise on the chain (Koren and Torchilin 2012).

A novel TAT-modified liposome (TAT-LIP) was developed
for overcoming the ineffective delivery of drug formulation to
the brain (Qin et al. 2011). The results showed that the major-
ity of TAT-LIP accumulated in the brain within 24 h of their
administration and the positive charge of the TAT played an
important role in increasing its brain targeting. CPPs have also
been successfully employed for gene delivery in the brain.
Yao et al., conjugated a cell-penetrating peptide, LIMK2
NoLS peptide (LNP), with dendrigraft poly-l-lysine (DGL)
and poly-ethylene glycol (PEG) (Yao et al. 2015a). In addi-
tion, plasmid DNA encoding inhibitor of growth 4 (ING4)
was used as therapeutic gene for glioma. The conjugate
showed an enhanced BBB-crossing efficiency, cellular up-
take, gene expression, apoptosis on the tumor site, and median
survival time of glioma-bearing mice. Beside the CPP, other
positively charged molecules, such as polysorbate 80 and cat-
ionic bovine serum albumin were also used to coat delivery
systems. Most of these systems showed successful trans-BBB
passage (Lu et al. 2006; Jain et al. 2015).

Receptor-Mediated Endocytosis (RME)

RME is considered as one of the most mature strategies and
extensively applied for brain-targeted delivery with the char-
acteristics of high specificity, selectivity, and affinity. Its
mechanism is based on the interaction of specific targeting
ligands with the receptors expressed in brain (Gabathuler
2010; Wei et al. 2014; Zhang et al. 2016b). There are several
types of receptors, expressed on the capillary endothelium of
the brain, such as transferrin (Tf), low-density lipoprotein
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(LDL), insulin, and nicotinic acetylcholine (nACh) receptors
(Gabathuler 2010).

Tf receptor (TfR) has been found to be one of the most
attractive targets for delivering CNS tumor therapies as indi-
cated in recent studies (Daniels et al. 2012; Zong et al. 2014;
Dixit et al. 2015a). TfR is a membrane glycoprotein highly
expressed on endothelial cells in the BBB and is necessary to
import iron in the brain (Recht et al. 1990). Drug targeting to
the TfR can be achieved by using its endogenous ligand Tf. As
the expression of TfR is regulated in response to intracellular
iron, the in vivo application of Tf will be limited. Therefore,
utilizing the targeted monoclonal antibody (mAb) against
TfR provides better selectivity and specificity (Daniels et al.
2012).

LDL receptor-related protein (LRP) is a multifunctional
endocytic receptor that mediates the internalization ofmultiple
ligands involved in diverse metabolic pathways (Demeule
et al. 2002; Bell et al. 2007). LRP is highly expressed in many
tissues and in the CNS. It interacts with a broad range of
secreted proteins and resident cell surface molecules (eq.
apoE (apolipoprotein E), α2 M (α2 macroglobulin), tPA (tis-
sue Plasminogen Activator), PAI-1 (Plasminogen Activator
Inhibitor 1), APP (Amyloid Precursor Protein), Factor VIII,
Lactoferrin), and mediates the endocytosis of multiple ligands
ac ross the BBB inc lud ing lac to fe r r in (Lf ) and
melanotransferrin (Demeule et al. 2002; Bell et al. 2007).
LRP is also over-expressed in human glioma cells, which
makes it a potential targeted moiety for BBB penetration and
glioma targeting as well (Maletinska et al. 2000).

Insulin is transported to the brain tissue from the systemic
circulation by means of transcytotic mechanism, involving the
insulin receptor (IR) present at the vascular endothelial cell
surface (Laron 2009). Coloma et al., have extensively docu-
mented the use of IR for the targeted delivery of drugs to the
brain using specific antibodies directed against the IR
(Coloma et al. 2000). Ulbrich et al., conjugated an IR Ab
(29B4) with drug-loaded human serum albumin nanoparticles
(NPs), that are able to transport loperamide across the BBB in
mouse model (Ulbrich et al. 2011). Other receptors, such as
endothelial growth factors, and diphtheria toxin receptors are
also expressed on the BBB (Uotani et al. 1999; Grapp et al.
2013). Beside the receptors on the brain capillary endothelial
cells, various receptors expressed on tumor cells, tumor stem
cells, and tumor-invaded endothelial cells are also identified
and utilized for brain tumor-targeted drug delivery (Table 1).

Nanobiotechnology Based Strategies for Brain
Tumor Targeting

Nanocarriers or nanovehicles are colloidal systems in the
nanoscale size range and capable of encapsulating small mol-
ecules as well as macromolecule drugs. Nanocarriers provide

several advantages, such as drug protection from in vivo/
in vitro degradation, reduction of drug clearance and increase
of the drug half-life in vivo, enhancement of the drug payload,
controlled drug release, improved drug-solubility, and en-
hancement of the targeted delivery by incorporation of
targeting ligands (Youm et al. 2014; Zhang et al. 2015;
Karim et al. 2016).

The major properties that govern the in vivo characteristics
of the brain targeted nanocarriers are their size, surface charge,
and the presence of targeting ligands on their surface (Bhaskar
et al. 2010; Yoo et al. 2010; Morachis et al. 2012; Ernsting
et al. 2013). The nanocarriers are cleared mainly by the retic-
uloendothelial system (RES) consisting of phagocytic cells
(monocytes and macrophages) which can engulf and remove
the nanocarriers from the systemic circulation through the
process of opsonization. In general, opsonization process in-
volves the coating of nanocarriers with opsonin proteins, thus,
marking them recognized by the immune system for phago-
cytosis (Owens and Peppas 2006; Sanhai et al. 2008;
Riehemann et al. 2009; Agrahari et al. 2016a). The addition
of hydrophilic polymers, such as PEG on the surface of
nanocarriers causes a steric hindrance to the opsonins and
thus, reduces the uptake by the RES system (van Vlerken
et al. 2007; Davis et al. 2008; Salmaso and Caliceti 2013).
Generally, opsonization and phagocytic uptake of
nanocarriers increase with the size of the particles (Karim
et al. 2016). The surface charge of the nanocarriers is also a
critical parameter that can influence their biodistribution and
interactions with RES cells. Commonly, nanocarriers with
neutral surface charge have fewer chances to be phagocytosed
by the RES system, whereas, nanocarriers with positive or
negative surface charges are more prone to be engulfed by
phagocytic cells. However, for brain targeted drug delivery
systems, cationic nanocarriers are more attractive as they
may cross the BBB through AMT. There are several ap-
proaches that have been applied to improve the brain tumor
targeting of nanocarriers using the RME or AMTmechanisms
(Table 1). In the following sub-sections, the advantages and
limitations of several brain tumor targeted nanocarrier systems
will be discussed (Fig. 4).

Liposomes

Liposomes have been comprehensively used for brain tumor
therapeutics (Table 1) due to several advantages, such as their
ability to cross the BBB through the inter-endothelial gaps of
the highly vascularized leaky BBTB. Liposomes are lipid ves-
icles in the size range from 0.1 to 10 μm made of amphiphilic
phospholipid bilayers surrounding an aqueous core. The aque-
ous core can encapsulate hydrophilic drugs, whereas hydro-
phobic drugs can be encapsulated in the phospholipid bilay-
ers. Based on their size and number of phospholipid bilayers,
liposomes are classified as small/large unilamellar and
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Table 1 A summary of brain tumor targeting nanocarrier systems reported in recent studies

Nanocarrier Bioactive agent Ligand Receptor Reference

Liposomes 5-carboxyfluorescein,
doxorubicin (DOX),
dye DiR

(D) CDX and c(RGDyK)
peptide

NAC and integrin (Wei et al. 2015)

DOX Glutamate Large amino acid transporter 1 (Li et al. 2016)

Paclitaxel (PTX) R8-c(RGD) peptide Glioma stem cells (Liu et al. 2015)

DOX Tf peptide TfR (Zong et al. 2014)

VEGF siRNA and docetaxel
(DTX)

Angiopep-2 and tLyP-1 Angiopep-2 and neuropilin-1 (Yang et al. 2014)

PTX R8-RGD peptide Integrin αvβ3 (Liu et al. 2014)

DOX RGERPPR peptide Neuropilin-1 (Yang et al. 2013)

DOX Folic acid and Tf peptide Folate and TfR (Gao et al. 2013)

Polymeric
NP

Methotrexate Tf peptide TfR (Jain et al. 2015)

Etoposide 83-14 MAb) and anti-epithelial
growth factor

α-subunit of insulin receptor (IR)
and epithelial growth factor
receptor (EGFR)

(Kuo and Lee 2016)

DOX Mannose Mannose receptors (Byeon et al. 2016)

2-deoxy-d-glucose Glucose transporter (Jiang et al. 2014)

DOX cRGD αvβ3-integrin (Chen et al. 2015)

PTX DNA aptamer Nucleolin (Guo et al. 2011)

DNA Angiopep-2 LRP-1 (Huang et al. 2011b)

Cilengitide avβ3 and avβ5 integrins (Zhao et al. 2016)

PTX EDB-targeted peptide Fibronectin extra domain B (Gu et al. 2014)

Polymersome DOX des-octanoyl ghrelin and folate des-octanoyl ghrelin and folate
receptors

(Chen et al. 2014)

DOX and tetrandrine Lf LRP (Pang et al. 2010)

Coumarin-6 Lf and Tf LRP and TfR (Gao et al. 2010)

DOX Tf TfR (Pang et al. 2011)

Nanomicelle DTX c(RGDyK) αvβ3 integrin (Li et al. 2015)

DOX Folic acid Folate receptor (Niu et al. 2014)

Platinum Drugs cRGD peptide αvβ3/αvβ5 integrins (Miura et al. 2013)

PTX Tf peptide TfR (Zhang et al. 2012)

Nanogels Cy5.5-labled Lf LRP1 (Jiang et al. 2013)

Cisplatin mAb to Cx43 and BSAT1 Connexin 43 and brain-specific
anion transporter

(Baklaushev et al. 2015)

Dendrimers DOX Tf + tamoxifen TfR (Li et al. 2012)

TRAIL gene Angiopep-2 LRP1 (Huang et al. 2011b)

DOX Tf + WGA TfR (He et al. 2011)

Plasmids encoding
b-galactosidase

Tf TfR (Somani et al. 2014)

pORF-TRAIL plasmid pORF-TRAIL plasmid TRAIL receptor (Huang et al. 2011a)

Interferon beta gene Arginine (Bai et al. 2013)

siRNA Tf T7 peptide TfR (Kuang et al. 2013)

Magnetic
NPs

mAb VEGF VEGF (Abakumov et al. 2015)

Alisertib Chlorotoxin MMP-2 (Locatelli et al. 2014)

DOX and PTX Tf TfR (Cui et al. 2013)

Angiopep-2 LRP-1 (Ni et al. 2014)

EGF EGFR (Shevtsov et al. 2014)

DOX and curcumin Lf Lactoferrin receptor (LfR) (Fang et al. 2014)

DOX Angiopep-2 LRP1 (Ruan et al. 2015a)
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multilamellar vesicles. The surfaces of liposomes can be eas-
ily modified to make stealth and site-specific formulations
(PEGylated liposomes: immunoliposomes) for targeted deliv-
ery to the brain tumors (Immordino et al. 2006; Laquintana
et al. 2009).

Targeting approaches enable liposomes to cross the intact
BBB by means of RME or AMT (Deshpande et al. 2013).
Using the PEGylation strategy, in vivo circulation time of
liposomes can be significantly extended to days (Immordino
et al. 2006). The physiochemical properties of liposomes can
be modified by mixing different lipids to control their size,
surface charge, and functionalization. Although, liposomes

exhibit numerous advantages, they present certain limitations,
such as low stability and poor reproducibility in terms of size
and lamellarity, low drug loading capacity for poorly soluble
drugs, difficulties in sterilization, potential immunotoxicity,
and limited control over drug release (Akbarzadeh et al.
2013).

Polymeric NPs

Polymeric NPs are defined as biodegradable colloidal systems
in the size range of 10–1000 nm. Therapeutic molecules could
be dissolved, encapsulated or chemically conjugated to the

Table 1 (continued)

Nanocarrier Bioactive agent Ligand Receptor Reference

Folic acid and c(RGDyK) peptide cRGD, and folate receptors (Zhang et al. 2016a)

Curcumin Lf LfR (Fang et al. 2016)

Lf LfR (Zhou et al. 2015)

Recombinant IL-1 receptor antagonist IL-1 (Shevtsov et al. 2015)

cRGD peptide αvβ3-integrin (Ruan et al. 2015b)

EGFR mAb EGFR (Mu et al. 2015)

Tf TfR (Jiang et al. 2012)

Gold NPs photosensitizer phthalocyanine
4 (Pc 4)

EGF and Tf peptide EGFR and TfR (Dixit et al. 2015b)

Pc 4 Tf TfR (Dixit et al. 2015a)

DOX Angiopep-2 LRP1 (Ruan et al. 2015a)

RNAi RDG peptide αvβ3 integrins (Wang et al. 2015)

Pc 4 EGF peptide EGFR (Meyers et al. 2015)

Carbon
nanotubes

DOX Angiopep-2 LRP1 (Ren et al. 2012)

Lucanthone Apurinic endonuclease-1 (Chowdhury et al. 2015)

Angiopep-2 LRP1 (Kafa et al. 2016)

DOX Folic acid Folate receptor (Lu et al. 2012)

Exosomes Exosomes isolated from
brain cell culture media

(Yang et al. 2015)

Fig. 4 Nanocarrier systems for
brain tumor targeting approaches
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nanoparticulate system. Depending on the specific method of
preparation, polymeric NPs can be formulated as nanospheres
(matrix system, where drug is dispersed throughout the parti-
cles) or nanocapsules (reservoir system, where drug is con-
fined to an aqueous or oily core surrounded by a polymeric
membrane). Polymeric NPs are considered as one of the most
promising systems to deliver the therapeutic drugs across the
BBB and treat brain tumors as confirmed in several studies
(Table 1). There are several advantages that polymeric NPs
can provide. Those include the various routes of administra-
tion, flexibility of surface modification by targeting mole-
cules, stimuli-responsive formulation development, encapsu-
lation and delivery of multiple drugs in a single NP with ad-
justable size, shape, surface functionality. Besides their advan-
tages, polymeric NPs also have several drawbacks, such as
burst release of drug that may lead to potential drug toxicity,
rapid phagocytic clearance, immunogenicity issues, scale-up
of formulations, large surface area that may lead to particle
aggregation, and non-uniformity in size distribution.

Polymersomes

Polymersomes are self-assembled vesicles of amphiphilic
block copolymers containing hydrophilic and hydrophobic
blocks which can effectively encapsulate both hydrophilic
and hydrophobic drugs (Krishnamoorthy et al. 2014;
Tuguntaev et al. 2016). Compared to the liposomes,
polymersomes contain many advantages, such as adjustable
amphiphilic polymer molecular weight and ratio, tunable
physical and chemical properties, better colloidal/mechani-
cal/storage stability, high drug loading capacity, long blood
circulation time, and reduced drug leakage. Their surface
functionalization with a targeting ligand can enhance the ther-
apeutic effect by targeting the brain tumor site, thereby, reduc-
ing the unwanted toxicity in normal cells. However, the scale-
up of polymerosome batch production continues to be a major
challenges. Moreover, potential biocompatibility issues of
polymersomes regarding long-term administration and pres-
ence of toxic residual organic solvents in the final formulation
need to be addressed (Anajafi and Mallik 2015).

Nanomicelles

Nanomicelles are self-assembled systems from biodegradable
and biocompatible amphiphilic block polymers in the nano-
scale size range of ~10–100 nm. They can encapsulate poorly-
water soluble drugs in the core and their hydrophilic shell
allows the encapsulation of hydrophilic molecules
(Oerlemans et al. 2010; Lu and Park 2013). The hydrophilic
shell also provides the stability of the nanomicelles and long
blood circulation time in vivo. Owing to their small size,
nanomicelles can leave the blood circulation at the tumor site
via the enhanced permeability and retention (EPR) effect

(Biswas et al. 2016). Nanomicelles have wide advantages
in drug delivery applications, such as easy and reproduc-
ible formulation, sterilization by simple filtration, possi-
bilities of changing polymer block arrangements as per
the requirements, and their small size provide longer
blood circulation time by evading the mononuclear
phagocyte system (MPS) also known as the RES or mac-
rophage system. Therefore, nanomicelles could be used as
a potential candidate in the development of brain-targeted
delivery systems. Drawbacks of nanomicelles include low
stability, premature drug release, immunogenicity, and
lack of appropriate methods for formulation scale-up. In
addition, they are willing to dissociate, especially at a
concentration below their critical micelle concentration
(CMC) (Oerlemans et al. 2010; Lu and Park 2013).

Dendrimers

Dendrimers are highly branched three-dimensional synthetic
polymeric macromolecules (10–100 nm). Various dendrimers
based on polyamidoamine (PAMAM), poly (propylenemine)
(PPI), and poly-L-lysine (PLL) have been explored as delivery
vehicles. The specific advantages of dendrimers in brain-
targeted delivery systems include their uniform size distribu-
tion, availability of multiple locations for drug and ligand
conjugation, high drug loading capacity, conjugation of mul-
tiple molecules at the same time, and high thermodynamic
stability (Somani and Dufes 2014; Dwivedi et al. 2016).
However, the complexity of formulation development, multi-
step synthesis, and toxicological issues mainly due to the pres-
ence of amino functional groups, limit the applicability of
dendrimers in clinics.

Nanogels

Nanogels are basically NPs composed of hydrogels
and emerged as a versatile hydrophilic platform for drug de-
livery applications (Kabanov and Vinogradov 2009; Agrahari
et al. 2016b). They are formed by cross-linked swellable poly-
meric networks with a high water holding capacity. The char-
acteristic properties of nanogels, such as size, surface charge,
porosity, softness, and degradability can be modified by vary-
ing the chemical composition of the polymers used in their
formulation (Kabanov and Vinogradov 2009). They are capa-
ble of holding small molecules, macromolecule drugs, and
inorganic particles within their cross-linked networks, which
allow them to be applied in therapy as well as imaging appli-
cations. Because of their hydrophilicity, nanogels are highly
biocompatible, their softness and swelling properties allow to
achieve a controlled or triggered response at the target site.
However, burst release of drug may occur, and probably due
to the high water content and soft nature of hydrogels thus
causing a relative or substantial loss of the drug in the systemic
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circulation. Moreover, the complexity of the nanogel systems
and their low scalable production, limit their applicability
(Hoare and Kohane 2008).

Gold NPs

Gold NPs have the ability to permeate through the brain mi-
crovasculature due to their small size (Cheng et al. 2014c).
The large surface of the gold NPs allows them to be coated
with a variety of ligands and therapeutic agents for targeting
approaches. Gold NPs have several characteristics that make
them a promising carrier candidate for the drug transport
across the BBB. Those include their small size, minimal or
no tissue reactivity, low toxicity, and neutral surface charge of
modified gold NPs (Shukla et al. 2005; Joh et al. 2013).
Moreover, gold NPs have the ability of producing heat, which
can kill the tumors in photodynamic therapy (Cabuzu et al.
2015). Despite their advantages, certain questions need to be
addressed before their use in clinics. The most critical are: the
toxicity and immunogenicity issues, the effect of ligand con-
jugation on the biodistribution, and consequent side effects
(Arvizo et al. 2010).

Carbon Nanotubes (CNTs)

CNTs are graphene sheets rolled into a seamless cylinder that
can be open ended or capped, having a high aspect ratio with
diameters as small as one nanometer and a length of several
micrometers (Ji et al. 2010; Zhang et al. 2011). There are two
broad categories of CNTs: single-walled CNTs (SWCNTs)
and multi-walled CNTs (MWCNTs). SWCNTs are made of
single graphene layer wrapped in a hexagonal close-packed
cylindrical structure. Whereas, MWCNTs consist of several
coaxial cylinders made of a single graphene sheet surrounding
a hollow core (Ji et al. 2010; Zhang et al. 2011). CNTs have
the ability to penetrate the BBB like a needle due to their unit
structure. CNTs can be covalently or non-covalently function-
alized with the targeting ligands. However, CNTs are insolu-
ble in most of the solvents which generate some toxicity and
biosafety issues. Nevertheless, chemical modifications may
transform them in water-soluble carriers, and reduce their tox-
icity (Beg et al. 2011; Zhang et al. 2011). In addition, the
pharmacokinetic data of CNTs are severely challenged be-
cause of their low reproducibility (Beg et al. 2011; Zhang
et al. 2011).

Magnetic NPs

Magnetic NPs have gained great attention and are being ex-
plored for various applications including the brain tumor
targeting and imaging (Wankhede et al. 2012; Mahmoudi
and Hadjipanayis 2014; Liu et al. 2016). The ability of mag-
netic NPs to cross the BBB makes them an attractive system

for brain tumor therapy (Wankhede et al. 2012).Magnetic NPs
are commonly comprised of a core-shell morphology with an
iron oxide core coated with a biocompatible material, such as
polysaccharide, polymer, lipid, or protein. They can be sys-
temically administered into the blood stream and targeted by
applying an external magnetic field for therapy, imaging or
diagnostic applications. The uptake of magnetic NPs by ma-
lignant brain tumor cells has been demonstrated in several
studies (Table 1). However, the aggregation, instability, non-
specific uptake by the RES system, difficulty in penetrating
the tissue, as well as the toxicity and potential immunogenicity
of magnetic NPs needs to be well determined before their
clinical application in brain tumor targeting approaches
(Wankhede et al. 2012).

Exosomes

Exosomes are nanosized vesicles with a lipid bilayer mem-
brane surrounding an aqueous inner core. Exosomes can be
loaded with both hydrophilic and hydrophobic drug mole-
cules (Braccioli et al. 2014; Katakowski and Chopp 2016).
Exosomes are composed of different types of lipids, such as
cholesterol, sphingolipids, phosphoglycerides, ceramides, and
saturated fatty acid chains. They are naturally produced in
body cells and can be found in several body fluids, including
blood, saliva, and urine (Keller et al. 2011). They are naturally
stable and have inherent targeting properties depending on the
composition of the exosomes. The capacity of exosomes to
serve as a system to encapsulate nucleic acids, proteins, and
lipids, and their role in intercellular communication, make
them a versatile platform for drug delivery applications
(Johnsen et al. 2014).

Exosomes havemany desirable features to become an ideal
drug delivery system. Those include long circulating half-life,
intrinsic ability to target tissues, minimal off-target effects,
higher biocompatibility and minimal or no inherent toxicity
issues (when self-derived exosomes are used). One of the
significant advantages of these drug delivery vehicles is their
ability to cross the BBB. However, the characterization of
exosomes of different sources needs further understanding of
their transport mechanisms across various barriers. Currently,
there is no purification technique available for the isolation of
exosomes with high efficiency (Kooijmans et al. 2012; Yang
et al. 2015). In addition, the isolation and large scale produc-
tion of exosomes for clinical studies are costly and remain an
area of investigation.

Conclusions and Future Perspectives

Drug delivery to the brain tumor has seen significant pro-
gress in recent years and nanocarriers systems have been con-
sidered as one of the promising approaches in brain tumor
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targeted therapy. This is due to the higher stability of
nanocarriers in biological fluids, long circulation in vivo and
a good bioavailability. In addition, nanocarriers can provide a
versatile and easy surface functionalization, homogenous size
distributions, high drug loading, flexibility in drug release
characteristics (stimuli-responsive or controlled), and a possi-
bility of co-encapsulation of more than one anticancer drug in
one system. Although, nanocarrier drug delivery systems are
very promising for the treatment of brain cancers, no
nanocarriers with active targeting have been approved by the
U.S. Food and Drug Administration (FDA). The clinical fail-
ure of delivery systems is mainly due to the presence of BBB
and BBTB barriers. In addition to these barriers, there are
numerous other challenges that need to be solved, such as
the low therapeutic efficiency of nanocarriers inside the tumor,
specificity of targeting ligands to deliver them at the diseased
site, and release of drugs in a controlled or stimuli-responsive
manner.

The physicochemical parameters (size, shape, surface
charge, and functionality) of nanocarriers play an important
role in their in vivo therapeutic efficacy. Thus, the screening of
physicochemical parameters of nanocarriers must be per-
formed to develop a pharmaceutical formulation that has a
better therapeutic efficacy. Currently, the design of experiment
approach is a valuable tool for the pre-formulation screening
design and the optimization of the process and formulation
parameters of the nanocarriers system Zhang et al. 2013;
Agrahari et al. 2014; Youm et al. 2014; Meng et al. 2014).
This initial screening is very important to identify an opti-
mized system that may provide a potential way for an efficient
CNS delivery of anticancer therapeutics. Although, there are
promising but posing challenges to develop a successful brain
tumor targeted system, the nanotechnology approach may
provide a way to develop a system that can be efficiently
targeted to the brain tumor sites.

In addition to the above, developing a stimuli-responsive
nanocarrier system is an attractive area in drug delivery re-
search (Mura et al. 2013; Torchilin 2014). The concept of
stimuli-responsive systems are widely used for anticancer
therapy and other diseases (Cheng et al. 2013, 2014a; Maya
et al. 2013; Agrahari et al. 2014; Bagherifam et al. 2015).
These novel systems are able to respond to their environment
and enhance/trigger the release of therapeutic molecules with-
in a particular site of interest. However, nothing much has
been explored in the stimuli-responsive systems intended for
brain-tumor target drug delivery. There are a number of trig-
gering signals (pH, temperature, enzymes, oxidative stress,
magnetic field, etc.) that can be used as a stimulus in cancer
therapeutics. The intrinsic environmental differences in brain
tumor sites (compared to normal cells), such as low pH and
differences in the enzyme and glutathione (GSH) levels, can
be utilized to develop a stimuli-responsive system (Fang Liu
et al. 2016) that will be able to enhance the overall efficacy of

the nanocarriers to the brain tumor. External stimuli, such as
magnetic field, light, and heat are also promising options to be
applied to control the release of therapeutic molecules in a
spatial and temporal manner. In a recent publication, a
theranostic agent for brain tumor MRI, paramagnetic, pH
and temperature-sensitive polymeric particles (PPPs) with a
high drug release rate have been synthesized. The results
showed that the PPPs have potential in diagnosing and
treating glioma (Ruiqing Liu et al. 2015).

The incorporation of nano-, bio-, theranostic and imaging
technologies in drug delivery systems (multi-functional
nanocarriers) has shown great promises for the diagnosis
and therapy of brain tumor (He et al. 2013; Meyers et al.
2013; Cheng et al. 2014b; Yao et al. 2015b). These systems
can be used to visualize cancer cells through in vivo imaging
techniques, and monitor the effects of the drug-loaded
nanocarrier treatment in real time. However, potential neuro-
toxicity and related systemic toxicity of such particles should
be evaluated in clinics. Moreover, the long-term distribution,
biodegradation, and the elimination mechanism of these par-
ticles require further investigation. Despite numerous chal-
lenges, these nanobiotechnology based particles could lead
to exciting breakthroughs in brain tumor therapeutics.

Overall, in this review, a brief overview of targeting ap-
proaches and development of nanocarrier systems for brain
tumor has been provided. The nanobiotechnological drug de-
livery methods provide exciting opportunities combining the
targeting, therapeutic and imaging agents together and create
innovative nanomedicines for brain tumor-targeted therapy.
Further studies are warranted to explore the promising appli-
cation of nanobiotechnology in tumor diagnosis at earlier
stage, as well as the monitoring of brain tumors over the du-
ration of a treatment regime. This will facilitate the develop-
ment of effective medicine for curing patients with brain
tumors.
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