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ABSTRACT
During the last decade pharmaceutical drug delivery research has been focused on enhancement of the drug efficacy by improving their selectivity to the target organ in the body. In most of drug
delivery system, only asmall fraction of the administered dose of the drug reachesto its thergpeutic site of action, central nervous system (CNS) disorders likewise not devoid of this conception.
Theincidence of centra nervous system disorders in humans increases with age; this, along with the fact that very few drugs can cross the blood brain barrier (BBB), exacerbates the problem
of drug delivery to the central nervous system, asit act as major impediment for drug penetration in to brain. One of the virtually promising approach is to deliver therapeutic agents to the
brain by using nanoparticles. Nanoparticulate drug delivery systems can pervade across the blood brain barrier and target to the central nervous system by modifying the surface and sequestering
different ligands to them. Nanoparticles (NPs) in this regard can serve as a potential module for ferrying large doses of drugs across the blood brain barrier by various approaches like inhibiting
P-glycoprotein efflux pump, adsorptive mediated endocytosis, etc. The current review explores the different impediments for brain drug delivery, diverse possible mechanisms by which the
NPs can effectualy deliver potentiad bioactive agents to the central nervous system and the prospects of surface modified NPs to enhance the transport of therapeutic agents across the brain,
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providing refined drug delivery.
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INTRODUCTION

Theincidence of central nervous system disorders in humans increases with age; this, along
with the fact that only a few drugs can cross the blood brain barrier (BBB), exacerbates
depleted drug delivery to the brain. It is predicted that by 2020, the number of peoplein the
US alone aged >65 years will increase by 50%, ™ which will lead to concurrent increase in
central nervous system disorders. This would result in an annual expenditure in the US for
Alzheimer's disease adone of $ US 0.5 trillion. Because one in every three people will

experience anervous system disorder during his’her lifetime so that the neuropharmaceutical

market is portended to become the most orotund sector of the pharmaceutical industry. @

Important egress is that most central nervous system diseases, such as Parkinson’s (PD),

Alzheimer's (AD), multiple sclerosis and amylotropic lateral sclerosis do not respond to
small molecule therapeutics. ¥ Study conducted by Gosh et a1 revealed that from the 7000
drugs in the Comprehensive Medicinal Chemistry database, ™ only 5% are used for the
treatment of brain diseases (i.e. mainly depression, schizophrenia and insomnia). In another
study!® Lipinski et a. has shown that although 12% of drugs are contrive to act specifically
on the centra nervous system but from that only 1% are active in the brain for intervention
of only affective disorders, virtually brain diseases are largely refractory to small molecule
drug therapy. (Table 1)

Table1. List of central nervous system disorderslargely refractory to small molecule drug
therapy (89

Central Nervous System disorderslargely refractory to small molecule drug therapy

Neurodegenerative diseases : Alzheimer’s, Huntington’s, Parkinson’s disease
Inflammatory diseases: Amytrophic Lateral Sclerosis (ALS), Multiple sclerosis
Neuro-AlIDS, Brain cancer, Stroke, Brain or Spina cord trauma, Inherited ataxias,
Blindness, Cerebro vascular disease.

Treating centra nervous system diseases is a huge challenge because of the presence of various
obstacles1%11 The major impediment for brain drug delivery is BBB. Apart from BBB,
Blood-Cerebrospind Fluid Barrier (BCFB) and various efflux transporter proteins also ob-
struct the ingress of extraneous elements into the central nervous system.['2 These protective
barriers throttle the entry to the brain from the periphery, of variety of compounds including
therapeutically active agents utilized for the treatment of fatal central nervous system diseases,
such ashbrain tumors, HIV encephd opathy, epilepsy, cerebrovascular disease and neurodegenerdive
disorders, and of other pathologies. The existing conventional drug delivery systems are
inefficient in selectively targeting drugs to the central nervous system. Preventing the drug
from penetrating into brain by aforementioned impediments resultsin the low efficacy of many
potential thergpeutic agents. [ 181 With thisregard, aggressive research efforts have been riveted
on the development of new drugs as well as novel drug delivery strategies for more effectua
delivery of variety of drug molecules to the brain 13
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The developmental work for new drugs for the treatment of central nervous system disorders
has not kept pace with progress in molecular neurosciences because most of the newly
discovered drug molecules are unable to cross the BBB. The clinical failure of brain / central

nervous system diseases may be attributed largely to a lack of appropriate drug delivery
systems. Localized and controlled delivery of drugs at their desired site of action is preferred
because it reduces toxicity and increases treatment efficiency. During past decade, considerable
endeavors were made in the field of brain-targeted drug delivery. Various more or less sophis-
ticated approaches, such as intracerebra delivery, intracerebroventricular delivery, intranasa

delivery, BBB disruption, nanoparticles, receptor mediated transport (vector-mediated trans-
port or ‘chimeric’ peptides), cell-penetrating peptides, pro-drugs, and chemical ddlivery sys-
tems and many more approaches have been attempted. These approaches may offer many
intriguing possibilities for brain delivery and targeting, but only some have been strove at the
phase where they can provide safe and effective human gpplications!*s 171

From the aforementioned approaches substantial research work in the area of particulate carrier
systems are currently going on to enhanced brain drug delivery. Particulate systems like
nanoparticles, microspheres etc. have been used as a physica approach to modulate and
improve the pharmacokinetic and pharmacodynamic properties of diverse types of drug mol-
ecules!¥ Nanoparticles can serve as a potential module for ferrying large doses of drugs across
the BBB. This delivers high therapeutic payload of drug in the brain, availing to obtain
optimal therapeutic response with the commencement of minimal side effects. [18 19

Specia attention on nanoparticles based drug delivery was given in the years between 1970
and the early 1980s. Further developments resulting from these works were also followed, and
riveted on especialy interesting improvements such as nanoparticles for the delivery of drugs
across the BBB and PEGylated nanoparticles with a prolonged blood circulation time. 7
Polymeric nanoparticles offer some specific advantages over liposomes, Niosomes and other
vesicular drug delivery system. For instance, they help to ameliorate the stability of drugs /
proteins and possess utile controlled release properties and hence polymeric nanoparticles are
accepted as more preferable vehicle for targeted as well as controlled drug delivery. [20.21

CHALLENGES FOR BRAIN DRUG DELIVERY:

Unlike most other organs, the cerebral blood compartment is not in free diffusiona transposi-
tion with the interstitium of the brain. The brain is tightly dissevered from the circulating
blood by a unique membranous barrier, the BBB.

Drug delivery to the brain is severely haltered due to the exceptionally low permesbility of the
BBB. It composed of Brain Capillary Endothelial Cells (BECE) that istightly connected and
responsible for the extremely selective permesbility attributes of the cerebrovasculature. (Fig-
urel) (2223 24 |t js consi dered as homeostatic denia mechanism of the brain against pathogens
and toxins. It also screens the biochemical, physicochemical and structura features of solutes
at its periphery. It aso restrains solute ingressinto the brain, by the transcellular route, due to
an increased electrical resistance between the endothelia cells at the tight junctions (TJ). 25261
In brain capillaries of the endothelia cells are differ from the capillaries of other parts of the body
i.e. intercellular cleft, pinocytoss, and fenestrate are virtually absent and mitochondria present
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profusely; hence, diffusion occurs transcellularly. Therefore, only lipid soluble minuscule
solutes that can freely diffuse through the capillary endothelial membrane passively. 27 28. 29

Neauron

Lipid soluble
{passive diffusion)

Endothalium with
tight junctions =~

Brain capillary Paricyie

Figure 1 Schematic presentation of blood brain barrier

The BBB aso have additional, enzymeatic aspects: solutes crossing the cell membrane are
subsequently queered to degrading enzymes present in large numbers inside the endothelial
cdllsthat contain large density of mitochondriai.e. metabolicaly highly active organelles.[*d
Enzymes and receptors ascertained in the BBB, are adenylate cyclase, guanylate cyclase, Nat+/
K+ adenosine triphosphate (ATP)ase, akaline phosphatase, catechol O-methyl transferase,
monoamine oxidase, g-aminobutyric acid (GABA) transaminase, and DOPA decarboxylase.
(31323334 These enzymes have potential to recognize and degrade most peptides, including
naturally occurring neuropeptides.s 3¢ The factorswhich are affecting brain drug delivery have

been classified in following table.

Table 2. Factors affecting brain drug delivery 31
Factorsat blood brain barrier Peripheral factors

- Concentration gradient of drug / polymer

- Molecular weight of drug

- Flexibility, conformation of drug / polymer
- Lipophilicity

- Affinity for efflux protein (P-gp)

- Cellular enzyme stability

- Molecular charge of drug / polymer

- Affinity for receptors and carriers

Systemic enzyme stability
- Affinity for plasmaprotein
- Metabolism by other tissue
- Clearance rate of drug / polymer
- Effect of existing pathological condition

In addition to metabolizing enzymes, the shielding effect of the BBB / Blood Cerebrospinal
Fluid Barrier (BCFB) isfurther potentiated by the presence of certain principal efflux transport-
ers such as P-glycoprotein, multi drug resistance protein (MRPs) and breast cancer resistance
protein (BCRP). [3¥ MRP expressions may show species variation like in relation to brain
drugincursion, P- glycoprotein and BCRP appear to be the mgjor playerswith certainly multi
drug resistance protein i.e. MRP2 having alesser but significant role. The surface area of the
BBB is known to be 5000-times greater than that of the BCFB and so BBB may play a
prevailing role for drug and nutrient transfers into the brain.[3% 40 44

1. Permeability glycoprotein (P-gp) efflux transport system:
P-glycoprotein is a brain microvascular endothelid cell protein, which possesses severa
indispensible pharmacological functions of drug transport and expulsion. 281 It expressed in
high density on the apical surface of brain endotheliad cells. P-glycoprotein is involved in
protecting the brain exposure to a variety of extraneous material including pharmacologically
active agents and hence it is a prime hurdle for the delivery of drug used for the treatment of
various central nervous system diseases such as neurodegerative disorders, primary brain
tumors, cerebral HIV infection etc. P-glycoprotein has &ffinity for abroad range of structurally
unrelated large hydrophobic compoundsand it actively effluxes such compound from the
brain.

P-glycoprotein is encoded by asmall group of related genes called multidrug resistance genes
(MDR/mdr), 44. In rodents three P-glycoprotein gene products are identified mdrla, mdrlb
and mdr2 3 and in humans these are identified as MDR1 and MDR2 4. The mdrla/b gene
products have a 90% homology with each other based on their amino acid sequence 5 and
human MDR shows an 80% homology compared with the rat gene products 1491, In rodent’s
mdrla, mdrlb and in humans only MDR1 gene products confer multidrug resistance and
exhibit drug transport 1. P-glycoprotein is also expressed into the luminal cell membrane of
the cerebral endothelia cells and transports a very wide range of substrates with an immense
structura diversity out of these cells. In general, the substrates of P-glycoprotein arelipophilic,

planar molecules and are either neutral or cationic. Many drugs are transported by P-glycopro-

tein and its activity is responsible for limiting their penetration into the centra nervous
system. P-glycoprotein, mdrlaand MDR1 are principaly expressed in the luminal membrane
of rat / mouse and human BCEC respectively and transport substrates directly into the vascular
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lumen 48581, they are also expressed in the apical membrane of the choroid plexus!> wherein,
they will apparently transport substrates into cerebrospinal fluid. Thus, P-glycoprotein may
remove substrates from the stroma of the choroid plexusinto the relatively large volume of the
cerebro spinal fluid, quashing the choroid plexus burden of drug, without adding to the overall
drug content to the brain. The role of P-glycoprotein in the drug transport across BBB was
proved from the mice studies where the mdrla gene has been knocked out 5759, The
distribution from plasma to brain of alarge number of drugs, investigated in these knockout
animals, and it was found that transport of drug was much greater in mice lacking the mdrla
gene than in wild-type mice. These experiments clearly demonstrate the role of P-glycoprotein
in limiting the entry of many of its substrates into the central nervous system.

Besides that P-glycoprotein also contributes to efflux of undesirable substances such as
amyloid-B (AR) proteins (protein that causes Alzheimer disease) from the brain into the blood
as well as many neurotoxic drugs. Ultimately, the inhibition of P-glycoprotein system has
both favorable and unfavorable effects on living bodies. (6061

2. BCRP (Breast cancer resistant protein) efflux system:

BCRP is principaly expressed in the luminal membrane of human cerebral endothelia cells
and is a crucid component of the efflux activity of the BBB. ¥4 Recently a porcine brain
multidrug resistance protein (BMDP) has been delineated which again explicit in the luminal
membranes of the cerebral endothelial cellsand it is closely related to human BCRP with an
86% structural homology between the molecules!®¥ I nterestingly BCRP is fundamentally a
half transporter when compared with P-glycoprotein, has only six trans membrane domains
and one nucleotide binding site. Therefore it is assumed to form a homo-dimer in the cell
membrane to function as atransporter. The porcine BCRP has alow manifestation in pericytes
and does not seem to be functionally expressed in the epithelium of the choroid plexus. There
is alack of rBCRP manifestation in rat astrocytes. Degree of BCRP expression in porcine
endothelial cells appears to be higher than P-glycoprotein as measured by mRNA levelsbut as
homo-dimerisation of the molecule in the cell membrane may be mandatory for functiona
activity this may not correlate very directly with functiona transport activity.[%4 6 BCRPis
aso asubstrate specific like P-glycoprotein and cauises expulsion of therapeutic moleculesfrom
thebrain. But activity of BCRPis obstructed by P-glycoprotein reversal agent like GF120918
i.e. N-{4-[2-(1,2,3 4-tetrahydro-6, 7-dimethoxy-2-isoquinolinyl)-ethyl]-phenyl} -9,10-dihydro-
5-methoxy-9-oxo-4-acridine carboxamide. (65 671

3. MRP (Multidrug resistant protein) efflux system:

The multidrug resistance-associated proteins also comprise a group of closely related gene
products, [ &1, The degree of structural homology between the MRPs and P-glycoprotein is
relatively small being in the region of 15% [, although overall similarities between the
molecules are apparent. MRP1, MRP2, MRP3 and MRP6 are large molecul es possessing an
additiona domain at the N terminus named N-terminal transmembrane domain (TMDo)
which islacking in P-glycoprotein(®8, The other MRP molecules are smaller in size and more
like P-glycoprotein in overall structure but nevertheless all MRPs are full transporters and do
not appear to have to associate with other molecules or dimerize in order to function as efflux
transporters. Seven iso forms of MRP with known functions are presently described as MRPL
to MRP7 [t 72 73 |t has been demonstrated by immune histochemistry the multi drug
resistant protein type 1 i.e. mrpl, is explicit in rat endothelial cells [ but more robustly in
brain parenchymathan endothelium "9 and mrp2 is explicit in the luminal membrane of the
endothelid cellsforming the blood brain barrier [81, Microdiaysis studiesin rats have shown
that mrp2 is active in the BBB and modulate the penetration of phenytoin into the brain [71.
MRP5 are explicit in the cerebral endothelia cells 19 athough the precise location of the
expressed protein remains to be eucidated. The role of MRP5 in nucleoside transport is
crucia and thus important in the transport of antiviral drugs into the brain.

Inhibitors of the MRPs are not well delimitated than for P-glycoprotein and none seem
particularly specific. Probenecid, sulfinpyrazone and benzbromarone inhibit MRP1 and 2
activity [77. 78 and probably interact with and inhibit a number of other members of the ATP-
binding cassette transporters (ABC-transporter) family. It has been reported that indomethacin
conquers MRP activity but not P-glycoprotein activity 79,

4. Basement membrane beneath blood brain barrier:

BesidesBBB and its efflux system, US researchers have discovered asecond barrier that might
preclude some BBB permeant agents from reaching their target cellsin the brain. This second
barrier could add yet another layer of chemical bureauicracy to the design of therapeutic agents
that target the brain. Neuroscientist Leslie Muldoon and neurosurgeon Edward Neuwelt, in
their research in rat indicated an additional barrier that might be even more impenetrable to
some agents than previously thought. Muldoon and her colleagues, while studying virus-
sized particles of iron oxidein rat brain, found that their magnetic resonanceimages (MRI) did
not reflect the distribution of iron oxide particles seen at brain autopsy. The particles had
crossed the BBB, asrevealed by the MRI, but were not distributed evenly among the neurons
(Figure 2); instead they seemed stuck up against another barrier — the basement membrane on
the basal surface of the vascular endothelia cells. To mimic viral vectors, the researchers have
used two types of iron oxide particles of smilar size, coated with different amounts of dextran,
a polyanionic sugar polymer that alows the iron oxide particles to bind to proteins and
membranes. The particles coated to a greater magnitude with dextran cross the second barrier,
and a the microscopic level were well distributed within the brain. However, less coverage
meant the particles got stuck at the basement membrane.
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Figure 2. Transmission elec-
tron micrograph showing
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BBB but areprevented from
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, : basement membrane
Further, Neuwelt expllcat&ethat the basement membraneis not aphysical barrier but probably
an eectrically charged barrier similar to that in the kidney, which might explain the selective
trangit of particles depending on their charge.l®

Because of aforementioned obstacles, the therapeutic value of many promising drugs, such as
protease inhibitors for HIV-1 encephalitis (ritonavir, nalfinavir, and indinavir) 4, anti-inflam-
matory drugs (prednesolone, dexamethasone and indomethacin) for treatment of microglia

inflammation during idiopathic PD and AD [82 81 neuroleptic agents (amitriptyline and
haloperidol) 84, analgaesic drugs (morphine, beta-endorphin, and asimadoline) 8%, anti-fungal

agents (itraconazole and ketoconazol€) (29 anticancer agents (Doxorubicin, vinblastine, paclitaxel

etc.) , aswell as antiepileptic agents (carbamazepine, phenobarbital, phenytoin, and lamotrigine)
[87.88] js arophied, and cerebra diseases have proven to be most refractory to therapeutic
interventions.

MECHANISM OF NANOPARTICLE / DRUG TRANSPORT ACROSS BLOOD
BRAIN BARRIER:

The BBB not only impedes the influx of intravascular substances from blood to brain, but also
promotes transport of substances from blood to brain or from brain to blood through severa
trangport systems such as carrier-mediated transport, active efflux transport, and receptor-
mediated transport systems. These mechanisms can explicate the movement of therapeutic
bioactive agents across the BBB. (Figure 3)
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Figure 3. Mechanism of nanoparticle/ drugtransport across BBB

1. Receptor mediated transcytosis/ Transcytoss:

Therapeutic peptides are relatively large, hydrophilic, and unstable, thus efficient incursion
into the brain generally does not occur. 89 However, relatively small peptides are transported
by carrier-mediated transport mechanisms, and others crossthe BBB by transrytosisincluding
receptor-mediated transrytosis and absorptive-mediated transcytosis. Nanoparticles coated
with polysorbate 80/LDL, transferrin receptor binding antibody (such as OX26), lactoferrin,
cell penetrating peptides and melanotransferrin have been depicted capability of delivery of a
salf non transportable drug into the brain via the chimeric construct that can undergo receptor-
mediated transcytosis.[: 91 8. 93]

2. Carrier-mediated transport:

Carrier-mediated transport (CMT) involves the modification of adrug (small molecul€) into
acompound with asimilar structure that mimics a nutrient and can thus make use of one of the
several specidized carrier mediated transport systems within the BBB that exist for the
transport of essential compounds, such as amino acids, hexoses, vitamins and neuropeptides,
into the brain (Table 3). Transport of glutathione across the BBB is saturable [+ %9 carrier-
mediated transport has a high efficiency comparable to the brain uptake of single amino acids
such as phenylalanine and cysteine may be involved. The availability of endogenous carrier
mediated transport pathways serves as portals for circulating potentia bioactive agentsto the
brain. 9. 97
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Table3. Carrier mediated transport system with examples of transported compound

Transport System Molecule(Example)

Hexose transport system

Neutral amino acid transport system
Acidic amino acid transport system
Basic amino acid transport system
Monocarboxylic acid transport system

Glucose, Mannose

Phenylalanine, Leucine

Glutamate, Aspartate

Arginine, Lysine

Lactate and Short-chain fatty acids such as Acetate,
Propionate etc. (81011

Choline transport system Choline, Thiamine!102-17)

Amine transport system Mepyramine
Nucleoside transport system Only for Purine bases such as Adenine, Guanine
Peptide transport system Enkephalins

Utilization of differences in the affinity and the maximal transport activity
among these transport systems expressed at the BBB can be attractive strategy
for controlling the delivery and retention of drugsinto the brain.

3. Adsor ptive-mediated endocytosis:

Cationic modification of proteins such as albumin and antibodies (IgG) can con-
tribute to enhance cellular uptake. The cationized proteins mainly cross the BBB
by adsorptive-mediated transcytosis (AMT). An electrostatic interaction exists
between the cationized albumin and anionic charges on the BBB. Thisinteraction
also occursamongst sialic acid moietieson theluminal surface of BBB and heparin

sulfate groups on the abluminal surface.’® In adsorptive mediated endocytosis
initial binding of cationized substrate to the luminal plasma membrane was trig-

gered by electrostatic interactions between the positively charged moiety of the
peptide and the negatively charged plasma membrane surface region. M°*3 Struc-
tural specificity of adsorptive mediated endocytosis at the BBB was accomplished
by studying uptake of different synthetic peptides having varied molecular sizes,

basicities and hydrophobicities, and carboxyl-terminal using primary cultured
bovine endothelial cells. These resultsindicated that the C-terminal structure and
the basicity of the molecules, are significant determinants of uptake by the AME
system at the BBB. 1

4. Receptor-mediated endocytosis:

It isaccomplished by synthesis of chimeric peptides. They areformed by covalent
binding of the non permeable but pharmacologically effectual portion of the
peptide to an appropriate vector which can be transported acrossthe BBB. In such
case, the chimeric peptideisfirst transported into the brain endothelial cytoplasm
by receptor-mediated or absorptive-mediated endocytosis. The intact chimeric
peptideisthen transferred into the brain’ sinterstitial space by receptor-mediated
exocytosis. Subsequently, the binding between the vector and the pharmacol ogi-
cally active peptideis cleaved and finally, the rel eased peptide reaginsits pharma-
cological effect in the brain 1110 111114119 - Myltiple classes of bioactive therapeutics
have been delivered to the brain via chimeric peptide technology, including pep-
tide- based pharmaceutical's, such as a vasoactive peptide anal og or neurotrophins
such as brain-derived neurotrophic factor, anti-sense therapeutics including pep-

tide nucleic acids (PNAs), and small molecules incorporated within liposomest**
117)

5. Inhibiting P-glycoprotein Efflux Pump:

P-glycoprotein molecules act as ATP-dependent drug transport pumps, which
serves to efflux the drugs out of the cells and decrease their intracellular concen-
tration in the cytoplasm, which subseguently, diminishing their efficiency. Several
strategies have been tried to shunt P-glycoprotein efflux. Reversal agents such as
R-verapamil, PSC 833 (cyclosporine analog), quinidine, quinine, cyclosporine A
etc. increasestheinflux of therapeutic agentswhen they are co-administered with
impermeabl e bioactive agents. Such reversal agents subdue P-glycoprotein liaised
efflux drug transport. 8 However most of the reversal agents ascertained to be
pharmacologically active and elicit significant toxicity at dosesrequired for  P-
glycoprotein inhibition.

6. Membrane Permeabilization Effect:

Solubilization of the endothelial cell membrane lipids with the aid of surfactants
would contribute to the membrane fluidization and ameliorate permeability of the
BBB. This can boost the bioactive to shunt the BBB and provide increased
accretion of drugsin the brain.™*¥ Calvo et al., affirmed by conducting the studies
that brain capillaries could take up nanoparticles coated with surfactants. They
observed that the velocity of uptake of nanoparticles depends on the type of
surfactant and its quantity, and the phenomenon was attributed to membrane
permeabilization effect due to surfactants,*20121
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SURFACE FUNCTIONALIZED NANOPARTICLESASA POTENTIAL
TOOL FOR TREATMENT OF REFRACTORY CENTRAL NERVOUS
SYSTEM DISORDERS:

Nanoparticles are solid colloidal particles with diameters ranging from 1-1000
nm. They comprise of macromolecular materials and can be used therapeutically
asadjuvant in vaccinesor drug carriers, in which the activeingredient isdissolved,

entrapped, encapsulated, adsorbed or chemically attached. &

Constructing nanoparticles with targeting ligands or coating them with suitable
surface modifying agent can conduce to the development of carrier systems of
radiated nature and target specific. The nanoparticles can gain accessin the brain
via number of aforementioned possible mechanisms depending on the nature of
coating material.

Nanoparticles twinned with surface functionalized material like transferrin,
lactoferrin or OX-26 could festinate the drug delivery to the brain through the
different mechanism. The use of nanoparticles as carriers for drug and gene
delivery has been area of anintensive research and development in this arena. 2
28 The surface of nanoparticul ate carriers are often modified by a PEG sweep that
increase the stability of nanoparticlesin dispersion and gallop circulation time of
nanoparticles in the body. 112 12134

1. Polysorbate 80 coated nanoparticles:

Dalargin nanoparticles coated with polysorbate 80 (Tween) %> administered
intravenously has shown pronounced analgesic effect, with a maximum concen-
tration after 45 minutes of administration. The mechanism behind the transloca-
tion of nanoparticles into the brain is still not fully understood. In vivo experi-
ments in mice have clearly depicted that the analgesic effect of dalargin was
prevailed only when the drug was pre-adsorbed onto the nanoparticles, whereas a
single mixture of dalargin and PBCA nanoparticles did not express significant
analgesic effect. The enhancement of the drug transport through BBB by the
polysorbate 80 coated nanoparticles can be explicated by different mechanisms:
(1) the binding of nanoparticles to the inner endothelial lining of the brain
capillaries could provide a drug concentration gradient, thus improving passive
diffusion (2) brain endothelial cell uptake of nanoparticles may occur through
endocytosisor transcytosis. Additionally, involvement of apolipoproteins (APO)
in the brain penetration of poly butylcyanoacrylate nanoparticles over those
coated with polysorbate-80 was manifested **71. A study performed using poly
butylcyanoacrylate nanoparticles loaded with dalargin or loperamide and over
coated with the apolipoprotein-A, B, C, E or J (with or without pre-coating with
polysorbate-80), showed high antinociceptive effect with both polysorbate-80-
precoated and apolipoprotein-B- or apolipoprotein-E over coated nanoparticles.
Interestingly, in apolipoprotein-E-deficient mice, the antinociceptive effect was
reduced comparatively to normal mice after injection of the polysorbate-80-
coated nanoparticles. Thus, it is proposed that the polysorbate-80 could act asan
anchor for apolipoprotein-B and E, at the surface of the nanoparticles which are
then be abletointeract with low density lipoprotein receptors and taken up by the
brain microcapillary endothelia cells via receptor-mediated endocytosis. (242

2. Pegylated nanoparticles:

Pegylated-poly (hexadecylcyanoacrylate) (PEG-PHDCA) nanoparticles have been
investigated for the treatment of several central nervous system pathologies such
as brain tumors ®4 and prion diseases 3. These nanoparticles shown higher
incursion in to the brain than all the other nanoparticles formulations tested. **
Confocal microscopy has evidenced that fluorescent-PEG-PHDCA nanoparticles
were present in the epithelial cells 4 of the brain and spinal cord surface and in
the ependymal cells of the choroids plexusin rats when tested for drug accumula-
tion. PEG-PHDCA nanoparticles could reach to the rat brain by two mechanisms:
(2) passive diffusion dueto theincreased permeability of BBB and (2) transport by
nanoparticles-containing macrophages which infiltrate these inflammatory tis-
sues. This study claimsthat PEG-PHDCA nanoparticles had appropriate charac-
teristics for penetration into central nervous system under pathological condi-
tions, especially in neuro inflammatory diseases.

3. Peptide functionalized nanoparticles:

On the basis that some naturally occurring peptides can effectively crossthe BBB
dueto receptor-mediated transport (transcytosis), Costantino et al. ! devel oped
an elegant system, using modified poly(d,|-lactide-co-glycolide) (PLGA) copoly-
mers obtained by conjugating poly(d,I-lactide-co-glycolide) and five short syn-
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thetic peptides, which bear some resemblance to the synthetic opioid peptide
MMP-2200 (H,N-L-Tyr-D-Thr- Gly-L-Phe-L-Leu-L-Ser—O-b-D-lactose-
CONH,). Thetyrosine present in this peptide was substituted with phenyl alanine
in order to avert apotential opioid effect and the permeability was supposed to be
enhanced by the presence of glycosidic moieties (glucose, lactose, etc.). Fluores-
cent and confocal microscopy studies have been shown that these peptide-
derivatized biodegradable NP were able to cross the BBB, athough more studies
are required to quantify their presence in the central nervous system and to
elucidate their BBB crossing mechanisms.

4. Glutathione functionalized nanoparticles:

to-BBB's® technology platforms open novel gateways to treat devastating brain
disorderslike brain tumors, Alzheimer’s disease and lysosomal storage diseases by
combining with established and marketed drugs. I n order to target potential thera-
peutic agent to the brain most efficient & safe way is to hijack the endogenous
uptake-machinery of the blood brain barrier by associating the drug with com-
poundsthat are naturally transported into the brain. Glutathioneisanatural anti-
oxidant and found at high levels in the brain and its receptor is abundantly
expressed at the blood-brain barrier. It aso uniquely derogates common riskslike
adverse immunological reactions or interference with life-essential physiological
pathways. From the experiments to-BBB® technology has proven that as higher
the amount of glutathione coating on the liposomes / Nanoparticles, the greater
pool of free drug was actually delivered to the brain. to-BBB® technology has
devel oped by G-technology which utilizes an endogenous receptor-targeted mecha
nism in combination with liposomes coated with glutathione-conjugated PEG to
mediate safe targeting and enhance the delivery of drugs to the brain. This
approach isunique asit does not require drug modification and at the sametimeit
givesrise to metabolic protection during transport and increased bioavailability at
the target site. 14

5. Pluronic/ Poloxamer Coated Nanoparticles:

One emerging strategy to enhance drug delivery to the central nervous systemis
the co-administration of adrug with apharmacol ogical modulator that seizesdrug
efflux transport through the brain microvessel endothelia cells of BBB. One
promising example of such pharmacological modulator is class of pluronic block
copolymer (also known under non-proprietary name* poloxamers”). Theseblock
copolymer consists of hydrophilic ethylene oxide (EO) block and hydrophobic
propylene oxide (PO) block. Due to their amphiphilic nature this copolymer
displays surfactant properties including ability to interact with hydrophobic sur-
faces and biological membranes. In aqueous solutions at concentrations above
critical micelle concentration (CMC) these copolymers self-assemble into mi-
celles. Studies in multidrug resistant (MDR) cancer cells, polarized intestinal epi-
thelial cells, caco-2, and polarized brain microvessel endothelial cell monolayers
provided evidence that selected pluronic block copolymers can inhibit drug efflux
transport systems. 141 The effects of pluronic block copolymers were most
apparent at concentrations below the critical micellar concentration on P-glyco-
protein and multi drug resistant proteinsi.e. drug efflux transporters. 44 Recent
findings suggest that effects of pluronic on drug efflux transport proteinsinvolve
interactions of the block copolymers with the cell membranes. ' **¥ The hydro-
phobic propylene oxide chains of pluronic immerse into the membrane hydro-
phobic areas, resulting in alterations of the membrane structure, and diminution of
its microviscosity (“membrane fluidization”). At relatively low concentrations
(e.g. 0.01 %) pluronic inhibitsthe P-glycoprotein ATPase activity; possibly, due
to conformational changes in the transport protein.* Pluronic P-85 also dis-
played the effects characteristic of a mixed type enzyme inhibitor - decreasing
maximal reaction rate, V__ andincreasing Michaelisconstant, K _for ATPaswell
as P-glycoprotein-specific substrates. In contrast, at the high concentrations (e.g.
1 %), binding of pluronic to the membrane actually results in restoration of P-
glycoprotein ATPase activity. This could be due to the segregation of the block
copolymer molecules in the 2D clusters in the membrane, which diminishes its
interactions with the transport proteins. It was demonstrated that a fine balance
between hydrophilic (ethylene oxide) and lipophilic (propylene oxide) compo-
nentsin the pluronic molecul e should be accomplished to achieve potential dimi-
nution of the drug efflux systems.™ Ideally most efficacious pluronic are those
with intermediate lengths of hydrophobic block with a HLB value < 20. Hydro-
philic block copolymers, which have an extended ethylene oxide block, do not
incorporate into lipid bi layers and practically do not transport into the cells.**
Very lipophilic block copolymerswith long propylene oxide blocks anchor in the
plasma membranes and remain there for an extended period of time. As aresult,

1093-1099



Prerak Patel et al. / Journal of Pharmacy Research 2011,4(4),1093-1099

although they are potent inhibitors of P-glycoprotein, they are not efficiently
transported into the cell, do not cause ATP depletion and have little net effect on
P-glycoprotein efflux system in brain microvessel endothelial cells. In contrast,
the block copolymers displaying intermediate lipophilicity can transport across
the BBB and spread throughout the cytoplasm to reach mitochondria as well as
nuclei. They conquer P-glycoprotein ATPase activity and decrease ATPintracel -
lular levels, which combined resultsin effectiveinhibition of drug efflux transport
systems and enhanced drug transport to the brain. !5 >4

6. Transferrin / Antibody directed against TfR coated Nanoparticles:
The most widely characterized receptor-mediated transcytosis system for target-
ing of drugsto the brain is the transferrin (TfR), a trans membrane glycoprotein
consisting of two 90 kDa subunits. A disulfide bridge links these subunits and each
subunit can bind one transferrin molecule. **¢ The transferrinis expressed mainly
on hepatocytes, erythrocytes, intestinal cells and monocytes and on endothelial
cellsof the BBB. ™ Transferrinisal so expressed on choroid plexusepithelial cells
and neurons. % The transferrin mediates cellular uptake of iron bound to trans-
ferrin.

Drug targeting to the brain can be achieved either by using the endogenous ligand
transferrin or by using an antibody directed against the transferrin (OX-26 antirat
TfR). For transferrin, the in vivo application is limited by high endogenous
concentrations of transferrin in plasmaand the likely overdose of iron when one
triesto displace the endogenous transferrin with exogenously applied transferrin-
containing systems. Recent studies have shown that liposomes tagged with trans-
ferrin are suitable for drug delivery acrossthe brain microvessel endothelial cellsin
vitro, even in the presence of serum. OX-26, antirat transferrin does not bind to
thetransferrin-binding site and is therefore not displaced by endogenoustransfer-
rin. Some reports have proposed transcytosis of transferrin across the brain
microvessel endothelial cells, whereas others have claimed endocytosis of trans-
ferrin followed by intracellular release of iron and a subsequent return of apo-
transferrin to the apical side of the brain microvessel endothelial cells. 128 159 1601
The mechanism of transcytosis of OX-26isnot yet fully elucidated. Pardridge and

penetration into brain endothelia cells. Colloida systems may further be modified with a
variety of agents on their surface, each with a unique function leading to multifunctional

therapy.

Overall, drug delivery to the brain / centra nervous system has recently been markedly
enhanced through the rational design of polymer-based nanoparticulate drug delivery systems.
Substantial progress will only come about, however, if continued vigorous research efforts to
develop more therapeutic and lesstoxic drug molecules are paralleled by the aggressive pursuit
of more effective mechanismsfor delivering those drugsto their central nervous system targets.
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