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Abstract
The barriers in the delivery of the therapeutic agent to brain diseases are blood–
brain barrier (BBB), blood-cerebrospinal fluid barrier, and cellular barriers. The 
above mentioned barriers limit the distribution of the therapeutic agent or drug 
delivery system, thereby affects the therapeutic efficacy. The route of 
administration is also an important factor in the drug delivery to the brain 
diseases. Therefore, there is unmet need for the development of drug delivery 
systems which will overcome the barriers and delivers the therapeutic agent to 
the brain diseases. This chapter is focused on various strategies used to overcome 
the barriers in drug delivery to the brain diseases. The application of energy and 
chemical substances such as osmotic agent and permeation enhancers has been 
studied. Other strategies, such as developing the prodrug and inclusion complex 
of therapeutic agents, have been explained. The application and limitations of the 
different routes of administration such as intravenous, intra-arterial, intranasal, 
intracerebral, and intracerebroventricular have been described. The drug delivery 
system in the nanoscale such as liposomes, nanoemulsion, polymeric 
nanoparticles, and dendrimer have been explored to overcome the limitations 
associated with drug delivery to the brain diseases. Specific examples are 
described in this chapter. Lastly, various ongoing clinical trials for drug targeting 
to the brain are listed.
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11.1	 �Introduction

The brain is one of the most vital organs, acting as the control center of the body. It 
is the key component of the central nervous system (CNS). Any small irregularities 
to this vital system might pose devastating consequences in one’s lifestyle, leading 
to diseases or disorders. Some of those conditions include epilepsy, Alzheimer’s, 
cerebrovascular diseases, neurodegenerative disorders such as Parkinson’s, HIV 
encephalopathy, and brain tumors. Most of these disease conditions require the drug 
substance to reach the intracranial target site for potential therapeutic effect. Despite 
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billion-dollar investments and aggressive research for the cure, patients suffering 
from such brain relevant diseases/disorders outnumber those dying of heart diseases 
or other types of cancers [1, 2]. An arsenal of potent therapeutic agents developed 
over the last 50 years demonstrated promising effects in the laboratory, but their 
translation to the clinic has been very less successful. This failure is often not due to 
lack of drug potency but due to associated limitations in the therapeutic agent phar-
macokinetics, off-target effects, and in the drug delivery methods. Some formidable 
impediments that regularly hamper effective drug delivery to the brain were identi-
fied in the early twentieth century, with blood-brain barrier (BBB) being the first 
[3]. Several novel research strategies have been proposed and investigated, since 
then, to overcome the deficiencies and challenges associated with conventional 
delivery mechanisms. This chapter briefly discusses those barriers impeding brain 
delivery followed by strategies to overcome associated challenges and concludes 
with summary of approved drug products as well as ongoing clinical trials.

11.2	 �Barriers and Approaches to Tailor BBB

The BBB is the first physiological impediment to the delivery of drug molecules from 
the systemic circulation to the brain. It acts as a selectively permeable membrane, sepa-
rating from the peripheral systemic circulation, to control and protect the brain micro-
environment, i.e., neurons that are highly susceptible to changes in signaling 
neurotransmitters as well as extracellular ions. The same selectively hamper drug 
molecule’s penetration through the endothelium lining. This led to aggressive research 
to study distinguishable physiological characteristics between the capillary endothelial 
cell linings of the cerebral and systemic microvasculature. The first characteristic is the 
absence of pores and fenestrations with gaps in the cerebral endothelial cells when 
compared with systemic capillaries. Exchange of ions or therapeutic agents between 
blood and surrounding interstitium is commonly abetted by the membrane transport-
ers. Tight penta-laminar arrangement of adjacent cerebral capillary endothelial cells 
are responsible for limited permeability of ions and small molecules and practically 
impermeable to peptides and macromolecules [4]. This was further confirmed by the 
measurements of ionic current flow across most systemic and cerebral capillary endo-
thelium microvasculature [5]. In BBB disruption approach, the therapeutic agents are 
directly delivered to CNS by amending the integrity of tight junctions of BBB causing 
transient disruption of BBB. This BBB disruption can be achieved by two methods: (i) 
application of energy and (ii) use of chemical substances.

11.2.1	 �By Application of Energy

Electromagnetic radiations or ultrasound is used for disrupting BBB.  These 
approaches offer the advantage of targeting a specific area of the brain. The radia-
tion was used to tailor the properties of BBB which can be explored for drug or 
gene delivery [6]. The use of ultrasound for tailoring the properties of BBB for 
drug or gene therapy was summarized in the reported article [7]. Focused ultrasound 
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when combined with microbubbles resulted in increase in permeability of BBB 
and the blood-tumor barrier (BTB), which helps in enhancing delivery of 
doxorubicin across BBB and BTB and increased the retention of the drug in the 
tissue up to 24 h [8].

The path of entry of drug molecules by ultrasound occurs by the following 
mechanisms:

	 (i)	 Thermal lesions are formed which leads to alteration of permeability and open-
ing of BBB.

	(ii)	 Small air-filled cavities are formed by the injected fluid in the luminal mem-
brane of BBB which allows the drug to pass through them easily.

	(iii)	 Microbubbles are formed by ultrasound contrast agents, which increase in size 
and finally burst causing the opening of tight junctions.

This method is mostly used as a diagnostic tool for imaging brain and brain 
tumors [9].

11.2.2	 �By the Usage of Chemical Substances

11.2.2.1	 �Osmosis-Mediated BBB Disruptions
In this method, chemical substances that are hyperosmolar/hypertonic to BBB cells 
are used. When the cells are in hypertonic solutions, the cellular fluids come out of 
the cells to maintain equilibrium, and as a result, cells shrivel leading to the opening 
of tight junctions in capillary endothelial cells. The most common osmotic agent 
used for this is mannitol, which has the potential to help drugs to cross BBB. It was 
also shown that mannitol increased the delivery of stem cells and growth factors 
across BBB [10].

However, this technique is limited due to the prolonged recovery period of BBB 
after disruption, which leads to an increase in intracranial pressure due to influx of 
macrophages and other molecules [11]. Increased intracranial pressure is a contra-
indication for brain tumor treatments. Other disadvantages are hemodynamic vari-
ability between patients and variable BBB disruption after repeated exposure to 
osmosis- or radiation-mediated disruption [12].

11.2.2.2	 �By Permeation Enhancers
The chemical substances such as bradykinin analogs and alkylglycerol act by 
increasing the permeability of BBB. The few examples are given below.

	(a)	 Bradykinin analogs: These substances stimulate B2 receptors, which lead to 
increase in intracellular calcium levels. This calcium activates actin/myosin 
fibers leading to leaching out junctional proteins and thereby loosens the tight 
junctions [13]. Cereport (RMP-7) is a bradykinin analog, which increased the 
delivery of loperamide to the brain resulting in the induction of analgesic 
effect [14].
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	(b)	 Alkylglycerols: These are surfactant-like molecules. These agents disrupt BBB 
by destabilizing the membrane. Despite being a successful strategy, disrupting 
the BBB increases the risk of infection [15]. In normal brain and brain tumors, 
alkylglycerols enhanced the delivery of small and large compounds [16].

11.3	 �Approaches to Modify Therapeutic Agents

Despite being a successful strategy, disrupting the BBB increases the risk of infec-
tions. Various strategies have been exploited to achieve the goal of delivering the 
drug into the brain, which can be broadly classified into four parts: (i) bypassing the 
BBB, (ii) BBB disruption, (iii) modification of drug, and (iv) nanocarrier systems. 
For bypassing BBB, altering route of administration for both direct delivery and 
nasal pathway was studied. Physical and chemical approaches were utilized for dis-
rupting BBB.  Drug modifications including prodrug and inclusion complex fol-
lowed by novel drug carrier systems were summarized below.

11.3.1	 �Drug Modification

11.3.1.1	 �Prodrug
Prodrugs are inactive drug or precursor of pharmacologically active substances 
which after enzymatic degradation releases or get converted into the active form of 
the drug within the body. A prodrug is developed by covering, masking, or altering 
the functional group of the parent molecule with another functional group and 
results in a new entity with unique physicochemical properties [17, 18]. These 
entities are acted upon by the enzymes present on the BBB to give active agents. It 
is a unique drug delivery strategy that improves the drugs’ solubility, stability, and 
absorption through the biological membrane and reduces premature metabolism. 
The prodrug was initially explored for hydrophilic drugs to enhance the nasal per-
meability of drug thus the nasal drug absorption and also to protect the drug from 
enzymatic degradation in the nasal cavity [19]. The lipophilic and biocompatible 
nature of promoiety makes it more suitable for nasal administration. Gambaryan 
and coworkers evaluated the delivery of antiparkinsonian drug dopamine in its pro-
drug form L-DOPA through nasal route by incorporation into the PLGA nanopar-
ticles. The prodrug gets converted into the parent drug by enzymatic degradation 
with L-amino decarboxylase enzyme inside the brain. The in vivo investigation on 
animal model exhibited a significant improvement in the therapeutic potency of the 
drug and sustained drug action [20].

11.3.1.2	 �Inclusion Complex
The complexation between two molecules in which one serves as a cavity for the 
inclusion of another compound is known as an inclusion complex. It is based on the 
host-guest chemistry: the one who has the cavity or hole is called the host molecule, 
while the other which gets encapsulated into the cavity is known as guest molecule 

11  Approaches in Barriers, Modifications, Route of Administrations…



388

[21, 22]. Cyclodextrins are most commonly used host molecule in drug development. 
Owing to the unique characteristic feature, the hydrophilic outer surface and 
hydrophobic internal cavity, it can form a complex with a wide variety of drugs, 
both hydrophilic and lipophilic [23]. Furthermore, this approach overcomes the 
limitations of intranasal route solubility and enzymatic degradation and thus 
increases the bioavailability. Zhang formulated poloxamer/chitosan thermosensitive 
gel containing hydroxypropyl-β-cyclodextrin (HP-β-CD)-curcumin inclusion com-
plex, to enhance the brain availability and antidepressant effect of curcumin through 
i.n. administration [24]. In pharmacokinetic studies, from thermoresponsive gel, 
AUC0–8 of curcumin was 1.62 and 1.28 times higher in plasma and hippocampus, 
respectively, when compared to i.v. administration, which shows that the system has 
high potential for clinical application.

11.4	 �Drug Products and Formulations Explored in Various 
Routes of Administration

The route of administration such as intravenous (i.v.), intra-arterial, intranasal (i.n), 
and intracerebroventricular has been used to deliver the therapeutic agent to the 
brain. The summary of commercially available drug products used for brain diseases 
via various route administrations is provided in Table 11.1.

Table 11.1  Commercially available drug products for brain targeting

Product 
name

Type of 
formulation

Active 
ingredient Company

Route of 
administration

Disease 
condition

Radicava Suspension Edaravone MT Pharma 
America, Inc.

i.v. Amyotrophic 
lateral 
sclerosis

Ingrezza Powder in 
capsule

Valbenazine Neurocrine 
Biosciences, 
Inc.

Oral (capsule) Tardive 
dyskinesia

Ocrevus Solution Ocrelizumab Genentech i.v. infusion Multiple 
sclerosis

Spinraza Solution Nusinersen Biogen, Inc. Intrathecal Spinal 
muscular 
atrophy

Zinbryta Solution Daclizumab Biogen, Inc. Subcutaneous 
injection

Multiple 
sclerosis

Aristada Suspension Aripiprazole 
lauroxil

Alkermes Plc Intramuscular 
injection

Schizophrenia

Synarel Solution Nafarelin Pfizer Ltd Nasal spray Endometriosis
Imitrex Liposome Sumatriptan GSK Nasal spray Migraine
Estredox Cyclodextrin 

complex
Estradiol 
(prodrug)

Teva 
pharmaceuticals

i.v. injection Menopause 
symptoms

Bidopar Suspension Levodopa 
(dopamine 
prodrug)

GSK Oral Parkinson’s 
disease
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11.4.1	 �Intravenous Delivery

The brain has extensive blood supply with a network of capillaries constituting 
around 20 m2 area. The neurons are also well connected with the blood vessels. 
Hence this approach is considered to have great potential to deliver drugs to the 
brain.

This route also bypasses first-pass metabolism. However, due to rapid metabo-
lism and clearance of drugs from extracellular fluid, there is little accumulation of 
drug in the brain. Thus, drug accessibility to the brain by this route is significantly 
affected by its half-life, metabolism rate, permeability across BBB (Fig. 11.1, [25]), 
and level of nonspecific binding to plasma proteins. In addition to the conventional 
methods, several strategies such as nanoparticles, liposomes, polymeric micelles, 
and nanoemulsions were proposed to overcome the difficulties posed by BBB 
(Fig. 11.1, [25]). The delivery of drugs to the brain using nanoparticle systems is 
influenced by the physicochemical properties (composition, nature of entrapped 
drug, shape), modification of surface, and pharmacokinetic parameters. The charac-
teristics of nanoparticles were represented in Fig. 11.2. Few strategies were elabo-
rated below in which liposomes were applied via i.v. delivery. The other types of 

Fig. 11.1  Schematic of different mechanisms for BBB crossing. (Figure reproduced with permis-
sion from [25])

11  Approaches in Barriers, Modifications, Route of Administrations…



390

nanocarriers such as polymeric nanoparticles [26], polymeric micelles [27], and 
nanoemulsions [28] administered via i.v. route were reported.

Chen Z-L et  al. showed liposomes modified with transferrin (Tf) promote 
α-mangostin (α-M) to overcome the BBB [30]. α-M is used for the treatment of 
Alzheimer’s disease (AD) [31]. But its activity is compromised due to poor 
penetration of drug through the BBB.  Liposomes were prepared by thin-film 
hydration method. The average particle size of the Tf(α-M) liposome was 
196.3 ± 7.09 nm, PDI of 0.211 ± 0.034, and zeta potential of −22.23 ± 2.87 mV. In 
brain imaging studies, in place of α-M, dye DiR was used and injected into the rats 
via the tail vein. It was observed that after 2  h of treatment, Tf-DiR liposomes 
showed higher fluorescence in the brain than only DiR liposomes and DiR solution 
groups.

When compared to unmodified liposomes and α-M solution, Tf-modified lipo-
somes delivered more α-M into the brain, which suggests the role of Tf in the trans-
portation of α-M into the brain. In pharmacokinetic studies, it was observed that Tf 
(α-M) liposome group (Dose 5mg/kg) that the t1/2, MRT, AUC O-T, and AUC O-α val-
ues were higher when compared with α-M solution, which shows that it is a suitable 
dosage form for α-M delivery.

Glutathione targeted pegylated (GSH-PEG) liposomes were formulated to 
deliver amyloid-targeting antibody fragments (VHH-pa2H) to the brain by bypassing 
BBB. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and egg-yolk 
phosphatidylcholine (EYPC) were used to formulate two different GSH-PEG 
liposomes by post-insertion method [32]. The average size of the GSH-PEG DMPC 
liposomal VHH-pa2H-DTPA was ~110 nm and PDI of ~0.105, and the size of 
GSH-PEG EYPC liposomal VHH-pa2H-DTPA was ~108 nm and PDI of ~0.061. 
Unencapsulated VHH-pa2H-DTPA-111In showed significantly lower AUC 

Fig. 11.2  Nanoparticle characteristics influencing systemic delivery and blood-brain barrier 
(BBB) passage. (Figure reproduced with permission from [29])
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(P  <  0.05) when compared to encapsulated VHH-pa2H-DTPA-111In GSH-PEG 
DMPC and GSH-PEG-EYPC.  In later liposomes, VHH-pa2H-DTPA-111In GSH-
PEG-EYPC showed higher AUC (P < 0.05), against VHH-pa2H-DTPA-111In GSH-
PEG-DMPC.  Biodistribution studies are carried out in APP/PS1 and wild-type 
animals. Both liposomal formulations showed significant higher retention of the 
tracer in excised perfused brain when compared with free VHH-pa2H (P < 0.05). In 
these two tested phospholipids, GSH-PEG EYPC showed better activity than GSH-
PEG DMPC.  Only after single injection of the tracer VHH-pa2H encapsulated 
GSH-PEG-EYPC liposomes showed high cellular uptake in the brain.

Jiang and coworkers conjugated glioma-homing peptide (Pep-1) to pegylated 
polyamidoamine (PAMAM) dendrimer nanoparticles which were evaluated in glio-
blastoma multiforme (GBM) as targeted delivery system [26]. In U87MG tumor-
bearing mice, targeted nanoparticles fluorescence intensity at glioma site was 2.02 
times higher than nontargeted system, and also they concluded that targeted deliv-
ery system showed high accumulation and penetration into the tumor.

11.4.2	 �Intra-arterial Delivery

The brain has a predominantly high oxygen demand. It denotes almost one-fifth of 
the body’s total oxygen consumption at rest. Therefore, the brain is abundantly fur-
nished by arteries. There are mainly two paired arteries that are responsible for 
blood supply to the brain: the vertebral arteries and internal carotid arteries. They 
arise in the neck and ascend to the cranium.

Intra-arterial drug delivery across the BBB may offer the advantages, i.e., reduc-
tion in the dose of the drug to be delivered, targeted drug delivery, higher drug avail-
ability to the site of action, as well as the decreased drug exposure to the unintended 
sites as compared to the i.v. route [33]. Despite these advantages, BBB targeting has 
been limited due to the cerebral blood movement as well as the varying degree of 
intactness of the BBB in the diseases when presented with the drug solution. 
Nanoparticulate drug delivery through the carotid artery may help in overcoming 
the shortcomings of conventional drug delivery. The important factors affecting the 
efficiency of such delivery systems involve an interplay between the pharmacoki-
netic, pharmacodynamic, and hydrodynamic factors.

Liposome-encapsulated antibody against ICAM-1 (intercellular adhesion mole-
cule-1) when administered through the carotid artery resulting in a significant 
increase in uptake in TNFα induced inflamed areas of the mice brain (much higher 
than the healthy brain) as compared to the vehicle delivery through the jugular vein. 
Additionally, these ~150  nm nanoparticles showed more than 100-fold higher 
uptake as compared to the anti-IgG tagged liposome besides being significantly 
biodistributed into the brain as compared to lungs. The specific uptake of the 
immuno-targeted nanocarrier may be attributed to the overexpression of the ICAM-1 
on the luminal surface of the inflamed tissue of the brain. This approach of combining 
the targeted nanocarrier along with the intra-arterial catheter-based local delivery 
may be utilized for the delivery of the therapeutics against the inflamed brain 
etiologies [34].
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PAMAM (polyamidoamine)-based generation 4 dendrimers loaded with defer-
oxamine tuned to 5 nm in size, and the neutral surface charge was tested for their 
uptake in the mice glioma brain via intra-arterial as well as i.v. The intra-arterial 
route-based delivery showed a significant improvement in the brain uptake of these 
carriers (after 1 h and after 24 h) than the i.v. delivery in case of intact BBB as well 
as mannitol-induced disrupted BBB. Such dendrimer-based approaches may be uti-
lized for the delivery of the chemotherapeutic agents as well as other therapeutic 
agents across the BBB [35]. However, the design of such delivery vehicles needs to 
establish a careful balance between the physicochemical components as well as the 
associated physiological risks (such as cerebral lesions) of this delivery route [36].

11.4.3	 �Intranasal

The intranasal (i.n.) route of administration of drugs for drug delivery to the brain is 
being used extensively due to direct transport of drug from the submucosa of the 
nose to cerebrospinal fluid (CSF) compartment of the brain. This route offers advan-
tages of evading BBB and first-pass metabolism. The nasal epithelium is highly 
permeable and allows rapid drug absorption to the brain due to high blood flow 
owing to its large surface area and porous membrane. This route delivers many 
advantages like reduced dose, self-administration, improved patient compliance 
(noninvasive), and compatibility for the delivery of wide variety of therapeutic 
agents. However, it has some limitations like damaging nasal mucosa, irritation, 
rapid clearance by mucociliary clearance system, elimination by systemic absorption, 
and interference due to patient conditions like nasal congestion.

The nasal cavity is divided into three regions: vestibular, respiratory, and olfac-
tory region. The vestibular region is the first region that is highly enriched with cili-
ated cells and mucus, which are engaged in mucociliary clearance. Most of the drug 
administered in this region is lost due to mucociliary clearance. The respiratory 
region, which covers the major portion of the nasal cavity, is highly vascularized, 
and it is the major site of drug absorption into systemic circulation. Compounds 
enter the bloodstream by transcellular/paracellular passive absorption−/carrier-
mediated transport/transcytosis pathways. The olfactory region, next to respiratory 
region, is the foremost site, from which drug can be absorbed directly into the brain 
by different mechanisms like transcellular, paracellular, olfactory, and trigeminal 
neural pathways.

Zheng and coworkers encapsulated novel β-sheet breaker peptide, H102 into 
liposomes and administered i.n. in mice for the treatment of Alzheimer’s disease 
[37]. H102 liposomes were prepared by thin-film hydration method. Liposomes 
have a mean particle size of 112.2 ± 6.4 nm, surface charge of −2.96 ± 0.38 mV, and 
PDI of 0.185 ± 0.012.

In plasma, after administering i.n. H102 liposome, H102 was found after 90 min, 
whereas for i.n. H102 solution, it was found only up to 45 min, and it was not detect-
able after 5 min by i.v. route. The i.n. H102 liposomes significantly increased the 
absolute and relative bioavailabilities, thereby suggesting increased the nasal 
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absorption of H102. In hippocampus, the AUC of H102 liposomes was 2.92 times 
higher than that of the i.n. H102 solution group which shows that the formulation 
can cross BBB. In Morris water maze test, compared to i.v., i.n. H102 solution, i.n. 
H102 liposomes effectively amended spatial memory. In Alzheimer’s disease, typi-
cal pathological indication is formation of Aβ plaque. After i.n. H102 liposome 
injection, the size and quantity of Aβ plaque were decreased and were close to that 
of sham group.

Cationic liposomes made from L-α-phosphatidylcholine and dihexadecylmeth-
ylhydroxyethylammonium bromide were analyzed for BBB crossing by utilizing 
the i.n. route [38]. Cationic liposomes were used to treat organophosphorus poison-
ing, which results from exposure to organophosphorus agents (OP). The acute tox-
icity of OP agents was observed due to the inhibition of acetylcholinesterase. They 
used 2-PAM which is cholinesterase reactivator as a model drug in formulation of 
cationic liposome for the treatment of organophosphorus poisoning. The hydrody-
namic diameter of 2-PAM loaded liposomes was 1142 ± 2 nm with zeta potential of 
+6 ± 0.2 mV and PDI of 0.2 ± 0.03. Rhodamine B encapsulated cationic liposomes 
applied i.n. showed higher rhodamine absorption in the brain.

For the reactivation of brain AChE, rat model was used. Organophosphate para-
oxon (POX) (0.8 × LD50) was used as AChE inhibitor. 2-PAM (7 mg/kg) loaded 
cationic liposomes when introduced i.n. showed 12  ±  1% reactivation of brain 
AChE, whereas the free 2PAM was failed in reactivation of AChE.

In other studies, paroxetine was delivered i.n. in rats using nanoemulsion formula-
tion, which showed 2.57 times in an increase in permeation when delivered using 
nanosuspension orally [39]. Behavior activities also improved drastically when 
nanoformulation applied i.n. by increasing glutathione levels and decreasing the 
increased TBARS in Wistar rats. Also, efavirenz, which is an antiretroviral drug, was 
formulated in solid lipid nanoparticles and administered i.n. in adult Wistar albino 
rats, which showed 150-fold increase in brain targeting and 70 times higher absorp-
tion potential when compared with orally administered marketed formulation [40].

11.4.4	 �Intracerebral

Drugs can be directly administered in the brain by intracerebral administration by 
injection and implants. Drugs can be injected as bolus or infusion. However, the 
bolus injection is hampered by the limited diffusion coefficient of drugs through 
brain parenchyma which results in slower movement of compounds. Intracerebral 
infusion requires the insertion of a catheter into the brain. This strategy can be 
improved by convection-enhanced delivery, which involves positive hydrostatic 
pressure. A positive pressure gradient is created through an infusion pump, which 
enables the administration of drug through catheter and helps the administered drug 
to penetrate further into target tissue.

Although the intracerebral route of administration results in high local concen-
trations of the drug, the drug release kinetics from the carrier, physiochemical 
microenvironment at the injection site, as well as diffusion-based uptake through 
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the brain parenchyma govern the efficacy of the product. Drug delivery through this 
approach not only reduces the systemic toxicity of drug by avoiding the BBB path 
but also may be associated with neurotoxicity at the site of delivery due to the lack 
of efficient diffusion-based drug uptake and presence of high localized concentra-
tions of the drug [41].

Surface decoration of PLGA nanoparticles with high degree of pegylation and 
loaded with paclitaxel was evaluated against 9 L gliosarcoma-bearing Harlan F344 
rats. These nanoparticles having a size of 70 nm and near zeta potential (−2 mV) 
exhibited 100-fold increase in the tumor uptake with a significant reduction in the 
tumor growth as well as improved bio-distribution in the tumor parenchymal cells 
as compared to the non-pegylated components. This improved intra-tumor 
distribution may serve in development of better treatment of brain tumors as well as 
other brain disorders [42].

The immune cell components of the central nervous system, microglia, have 
been implicated for their role in the destruction and degeneration of the neurons in 
brain diseases such as multiple sclerosis, Parkinsonian disease, and Alzheimer’s 
disease [43]. The progress of the disease may be arrested by the use of clodronate, 
which propagates the apoptosis of the microglia and microglia-induced activation of 
chemokines, cytokines, and proteases. The intracerebral injection of the liposomal 
clodronate resulted in a significant improvement in the uptake by the parenchymal 
cells with the subsequent reduction in the microglial population as compared with 
i.v. injection. However, the liposomal drug delivery through this route showed the 
toxicity to brain cells [44].

Additionally, the controlled release of the drug delivered through intracerebral 
delivery may be achieved by the use of polymeric biodegradable wafers, nanofibers, 
and depots [45]. The USFDA and EMEA approved product Gliadel™ (carmustine 
wafer) prepared using polifeprosan 20 copolymer is one such example used as an 
adjunct to other chemotherapeutics in newly diagnosed gliomas as well as glioblas-
toma [46]. The blood carmustine levels are detected 24 h postimplantation with the 
drug reaching Cmax within 3 h after carmustine release [47].

11.4.5	 �Intracerebroventricular Injection

The drug is directly introduced into the ventricles of the brain after intracerebroven-
tricular (ICV) injection. The ventricles of the brain allow the diffusion of drug into 
parenchymal cells of the brain through the interaction of CSF contents with 
interstitial fluid. However, as the rate of CSF turnover is much faster than the drug 
diffusion, drug is more prone to enter general circulation than targeted cites in the 
brain. This CSF turnover depends on size of the individual and volume of CSF. For 
instance, adults have more CSF than children and thus longer turnover time. 
Therefore, the drug concentrations vary largely with individuals. Furthermore, this 
route leads to higher drug exposure at the ependymal surface and is effective if the 
target receptor is located near the ependymal surface.

Finan and coworkers tested intracerebroventricular route for the treatment of 
edema in mice [48]. They have used the chondroitinase ABC enzyme, which degrades 
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chondroitin sulfate proteoglycan, which is responsible for edema. After the treat-
ment, the ipsilateral water fraction was decreased to 0.54%, which indicates more 
than half of the edema induced by trauma was overcome. The treatment was selective 
as water fraction is not effected in uninjured animals when compared to injured 
animals. ICV method was far superior due to its improved patient compliance and 
efficient when compared to intraparenchymal injection and i.v. delivery. There are 
certain limitations for this method, such as murine brain is smaller than human brain, 
and here treatment was given within 5 min, which is impractical in treating humans.

Mutations in SMN1 gene result in spinal muscular atrophy, which is an autoso-
mal recessive neuromuscular disease. In neonatal SMNΔ7mice, by administering 
scAAV9 vector, which is expressing a codon-optimized version of the human SMN1 
cDNA under the control of PGK promotor in ICV space, therapeutic efficiency was 
measured [49]. All tested mice showed enhanced life span and growth in a dose-
dependent manner with longest median survival of 346 days at dose of 3 × 1013 vg/
kg. When ICV dose is co-administered with i.v. injection at different ratios, it didn’t 
improve survival. In biodistribution studies, after 90 days of postinjection, it was 
observed that CNS transduction is achieved through vector release by ICV route, 
while i.v. administration transudes principally in peripheral organs (lung and heart). 
One more critical advantage of gene therapy by ICV route is need of steroid treat-
ment or immune suppression is hugely reduced. Different routes of brain targeting 
methods outlined in Table 11.2.

11.5	 �Clinical Advancements and Ongoing Clinical Trials

The nanocarrier systems have been studied in clinical trials. List of some ongoing 
clinical trials for brain targeting of the drug using various delivery approaches is 
mentioned in Table 11.3.

The ongoing clinical trials for the delivery of drugs to the brain and preclinical 
studies suggest that these delivery systems or approaches will be promising for the 
treatment of brain disorders.

11.6	 �Summary

The brain is almost inaccessible for most of the drugs, macromolecules, and other 
foreign materials due to the presence of BBB. This reduces the drug concentrations 
at the site of action and thereby the effectiveness of therapies and makes the 
treatment of CNS/brain disorders challenging. The use of chemical agents and 
prodrug showed promising results. Currently, the targeted drug delivery system-
based therapies administered via different routes demonstrated promising findings 
while overcoming the BBB.  The extensive work has been done in the last two 
decades on the use of different drug carrier systems, route of administration, and 
various surface-acting ligands specific to the brain receptors to successfully deliver 
the drugs to the brain. In this chapter, we have discussed the strategies to overcome 
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Table 11.3  Ongoing clinical trials of nanocarrier systems or delivery approaches for the brain 
targeting of the drug

Official title
ClinicalTrials.
gov identifiera Condition Treatment Phase

Overcoming 
membrane 
transporters to 
improve CNS drug 
delivery

NCT01322009 Pediatric 
traumatic brain 
injury

Probenecid and 
N-acetyl cysteine

Phase I 
and II

Combination 
chemotherapy 
delivered in 
conjunction with 
osmotic BBB 
disruption, with 
intraventricular 
cytarabine +/− 
intraocular 
chemotherapy

NCT00074178 Primary CNS 
lymphoma

Filgrastim, 
pegfilgrastim, 
cyclophosphamide
Cytarabine, 
dexamethasone, 
etoposide phosphate, 
methotrexate

Phase II

A randomized  
study on CNS 
prophylaxis with 
liposome-
encapsulated 
cytarabine in 
association with a 
lineage-targeted and 
MRD-oriented 
postremission strategy 
in adult ALL

NCT00795756 Acute 
lymphoblastic 
leukemia

Liposome-
encapsulated 
cytarabine 
(DepoCyt®), triple 
intrathecal therapy 
(TIT)

Phase II 
and III

Combination of 
high-dose 
methotrexate and 
intrathecal liposomal 
cytarabine in patients 
with leptomeningeal 
metastases with or 
without parenchymal 
brain involvement

NCT00992602 CNS metastases; 
leptomeningeal 
metastases; 
recurrent breast 
cancer; stage IV 
breast cancer; 
tumors 
metastatic to the 
brain

Methotrexate, 
liposomal cytarabine

Phase II

RNOP-09: Pegylated 
liposomal doxorubicin 
and prolonged 
temozolomide in 
addition to 
radiotherapy in newly 
diagnosed 
glioblastoma

NCT00944891 Glioblastoma Pegylated liposomal 
doxorubicin

Phase I 
and II

Combined 
chemotherapy as 
initial induction 
regimen in adults with 
acute lymphoblastic 
leukemia

NCT02072785 Adult acute 
lymphoblastic 
leukemia

Vincristine sulfate 
(liposome and 
non-liposomal)

Phase III

(continued)
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the challenges associated with the delivery of drug/s and use of route of 
administration. After all such claims of numerous drug delivery strategies, till now 
not even one is commercially available for clinical application. However, newer 
strategies are being tested in ongoing clinical trials. The reason behind is most of the 
drug delivery approaches are successful in preliminary trials and do not show 
promising results in the clinical trials. Along with this, the safety profile of the 
carrier system, drug release behavior, encapsulation efficiency, permeability across 
BBB, and bioavailability are the major challenges to resolve.

Official title
ClinicalTrials.
gov identifiera Condition Treatment Phase

A prospective study of 
a high-dose, 
short-course regimen 
(R-CODOX-M/IVAC) 
including CNS 
penetration and 
intensive IT 
prophylaxis in 
HIV-associated 
Burkitt’s and atypical 
Burkitt’s lymphoma

NCT00392834 Lymphoma Filgrastim, 
pegfilgrastim
Rituximab, 
cyclophosphamide, 
cytarabine 
(liposomal and 
non-liposomal), 
doxorubicin 
hydrochloride, 
etoposide, 
ifosfamide, 
leucovorin calcium, 
methotrexate, 
therapeutic 
hydrocortisone, 
vincristine sulfate

Phase II

Multicenter, 
prospective, open-
label trial, 
uncontrolled to 
determine the efficacy 
and safety of 
DepoCyt® for CNS 
relapse in adult 
patients with 
lymphoblastic 
leukemia or very 
aggressive lymphoma

NCT00388531 Lymphoblastic 
leukemia; 
lymphoma

DepoCyt® Phase II

A randomized clinical 
study to determine the 
patient benefit and 
safety of DepoCyt® 
for the treatment of 
neoplastic meningitis

NCT00029523 Meningeal 
neoplasms

DepoCyt, 
methotrexate, 
cytarabine (aka 
ara-C)

Phase IV

aCompleted studies compiled from ClinicalTrials.gov; NIH US National Library of Medicine 
(Accessed on December 08, 2018)

Table 11.3  (continued)
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