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Abstract: The treatment of central nervous system (CNS) disorders always remains a

challenge for the researchers. The presence of various physiological barriers, primarily the

blood–brain barrier (BBB) limits the accessibility of the brain and hinders the efficacy of

various drug therapies. Hence, drug targeting to the brain, particularly to the diseased cells by

circumventing the physiological barriers is essential to develop a promising therapy for the

treatment of brain disorders. Presently, the investigations emphasize the role of different

nanocarrier systems or surface modified target specific novel carrier system to improve the

efficiency and reduce the side effects of the brain therapeutics. Such approaches supposed to

circumvent the BBB or have the ability to cross the barrier function and thus increases the

drug concentration in the brain. Although the efficacy of novel carrier system depends upon

various physiological factors like active efflux transport, protein corona of the brain, stability,

and toxicity of the nanocarrier, physicochemical properties, patient-related factors and many

more. Hence, to develop a promising carrier system, it is essential to understand the

physiology of the brain and BBB and also the other associated factors. Along with this,

some alternative route like direct nose-to-brain drug delivery can also offer a better means to

access the brain without exposure of the BBB. In this review, we have discussed the role of

various physiological barriers including the BBB and blood-cerebrospinal fluid barrier

(BCSFB) on the drug therapy and the mechanism of drug transport across the BBB.

Further, we discussed different novel strategies for brain targeting of drug including, poly-

meric nanoparticles, lipidic nanoparticles, inorganic nanoparticles, liposomes, nanogels,

nanoemulsions, dendrimers, quantum dots, etc. along with the intranasal drug delivery to

the brain. We have also illustrated various factors affecting the drug targeting efficiency of

the developed novel carrier system.
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Introduction
The brain is one of the most complex and vital organs covers around 2.0% of the

total body weight (1.2–1.4 kg).1 It is the control center of the nervous system which

receives the signals from the sensory organs and regulates the respective response

through motor neurons. It regulates almost all the body activities like muscular

movement, physiological secretion from the glands, hormone secretion, controlling

the body temperature, breathing, physical growth, and many more. It senses the

environment and surrounding stimulus; make decisions; process, controls and

integrate all the information; develop thoughts, feelings, and plans; and store the

memories of events throughout the life.2 The Brain is shielded by various physio-

logical barriers like blood–brain barrier (BBB) and blood-cerebrospinal fluid barrier
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(BCSFB) which regulates the entry of foreign particles to

the brain, protect it from the toxins and other harmful

stimuli and maintain the homeostasis of the brain.3

Any variation in the structure and function of the brain

and its barriers functions due to physical changes, envir-

onmental factors, toxins, infection, mutation, aging, etc.

may result in various neurological disorders. In the present

scenario, the treatment of brain disorders is a foremost

challenge in front of medical science as we still not have

any promising therapy to treat the brain disorders by

circumventing the BBB.4 Therefore, researchers focused

on the development of novel strategies like nanoparticles,

inclusion complex, liposome, dendrimers, colloidal car-

riers, etc. to target the drug to the brain.5 Such carrier

system specifically the nanocarriers possess smaller parti-

cle size, amphiphilic behavior, high drug loading, con-

trolled and sustained release, protect the drug from the

surrounding environments, reduces the dosing frequency,

undesirable effects and offers a patient-friendly dosage

form. On the other hand, poor drug loading ability (with

some nanoparticles), poor stability, dose dumping, unpre-

dictable interaction between excipients or with body com-

ponents, accumulation due to smaller size and surface

charge, sometimes unexpected release behavior, higher

toxicity, etc. limits its applicability.6 Also, the difference

in the preclinical and clinical responses, lack of uniform

strategies for the development and sometimes unpredict-

able physiological responses of the human body. This is

the reason why very few nanocarrier based formulations

are approved for commercial use till date.7 In this review,

we summarized barriers to brain drug delivery, drug trans-

port mechanism; different novel approaches used for drug

targeting to the brain and factors affecting brain targeting.

The barriers to a brain targeting
The Human brain is protected from any external stimuli,

pathogens, toxins, foreign materials and separated from

the peripheral system via various physiological barriers.

These barriers maintain the homeostasis of the brain and

regulate the passage of essential nutrients, ions, proteins,

and metabolites inside and outside the brain.8 The main

physiological barriers of the brain are discussed below.

BBB
Paul Ehrlich firstly discovered the BBB in the year 1885

during his study. It is the essential barrier structure which

separates the brain from the general circulation.9 The BBB

protects the brain from a noxious stimulus, toxins,

infectious particles and maintains the homeostasis of the

brain.3 It consists of different types of cells like brain

capillary endothelial cells (BCECs), astrocytes, pericytes,

and nerve cells. BCECs are the primary component of

BBB which is responsible for selective permeability to

small lipophilic molecules. These cells are joint together

by a tight junction which further prevents the paracellular

drug transport across the BBB. The tight junction is also

responsible for the high transendothelial electrical resistance

(TEER) between the brain and blood and thus restricts the

passive diffusion of external compounds.10,11 The pericytes

and astrocytes support the BCECs and assists to maintain

the structure and function of BBB.4 The BBB is a highly

selective semipermeable membrane which allows the entry

of only small, low molecular weight, non-polar compounds

(<400 Da) to the brain.12 Although the BBB is decorated

with some special transport proteins, receptors or other

mechanisms like efflux transporters, ion mediated channel,

etc. to facilitate the passage of many essential components

and metabolites to the brain.13 A better understanding of the

physiology of BBB and nature and function of transport

mechanisms assist the development of a promising carrier

system in delivering the drug to the brain.

BCSFB
It is a barrier between the blood circulation and cerebrosp-

inal fluid (CSF), prevents the entry of drug, toxin,

microbes or any material to the CSF. It is composed of

arachnoidal and choroid epithelial cells which separate the

subarachnoidal CSF and ventricular CSF respectively,

from the systemic circulation. The primary component of

BCSFB is choroid plexus, made of choroidal epithelial

cells.14 The choroid plexus act as a physical, immunolo-

gical and enzymatic barrier which assists the drug trans-

port, metabolism and signaling functions. The epithelial

cells at the choroid plexus are joint together via gap-junc-

tion which limits the permeability of the BSCFB. The gap

junctions are less stiff than the tight junctions and hence

more permeable for the drug and other substances.15

Transport across BBB
The BBB is a highly selective semipermeable membrane,

supposed to restrict the entry of almost all the drugs,

toxins and other foreign molecules to the brain.

Although, there are some provisions to assist the transport

of essential components to the brain. The polar or hydro-

philic compounds can cross the BBB via a paracellular

pathway through a normal diffusion process. While, the
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small lipophilic substances like alcohol, steroids, etc. are

transported through the transcellular path. Along with this,

some active transport mechanisms like carrier-mediated

transport, receptor-mediated transport, adsorptive transcy-

tosis, and efflux transport can also assist the drug permea-

tion through the BBB.13,16 Different transport mechanism

across the BBB is graphically explained in Figure 1.

Passive diffusion
Passive diffusion is the ubiquitous transport mechanism by

which most of the essential nutrients including amino acid

(AA), neurotransmitters, hormones, etc. and small lipophilic

drugs entered into the brain from the systemic circulation.

Passive diffusion involves the transfer of drug and endogen-

ous molecules from the blood to the brain under a concentra-

tion gradient. It depends on the size and physicochemical

properties of the drug.17 The drug initially dissolved into the

lipid bilayer of the brain microcapillary endothelial cell and

then releases inside the brain. This mean of transport is

suitable only for lipophilic, small size, lowmolecular weight,

neutral compound to cross the BBB.18

Receptor-mediated transport (RMT)
It is also known as clathrin-dependent endocytosis which is

highly specific and involves the internalization of the ligand-

receptor complex in the endocytic vesicle. It is a kind of active

transport or energy mediated drug transport mechanism. Once

a particular ligand entered into the blood circulation, it binds

explicitly with the specific receptor. Then the ligand-receptor

complex entered into the endothelial cytoplasm through recep-

tor-mediated endocytosis, and finally, the exocytosis releases

the ligand bound compound to the abluminal side.18 The

ligand could be a natural or artificial compound mostly an

antibody or peptide which have ability to specifically interact

with their particular receptors at BBB. Transferrin receptor,

insulin receptor, LRP1 (low-density lipoprotein receptor 1)

and LRP2 (low-density lipoprotein receptor 2), etc. are most

abundant receptor proteins present at BCECs surface and

assist the transfer of their specific ligand or ligand bound

carrier/drug.19–21

Adsorptive mediated transcytosis (AMT)
Adsorptive mediated transcytosis is an active transport

mechanism in which the polycationic ligand (mostly pro-

tein and peptides) electrostatically binds with the micro-

anionic moieties at the luminal surface of the brain

endothelial cells. The electrostatic interaction between

the positively charged ligand (like albumin, bovine serum

albumin, etc.) and the negatively charged glycoprotein at

brain endothelial cells, is the primary principle of AMT.

Various transporters involved in AMT to the brain are

GLUT1 (Glucose transporter 1), MCT1 (monocarboxylate

Polar drug

Tight

junction BCECs

Pericytes

Astrocytes

Nerve cellsBrain extracellular fluid

Non-polar

drug
Ionic drugs

Transferrin,

lactoferrin,

insulin

AA,glucose,
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Metabolites,

neurotransmeter

Efflux

transport

Receptor mediated

transport
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transport
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transport

Paracellular
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Figure 1 Schematic representation of drug transport across BBB via different mechanisms including passive diffusion (including paracellular transport of polar or hydrophilic

drug and transcellular transport of lipidic or non-polar drug), receptor-mediated transport, ion channel transport of surface charged molecules, carrier-mediated transport

of AA, glucose, larger proteins and peptides, and also the efflux transport that regulates the outflow of metabolites, drugs, toxins and neurotransmitters.

Abbreviations: AA, amino acid; BBB, blood–brain barrier; BCECs, brain capillary endothelial cells.
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transporter 1), EAAT (excitatory amino acid transporter),

LAT1 (L-amino acid transporter 1), organic cations and

cationic AA (amino acid). Melphalan, a nitrogen mustard

alkylating agent, crosses the BBB via LAT1 transporter

and chlorambucil via GLUT1 transporter.3,18

Carrier-mediated transcytosis
The transport of essential endogenous substances like

vitamin, AA, glucose and some neuropeptides to the

brain is mediated by some specific carrier molecules pre-

sent at the BBB. Such transportation phenomenon is

known as carrier-mediated transport. This transport

mechanism can also be used for drug targeting to the

brain. The drug molecules are chemically modified so

that it resembles the endogenous compounds and can be

quickly picked up by the carrier molecules and further

transported to the brain by crossing the cellular barrier.

For example, dopamine, an anti-Parkinsonian drug is con-

verted into levodopa, which is carried out by the neutral

AA transporter and get easily entered into the brain.22

Cell-mediated transport
Macrophages, neutrophils, monocytes, etc. are an essential

part of defense mechanism or inflammatory responses

which get activated during physiological dysfunctioning.

These cells have a tendency to accumulate at the injured

site in order to protect the injuries and kill the infection.

This phenomenon can also be used to deliver the bioac-

tives to a particular site in the brain. They act as “Trojan

Horses” and assist the drug transport across the BBB.23,24

Among the monocytes, macrophages, and neutrophils, the

monocytes offer a better carrier to transport bioactive

materials. Tong et al (2016) investigated the ability of

monocytes to carry superparamagnetic iron oxide nanopar-

ticle to the inflamed area of the brain. The study shows

good permeation behavior.25,26 Some other similar studies

also demonstrated the application of monocytes for drug

cargo to the brain. Although, cell-mediated transport has

major disadvantages like early release of the freight, fail-

ure to reach the particular site of action and poor drug

loading ability.27

Efflux transport
Efflux transport is an active transport or energy-dependent

transport mechanism at BBB, responsible for the outward

movement of various metabolites, toxic substances, neuro-

transmitters and antibiotics.28 Efflux transporter confines

the exposure of brain tissue to many therapeutic agents

even though from the lipophilic smaller molecules which

possess high permeability to the BCECs.29 It comprises of

many surface proteins present at cell surface or BBB

which are known as efflux transporters. The ABC trans-

porter or ATP-binding cassette transporter is recognized as

the protein superfamilies present in almost all the living

organisms.30 The P-glycoprotein (P-gp) is the key element

of ABC efflux transporter which actively regulates the

outflux of many lipophilic drugs across the BBB.31 It is

membrane-bound protein, greatly expressed over the lumi-

nal membrane of BCECs while in a lesser extent on the

brain parenchyma, nerve cells, and glial cells. It is con-

sidered as the most important ABC efflux transporter in

the brain or CNS.32 The efflux transporter including P-gp

and other ABC-transporters prevents the accumulation of

drug and toxins into the brain and expel out the drugs from

the CNS. It affects the pharmacokinetic efficacy of many

drugs including anti-cancer agents, and other CNS acting

molecules.33 Hence, some approaches focus on evading

the efflux transporter or utilizes the P-gp inhibitor in order

to improve the therapeutic effect of the drug. In addition, it

also modifies the drug distribution in the brain.34 Thus, the

proper understanding of the physiological function of

efflux transporter is essential for enhanced drug delivery

to the brain.35

Novel strategies for brain targeting
Various novel strategies adapted for effective brain target-

ing of the bioactives including different nanocarrier system

and intranasal drug delivery are discussed below:

Nanocarrier system for brain targeting
The nano-sized particles ranging from 1 to 100 nm facil-

itates the drug transport across the BBB due to the smaller

size and surface functionalization with the target-specific

ligands.36–38 An average human body cell is approximately

10–100 µm in size.39 Thus, the nano-sized materials can

easily be absorbed by the cells and deliver the drug inside.40

On the basis of the preparation method, component used,

drug loading and release behavior different types of nano-

carriers are available. Among these, some of the important

nanocarriers are discussed below and shown in Figure 2.

Liposome

Liposomes are small lipophilic vesicles, primarily consists of

one or more concentric phospholipid bilayer or sometimes

made with the cholesterol or combination of different natural

lipids (phosphatidylcholine, egg yolk phosphatidylcholine,
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soy lecithin, soybean phosphatidylcholine, etc.) or synthetic

lipid (dipalmitoylphosphatidylcholine, etc.) with an aqueous

core.41–43 The basic properties of the liposomes like fluidity,

rigidity, size and surface behavior may vary with the selec-

tion of lipid component and method of preparation. It was

first discovered by a British scientist Alec Bangham in 1961.

Initially, it was called as “Banghasomes” or “multilamellar

sematic mesophase.” The term “Liposome” was given by

Weissmann, after the lysosome, because of their

resemblance.44 The size of the liposome may range from

30 nm to 100 µm. Depending upon the size and number of

concentric lipid bilayer the liposome can be divided into (1)

Multilamellar vesicle, (2) Oligo lamellar vesicle and (3)

Unilamellar vesicle (Large and small unilamellar).45 The

liposome can entrap both the hydrophilic and lipophilic

compounds in the aqueous core and lipid bilayer, respec-

tively. Because of this unique ability, it is extensively used

as a carrier system for a wide variety of drugs.45,46

Liposome offers site-specific delivery, protects the

drug from enzymatic degradation, reduce the adverse

effect and represents a biodegradable and biocompatible

delivery system which increases both the research and

commercial interest for novel drug delivery.47–49 On the

other hand, the low encapsulation efficiency and poor

stability limit its applicability to some extent.50 Various

investigations, both in the laboratory and commercial scale

are under process, utilizes liposome as a potential carrier

system for direct nose-to-brain delivery of the drug.

Sometimes, liposomes are surface modified with the spe-

cific ligand or carrier molecules like polyethylene glycol,

monoclonal antibodies, transferrin, lactoferrin, glutathione,

etc. to assist the drug targeting to the brain.51 For example;

H102 peptide-loaded liposome was developed by Zheng

and co-workers 2015 for intranasal delivery to the brain.

The brain targeting efficacy of liposome was assessed by

estimating the in vivo pharmacokinetic behavior of the

drug carrier system.52 Similarly, Asmari et al in 2016,

developed donepezil loaded liposomes and investigated

its brain targeting efficiency by comparing the drug con-

centration in both the rat brain and plasma.53 In addition,

the surface modified liposome shows higher brain target-

ing potency. Xiao et al (2019) synthesized ascorbic acid

thiamine disulfide modified liposome with “lock-in” func-

tion to achieve effective brain targeting of docetaxel via

GLUT1 and sodium ion-dependent vit. C transporter. The

study shows 3.24 times higher brain uptake of the drug.54

In another study, Li et al (2019) utilize liposome and

polymeric nanoparticles for combined delivery of atorvas-

tatin and curcumin to treat atherosclerosis.55 Subsequently,

Kuo et al developed phosphatidic acid, cardiolipin and

TAT (transactivator of transcription) peptide modified

liposome to target the nerve growth factor, rosmarinic

acid, quercetin and curcumin to the hippocampal nerve

region in order to treat tau-hyperphosphorylation based

Liposome

NanoemulsionNanogel Dendrimers

G0
G1

G2
G3

Quantum dots

Polymeric

nanoparticle

Iron oxide

nanoparticle

Gold

nanoparticle

Fe
3

O
4

Fe
3

O
4

Fe
3

O

Figure 2 Figure showing general structure of some important nanocarriers including liposome, polymeric nanoparticle, inorganic nanoparticle (iron oxide or magnetic

nanoparticle and gold nanoparticle), nanogel, nanoemulsion, dendrimers and quantum dots used to target the therapeutic agents to the brain.
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neurodegeneration. The TAT peptide improves the BBB

permeability while the phosphatidic acid and cardiolipin

assist the activity against tau hyperphosphorylation.56

Such studies demonstrated the applicability of liposome

for targeting the drug to the brain. Though, all the inves-

tigations are performed on animal models, including rat,

rodent, and rabbit, etc. The clinical investigations on

human brain/human volunteer are still limited due to lack

of desired success rate in preliminary stages and availabil-

ity of well-established experimental protocol as well as

resources.

Polymeric nanoparticle

These are nano-sized particles, range from 1 to 100 nm,

surrounding an interfacial layer composed of some ionic,

organic and inorganic molecules.57–61 Based on the struc-

ture and drug entrapment behavior, the nanoparticles are

mainly of two types; (1) nanosphere and (2) nanocapsule.

Nanospheres consist of a polymeric matrix in which the

drug molecules are entrapped while the nanocapsule com-

prises of a void or inner core surrounded by a polymeric

shell and the drug is encapsulated into the central void.37,62

The nanoparticles intended for brain targeting, composed of

biodegradable polymers like polylactic acid, polylactic-co-

glycolic acid,63 chitosan,64 polycaprolactone, polyacryla-

mide, poly(lysine) and poly (alkyl cyanoacrylate).65,66 The

size, composition, and structure of nanoparticle significantly

affect the transport mechanism of the nanoparticle to the

brain via the nasal route. Such as, polysorbate coated nano-

particle enters into the brain via the capillary wall through

the low-density lipoprotein (LDL) receptor.67 Owing to the

smaller size, it can easily penetrate the cellular layers and

target the drug to the specific site.68,69 The PLA coated

nanoparticle shows enhanced drug transport to the brain

via the intranasal route. Polysorbate-80 coated nanoparticle

facilitates the receptor-mediated endocytosis by selectively

binds with plasma proteins like apolipoprotein E (ApoE)

and Apolipoprotein B (ApoB).70–72 Similarly, the cationic

protein (like albumin and chitosan) modified nanoparticle

also covalently bounds to the ApoE and access the brain

through absorption mediated transcytosis. Similarly, various

ligands are used for targeting the drug-loaded nanocarrier to

the brain. Together with the drug targeting ability nanopar-

ticle also promote the drug permeation through nasal

mucosa, increases the brain bioavailability of the drug,

protects the drug enzymatic degradation and increases the

drug retention time in the nasal cavity (chitosan

nanoparticle).73,74 Kuo et al (2019) targeted the carmustine,

etoposide and doxorubicin to the glioblastoma cells of the

human brain by encapsulating the drug into folic acid and

wheat germ agglutinin conjugated methoxy PEG-PCL

nanoparticle. The wheat germ agglutinin and folic acid

assist the targeting efficiency of the system while mPEG

and PCL control the drug release behavior.75 Likewise, Li et

al (2018) also used the PEG-PLGA nanoparticle for brain

targeting of shikonin to treat glioma. To improve the target-

ing efficiency, the nanoparticle is decorated with lactoferrin

at the surface. The lactoferrin modified PEG-PLGA nano-

particle demonstrated higher drug targeting to the brain.76

Further, chitosan coated nanoparticle can also be used as a

promising carrier system for brain drug delivery. Recently,

Fernandes et al (2018) worked on the development of AA

conjugated chitosan nanoparticle for effective targeting of a

dipeptidyl peptidase-4 enzyme inhibitor, saxagliptin. The

study indicated 3.42 folds higher AUC in the brain than

the plain drug.77 In addition, Rukmangathen et al (2018)

applied chitosan nanoparticle to improve the therapeutic

efficiency of selegiline, a potent anti-Parkinson’s agent. It

also shows a similar result, ie, the higher pharmacokinetic

profile of the drug in the brain.78 All these reports assure the

potency of polymeric nanoparticles for brain targeting of

many drug compounds.

Inorganic nanoparticles

These are the nanoparticles made of different inorganic

materials like metal, metal oxides, silica, carbon, etc.,

which are commonly used for the diagnostic purpose.79

The inorganic nanoparticles are uniform sized, stable

nanoparticles which form a monodisperse suspension in

the body fluid and can be surface functionalized to pro-

mote the brain targeting. The mesoporous silica nanopar-

ticle offers greater surface area, high pore volume,

excellent biocompatibility and ease of surface functionali-

zation. Ku et al (2010) developed fluorescein modified

magnetic silica nanoparticles and covalently conjugated it

with the second generation polyamidoamine (PAMAM)

dendrimer through 3-(triethoxysilyl) propyl isocyanate

(ICP) to produce PAMAM-fluorescein-magnetic silica

nanoparticle (PFMSN). Further, this PFMSN was treated

with (methoxy polyethylene glycol)-5000 (mPEG) to get

PEGylated PFMSN. The study shows that the PEGylated

PFMSN has the ability to cross the BBB via transcytosis,

diffused into the cerebral parenchyma and distributed

throughout the neurons. While the non-PEGylated nano-

particles can not cross the BBB.80 On a similar note, other

studies also demonstrated that the PEGylation contributed
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to the BBB permeability of different inorganic nanoparti-

cles like silica nanoparticles, carbon nanotubes, etc.81

Similarly, Ren and coauthors (2012) also demonstrated

the role of PEG functionalization on the brain targeting

of the oxidized multiwalled carbon nanotube. The oxidized

multiwalled carbon nanotube was surface modified with

PEG and angipep-2. This dual targeting nanoparticulate

system initially crossed the BBB and then interact with

the tumor cells.82 In other studies, the efficiencies of some

more targeting molecules were studied, and it was found

that the lactoferrin more prominently improves the BBB

permeation of nanocarrier than the PEG coating.83 Also,

iron oxide nanoparticles, gold nanoparticles, mesoporous

silica nanoparticle, and some other inorganic nanoparticles

are proved as a promising carrier to deliver the bioactives

across the BBB.84 Interestingly, Tominaka et al combine

the gold nanoparticle and magnetic nanoparticle to

develop a multi-modal imaging probe as a powerful diag-

nostic agent for brain disorders. They used the magnetic

nanoparticle as core material while the gold nanoparticle

as the outer shell and established their theranostic

application.85 Additionally, Zhao et al (2019) utilized

modified gold nanoparticle as novel SPECT (Single

Photon Emission Computed Tomography) imaging tool

and radionuclides therapy of glioma. They synthesized

polyethyleneimine loaded chlorotoxin peptide and PEG-

modified gold nanoparticle. The results illustrated that it

serves as a potential diagnostic and therapeutic tool for

glioma.86 On other hand, Fahmy et al targeted the thymo-

quinone to the brain by encapsulating in the mesoporous

silica nanoparticle and observed its antioxidant potency.

They have studied the in vivo efficiency of thymoquinone

loaded silica nanoparticle and brain distribution pattern.

The study demonstrated selective targeting and better dis-

tribution of drug when loaded in mesoporous silica

nanoparticles.87 However, the brain targeting ability of

inorganic nanoparticles is hindered by its toxicity, poor

drug release profile and non-biodegradability.88

Nanogel

The nanogels are primarily the nanosized hydrogel or can

be defined as chemically or physically crosslinked 3

Dimensional network of polymers which swells in water

or aqueous fluid.89,90 The higher water content of the

hydrogel imparts excellent biocompatibility and facilitates

the drug diffusion (both the drug loading and release) from

the swollen network of the polymer.91,92 These properties

make the nanogel a potential candidate for brain drug

targeting. Studies reported that the cationic nanogel pro-

motes the internalization of nanocarrier in the cells as

compared to the neutral nanogels. Chen et al (2017) devel-

oped doxorubicin loaded pH-responsive PVA nanogel to

target the human glioblastoma or tumor cells. The nanogel

consist of disulfide and surface modified with cycloRGD-

peptide. The study shows, the drug-carrier system was

inactive in normal physiological condition and releases

the drug to the tumor site due to change in pH; hence, it

effectively targets the drug. The surface modified nanogel

also lessens the associated adverse effect.93 In the same

way, Warren et al (2015) designed biodegradable amphi-

philic cationic nanogel as a carrier system for brain deliv-

ery of triphosphorylated nucleoside reverse transcriptase

inhibitor to treat HIV. The nanogel was made of choles-

terol-ε-polylysine and supposed to reduce the unwanted

side peripheral side effect and neurotoxicity of the

bioactive.94 Earlier in 2012, Azadi et al prepared and

optimized surface modified methotrexate loaded nanogel

for the treatment of brain tumor. The nanogel consist of

sodium tripolyphosphate and chitosan and surface modi-

fied with polysorbate 80 which impart site specificity.

Although the study was only limited to the in vitro exam-

ination, no further studies are performed.95 Seok et al

(2008) prepared β-cyclodextrin and poly(β-aminoester)

based polysaccharide nanoparticles for brain targeting of

doxorubicin and insulin. This cationic nanogel signifi-

cantly improves the BBB permeability of insulin when

tested on the in vitro BBB model.96,97 The studies eluci-

dated that nanogel could represent a potential carrier sys-

tem for brain targeting of bioactives. However, during a

literature survey, we found that in comparison to the other

novel carriers nanogel is less explored for brain delivery.

Nanoemulsion

The nanoemulsions are referred to as nanosized, hetero-

geneous dispersion of water-in-oil or oil-in-water stabi-

lized through a suitable emulsifier.98 The nanoemulsions

are suitable for the delivery of both the hydrophilic and

lipophilic drugs. The surface functionalization with suita-

ble ligand facilitates the permeation of nanoemulsion via

RMT. The nanoemulsions are commonly made of vegeta-

ble or animal oils like peanut oil, flaxseed oil, sunflower

oil, fish oil, hemp oil, wheat germ oil, egg phosphatidyl-

choline, etc. which makes it highly biocompatible with the

biological membranes. Also, the size of nanoemulsion is

very small, <200 nm which makes it a promising carrier

system for brain targeting of drugs.99 Although, the
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stability issues limit its application.89 In recent scientific

investigations, nanoemulsions are frequently used for

direct nose-to-brain delivery of drugs and secondly it is

intended for parenteral route. In 2018, Shobo et al formu-

lated pretomanid loaded nanoemulsion for intranasal

administration to enhance the brain permeation of the

drug.100 Likewise, Ahmad and coworkers, developed quer-

cetin loaded mucoadhesive intranasal nanoemulsion to

treat cerebral ischemia and studied the targeting efficiency

as well as the therapeutic efficiency using the rat model.101

Further, the same group of authors investigated the com-

petence of nanoemulsion for brain targeting of therapeu-

tics. They prepared safranal, an anti-oxidant, loaded

mucoadhesive nanoemulsion for intranasal administration

to treat cerebral ischemia.102 In addition, Abdou et al

(2017) encapsulated the zolmitriptan, an anti-migraine

agent, to the mucoadhesive nanoemulsion and delivered

it via intranasal route. They assessed the brain targeting

efficiency of nanoemulsion and observed the mucoadhe-

sive intranasal nanoemulsion significantly enhances the

drug permeability, AUC and bioavailability in the brain.103

On the other hand, Dordevic et al (2015), developed ris-

peridone loaded lecithine nanoemulsion for drug delivery

to the brain via parenteral route. The nanoemulsion made

of sodium oleate (aqueous phase), lecithin (lipid phase),

polysorbate 80 (emulsifier) and poloxamer 188 (co-emul-

sifier). The polysorbate 80 based nanoemulsion increased

the brain bioavailability up to 7.4 folds than the other

formulations.104 Similarly, Tan et al (2015) also used par-

enteral nanoemulsion for brain targeting of carbamazepine

to treat seizure and evaluated its pharmacokinetic effi-

ciency. The study shows higher pharmacokinetic profile

and lower side effects of the drug when delivered as

nanoemulsion than the free drug solution which assures

the potency of carrier system.105 From the available

research work, it can be concluded that mucoadhesive

nanoemulsion mostly intended for parenteral and intrana-

sal administration to the brain was extensively studied and

found as promising carrier system which reduces the asso-

ciated adverse effect, improves the therapeutic potency

and offers a non-invasive patient-friendly technique to

access the brain.106

Dendrimers

Dendrimers are highly branched, monodispersed, sym-

metric polymeric macromolecules with some reactive

groups on the surface.107,108 The dendrimer is a 3

Dimensional shaped spheroidal carrier system, composed

of repetitively branched molecules. The core is suitable for

drug loading while the surface with a number of reactive

ends allows the multifunctionality and closely packed

periferi to improve the drug loading ability. The nanosized

dendrimers represent an attractive drug carrier system for

brain targeting.109,110 Presently, studies focused on the

development of surface modified dendrimer with the

BBB or tumor cell specific ligand to improve its brain

targeting efficiency.111 Lu et al (2018) synthesized arsenic

trioxide loaded RGD-PEG-modified PAMAM for targeting

brain glioblastoma cells. The surface modification with

PEG minimized the cytotoxicity to BCECs as compared

to the unmodified PAMAM dendrimer. The carrier system

prolonged the drug release and considerably increased the

pharmacokinetic profile and therapeutic efficiency of the

drug.112 In the same sequence, Gothwal et al (2018) devel-

oped rivastigmine loaded lactoferrin modified PAMAM

dendrimer to treat the neurodegenerative disorder and

boost the memory function of the brain. The drug-loaded

lactoferrin modified dendrimer demonstrated 9.8 fold

lower cytotoxicity and 8 folds higher brain uptake thus

improved the bioavailability of the drug. It also shows

significant improvement in locomotor activity and memory

of the rat brain.113 Li and coworkers (2012) developed a

fourth generation, transferrin modified PAMAM dendri-

mers for brain delivery of tamoxifen. The study demon-

strated considerably higher drug loading and enhanced

BBB permeation.114 The studies confirm the proficiencies

of dendrimer for brain targeting of drugs.

Quantum dots

Quantum dots are colloidal nanocrystalline semiconductor

materials, consists of metalloid crystal core and nonreactive

metallic shell which covers the crystalline core.115,116 The

long-term photostability, high brightness, size-tunable nar-

row emission spectra make it a promising diagnostic tool.117

It also offers a great surface area and can encapsulate a wide

variety of therapeutic and diagnostic agents. Thus, it can

also be used as a promising carrier system for brain target-

ing. The bioactive agents can be loaded into the core of the

quantum dots while the surface can be functionalized with

the targeting ligands to facilitates the brain targeting.118

However, just like inorganic nanoparticles the higher toxi-

city profile, non-biodegradability, and poor drug release

profile limit its application.89 Qiao et al (2018) explored

the application of D-glucose and L-aspartic acid based

carbon dots as a diagnostic and therapeutic tool to identify

and target brain tumor. The study suggested the unique
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design and properties of carbon dots offers a potential

theranostic tool.119 Tang et al (2017) constructed a novel

PEGylated quantum dot nanoprobe conjugated with apta-

mer 32 for fluorescent imaging of brain tumor. It possesses

the ability to specifically binds with the glioma cells and

thus could be used as a promising tool for diagnosis, inves-

tigation and surgical intervention of brain tumor.120

Similarly, Yang et al (2017) also used quantum dots as a

promising diagnostic tool. They Cd-Se-ZnS quantum dots,

incorporated into pH-triggered polymeric micelle and used

as fluorescent imaging nanoprobe to distinguish cerebral

ischemia affected region in the brain.121 Thus, it can be

said that the quantum dots displayed astonishing potency as

a diagnostic agent for brain disorders.

Nose-to-brain delivery system
In the past few years, the intranasal route appears as an alter-

native and effective approach for drug delivery to the brain. It

is claimed to deliver the drug directly to the brain without

entering into the systemic circulation.122,123The nasal cavity is

divided into three different regions, (1) vestibular region, (2)

respiratory region and (3) olfactory region. The drug or any

dosage form instilled into the nasal cavity can primarily absorb

through the respiratory area and enters into the systemic

circulation. This region also consists of some trigeminal neu-

rons; hence some of the drugs reached directly to the brain via

trigeminal nerves. Also, the drug reached/or instilled in the

posterior region, ie, the olfactory region, enter directly to the

brain via olfactory and trigeminal neurons.122,124 The drug

entered into the systemic circulation further needs to cross

the BBB while the drug entered through intraneural pathway

follows cellular transport mechanism. From the olfactory

region, the drug primarily enters into the olfactory bulb via

trigeminal and olfactory neurons, followed by absorption into

lamina propria and then entered in the CSF. It further, reaches

to different brain region from the CSF.9,125 On the other hand,

the intranasal route also has some limitations which reduce its

efficiency. Firstly, the volume of the nasal cavity is very small

which only allows a lower volume of drug to be instilled.

Secondly, the shorter drug retention time again reduces the

amount of drug available for absorption into the brain or

systemic circulation. Further, mucociliary clearance and enzy-

matic degradation also reduce bioavailability.122 Thus, various

novel drug delivery strategies are under investigation which

coverup such limitations and improves the efficiency of the

intranasal route. Nigam et al (2019) utilized PLGA nanopar-

ticle for direct nose-to-brain delivery of lamotrigine. The study

shows the intranasal PLGA-nanoparticle significantly

improved the pharmacokinetic behavior of the drug and also

the brain targeting efficiency.126 Similarly, Musumeci et al

(2018) formulated oxcarbazepine loaded PLGA nanoparticle

to treat epileptic seizure and deliver it through the intranasal

route. The strategy demonstrated improved brain targeting and

higher drug concentration of drug in the brain.127 Similarly,

Chu et al utilized surface modified PLGA nanoparticle for

intranasal administration of temozolomide to treat a malignant

brain tumor. The nanocarrier was functionalized with a tyro-

sine kinase antibody, EPHA3 (ephrin type-A receptor 3)

which effectively target the drug-loaded nanocarrier to the

glioblastoma in the brain, The results show 1.3 fold prolonged

release and significantly higher brain concentration.128

However, all the studies are performed on the animal models,

ie, still in the preclinical stage, which suggested the need of a

lot of further clinical studies on human volunteers to establish

its applicability in real patients.

Factors considered during the

design of the brain targeting system
The drug targeting efficiency of the nanocarrier is affected

by various physical, chemical properties of the carrier

system and physiological responses of the human body.

The factors affecting the targeting ability of nanocarriers

are discussed below

Neurotoxicity of the nanoparticle
The human brain is highly protected from the acquaintance

of toxins, infectious substances or any other harmful for-

eign materials by the BBB.129 The novel brain targeting

strategies not only increase the drug concentration in the

brain but also improve the risk of neurotoxicity by raising

the exposure of the normal brain to the nanoparticles and

other chemicals. The BBB targeting system broadly and

unselectively improves the concentration of nanoparticles

and drugs throughout the brain which may lead to severe

side effects. Thus, the study of neurotoxicity gains signifi-

cant attention in recent years. In this aspect, the dual brain

targeting which directs the drug to the particular diseased

region of the brain may be helpful.9

Premature drug release
The novel drug delivery system especially the dual-target-

ing system, claims to target the drugs to the diseased cells

of the brain and improves the therapeutic efficacy of the

drug. Such systems are modified with two targeting

ligands or one ligand and an active molecule with targeting

Dovepress Alexander et al

International Journal of Nanomedicine 2019:14 submit your manuscript | www.dovepress.com

DovePress
5903

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


efficiency like curcumin, which has ability to particularly

target the amyloid plaque. In the majority of cases, one of

the ligands assists the transport across the BBB while

others target the particular disease site in the brain.

Along with higher therapeutic efficacy,41,130 it may also

be disseminated to the other normal tissues of the body

and results in unwanted side effect. In addition, some of

the drugs get released into the systemic circulation during

the normal circulatory period. All these factors reduce the

final concentration of drug into the target site. Hence, an

ideal targeted system should hold the drug inside the

carrier until it reaches the desired site and releases it

quickly once reaches to the specific region. In this

sequence, the pH-triggered system, enzyme responsive

system, dual targeted system, use of cross-linkers, etc.

offers effective drug targeting.131

Homogeneity of the delivery system
The brain targeting efficacy of the delivery system

depends on various properties of the drug carrier system

including particle size, size distribution, surface behavior,

ligand density, nature of ligand, lipophilicity or hydrophi-

licity of the nanocarrier, surface charge, etc. Hence, proper

optimization of the nanocarrier is essential. The lack of

homogeneity may reduce the targeting efficiency of the

system. For example; particle size is a very important

parameter for brain drug delivery as the BBB only allows

the permeation of smaller size particles. It also affects the

in vivo distribution of the nanocarrier system. Similarly,

the surface charge also plays an important role in drug

permeation across the BBB. Thus, an effective brain tar-

geted system should need to maintain the homogeneity of

the system.132

The effect of the protein corona
A protein corona is referred to as a layer of protein

adsorbed or bound to the surface of nanoparticle in the

biological system. Depending upon the time and physio-

logical conditions, the protein gets exchanged with other

serum proteins. Once the nanocarriers are entered into

the systemic circulation, a protein corona is formed

around by serum protein.133 It delayed the circulation

time and distribution of the nanoparticles and affected

the drug release pattern.134 Sometimes, it also hinders

the targeting ability of the system by covering the tar-

geting ligand and thus, prevents the interaction between

the ligand and target receptor. For example; the target-

ing ability or reaction between Tf and Tf-receptor was

mired if kept in a culture medium containing the serum

protein.135 Some other studies show similar results on

the effect of protein corona. Regrettably, most of the

studies for brain targeting of the drug does not concern

the effect of protein corona on the targeting efficiency

of the formulation.

Off-target potency of the delivery system
The basic concept of drug targeting is the interaction of the

ligand with their specific receptor or transporter molecules.

These carriers or receptors are supposed expressed over

the diseased cells or BBB. But in reality, most of these are

also present on the normal cells of the body which distract

the targeting ligand and reduces the targeting ability of the

nanocarriers. Moreover, it also results in the adverse effect

of the drug.136 For example, the Tf receptors are over-

expressed on the BBB and the tumor cell surface but, it is

also present on the normal brain cells. If the Tf-modified

nanoparticles are administered, it binds with the Tf-recep-

tors on the BBB, normal brain cells and tumor cells.

Further, releases the drug to the normal cells also and

produce undesirable side effects.137

Conclusion and prospects
Drug delivery to the brain by evading the BBB and devel-

opment of a potential therapy with reduced peripheral

toxicity is a foremost challenge for the scientist working

in neurology. In the past few decades, enormous work has

been done in this aspect, and the targeted drug delivery

system appears as a promising approach. The research

scientists utilize different transporters, receptors, adsorp-

tion mediated transcytosis, cell-mediated endocytosis,

active efflux pump, etc. for the transport of drugs across

the physiological barriers. Different novel drug carrier

system primarily the nanoparticulate carriers like lipo-

some, nanoparticles, dendrimers, nanoemulsions, nano-

gels, quantum dots, etc. found useful in brain targeting.

Also, the direct nose-to-brain drug delivery appears as a

potential and alternative approach for effective brain drug

delivery. Despite many successful investigations, still, not

one of these strategies are commercialized to date which

may be due to the clinical data fails to recapitulate the

preclinical success rate. The efficacy of the developed

novel targeted systems is hindered by various physiologi-

cal factors, the toxicity profile of the system, drug loading,

and drug release behavior, stability, and biocompatibility

of the system.
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