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Physiological and Pathological Factors A�ecting Drug
Delivery to the Brain by Nanoparticles

Yamir Islam, Andrew G. Leach, Jayden Smith, Stefano Pluchino, Christopher R. Coxon,
Muttuswamy Sivakumaran, James Downing, Amos A. Fatokun, Meritxell Teixidò,
and Touraj Ehtezazi*

The prevalence of neurological/neurodegenerative diseases, such as
Alzheimer�s disease is known to be increasing due to an aging population and
is anticipated to further grow in the decades ahead. The treatment of brain
diseases is challenging partly due to the inaccessibility of therapeutic agents
to the brain. An increasingly important observation is that the physiology of
the brain alters during many brain diseases, and aging adds even more to the
complexity of the disease. There is a notion that the permeability of the
blood�brain barrier (BBB) increases with aging or disease, however, the body
has a defense mechanism that still retains the separation of the brain from
harmful chemicals in the blood. This makes drug delivery to the diseased
brain, even more challenging and complex task. Here, the physiological
changes to the diseased brain and aged brain are covered in the context of
drug delivery to the brain using nanoparticles. Also, recent and novel
approaches are discussed for the delivery of therapeutic agents to the
diseased brain using nanoparticle based or magnetic resonance imaging
guided systems. Furthermore, the complement activation, toxicity, and
immunogenicity of brain targeting nanoparticles as well as novel in vitro BBB
models are discussed.
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�. Introduction
Despitemany advances both in understand-
ing and technology, the reliable delivery
of treatments to the brain is an unsolved
challenge. Nanoparticles (NPs) have gained
much recent prominence as a potential tool
to achieve this valuable aim.[���] As research
in this area has expanded, several of the is-
sues that might increase the likelihood of
success or prevent creation of a new therapy
have become clearer. In this review, we seek
to describe the biological, physiological, and
physical background to some of these with
the intention of encouraging those working
in this area at the same time as providing
themwith amap that highlights some of the
pitfalls that must be avoided.
In terms of opportunities, the latest �nd-

ings in normal, aged, and diseased brains
reveal that in certain disease states and
upon aging, changes take place in the
blood�brain barrier (BBB) permeability[����]
that could improve the ability of NPs to
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access the brain.[��] These changes impose restrictions on the
NPs or nanocarriers (NCs) that di�er from those required to
access the brain when it is in a normal, healthy state. As a re-
sult, researchers have investigated methods to maintain or re-
cover the BBB functionality such as the intravenous (i.v.) injec-
tion of mesenchymal stem cells (to inhibit the deterioration of
BBB function),[�] oral administration of ter�unomide (promot-
ing pericyte coverage, pericyte survival and downregulating tight
junction degradation),[�] or use of Panax notoginseng saponins
(by activation of Nrf� antioxidant defense system).[��] These ap-
proaches could improve the e	cacy of drug delivery to the brain
by NPs or NCs by restoring the BBB integrity. Furthermore, the
receptors involved in the normal functioning of the BBB may
be dysfunctional in brain diseases.[��,�
] Finally, the physiologi-
cal environment of the brain may change due to chemicals or
diseases.[�����]
In this review article, the details of the healthy state are �rst

described and then the variations in a variety of states of dis-
ease, damage or aging. Technological innovations have provided
researchers with new tools to study the BBB and these are begin-
ning to also include variations that re�ect the changes in the BBB
in disease states but gaps are highlighted by our comprehensive
survey such as models for the aging BBB.
In terms of challenges, NPs have been found to have a par-

ticular ability to provoke complement activation that can lead
to severe immune responses; this too is dependent upon the
characteristics of the NPs.[�����] The ability of NPs to cause
cytotoxicity[��] via either apoptosis[��,��] or necrosis[�
] are ex-
plored as are further aspects of immunogenicity,[��] hemolytic
properties[��] and more general toxicity.
Throughout the review, detailed tables provide information

about the behavior of a variety of NPs of di�erent composition
and morphology that highlight the breadth of research in this
area and provide design guidelines that will enable studies to fo-
cus on NPs with an increased likelihood of becoming part of new
therapeutic modalities.

�. Physiological Barriers to the Brain Parenchyma
There are �ve barriers between the brain and peripheral tissues
in adults:[��]

� The BBB, at the capillaries of the brain parenchyma
� The arachnoid barrier at the meninges
� The blood cerebrospinal �uid (CSF) barrier covered by the ep-
ithelial cells at the choroid plexus

� The circumventricular organs (CVOs) barrier formed by tight
junctions between adjacent tanycytes

� The glia limitans interface between the CSF and the brain
parenchyma.

These are explained in the following.

�.�. Blood�Brain Barrier

The BBB maintains a homeostasis within the brain environ-
ment, which is essential to the normal functions of neurons in

Figure �. TEM image of healthy human neurovascular unit in the brain.
Reproducedwith permission.[��] Copyright ����, IntechOpen. (P: pericyte,
BL: basal lamina, EC: endothelial cell, A: astrocyte, TJ: tight junction.

the brain. The BBB achieves this partly by shielding the neu-
ral cells from harmful agents in the blood, but this protective
role of the BBB makes drug delivery to the brain more chal-
lenging compared to other organs, where blood capillary fen-
estration facilitates delivery of the drug molecules to the target
cells. To overcome the BBB, NPs and NCs have been developed,
which cross the BBB by mechanisms such as receptor mediated
transcytosis (RMT), a process inherent to normal functioning
brain endothelial cells.[���] Figure � presents a transmission elec-
tron microscopy (TEM) image of a normal human neurovascular
unit. The tight junction (TJ) is presented as an electron-dense
elongated line, with the basal lamina (BL) encompassing an en-
dothelial cell (EC), surrounded by pericytes, but with gaps in the
BL, with astrocyte end-feet located behind. Neuropils can also
be identi�ed. The central nervous system (CNS) contains both
micro- andmacrovessels. These occupy �
��
% of the total brain
volume. The total surface area ofmicrovasculature is ��m� in the
adult brain, which corresponds to ��

 cm� g�� of brain tissue.
The total length of capillaries in the brain is about �

 km. These
capillaries are typically �
 �m apart and the capillary lumen di-
ameter is about � �m. TJs are formed between two overlapping
separate impermeable cell membranes, one on the inside of the
vessel wall (luminal side) and the other on the outside (abluminal
side). Hence, the TJ is a slant cut rather than a straight short cut
from the luminal side to the abluminal side. Typically the gap is
between �

 and 


 nm between the luminal side and ablumi-
nal side of brain microvessels.[��]
In the young rat brain, the thickness of the basal lamina (also

known as basement membrane, BM) is 

 nm in the frontal cor-
tex and �� nm in the hippocampus CA� region.[��] The BL is
composed of three layers. Layer one, produced by EC, contains
laminin-�[��] and laminin-�
.[��,��] The middle layer contains
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Figure �. Schematic presentation of basal lamina (BL) in the neural vascular unit (NVU). This diagram presents a protein network within the BL, which
a
ects the di
usion of NCs that cross the BBB toward brain parenchyma, with smaller NCs being more e�cient in crossing the network compared to
larger NCs, which may be trapped in the protein network.

collagen IV,[��,�
] agrin,[��] elastin by pericytes,[��] perlecan,[��,��]
and �bronectin.[��,�
] Layer three contributed by astrocytes con-
tains laminin-� and laminin-�.[��] Nidogen-� is spread within the
BL and links collagen IV to laminin to form a �D matrix (Fig-
ure �),[�
] lack of nidogen-� results in discontinuation of BL in
the brain capillaries.[��] This complexity of BL further restricts the
mobility of NPs in the brain, in particular larger NCs (>�

 nm)
(Figure �).[��] However, it should be noted that the NP size is not
the only factor that can block the NP in the BL.[��] Adsorption
of proteins and surface charge of NPs could play major roles in
slowing the NPs di�using through the BL.[��] This could reduce
the relocation of the NP within the brain parenchyma, as the BL
is continued to the extracellular matrix (ECM).[��]
Pericytes are completely embedded within the BL. Laminin �

(containing �� chain) facilitates transmigration of T-cells from
the blood into the BL under in�ammatory conditions.[��] Ac-
tivated T-cells interact with intercellular adhesion molecule �
on the surface of ECs and can induce a transient breakdown
of the barrier.[�
] Further dislocation of T-cells into the neural
tissue depends on the permission of local macrophages. Lo-
cal macrophages and ECs will release matrix metalloproteinases
(MMP), if relocation of T-cells is needed to digest ECM andmake
a path for T-cells.[��,��] Previous studies have shown immune re-
actions in the brain toward NPs. Therefore, the BL could be the
site where NCs are identi�ed as foreign bodies in the brain and
cytokines are released.

�.�. The Arachnoid Barrier at the Meninges

Figure � presents a schematic diagram of themeninges. The dura
mater is about � mm thick in the human brain, and it is com-

posed of dense �brous tissue. Microscopically, the dura consists
of densely packed bundles of collagen �bers with interspersed
arteries, veins, and lymphatics.[��] The dura mater lymphatic
vessels contribute to the clearance of macromolecules from the
brain.[��] The blood vessels are fenestrated in the dura mater.[��]
It may be, therefore suggested that NCs may leave blood vessels
via the fenestrated blood vessels in the dura mater.
This could be an explanation for the weak appearance of non-

targeted NPs in the brain as observed in previous studies.[

]
The arachnoid covers the inner aspect of the dura mater and

forms the arachnoid blood-CSF barrier, separating the CSF in the
subarachnoid space (SAS) from fenestrated blood vessels in the
dura mater. In humans, the arachnoid barrier is �

 �m thick,
and themain body of the arachnoid is composed of closely packed
leptomeningeal cells joined by desmosomes and devoid of base-
ment membranes. On the other hand, the arachnoid cells adja-
cent to the dura are joined by TJs, which prevent solutes or cells
gaining access to the SAS or conversely solutes from the SAS to
the dura mater.
However, a recent study suggests that drug molecules exiting

the fenestrated blood vessels in the dura mater may be trans-
ported to the CSF in the SAS by transporters on the arach-
noid barrier.[
�] Similarly, the drugmolecules may be transported
from the CSF in the SAS back to the dura mater and then into
blood capillaries. Two key transporters have been identi�ed in
the arachnoid barrier of mouse: �) P-glycoprotein (P-gp), and �)
breast cancer resistance protein (BCRP).[
�] BCRP and P-gp are
also highly expressed in human arachnoid tissue.[
�] Sheet-like
and �liform trabeculae with cores of collagen �bers coated by
leptomeningeal cells extend from the arachnoid barrier across
the human SAS to join the pia on the surface of the brain
parenchyma (subarachnoid space plus CSF depicted in Figure �).
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Figure 	. A schematic diagram of arachnoid barrier at the meninges. This diagram shows that NPs may exit the fenestrated blood vessels in the dura
mater. It also shows that CSF in the subarachnoid space (SAS) enters the brain parenchyma via the paravascular space and interstitial �uid ISF exits
the brain parenchyma along the BL and mixes with CSF in the SAS. The arachnoid barrier separates the dura mater from the SAS, and the pia mater
separates brain parenchyma from the SAS. Glia limitans and astrocytes form a barrier between the pia mater and the brain parenchyma. The subpia
mater is mainly composed of collagen �bers.

Trabeculae divides the SAS into compartments with sus-
pended arteries and veins within the SAS.[
�] As shown in Fig-
ure �, there are major arteries in the SAS, which branch per-
pendicularly into the brain parenchyma.[
�] In humans, the pia
mater is composed of a thin layer of leptomeningeal cells that are
joined by gap junctions.[
�] The pia mater is closer to the astro-
cytes (glia limitans) but it is separated from these by the subpia
mater, which contains blood vessels and collagen.[��,

] The pia
mater covers the surface of arteries and veins that leave the SAS,
cross the subpia mater and enter the brain parenchyma.[

] Fig-
ure � also presents the �ow of CSF from the SAS into the paravas-
cular space,[
�] and the reverse �ow of interstitial �uid (ISF) along
the BM in the tunica media of cerebral arteries that form the in-
tramural peri-arterial drainage (IPAD).[
�] When �
 nm gold NPs
were injected intomouse CSF, theNPs appeared in the basement
layer of cortical arteries. This shows that cerebral vascular base-
ment membranes form the pathways for �uid passing into and
out of the brain.[
�] Thus tracers or drug molecules present in
the CSF will enter the brain alongside arteries and leave the brain
back to the CSF, but along separated periarterial BMpathways.[
�]
Alternatively, if NCs in the brain parenchyma release their cargo,
the drug molecules will enter the CSF via the convective ISF �ow
and re-enter the brain parenchyma via the CSF �ow into the par-
avascular space.

�.	. The Blood CSF Barrier at the Choroid Plexus

A schematic diagram of the choroid plexus in the brain is pre-
sented in Figure �. The choroid plexus is a highly vascularized

tissue with numerous villi on the surface; it is located within each
ventricle of the brain. The choroid plexus is separated from the
CSF by single-layered epithelium cells, and brain parenchyma
are separated from the CSF in the ventricles by ependymal cells.
The capillaries in the choroid plexus are separated from the ep-
ithelial cells by a thin layer of connective tissue called stroma.
Bundles of collagen are present in the stroma of the choroid
plexus, but they are surrounded by leptomeningeal cells. In older
humans, there are spheres of collagen �bers, produced and sur-
rounded by leptomeningeal cell. However, thesemay become cal-
ci�ed to form calcospherites in the stroma of the choroid plexus
(called psammoma bodies).[
����]
The epithelium cells in the choroid plexus form TJs, how-

ever, the electrical resistance (�

 � cm�)[��] is estimated to be
much less than the BBB (���
 � cm�).[��] This implies that the
choroid plexus epithelium membrane is leaky.[��] The choroid
plexus has been suggested to be a site for entry of pathogens into
the brain tissue.[�
] Pathogens may enter through the transcellu-
lar or paracellular routes of epithelial cells in the choroid plexus,
or in infected phagocytes via the �Trojan-horse� mechanism.[��]
Figure � also presents schematically the potential dislocation of
NPs from the perforated blood vessels in the choroid plexus into
the stroma.[��,��] Most likely, the NPs will remain in the stroma
due to the TJs at the epithelial cells of the choroid plexus,[��]
however, they may enter into the brain tissue via the Trojan-
horse mechanism.[�
] It should be noted that epithelial cells in
the choroid plexus may uptake NPs;[��] and the epithelial cells of
the choroid plexus may transport NCs into the CSF via RMT.[��]
The choroid plexus could also be a another point of entry

for NPs to the brain, when the surface of NPs is decorated
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