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Preface to the Series

Experimental life sciences have two basic foundations: concepts and tools. The Neuro-
methods series focuses on the tools and techniques unique to the investigation of the nervous
system and excitable cells. It will not, however, shortchange the concept side of things as
care has been taken to integrate these tools within the context of the concepts and questions
under investigation. In this way, the series is unique in that it not only collects protocols but
also includes theoretical background information and critiques which led to the methods
and their development. Thus it gives the reader a better understanding of the origin of the
techniques and their potential future development. The Neuromethods publishing program
strikes a balance between recent and exciting developments like those concerning new
animal models of disease, imaging, in vivo methods, and more established techniques,
including, for example, immunocytochemistry and electrophysiological technologies. New
trainees in neurosciences still need a sound footing in these older methods in order to apply
a critical approach to their results.

Under the guidance of its founders, Alan Boulton and Glen Baker, the Neuromethods
series has been a success since its first volume published throughHumana Press in 1985. The
series continues to flourish through many changes over the years. It is now published under
the umbrella of Springer Protocols. While methods involving brain research have changed a
lot since the series started, the publishing environment and technology have changed even
more radically. Neuromethods has the distinct layout and style of the Springer Protocols
program, designed specifically for readability and ease of reference in a laboratory setting.

The careful application of methods is potentially the most important step in the process
of scientific inquiry. In the past, new methodologies led the way in developing new dis-
ciplines in the biological and medical sciences. For example, Physiology emerged out of
Anatomy in the nineteenth century by harnessing new methods based on the newly discov-
ered phenomenon of electricity. Nowadays, the relationships between disciplines and meth-
ods are more complex. Methods are now widely shared between disciplines and research
areas. New developments in electronic publishing make it possible for scientists that
encounter new methods to quickly find sources of information electronically. The design
of individual volumes and chapters in this series takes this new access technology into
account. Springer Protocols makes it possible to download single protocols separately. In
addition, Springer makes its print-on-demand technology available globally. A print copy
can therefore be acquired quickly and for a competitive price anywhere in the world.

Saskatoon, SK, Canada Wolfgang Walz
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Preface

Nanomedicines have revolutionized research on drug delivery in multiple diseases, and
leading strategies have achieved clinical success. Moreover, a significant number of clinical
trials are conducted to continue expanding the reach of nanomedicines to new, more
effective and with less side effects therapies. The central nervous system (CNS) has similarly
been the focus of extended research in the design and evaluation of novel nanocarriers for
brain drug delivery. As a target site, the CNS represents a unique challenge given its anatomy
and physiology. The blood brain barrier (BBB) is not only a restrictive limitation for
systemically administered drugs but also continues to be a largely restrictive barrier to
achieve significant CNS nanocarrier bioavailability. While the BBB represents one of the
main limitations for significant CNS biodistribution, overcoming it is not the sole reason for
limited bioavailability and targeting effects. Successfully targeting the brain microvascula-
ture, distribution through the CNS (after passage through the BBB), and internalization in
target brain cells become important challenges once there is a BBB penetration strategy in
place.

As such, this book will be a source for finding the latest research in CNS-targeted
nanocarriers, methods for their synthesis and thorough characterization. Moreover, a chap-
ter addressing toxicity aspects to be considered in the design and use of brain-targeted
nanocarriers will be of interest to the reader. The first two chapters of the book delve into the
most widely investigated nanocarriers as brain-targeted delivery systems, i.e., polymeric
nanoparticles and liposomes. With a thorough description of the state of the art as well as
key aspects of their characterization, the first two chapters also highlight physiological
properties relevant to particle design. Chapter 4 depicts the use of self-assembled peptide-
based scaffolds for lesions of the nervous system, while Chapter 5 describes not only the use
of peptides as CNS drugs but also as potential carriers to optimize brain-targeted delivery.
Chapters 6 and 7 describe inorganic and magnetic nanoparticles used for targeting drugs to
the CNS as well as their potential in the design of triggerable and aimed systems. Chapter 8
inspects the long-researched nose-to-brain delivery route, highlighting its potential and
how the limitations this route presents could be addressed to harness its clinical potential.
Chapter 9 is an excellent compilation of characterization methods to model and assess BBB
absorption of drugs and drug delivery systems, and as such, this chapter will be of great use
to scientists designing brain-targeted delivery systems to predict brain distribution. Finally,
Chapter 10 presents the concerns that the use of nanomaterials raises in the context of brain-
targeted systems. As such, the last chapter will be a good source to understand the potential
neurotoxic effects and the potential role of nanomaterials in neurodegeneration progress.

The editors are immensely grateful to all the individual contributions and authors for
sharing their time, effort, and knowledge to create this book. Their outstanding work in the
fields covered in this book we hope will be of great interest to the reader and will help guide
and move forward the field of nanomedicines to target the brain and the nervous system.

Santiago, Chile Javier O. Morales
Leiden, The Netherlands Pieter J. Gaillard
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Chapter 1

Biodegradable Polymeric Nanoparticles for Brain-Targeted
Drug Delivery

Kristian Kempe and Joseph A. Nicolazzo

Abstract

The blood-brain barrier (BBB), formed by endothelial cells lining the cerebral microvessels, remains a
formidable challenge for the delivery of many therapeutics into the central nervous system (CNS). In an
attempt to enhance the CNS disposition of therapeutics, which either have poor inherent permeability
across the BBB or whose brain uptake is limited by the function of efflux transporters, a multitude of
polymeric nanocarriers have been exploited. Common natural and synthetic polymers used for the devel-
opment of these nanocarriers include polysaccharides, poly(alkylcyanoacrylate)s, and polyesters such as poly
(lactic-co-glycolic acid). To avoid recognition by circulating macrophages and, therefore, minimize their
systemic clearance, these polymeric nanocarriers are often coated with polyethylene glycol or emulsifiers
such as polysorbate 80, and to enhance their targeting to the BBB, addition of various targeting entities
such as antibodies to brain microvascular receptor-mediated transporters is common. Unlike liposomes
however, polymeric nanoparticles are more stable, allow for a detailed control of the carrier properties (e.g.,
size, shape, charge, surface morphology and chemistry), facilitate the delivery of a range of different cargoes
with high capacities, and can be engineered with different drug release mechanisms and modified with
various targeting ligands. This chapter will provide an up-to-date account on the various polymeric
nanoparticle approaches which have been exploited to target therapeutics to the CNS, with particular
focus on biodegradable polymers and practical techniques that can be employed for the preparation of these
polymeric nanoparticles.

Key words Polymer, PLGA, Nanoparticle, Blood-brain barrier, Targeting, Surface coating

1 Introduction

Nanotechnology innovations have paved the way to novel thera-
peutic and diagnostic agents/carriers and tools for pharmaceutical
and biomedical research. However, drug delivery to the brain has
remained one of the biggest challenges in biomedical research with
numerous obstacles which have to be overcome. Drugs for treat-
ment of brain-related diseases have to enter the brain in order to
exhibit a therapeutic effect, which can be accomplished by invasive
and noninvasive methods. In the latter and more clinically relevant
case, the compound has to be able to cross the blood-brain barrier

Javier O. Morales and Pieter J. Gaillard (eds.), Nanomedicines for Brain Drug Delivery, Neuromethods, vol. 157,
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(BBB), an obstacle which limits the ability of many therapeutics to
gain access to their target within the central nervous system (CNS)
[1, 2]. The BBB is a selective barrier which controls ionic and fluid
movement from the systemic circulation to the neural tissue. It
prevents harmful substances from entering the brain and at the
same time supplies the brain with essential nutrients. Small gaseous
and lipophilic molecules can diffuse through the lipid membrane of
brain microvascular endothelial cells forming the BBB, whereas
larger compounds such as peptides, macromolecules, and hydro-
philic drugs exhibit poor transport across this membrane, unless
through the assistance of a membrane transporter. Thus, the BBB
represents an obstacle for both efficient therapy and diagnosis of
brain-related diseases with most state-of-the-art drugs and diagnos-
tic agents, respectively. Among others, polymeric nanomaterial-
mediated brain delivery has been proven to be a suitable strategy
to overcome this issue. Colloids, in general, have been widely
applied in the field of drug delivery [3, 4]. In recent years, poly-
meric nanoparticles (PNPs), which are in the size range of
10–300 nm, have emerged as ideal carrier systems as they allow
for a high level of modularity and thus can be tailored for individual
applications [5]. PNPs can be divided into two major groups,
polymer nanocapsules and polymer nanospheres [6]. The latter
are composed of a dense polymer matrix, whereas the former
represent vesicular-type aggregates which consist of a liquid core
surrounded by a polymer layer. PNPs are more stable than other
delivery systems and are amenable to a detailed control of the
carrier properties, including their size, shape, charge, surface mor-
phology, and chemistry [5]. They facilitate the delivery of a range of
different cargo with high capacities, which is advantageous com-
pared to a single or prodrug approach. Nanospheres allow drugs to
be uniformly dispersed in the polymer matrix mainly by physical
interactions, and nanocapsules can encapsulate drugs in their liquid
core. Besides the protection of the cargo from enzymatic or chemi-
cal degradation, PNPs also enable the triggered release of the cargo
through specific engineering of drug release mechanisms into the
carrier [7]. However, challenges associated with nanomedicines
include their nonspecific interaction with the human body and
their in vivo fate, specificity, and possible toxicity [8]. A range of
polymer classes have been developed to overcome these limitations,
including the use of coating with poly(ethylene glycol) (PEG) and
its alternatives [9]. Carriers composed of, or modified with, these
classes enable a prolonged blood circulation time and lower the
overall toxicity of the PNPs. Moreover, targeted approaches have
increased the therapeutic efficacy of encapsulated drugs through
the accumulation of the carrier at the site of action [10]. Alto-
gether, PNPs represent promising drug delivery systems.

2 Kristian Kempe and Joseph A. Nicolazzo



This book chapter focuses on PNPs, specifically polymeric
nanospheres and their application as brain delivery nanomedicines.
It sets out design principles for PNPs, reviews commonly used
biodegradable polymer classes, and provides background informa-
tion on polymerization and formulation techniques employed for
the fabrication of polymeric brain delivery vehicles. Moreover,
strategies used to improve transport of PNPs across the BBB are
highlighted using recent examples of PNPs based on polyesters,
poly(alkyl cyanoacrylate)s, and polysaccharides.

2 Design Principles of Commonly Employed Polymeric Nanoparticles for Brain
Delivery

Noninvasive methods for crossing the BBB have received signifi-
cant attention in recent years. However, for this purpose, drugs and
carriers have to be designed carefully and need to meet certain
criteria. To cross the BBB, the modification of existing drugs and
their physicochemical properties and, in particular, the attachment
of ligands onto molecules or colloids which target the BBB have
proven promising, at least in rodent models. PNPs provide an ideal
platform for the delivery of therapeutics to the brain because of
their abovementioned characteristics. As highlighted in a recent
review article by Saltzmann and coworkers, for drug delivery to
the brain, PNPs should possess a number of specific properties; in
particular, they should be biocompatible, biodegradable, nontoxic,
and non-immunogenic, exhibit a size <100 nm, and allow for
surface coatings and modifications [11]. As most of these PNPs
will be administered systemically, they must also be stable in the
bloodstream, show extended blood circulation times, and avoid
opsonization. Tables 1, 2, and 3 provide an overview of the three
most investigated types of PNPs. They summarize specifications of
selected examples particularly focusing on PNPs properties (i.e.,
polymer type, surface coatings, preparation technique, size), target-
ing ligands, cargo, and route of administration. In the following
sections, some of these properties will be discussed in more detail in
order to establish an understanding of the current state of the art of
PNPs for brain delivery.

3 Polymer Classes

Biodegradability has been identified as an important requirement of
brain-targeting carriers as it prevents the accumulation of foreign
materials in the brain and enables the modulation of drug release
kinetics. It is for these reasons that biodegradable polymers have
received particular attention as base materials for polymeric

Biodegradable Polymeric Nanoparticles for Brain-Targeted Drug Delivery 3
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BBB-targeted delivery vehicles. In this context, a range of synthetic
and naturally occurring polymers have been employed, including
poly(lactic acid) (PLA), poly(lactide-co-glycolide) (PLGA) and
other polyesters, poly(alkyl cyanoacrylates), and polysaccharides.
However, it should be noted that carriers composed of inherently
nondegradable polymers such as poly((meth)acrylate)s [71] and
poly(ethylene imine)s (PEI) [72] have also been reported for
brain delivery. This section will focus on the introduction of the
individual biodegradable polymer classes, including a brief discus-
sion of their polymerization techniques and their physicochemical
and biomedical properties.

3.1 Polyesters Polyesters are polymers which possess ester functionalities in their
main chain. Generally polyesters are obtained by polycondensation
of multifunctional carboxylic acids (or derivatives) and alcohols.
Alternatively, ring-opening polymerizations (ROP) of lactones pro-
vide access to aliphatic polyesters (Fig. 1). Catalyzed by metal-
organic compounds, ROP allow to prepare well-defined polymers
with defined molecular weight and molecular weight distributions,
as opposed to polycondensations. The most important synthetic
biodegradable polyesters are poly(ε-caprolactone) (PCL) and
PLA/PLGA which are obtained by ROP of ε-caprolactone and
lactide/lactide and glycolide, respectively. In a typical polymeriza-
tion experiment, the initiator (a hydroxy compound) is placed in a

Fig. 1 Polyester synthesis via ring-opening polymerization (ROP) of the respective monomers
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three-necked flask and dried under vacuum at elevated temperature
for a couple of hours before the two monomers are added in the
desired ratio. After the monomers are melted, the catalyst, typically
2-ethylhexanoate, is added, and the mixture is stirred at high
temperature for a desired time.

PLA and PLGA have been extensively employed as materials for
the fabrication of drug delivery vehicles [73]. They are biocompati-
ble and biodegradable and have been approved by the US Food and
Drug Administration for pharmaceutical applications [11, 73].
PLGA degrades in water due to hydrolysis of its ester bonds.
Variation of the molar ratios of LA and GA in the copolymer
enables the adjustment of the degradation profile with LA-rich
PLGA degrading slower. However, small-sized PLGA particles
also show enzymatic degradation, most likely by lipases [74]. The
pharmacokinetics and biodistribution of PLGA have been reported
to follow a dose-dependent and nonlinear behavior [75, 76]. Some
PLGA nanoparticle formulations were found to accumulate in the
liver, bone marrow, lymph nodes, spleen, and peritoneal macro-
phages in rodent models. The dose and composition of PLGA also
determine the blood clearance and uptake by the mononuclear
phagocyte system. However, surface modification of PLGA further
allows modulation of their body distribution and therefore alters
their performance [77]. This is achieved by using copolymers of
PLGA/PLA and PEG as PEG chains of different lengths and
terminal hydroxy groups can be exploited for the ROP of lactide
and glycolide. In this way, diblock PEG-b-PLGA [78] and triblock
PLGA-b-PEG-b-PLGA [79] can be obtained.

3.2 Poly

(Alkyl Cyanoacrylate)

s (PACAs)

Poly(alkyl cyanoacrylate)s (PACAs) are another class of biodegrad-
able polymers which have attracted significant attention as a base
material for BBB-targeted delivery vehicles (Fig. 2). Detailed infor-
mation about the monomer and polymer synthesis can be found in
recent literature [80]. In general, alkyl cyanoacrylate monomers are
synthesized from alkyl cyanoacetates and formaldehyde under basic
conditions in a Knoevenagel condensation. The PACA oligomers

Fig. 2 Poly(alkyl cyanoacrylate)s (PACAs), structure of PACA and degradation product (a), and commonly used
monomers for PNPs (b)
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obtained are thermally depolymerized using stabilizers such as
protonic or Lewis acids to give the individual alkyl cyanoacrylates.
To date, a large variety of alkyl cyanoacrylates (ACAs) have been
prepared with butyl cyanoacrylate (BCA) and hexadecyl cyanoacry-
late (HDCA) being the best studied ones in a BBB carrier context
[80]. The electron-withdrawing groups (ester and cyano) located at
the α-position of the monomer double bond render the monomer
highly reactive toward anions and weak bases. Thus, PACAs are
synthesized by a “quasi-instantaneous” anionic polymerization or
zwitterionic polymerization. In particular, long alkyl PACAs have
been widely used as material for the design of nanosized delivery
vehicles. The utilization of PEG-substituted ACAs has given rise to
higher bioavailability of the synthesized systems [81, 82]. As
opposed to main chain degradable polyesters, PACAs undergo
side chain degradation [83], mainly through esterases [84, 85].
Upon cleavage of the side group, the polymers become water-
soluble and are susceptive to excretion by the kidneys. Both the
resulting PACA and the corresponding alcohols possess low toxi-
cities. In general, the degradation of PACAs is rather fast (within
hours) and depends on the length of the alkyl chain. Short alkyl
chain PACAs degrade faster but are also more toxic than long alkyl
chain PACAs [86, 87]. It has been shown that 24 h after intrave-
nous injection of poly(butyl cyanoacrylate) (PBCA) particles to
rodents, 80% of them have been excreted [52, 88], most likely
because of the low molecular weight of the PBCA in particulate
form [89].

3.3 Polysaccharides Polysaccharides are natural polymers consisting of monosaccharide
repeating units which are connected via glycosidic bonds. They can
be divided into two major groups: storage polysaccharides such as
glycogen and structural polysaccharides such as chitin. The latter is
the precursor system for chitosan, a cationic heteropolymer with
broad application potential, including as a mucoadhesive in various
formulations [90]. Chitosan is a linear polymer containing ran-
domly distributed d-glucosamine and N-acetyl-D-glucosamine
units which are bound by (1,4)-glycosidic linkages. Chitosan is
obtained from chitin by (more than 60%) deacetylation of the
C2-amino group with typical degrees of deacetylation being
between 66% and 95% (Fig. 3a). Due to the free amine groups,
chitosan is highly soluble in water and forms complexes with nega-
tively charged molecules. The physicochemical properties of chit-
osan are mainly dependent on the degree of deacetylation as well its
molecular weight [91]. Contrary to low molecular weight chitosan
(e.g., 55 kg/mol), high molecular weight chitosan (e.g.,
700 kg/mol) is highly viscous and poorly water-soluble under
neutral conditions. Thus, mainly low and medium molecular
weight chitosans have been used for the fabrication of particulate
carriers. In fact, low molecular weight chitosan particles have been
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reported to show better encapsulation efficiencies [92]. Chitosans
exist in five different types of helical conformations which greatly
determine their properties [93], such as biodegradability and bio-
activity. Chitosan can be degraded by a variety of enzymes and
esterases, including chitosanase enzymes [94], chitin deacetylase,
chitinase, beta-N-acetylhexosaminidase [95], and collagenase [96].
Generally, faster degradation is observed for low molecular weight
chitosan and for chitosans with a degree of deacetylation lower than
70% [97, 98]. At the same time, low molecular weight chitosan
possesses lower cytotoxicity than high molecular weight chitosan
[99]. Moreover, the degradation behavior of chitosan NPs is
altered depending on the particle formulation technique. Particles
stabilized by ionic gelation with tripolyphosphate (TPP) degrade
slower than chemically cross-linked chitosan particles [100]. The
biodistribution of chitosan after intravenous and intraperitoneal
administration and the tissue distribution after oral administration
have been summarized in a recent review [100]. The surface chem-
istry and size of chitosan particles mainly influence their biodistri-
bution upon intravenous administration. The functional groups of
chitosan also allow for chemical modification, for example, for the
introduction of PEG chains (Fig. 3b) to alter the biodistribution of
the corresponding particles [101]. But chitosan, for example,N,N,
N-trimethyl chitosan (TMC; Fig. 3b), is also used as a coating
material for other particles to improve brain targeting due its ability
to electrostatically interact with anionic sialic acid residues on the
brain microvascular endothelial cells [102].

Fig. 3 Preparation of chitosan by deacetylation from chitin (a) and structurally simplified examples of modified
chitosans, N,N,N-trimethyl chitosan and PEGylated chitosan
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4 Polymeric Nanoparticle Preparation Techniques

Depending on the polymer type, different techniques have been
employed to process and fabricate the polymers introduced in
Subheading 3 into particles of different shapes and sizes. There
are twomain strategies for the fabrication of polymeric nanospheres
(Fig. 4): the polymerization of monomers and the dispersion of
preformed polymers [103]. Both techniques do allow not only to
adjust the physicochemical properties of the particles but also to
formulate drugs and engineer the particles with different drug
release mechanisms and kinetics. Drugs can be either physically or
chemically encapsulated within the carriers or adsorbed or attached
to the particle surface. These drugs can be either released by
desorption, diffusion, or degradation of the particles. This
sub-chapter describes the main techniques used for the fabrication
of PLGA (Subheadings 4.1–4.3), PACA (Subheading 4.4), and
chitosan (Subheadings 4.5 and 4.6) particles.

4.1 Emulsion/

Solvent Evaporation

Technique

Hydrophobic polymers such as PLA/PLGA can be formulated into
particles using oil-in-water emulsions [104, 105]. This technique is
best suited for hydrophobic drug formulations. The polymer is
dissolved in a water-immiscible and volatile organic solvent (e.g.,
dichloromethane is commonly used for PLA/PLGA systems) and
emulsified in water using an emulsifier such as polyvinyl alcohol
(PVA). Subsequently, the organic solvent is removed by evapora-
tion. This can be accomplished at atmospheric or reduced pressure
while controlling the stirring of the emulsion. Further washing
steps can be performed to remove residual organic solvent
contents.

Fig. 4 Overview of the two main strategies and techniques used to fabricate PNPs from pre-synthesized
polymers or through polymerization of monomers
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4.2 Double

Emulsion/Solvent

Evaporation Technique

Hydrophilic drugs can be best formulated using water-in-oil-in-
water emulsions. The polymer is dissolved in a volatile water-
immiscible organic solvent, and the drug dissolved in water is
added to the polymer solution to form the primary water-in-oil
emulsion [104, 105]. The latter is subsequently added to an aque-
ous solution containing PVA under continuous stirring yielding the
water-in-oil-in-water emulsion. Again, the organic solvent is
removed and the particles are washed. The particle size and encap-
sulation efficiency can be adjusted by the choice of organic solvent
and stirring speed.

4.3 Nano-

precipitation

Technique

Nanoprecipitation is a mild and facile particle fabrication method
[106]. To prepare polymer-drug formulations, the polymer and
drug are dissolved together in a water-miscible solvent, such as
acetone, tetrahydrofuran, or N,N-dimethylacetamide, and either
added dropwise to an aqueous solution (in the presence/absence
of a surfactant) or water is added to the polymer/drug solution
under stirring. Subsequently the organic solvent is removed under
atmospheric or reduced pressure or dialysis. Polymer concentra-
tion, i.e., the viscosity of the solution, the stirring speed, the order
of addition, and the rate of solvent evaporation are factors which
can be modified to alter the size of the resulting particles.

4.4 Emulsion

Polymerization

Emulsion polymerization is a polymerization technique which is
performed in heterogeneous media [107]. It has found widespread
application for the fabrication of solid PNPs, specifically nano-
spheres. It is the method of choice for the preparation of PACA-
based nanoparticles [80]. In a typical polymerization, the respective
ACA monomer is added dropwise to an acidic aqueous solution
(2 < pH < 3) containing a surfactant (nonionic, macromolecular,
such as dextran). The mixture is stirred for a short number of hours
before it is neutralized by the addition of aqueous sodium hydrox-
ide solution, and residual monomer is removed by centrifugation of
the PACA particles. Usually nanospheres in the size range of
1–300 nm are obtained. The type and concentration of surfactant
and monomer and pH of the polymerization medium have been
shown to influence the polymer and particle properties [89, 108–
110].

4.5 Ionic Gelation Ionic gelation is a technique used to physically cross-link polymers
through ionic interactions [111, 112]. Particle formation is accom-
plished by mixing aqueous solutions of a charged polymer, e.g.,
chitosan, with a polyionic cross-linker under magnetic stirring at
room temperature. The pH of the aqueous solutions needs to be
carefully adjusted to allow for an optimal cross-linking reaction
with the most common cross-linker for the formation of chitosan
being tripolyphosphate (TPP).
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5 Particle Sizes of PNPs

As stated in the introduction, PNPs can be divided into polymer
nanocapsules or polymer nanospheres with the latter being solid
particles composed of polymers. Nanosized particles are typically in
the size range 10–300 nm, but particles with sizes up to 1000 nm
are also often considered nanoparticles. Most review articles sug-
gest that the ideal size for nanoparticles to efficiently traffic the BBB
is between 50 nm [113] and 100 nm in diameter [11, 114]. In fact,
nanomedicines of a size larger than 100 nm cannot efficiently
permeate through the brain extracellular space, once they have
permeated the BBB, because of the brain interstitial fluid space
width of 38–64 nm [115]. On the other hand, nanoparticles
which are smaller than 5.5 nm are prone to be removed from the
body through renal clearance [116] and thus will not circulate long
enough in the body. Therefore, an optimum range that allows for
efficient trafficking across the BBB and through the interstitial fluid
of the brain as well as minimal filtration by the kidneys is desired for
nanotherapeutics to reach their potential in clinical medicine.

The versatility of the polymer classes and particle preparation
methods described in the previous sub-chapters enable the fabrica-
tion of PNPs with different sizes. The emulsion/solvent evapora-
tion technique has been established as the method of choice for the
preparation of ~100 nm PLGA NPs (Table 1). Nanoprecipitation
generally provides slightly larger NPs (100–300 nm) but is a less
demanding method. Similarly, the emulsion polymerization of
ACAs delivers NPs between 50 and 150 nm (Table 2). Chitosan
NPs, synthesized by ionic gelation with oppositely charged com-
pounds, have been used in a wide range of sizes (sub-100 nm to
micron-sized) for BBB-targeted delivery (Table 3).

6 Modifications of PNPs Surfaces for Improved Delivery to the Brain

In recent studies, different mechanisms for uptake of nanoparticles
into brain microvascular endothelial cells have been discussed. As
summarized by Kreuter in reviews, these include processes asso-
ciated with compromised tight junctions, the prolonged retention
of NPs in the brain capillaries, general toxic effects on the brain
vasculature, endocytosis and release of cargo within brain endothe-
lial cells followed by transport into the brain interstitial fluid, and
transcytosis through the brain microvascular endothelial cells [117–
119]. The latter are considered the most likely mechanisms [120].
Modification of the particles and in particular, of their surface
properties, has been demonstrated to be a valid approach to exploit
the endocytotic/transcytotic pathway.

16 Kristian Kempe and Joseph A. Nicolazzo



6.1 Particle Surface

Properties

Systemic administration requires carefully designed PNPs with spe-
cific surface properties to cross the BBB and eventually deliver their
cargo into the brain. Modifications of the particle surface chemistry
can be accomplished in two ways, either (1) by introducing func-
tional groups in the monomer/polymer pre-assembly which will be
exposed on the surface of the resulting particles or (2) by post-
assembly modification of the particle surface. A prominent
approach is PEGylation which endows the particle with stealth
properties and thus reduces nonspecific interactions with body
components, prolongs the blood circulation time, and alters the
organ distribution of the particulate system. As shown in Tables 1
and 2, the modification with nonionic surfactants such as polysor-
bate 80 (Tween®80) and poloxamer 188 is also a common strategy
to alter the surface of the particles. In addition, the core polymer
itself, the drug (adsorbed onto the surface or incorporated in the
core polymer matrix), and the surfactant used for the fabrication of
the particles also play crucial roles in the overall performance of the
particles [121]. Kreuter and coworkers have studied surfactant-
coated PNPs and their potential as brain delivery vehicles in detail.
Poly(butylcyanoacrylate) (PBCA) NPs loaded with the drug dalar-
gin (loaded by adsorption on the particle surface) was coated with a
set of 12 different surfactants [122]. The particles were injected
intravenously into mice, and nociceptive analgesia was measured at
different time points after injection. Coating with polysorbate
20, 40, 60, and 80, and not with Cremophor®RH40, Cremophor®

EZ, Brij® 35, poloxamer 184, 388, and 407, and poloxamine
908, resulted in antinociceptive effects, suggesting the latter coat-
ing did not assist in BBB trafficking. Post-assembly coating is the
dominant approach for the surface modification of PACA NPs
(Table 2), most likely due to the more synthetically complicated
access to PEG-containing ACA polymers. In contrast, the ROP of
LA and GA from PEG initiators enables the straightforward syn-
thesis of PEG-b-PLGA block copolymers of different compositions
(Table 1). However, coating with surfactants does not seem to be
trivial and requires in-depth investigations for the individual core
polymers. Polysorbate 80 has been found to be an ideal coating
material for PBCA particles, whereas poloxamer 188 outperformed
polysorbate as coating materials of PLGA particles in the design of
BBB-targeted carriers [121, 123]. Calvo et al. further studied the
distribution of radiolabeled poly(hexadecyl cyanoacrylate)
(PHDCA) particles in the brains of mice and rats following systemic
administration. PEGylated PHDCA NPs were found to appear in
the brain at much higher concentrations than polysorbate 80 or
poloxamine-coated PHDCA NPs, highlighting the importance of
long-circulating NPs. The authors also observed an interesting
species-dependent surfactant effect. Higher concentrations of
PHDCA particles were found in mice if the particles were coated
with polysorbate 80 compared to poloxamine 908, with the
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opposite phenomenon observed in rats [48]. This raises an impor-
tant question as to which coating would be optimum for adminis-
tration to humans, a question which may be answered through the
use of in vitro human BBB models. Another factor which can affect
the performance of the PNPs is the drugs which are adsorbed to
their surface. Although bare PEG-PHDCA NPs were shown to
exhibit stealth properties and thus a prolonged blood circulation
time with increased brain accumulation, the loading of doxorubicin
(DOx) to their surface diminished the brain targeting significantly
[124]. It was suggested that this might be the result of the positive
surface charge of the particles which caused an increased association
with plasma proteins. In contrast, coating of DOx-loaded PBCA
[125] and PLGA [126] NPs with surfactants has shown to shield
the DOx charge effectively and thus led to a prolonged survival of
rats induced with 9L tumors.

6.2 Attachment

of Targeting Ligands

One popular approach to increase the therapeutic index of a drug is
to deliver the drug within a polymeric nanocarrier. Nanoparticles
are generally designed to improve the pharmacokinetics and bio-
distribution of drugs; however, on their own, nanoparticles have
poor targeting to particular organs. To deliver the cargo to its
intended site of action, two different strategies are exploited: pas-
sive targeting, i.e., by exploitation of the enhanced permeability
and retention (EPR) effect, or active targeting, i.e., by the modifi-
cation of the particle surface with ligands targeting specific recep-
tors at the site of action. The brain is one of the most challenging
targets as it requires the carrier to cross the BBB when systemically
administered. There are five main routes to cross the BBB: (a) the
paracellular pathway, (b) the transcellular pathway, (c) transport
proteins which are substrate specific, and (d) adsorptive-and
(e) receptor-mediated transcytosis [11, 127]. Despite the multi-
tude of delivery routes, many drugs cannot be delivered to the brain
in sufficient therapeutic amounts as they often lack the ideal physi-
cochemical properties for optimum passive diffusion across the
brain microvascular endothelial cells. In particular, the delivery of
large-molecule pharmaceuticals is heavily restricted. PNPs repre-
sent a formidable solution to these issues as they can be designed to
cross the BBB by adsorptive- or receptor-mediated transcytosis.
There are a range of receptors and transporters present at the
cerebral endothelium which have been exploited for this purpose
[128]. To this end, the surface of the PNPs can be modified
covalently or non-covalently with ligands which specifically interact
with receptors/transporters that are highly expressed at the BBB.
To date, different targeted PNPs for the transport across the BBB
have been reported as can be also seen in Tables 1, 2, and 3.

One commonly used targeting ligand group is transferrin
(Tf) or anti-transferrin receptor monoclonal antibodies (e.g.,
OX26) which target the transferrin receptor [129, 130]. Chang
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et al. prepared Tf-targeted PLGA NPs and studied their uptake in a
THP-1 (human monocytes) cell line, differentiated THP-1 macro-
phages, F98 glioma cells, and astrocytes [131]. Internalization of
the PNPs was observed in all cell types except THP-1 monocytes,
and a caveolae- and clathrin-mediated uptake in F98 cells was
revealed. In vivo studies further revealed the preferential retention
of the Tf-modified PLGA NPs in the brain parenchyma as opposed
to BSA-modified PLGA NPs. However, this was observed in
healthy rats, while in rats with a developed brain tumor, both NP
types were found, likely because of a disturbed paracellular route in
the cancer model. Cui et al. prepared doxorubicin (DOX)- and
paclitaxel (PTX)-loaded, Tf-modified magnetic silica PLGA NPs
and studied their antiproliferative effect on malignant brain glioma
[23]. An increased uptake and cytotoxicity in U-87 glioma cells
were observed by applying a magnetic field and in the presence of
Tf ligands on the surface of the particles. Tf-modified magnetic
particles loaded with both drugs showed the highest anti-glioma
activity in an intracranial U-87 MG-luc2 xenograft of BALB/c
nude mice as opposed to single-loaded PNPs or nontargeted PNPs.

Apolipoproteins have been found to be suitable targeting
ligands to improve delivery to the brain [49]. Initially, numerous
drugs bound to PBCA NPs coated with polysorbate 80 have been
shown to be delivered across the BBB and exert a pharmacological
effect after intravenous administration [122, 132–134]. Protein
adsorption studies in citrate-stabilized plasma revealed the adsorp-
tion of apolipoprotein E (ApoE) to polysorbate-coated NPs, which
were able to cross the BBB, whereas non-coated or poloxamer 338-
and poloxamer 407-coated particles had no ApoE adsorption, nor
brain uptake, indicating the involvement of ApoE in the uptake
process into brain microvascular endothelial cells. To further evalu-
ate this assumption, PBCA particles loaded with dalargin were
directly modified with a range of different Apos including ApoAII,
ApoB, ApoCII, ApoE, and ApoJ with and without an additional
polysorbate 80 coating [49]. The antinociceptive threshold of all
these particles was determined after intravenous injection in ICR
mice and ApoE-deficient mice ApoEtm1Unc. Polysorbate coating
and/or surface modification of PBCA particles with ApoE and
ApoB resulted in an antinociceptive effect, which was significantly
reduced in ApoE-deficient mice, further confirming a crucial role of
Apo in the overall brain uptake process. Thus, polysorbate-coated
PNPs seem to adsorb Apo from the blood, and Apo modification
endows the PNPs with lipoprotein properties which results in a
receptor-mediated endocytotic uptake of the PNPs via interaction
with members of the low-density lipoprotein (LDL) receptor fam-
ily expressed at the BBB [135]. This concept has also been trans-
lated to different types of nanoparticles such as human serum
albumin (HSA) particles [136].
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Insulin or anti-insulin receptor monoclonal antibodies are
another targeting ligand [137] which can be immobilized on the
surface of NPs to increase their uptake through interaction with the
insulin receptor at the BBB. HSA NPs covalently modified with
insulin or the 29B4 antibody and loaded with loperamide triggered
antinociceptive effects in ICR mice after intravenous injection
[138]. By co-administering these targeted NPs with free 29B4
antibody, loperamide delivery was completely inhibited, revealing
the importance of the insulin receptor for the trafficking across the
BBB and antinociceptive activity of the insulin-targeted HSA NPs
loaded with loperamide.

Glutathione (GSH), a naturally occurring tripeptide, plays an
important role as antioxidant in the brain and facilitates the trans-
port across the BBB and thus can be employed as targeting ligand
[139]. This approach has been used for the fabrication of
GSH-targeted PEGylated liposomes, and its potential to deliver a
range of cargoes into the brain has been demonstrated [140, 141].
Sutariya and coworkers used this technology for the preparation of
targeted PLGA NPs [17]. The targeted NPs were prepared by
nanoprecipitation of PLGA-PEG-COOH followed by incubation
in GSH solution. In vitro uptake studies in RG2 glioma cells
showed preferential uptake of GSH functionalized particles com-
pared to non-functionalized particles. Preliminary in vivo results in
mice revealed a higher brain uptake of dye-loaded GSH-PLGANPs
compared to the free dye.

Besides the natural occurring ligands, peptides which are engi-
neered to targeted specific receptors have also been employed for
BBB-targeted PNPs. Angiopeps are peptides which are designed to
resemble the structure of ligands, such the Kunitz protease inhibi-
tor (KPI) fragment, which are known to target the low-density
lipoprotein receptor-related protein (LRP) receptor. Xin et al.
demonstrated that Angiopep-2 coupled to PEG-b-PCL NPs
enhances the uptake of the particles in brain capillary endothelial
cells through clathrin- and caveolae-mediated endocytosis and the
transport of the Angiopep-2 containing particles across a BBB
model compared to bare PEG-b-PCL NPs [40]. Rhodamine
B-labeled Angiopep-2-modified particles also accumulated more
significantly in brain tissue after intravenous injection into mice
relative to nontargeted NPs. Pretreatment with free Angiopep-2-
inhibited the uptake, crossing, and accumulation of the PNPs and
thus suggested the involvement of the LRP receptor in the trans-
cytosis process. Based on this concept, Huile et al. designed cascade
BBB-targeting PEG-b-PCL NPs which contain not only
Angiopep-2 but also an EGFP-EGF1 protein to target brain neu-
roglial cells after uptake of the NPs into the brain [42]. In vitro
studies revealed that these PNPs were taken up by bEnd.3 brain
microvascular endothelial cells and neuroglial cells to a higher
extent than non-modified particles. Only Angiopep-2-modified
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NPs showed a higher accumulation in the brain in ex vivo studies,
and co-localization studies of the NPs with neuroglial cells showed
that the dual modified NPs targeted and entered the neuroglial
cells.

CRM197, the nontoxic analogue of diphtheria toxin (DT), is
another targeting ligand of interest. It targets the membrane-
bound precursor of heparin-binding epidermal growth factor
(HB-EGF) receptor, also known as the DT receptor (DTR) which
is expressed on brain microvascular endothelial cells, glia, and
neurons [142]. PBCA NPs modified with CRM197 were prepared
to deliver zidovudine across the BBB [60]. Decreasing the particle
size and increasing the grafting quantity were reported to enhance
the permeability coefficient of zidovudine. Tosi et al. investigated
the performance of CRM197-grafted PLGA NPs in vivo [33].
They demonstrated that these particles can cross the BBB and
reach all brain areas without compromising the integrity of the
BBB and are also able to deliver drugs such as loperamide.
Co-administration experiments with g7-modified PLGA revealed
a higher accumulation of CRM197-PLGA NPs in GFAP-positive
cells and interneurons 30 min after administration; however, after
longer times, both modified particle types showed an increased
co-localization indicating similar trafficking pathways after initially
different pathways.

The second type of transcytosis is the adsorptive transcytosis
which does not exploit receptor-mediated processes but rather
charge-dependent internalization events. In this context, in partic-
ular cationic compounds, exposed on the surface of the PNPs,
which enable an enhanced interaction with negatively charged cell
surfaces are employed. Typical examples are coatings with the
transduction domain of human immunodeficiency virus type-1
(TAT) peptide [13, 69] and cationic bovine serum albumin
(CBSA) [15, 26, 27].

7 Conclusions

Given the flexibility associated with manipulation of PNPs, in terms
of their size, shape, and surface characteristics, these carrier systems
have been shown to be attractive platforms that can be used to
target the BBB specifically and deliver therapeutic agents to the
CNS. Despite there being a large number of studies demonstrating
their ideal characteristics using in vitro and preclinical in vivo mod-
els, the translational gap, as with many BBB-targeting approaches,
still exists and whether these agents will show eventual utility in the
clinic is the next step which requires intense investigation. The
future of CNS drug targeting is an interesting one, which comes
with many challenges for NP systems, including their biodegrad-
ability, long-term accumulation concerns, and manufacturing and
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scale-up complexities. However, given their biodegradable nature,
polymeric NPs presented in this chapter may play a crucial role in
filling some of these translational gaps and are a potential source of
exciting preclinical-to-clinical studies that may ultimately overcome
the challenge of CNS drug delivery.
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61. Aktaş Y et al (2005) Development and brain
delivery of chitosan�PEG nanoparticles

functionalized with the monoclonal antibody
OX26. Bioconjug Chem 16(6):1503–1511

62. Wang X et al (2008) Preparation of estradiol
chitosan nanoparticles for improving nasal
absorption and brain targeting. Eur J Pharm
Biopharm 70(3):735–740

63. Hombach J, Bernkop-Schnürch A (2009)
Chitosan solutions and particles: evaluation
of their permeation enhancing potential on
MDCK cells used as blood brain barrier
model. Int J Pharm 376(1–2):104–109

64. Karatas H et al (2009) A nanomedicine trans-
ports a peptide caspase-3 inhibitor across the
blood–brain barrier and provides neuropro-
tection. J Neurosci 29(44):13761–13769

65. Songjiang Z, Lixiang W (2009) Amyloid-beta
associated with chitosan nano-carrier has
favorable immunogenicity and permeates the
BBB. AAPS PharmSciTech 10(3):900

66. Trapani A et al (2011) Characterization and
evaluation of chitosan nanoparticles for dopa-
mine brain delivery. Int J Pharm 419
(1–2):296–307

67. Trapani A et al (2011) Methotrexate-loaded
chitosan- and glycolchitosan-based nanopar-
ticles: a promising strategy for the administra-
tion of the anticancer drug to brain tumors.
AAPS PharmSciTech 12(4):1302–1311

68. Fazil M et al (2012) Development and evalu-
ation of rivastigmine loaded chitosan nano-
particles for brain targeting. Eur J Pharm Sci
47(1):6–15

69. Malhotra M et al (2013) Synthesis of TAT
peptide-tagged PEGylated chitosan nanopar-
ticles for siRNA delivery targeting neurode-
generative diseases. Biomaterials 34
(4):1270–1280

70. Agyare EK et al (2014) Engineering theranos-
tic nanovehicles capable of targeting cerebro-
vascular amyloid deposits. J Control Release
185:121–129

71. Gregori M et al (2015) Investigation of func-
tionalized poly(N,N-dimethylacrylamide)-
block-polystyrene nanoparticles as novel
drug delivery system to overcome the blood–-
brain barrier in vitro. Macromol Biosci 15
(12):1687–1697

72. Hwang DW et al (2011) A brain-targeted
rabies virus glycoprotein-disulfide linked PEI
nanocarrier for delivery of neurogenic micro-
RNA. Biomaterials 32(21):4968–4975

73. Li J, Sabliov C (2013) PLA/PLGA nanopar-
ticles for delivery of drugs across the blood-
brain barrier. Nanotechnol Rev 2(3):241–257

74. Landry FB et al (1996) Degradation of poly
(d,l-lactic acid) nanoparticles coated with

24 Kristian Kempe and Joseph A. Nicolazzo



albumin in model digestive fluids (USP XXII).
Biomaterials 17(7):715–723

75. Panagi Z et al (2001) Effect of dose on the
biodistribution and pharmacokinetics of
PLGA and PLGA–mPEG nanoparticles. Int
J Pharm 221(1–2):143–152

76. Yang Y-Y et al (2001) Morphology, drug dis-
tribution, and in vitro release profiles of bio-
degradable polymeric microspheres
containing protein fabricated by double-
emulsion solvent extraction/evaporation
method. Biomaterials 22(3):231–241

77. Esmaeili F et al (2008) PLGA nanoparticles of
different surface properties: preparation and
evaluation of their body distribution. Int J
Pharm 349(1–2):249–255

78. Cheng J et al (2007) Formulation of functio-
nalized PLGA–PEG nanoparticles for in vivo
targeted drug delivery. Biomaterials 28
(5):869–876

79. Ghahremankhani AA et al (2007) PLGA-
PEG-PLGA tri-block copolymers as an
in-situ gel forming system for calcitonin deliv-
ery. Polym Bull 59(5):637–646

80. Nicolas J, Couvreur P (2009) Synthesis of
poly(alkyl cyanoacrylate)-based colloidal
nanomedicines. Wires Nanomed Nanobio-
technol 1(1):111–127

81. Brambilla D et al (2010) Design of fluores-
cently tagged poly(alkyl cyanoacrylate) nano-
particles for human brain endothelial cell
imaging. Chem Commun 46
(15):2602–2604

82. Brambilla D et al (2012) PEGylated nanopar-
ticles bind to and alter amyloid-beta peptide
conformation: toward engineering of func-
tional nanomedicines for Alzheimer’s disease.
ACS Nano 6(7):5897–5908

83. Lenaerts V et al (1984) Degradation of poly
(isobutyl cyanoacrylate) nanoparticles. Bio-
materials 5(2):65–68

84. Müller RH et al (1990) In vitro model for the
degradation of alkylcyanoacrylate nanoparti-
cles. Biomaterials 11(8):590–595

85. Scherer D et al (1994) Influence of enzymes
on the stability of polybutylcyanoacrylate
nanoparticles. Int J Pharm 101(1):165–168

86. Leonard F et al (1966) Synthesis and degra-
dation of poly (alkyl α-cyanoacrylates). J Appl
Polym Sci 10(2):259–272

87. Lherm C et al (1992) Alkylcyanoacrylate drug
carriers: II. Cytotoxicity of cyanoacrylate
nanoparticles with different alkyl chain
length. Int J Pharm 84(1):13–22

88. Ambruosi A et al (2005) Body distribution of
polysorbate-80 and doxorubicin-loaded
[14C]poly(butyl cyanoacrylate) nanoparticles

after i.v. administration in rats. J Drug Target
13(10):535–542

89. Douglas SJ et al (1985) Molecular weights of
poly(butyl 2-cyanoacrylate) produced during
nanoparticle formation. Br Polym J 17
(4):339–342

90. Hajji S et al (2014) Structural differences
between chitin and chitosan extracted from
three different marine sources. Int J Biol
Macromol 65:298–306

91. Jayakumar R et al (2008) Preparative methods
of phosphorylated chitin and chitosan—an
overview. Int J Biol Macromol 43
(3):221–225

92. Yang H-C, Hon M-H (2009) The effect of
the molecular weight of chitosan nanoparti-
cles and its application on drug delivery.
Microchem J 92(1):87–91

93. Franca EF et al (2008) Characterization of
chitin and chitosan molecular structure in
aqueous solution. J Chem Theory Comput 4
(12):2141–2149

94. Pechsrichuang P et al (2013) Production of
recombinant Bacillus subtilis chitosanase,
suitable for biosynthesis of chitosan-
oligosaccharides. Bioresour Technol
127:407–414

95. Sanon A et al (2005) N-Acetyl-β-d-hexosa-
minidase from Trichomonas vaginalis: sub-
strate specificity and activity of inhibitors.
Biomed Pharmacother 59(5):245–248

96. Kulish EI et al (2006) Enzymatic degradation
of chitosan films by collagenase. Polym Sci Ser
B 48(5):244–246

97. Hsu S-H et al (2004) Chitosan as scaffold
materials: effects of molecular weight and
degree of deacetylation. J Polym Res 11
(2):141–147
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Chapter 2

Liposomes as Brain Targeted Delivery Systems

Francesco Lai, Michele Schlich, Chiara Sinico, and Anna Maria Fadda

Abstract

Liposomes and lipid vesicles are leading strategies in allowing brain targeted drug release with prominent
success. Liposome rational design and functionalization have improved the brain bioavailability of several
blood-brain barrier (BBB)-impermeable molecules, demonstrating the thrilling therapeutic potential of
these nanocarriers. PEGylation continues to be a strategy for enhanced circulation times, and its associated
EPR effect could be exploited to target vascularized brain tumors. Surface modifications with antibodies,
transferrin, insulin and targeting glucose transporters, among others, are strategies used in research of new
potential therapies for cerebral ischemia, brain tumors, and Alzheimer’s and Parkinson’s diseases. More
recent advancements include technologies based on cationic liposomes (untargeted and targeted to the
brain microvasculature) as well as surface modifications with cell-penetrating peptides. These strategies to
modify liposomes to improve drug bioavailability in the brain are thoroughly presented and discussed in this
chapter.

Key words Liposomes, Cationic liposomes, Cell-penetrating peptides, EPR effect, Brain tumor,
Alzheimer, Parkinson, Brain targeting

1 Introduction

Drug delivery to the central nervous system (CNS) is still challeng-
ing due to the nature of the blood-brain barrier (BBB), which
performs several important functions but is characterized by a
high selectivity that prevents transport of many active molecules
to the CNS as well as their accumulation in the brain parenchyma
[1, 2]. The result is that reaching the CNS is difficult for several
drug molecules: more than 98% small drugs and about 100% high
molecular weight compounds do not overcome the BBB. Several
important drugs such as natural, recombinant, or synthesized pep-
tides and proteins, small-interfering RNA (siRNA), monoclonal
antibodies, and gene therapeutics with a well-established activity
to CNS receptors do not readily permeate into brain parenchyma
due to the presence of the BBB [1, 3, 4].

As a consequence, various brain diseases are still undertreated
although several strategies have been developed for delivery
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therapeutics to the brain, using both invasive and noninvasive
techniques. Invasive methods, which include disruption of the
BBB [5–7], convection-enhanced delivery [8], intracerebral and
intracerebroventricular infusion [9, 10], and use of implants
[11, 12], show many limitations such as high costs for anesthesia
and hospitalization, low drug diffusion into the brain parenchyma,
enhancement of tumor dissemination after tight junctions disrup-
tion, lack of efficacy, and others [13]. Noninvasive techniques and,
in particular, the use of nanocarriers have shown superior perfor-
mances in comparison with the invasive ones in terms of patient
compliance, higher efficacy, and safety [6, 14–16].

Nanocarriers include different colloidal systems (i.e., lipid and
polymeric nanoparticles, micelles, vesicles) and have the advantage
of being functionally modifiable in their physicochemical and sur-
face properties in order to favor their CNS uptaking. Moreover,
they are able to protect the entrapped drug from endogenous and
exogenous agents and can modify and improve drug pharmacoki-
netics, thus reducing side effects. In addition, their surface can be
properly modified and decorated to obtain prolonged circulation
time and to target drugs to the CNS [17, 18].

Among these, vesicular systems, especially liposomes, have
received a great attention due to their safety and biocompatibility
and because of their structure that allows them to load both hydro-
philic and lipophilic molecules as well as small and large
molecules [19].

In this chapter, after a brief introduction to liposomes, the most
recent applications of these lipid vesicles in the treatment of differ-
ent CNS diseases will be described.

2 Liposomes

Liposomes are small vesicles constituted by an aqueous core
enclosed by mono- or multi-lamellar phospholipid bilayer mem-
branes. They have been identified by Alec D. Bangham and his
group at the Babraham Institute of Animal Physiology of Univer-
sity of Cambridge, in the 1960s, studying phospholipid dispersions
as a model for a cell membrane [20]. Since the observation of
Bangham that phospholipids in aqueous systems can form closed
bilayered structures, liposomes have arisen as one of the most
promising carriers in medical fields for drug, biomolecules, and
gene delivery. Molecules with different solubility can be
encapsulated in liposomes, where the hydrophilic molecules can
be encapsulated while the hydrophobic ones are incorporated into
the lipidic membrane.

However, after in vivo administration, the plain liposomes tend
to fuse and/or aggregate with each other resulting in immature
release of their payload over time. In addition, liposomes
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underwent rapid systemic clearance due to their uptake by the cells
of the mononuclear phagocyte system.

To overcome these problems, liposomes were firstly modified
into long circulating vesicles by decreasing particle size (<100 nm)
or by linking biocompatible hydrophilic polymers, usually polyeth-
ylene glycol chains, to their surface. Such polymers form a protec-
tive layer over the liposome surface, thus avoiding liposome
recognition by opsonins and, therefore, the rapid clearance (stealth
or pegylated liposomes). Then, they were specifically surface deco-
rated to release the encapsulated drug in the target site [21, 22].

Overall, the positive features of liposomes, such as ease of
preparation, biocompatibility, low toxicity, high loading capacity,
controllable release kinetics, and versatile surface modification,
have led to the development of several clinically approved liposomal
formulations as well as of many products which are under different
clinical trials.

The first successful pegylated liposome-based product was
Doxil® in the market from 1995 for the doxorubicin treatment of
patients with ovarian cancer and AIDS-related Kaposi’s sarcoma.
Later, DaunoXome®was approved for the delivery of daunorubicin
in the treatment of advanced HIV-associated Kaposi’s sarcoma.
Subsequently, a few more products have become available for the
management of various cancers. These products include DepoCyt®,
Myocet®, Mepact®, and Marqibo®. Recently, a fluorouracil and
leucovorin combination therapy-based product, marketed as Oni-
vyde™, was approved for metastatic adenocarcinoma of the pan-
creas. Although cancer was the most widely researched field for
liposomal products, several formulations for other diseases were
developed. For instance, liposomal formulations of
amphotericin B, Amphotec®, and AmBisome®, were produced for
fungal infections in the 1990s. Also, liposomes have become impor-
tant tools for vaccination when products such as Epaxal® and
Inflexal® V were approved for vaccination against hepatitis and
influenza, respectively [23].

First research on liposomes as drug carriers to CNS dealt with
the use of untargeted liposomes in the treatment of brain diseases
characterized by an altered BBB permeation with vessel fenestra-
tions (~10 nm), which allowed small liposomes to overcome the
BBB. To this purpose pegylated liposomes were successfully tested
[24–27].

However, then, it was clear that to target pegylated liposomes
specifically to the brain, they needed to be decorated with specific
ligands whose receptors are highly expressed on the BBB, such as
transferrin (Tf), insulin (I), etc. Coupling a specific ligand to the
pegylated liposome surface allows the vesicles to be actively taken
up by the target cells and enter the brain by receptor-mediated
transcytosis (RMT) mechanism. The Tf and I receptors are the
most studied receptors for the targeting of liposomes by RMT,
because of their high expression on the BBB [1].
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To achieve an active targeting to the brain, immunoliposomes,
i.e., liposomes decorated with an antibody (e.g., OX26 mAb,
83-14 HIR mAb, etc.) on their surface, have also been successfully
employed, taking advantage of the high binding of the antibody to
the target [28] (Fig. 1).

More recently, cationic liposomes have emerged as a new tool
for drug delivery to the brain.

3 Surface-Modified Liposomes

The literature concerning surface-modified liposomes as drug car-
rier to overcome the BBB encompasses a huge number of research
papers. For these reasons, in this chapter we focused only on the
most relevant research where the liposomal carriers were designed
for a specific brain disease. Therefore, the following discussion was
divided based on most common CNS pathologies (for a summary
of this research, please see Table 1).

3.1 Cerebral

Ischemia

Ischemic stroke is a condition characterized by an insufficient brain
blood flow due to occlusion of cerebral vasculature that can cause
poor oxygen supply, damaging the neural tissue. During reperfu-
sion, the reoxygenation generates elevated levels of radical oxygen
species (ROS) such as superoxide, peroxide, and hydroxyl radicals
that can further injure the tissue. Furthermore, cerebral ischemia
and reperfusion injury lead to brain vessel fenestrations (about

Fig. 1 Schematic representation of different liposomes for drug delivery to the CNS
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100 nm) caused by a biphasic opening of the BBB [68–71]. Early
research on liposomes as drug delivery systems to the brain
concerned the use of small liposomes for the delivery of cytidine-
5I-diphosphate choline (CDPc) [24, 25, 30]. CDPc is a commer-
cially available therapeutic agent for treatment of stroke. This drug
restores the cell membrane phosphatidylcholine, degraded during
brain ischemia to free radicals and fatty acids, acting as an interme-
diate in its biosynthesis from choline. Moreover, CDPc has been
shown to restore the activity of mitochondrial ATPase and mem-
brane Na1/K1 ATPase, to inhibit activation of phospholipase A2,
and to accelerate reabsorption of cerebral edema in various experi-
mental models [72]. Unfortunately, due to its rapid peripheral
hydrolyzation, polar nature, and absence of a specific transport
mechanism, CDPc shows a BBB accumulation far lower than
desired. It has been calculated that the CDPc brain uptake in rat
is 2% when administered i.v. and 0.5% following oral route [30].

CDPc encapsulated in long circulating liposomes improved the
survival rate of Wistar rats subjected to ischemia and reperfusion by
approximately 66% compared to free CDPc and protected the brain
against peroxidative damage caused by post-ischemic reperfusion.
To explain these results, the authors suggested a passage of liposo-
mal vesicles through the fenestrations of the BBB caused by the
ischemic event [24, 25].

Later, the same authors suggested that the ability of long
circulating liposomes to improve the accumulation of
non-degraded CDPc into the brain parenchyma is also related to
their ability to act as a sustained drug delivery system [29].

Many other research groups have been using long circulating
liposomes or liposomes targeted to a specific target upregulated in
different brain or cerebral vessels cell damaged after the stroke
event, to increase accumulation of different drugs or diagnostic
molecules in the ischemic area [31–35]. In all these specific cases,
liposomes were not designed to cross the BBB using a specific
transport mechanism (RMT, CMT, AMT, etc.), but they accumu-
lated in the brain parenchyma by escaping through the brain vessel
fenestrations or by targeting vessel endothelial cells in the ischemic
region, thus remaining in the brain vasculature.

On the other hand, some authors have used modified lipo-
somes to allow or to improve the drug transport capacity through
the BBB, using a specific transport mechanism.

Zhao et al. used transferrin-coupled liposomes to deliver the
vascular endothelial growth factor (VEGF) in a post-ischemic treat-
ment study. They found a decrease in infarct volume and better
neurological function in the animal group treated with transferrin-
coupled liposomes in comparison with the group treated with saline
or non-modified VEGF-loaded liposomes [36].
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Wang et al. designed pegylated liposomes for brain delivery of
5-(3, 5-dichloro-2-hydroxybenzylamino)-2-hydroxybenzoic acid
(ZL006), a new tested neuroprotectant in ischemic stroke
[37]. Because of the ZL006 low permeability across the BBB,
liposomes carrying the drug were modified with a peptide
(HAIYPRH) able to target the transferrin (Tf) receptor and medi-
ate the transport of the nanocarriers across the BBB by receptor-
mediated endocytosis (RMT) [73, 74].

Mannosylated liposomes are able to cross the BBB through an
endocytosis mechanism that involves the glucose transporter
1 (GLUT1), which is mainly expressed by both BBB endothelial
cells and glioma cells in the brain [75]. Mannosylated liposomes
transported CDPc through the BBB and prevented the mitochon-
drial damage induced by moderate cerebral ischemia-reperfusion to
a higher extent than free CDP or non-modified liposomes [38].

3.2 Brain Tumors Brain cancer accounts for more than 100 different types of tumors,
the most common of which are gliomas, representing about the
30% of primary brain and CNS tumors and 80% of all malignant
brain tumors.

Brain tumor therapy consists of partial or total surgery fol-
lowed by radiotherapy and/or chemotherapy. In general, due to
the high toxicity of antineoplastic agents, the challenge of tumor
chemotherapy is to increase accumulation of the active agent in the
tumor cells, thus reducing its distribution in the healthy ones.
Anyway, the design of an efficient brain tumor-targeted drug deliv-
ery system should consider the distinctive characteristics from
peripheral tumors. In particular, the different barriers that prevent
the drug from reaching the tumor tissue must be considered. At the
early stage of the brain tumor development and around the tumor
edge of the infiltrating glioma, the BBB is still intact. However, the
tumor growth and infiltration cause BBB impairment and develop-
ment of new vessels (angiogenesis) characterized by the presence of
the blood-brain tumor barrier (BBTB) less permeable than the
blood-tumor barrier (BTB) of the peripheral tissue malignant
solid tumors. With the deterioration of brain tumor, the abnormal-
ity of these new microvessels enhances the permeability of the
BBTB and the enhanced permeation and retention (EPR) effect
appears, thus allowing the possible liposome accumulation by pas-
sive targeting. It is, therefore, clear that according to the different
stages of the tumor growth, an unlike strategy should be adopted.

The ability of liposomes to accumulate passively in the brain
tumors has been investigated by many research groups in both
animal models and clinical studies [39–41, 43]. In general, the
authors report both long-term survival and inhibition of tumor
growth in treated animals or patients.

A plasma pharmacokinetics study was performed in eight
patients with recurrent glioblastoma treated with a non-pegylated
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liposomal formulation containing daunorubicin. The authors
found that the encapsulation into liposomes allowed to achieve
potentially cytotoxic drug concentrations in human gliomas asso-
ciated with a low level of systemic exposure and toxicity [41, 42].

Pegylated liposomes were used to increase the accumulation of
doxorubicin (Caelyx®) via EPR effect [39, 40] in two different
clinical studies. A 7- to 19-fold higher accumulation of 99mTc-
DTPA-radiolabeled Stealth® liposomal doxorubicin compared
with the free drug was found in both glioblastomas and metastatic
tumors in 15 patients undergoing radiotherapy [40].

Many studies have been focusing on liposomes for the delivery
of antineoplastic or contrast agents in brain cancer therapeutic or
diagnostic approaches.

Depending on the type and stage of the brain tumor, the BBB
could be still intact. Moreover, because the fenestrations in the
vessels of the intracranial tumors are smaller than those of periph-
eral cancers, the EPR effect of intracranial tumors is relatively weak
compared with that of the peripheral tumors [44, 76].

Therefore, modification of the vesicle surface with various
ligands, whose receptors are highly expressed on the BBB, is a
well-known strategy to target the PEG liposomes specifically to
CNS as well as to enhance the accumulation of the carried drug in
the brain parenchyma.

Attachment of specific molecules to the liposomal surface-
granted PEG chains allows vesicles to be actively taken up by the
endothelial target cells, and, therefore, they can enter the brain by
an effective transport across the intact BBB.

Because of its high expression on the BBB, transferrin has been
used as a homing device to target liposomes to the brain in the
glioma chemotherapy.

Soni et al. used Tf-modified liposomes to achieve an enhanced
delivery of the anticancer drug 5-fluorouracil to the brain
[45]. Results of the in vivo studies suggested a selective uptake of
the Tf-modified liposomes from the brain capillary endothelial
cells. An average of 17-fold increase in the brain uptake of
5-fluorouracil was observed after administration of the
Tf-modified liposomes, while non-modified liposomes caused
only a 10-fold increase in the brain uptake compared with the
free drug.

Boron neutron capture therapy (BNCT) is a successful treat-
ment of various cancers, which requires the selective delivery of
relatively high concentrations of boron-10 (10B) to the tumor
tissue. The ability of transferrin-modified PEG liposomes to
enhance sodium borocaptate (BSH, a source of 10B) delivery to
malignant glial tumor cells was investigated in nude mice trans-
planted with U87D human glioma cells [46].

Compared with free BSH and PEG liposomes, only
Tf-modified PEG liposomes maintained a potent 10B concentration
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in the tumor, while the 10B concentration in blood and normal
brain decreased. The same research group prepared transferrin-
modified PEG liposomes encapsulating both sodium borocaptate
and iomeprol, an iodine contrast agent, and studied their biodis-
tribution after intratumoral convection-enhanced delivery (CED)
in a rat glioma tumor model. The combined use of CED and
Tf-PEG liposomes not only enabled the precise and potent boron
delivery to the tumor tissue but also allowed to visualize the brain
boron distribution by real-time computed tomography [77].

Tf-modified carriers must compete for transferrin receptor
(TfR) binding side with the endogenous Tf present in high amount
in plasma (2.6 mg/ml), which saturates the BBB transferrin
receptor [78].

For this reason, other molecules capable of binding TfR were
tested, and monoclonal antibodies (mAb) have been largely stud-
ied. Jefferies et al. identified a mouse mAb, OX26, that can react
in vitro and in vivo with rat TfR but cannot block Tf binding
because it reacts in a binding site different from that of Tf [79, 80].

Huwyler et al. first developed stealth immunoliposomes (PEG
immunoliposomes) for brain delivery of radiolabeled daunomycin
([3H] daunomycin) mediated by the binding of OX26 to the rat
transferrin receptor [81].

Pharmacokinetics and brain uptake of the [3H] daunomycin-
loaded PEG immunoliposomes were compared to those of the
drug, conventional liposomes, and PEG liposomes used as
controls.

Free [3H] daunomycin showed high BBB permeability, but its
brain tissue accumulation was poor (less than 0.01% injected dose/
brain gram at 60 min) due to its rapid clearance from circulation.
Using conventional liposomes, the [3H] daunomycin AUC
increased fourfold compared with free daunomycin, but the per-
meability greatly decreased resulting in a low brain tissue accumu-
lation similar to that of the free drug. The use of PEG liposomes
conferred no advantage in brain drug delivery: indeed, while the
plasma AUC was greatly increased, the permeability was reduced to
a value of about 0, hence demonstrating that no brain uptake of the
PEG liposomes had been achieved.

On the contrary, when OX26 PEG immunoliposomes were
used as carriers of [3H]daunomycin, the permeability value
increased and AUC moderately decreased, compared to PEG lipo-
somes, leading to the greatest value of brain tissue accumulation
(about 0.03% injected dose/brain gram) at 60 min, in comparison
to the controls [81, 82].

Daunomycin was also incorporated in OX26 biotinylated
immunoliposomes prepared by a non-covalent (biotin-streptavi-
din) coupling procedure, and its cellular uptake and pharmacologi-
cal and cytotoxic effects were tested on RBE4 cells and compared to
the free drug [83]. Results demonstrated daunomycin uptake
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increased (two- to threefold) using the biotinylated immunolipo-
somal carriers [84].

Immunoliposomes conjugated with 83-14 HIR mAb (murine
83-14 mAb to human insulin receptor) have been used in vitro to
deliver antisense gene for epidermal growth factor receptor
(EGFR) to U87 cells, high-grade human brain glioma cells over-
expressing EGFR [85]. By confocal fluorescent microscopy, it was
demonstrated that HIR mAb targets the insulin receptor on the
U87 plasma membrane, thus enabling the endocytosis of immuno-
liposomes. Targeting the EGFR antisense gene to U87 glioma cells
with the 83-14 PEG immunoliposomes inhibited EGFR expression
and cell proliferation, as demonstrated by the reduction in [3H]
thymidine cell incorporation. In vivo targeting of U87 was achieved
using immunoliposomes conjugated with both mouse mAb 8D3
(able to bind to the BBB TfR) and 83-14 mAb to human insulin
receptor. A brain tumor model was realized implanting about
500,000 human U87 glioma cells in the caudate-putamen nucleus
of adult female SCID mice. After implantation of glioma cells , the
induced tumor was perfused by microvasculature of mouse brain
origin expressing mouse transferrin receptors. A 100% increase of
tumor-bearing mice lifespan was obtained after intravenous injec-
tion of EGFR antisense gene-loaded 8D3/83-14 PEG
immunoliposomes [86].

Other research strategies in the glioma therapy provide delivery
of anticancer drugs across the BBTB.

Tumor vessels and glioma cells overexpress many kinds of
receptors that have been exploited to design liposomes modified
with specific ligands.

Chlorotoxin (ClTx) is a scorpion-derived peptide, able to bind
to a lipid raft-anchored complex that mainly contained the glioma-
specific chloride ion channel and matrix metalloproteinase
2 (MMP-2) endopeptidase.

Xiang et al. evaluated the ability of doxorubicin-loaded ClTx-
modified liposomes to target glioma and to increase antitumor
activity [47]. Data obtained using a U87 tumor-bearing mouse
model demonstrated that ClTx-modified liposomes, in comparison
with non-modified liposomes, enhance cellular uptake against
murine and human gliomas and brain microvascular endothelial
cells. The author indicated that these results are mainly due to the
ability of ClTx to bind the specific receptors on the glioma cells or
glioma neovascular endothelial cells promoting the cellular uptake
via a receptor-mediated endocytosis mechanism.

Tumor-penetrating peptide (RGERPPR) is a specific ligand of
neuropilin-1, a transmembrane glycoprotein, that acts as a
co-receptor for a number of extracellular ligands and that is over-
expressed on glioblastoma and endothelial cells in tumor
vessels [87].

RGERPPR peptide-functionalized liposomes have been
designed to enhance the antitumor effect of doxorubicin after
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i.v. administration in a glioblastoma-bearing nude mice model. The
results indicated that RGERPPR functionalization enhances the
transport of liposomes through the tumor vessels into the glioblas-
toma tissue. Moreover, functionalized liposomes, compared with
unmodified liposomes and free doxorubicin, significantly pro-
longed the survival time of nude mice bearing intracranial glioblas-
toma. In particular, this result seems to be related to the ability of
RGERPPR peptide to enhance liposome penetration from tumor
vessel through the tumor stroma into the deep glioblastoma
tissue [44].

Shi et al. designed vesicles modified with a multifunctional
peptide TR, a tandem peptide consisting of cRGD and TH peptide.
cRGD is a cyclic Arg-Gly-Asp peptide able to selectively target
integrin αvβ3 overexpressed on the endothelial cells as well as on
glioma cells [48, 49]. TH is a histidine-rich peptide that can help a
nanocarrier to escape efficiently from lysosomes in the endothelial
cells and penetrate deeply in the glioma.

In an intracranial glioma-bearing mice model, paclitaxel-loaded
TR-modified liposomes showed enhanced therapeutic efficacy
compared to free paclitaxel, paclitaxel-loaded PEG liposomes,
paclitaxel-loaded TH liposomes, and paclitaxel-loaded cRGD lipo-
somes. The experimental data showed the enhanced ability of
TR-modified liposomes to cross BBB and to selectively accumulate
in the glioma, even in the deep glioma spheroids [49]. Moreover,
mice treated with paclitaxel-loaded TR-modified liposomes showed
a median survival time (45 days) longer than those treated with free
paclitaxel (25.5 days), paclitaxel-PEG-liposomes (30.5 days), pacli-
taxel-RGD-liposomes (38.5 days), and paclitaxel-TH-liposomes
(27 days).

Aiming at increasing nanocarrier penetration into the BBB and,
contemporary, their selective accumulation in the glioma cells,
different research groups are involved in the development of the
so-called dual-targeting liposomes. This more sophisticated deliv-
ery system consists of drug-loaded liposomes modified with two
different homing devices targeting to a receptor in the BBB and to a
receptor on the brain cancer cells. The challenge is to create a
nanocarrier not only able to cross the BBB but also capable of
targeting and crossing the tumor cell membranes via a specific
mechanism of transport [50–55].

The anthracycline antibiotic daunorubicin was encapsulated in
liposomes whose surface was modified with p-aminophenyl-α-D-
manno-pyranoside (MAN) and transferrin (Tf) [51]. MAN showed
a specific affinity to the glucose transporter GLUT1 that mediates
transport of glucose-like substances via a carrier-mediated transcy-
tosis mechanism [88]. Moreover, previously, another study had
shown that Tf-modified liposomes are highly internalized in
tumor cells overexpressing the TF receptor [89]. In vitro studies
demonstrated the ability of MAN-Tf liposomes to cross the BBB
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and then to target brain glioma cells. Furthermore, dual-targeting
liposomes improved therapeutic efficacy in brain glioma-bearing
male Sprague Dawley rats, in terms of tumor volume reduction
and improvement in median survival time, in comparison with free
daunorubicin, daunorubicin liposomes, daunorubicin liposomes
modified with MAN, and daunorubicin liposomes modified
with Tf.

In the same way, the potential dual-targeting effects of
doxorubincin-loaded PEG liposomes modified with folate (F) and
transferrin (Tf) were studied using a C6 cells-bearing rat model
[54]. The use of folate as homing device is justified because of its
overexpression on the tumor cell surface [90]. Doxorubicin-
modified F-Tf-modified PEG liposomes demonstrated an
improved transport through the BBB as well as glioma uptake.
Compared with the free doxorubicin and doxorubicin-loaded lipo-
somes, the dual-targeting liposomes greatly increased the survival
of brain tumor-bearing animals and demonstrated less toxicity.

3.3 Alzheimer’s

Disease

Alzheimer (AD) or dementia is a chronic neurodegenerative disease
that affects the functioning of the central nervous system. The main
symptoms of AD involve loss of memory, behavioral disturbance,
and language problems. Although the exact cause of AD is not yet
identified, aging, genetic mutation, and family background are
considered important factors responsible for the dementia
[91, 92].

The neuropathogenesis of AD involves the accumulation of
insoluble protein with formation of neurofibrillary tangles of hyper-
phosphorylated tau protein and β-amyloid plaques leading to brain
atrophy and neurodegeneration [92]. AD is also associated with
defective BBB function due to disruption of tight and adherens
junctions, an increase in bulk-flow fluid transcytosis, and/or enzy-
matic degradation of the capillary basement membrane [93].

Surface-modified liposomes have been used to target different
drugs used in the therapy of Alzheimer’s disease (acetylcholinester-
ase inhibitors, antioxidant, etc.). The aim of these strategies was to
reduce some severe side effects associated with accumulation of
these drugs in peripheral tissues and/or to enable the accumulation
in brain parenchyma for those active molecules with a low BBB
permeability [62–64].

Tf-modified liposomes were used to improve the brain accu-
mulation of polyphenolic xanthone α-mangostin (α-M) [62]. α-M
demonstrated a good anticholinesterase effect and a high ability to
inhibit Aβ aggregation [94]. However, its accumulation in the CNS
is limited because of its poor penetration through the BBB. Phar-
macokinetics studies in rats demonstrated the ability of Tf-modified
liposomes to enhance the accumulation of α-M in the brain and to
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reduce its distribution in the heart, compared to α-M solution and
unmodified liposomes.

Kuo et al. prepared Tf-modified liposomes to enhance the
delivery of quercetin and neuron growth factor (NGF) across the
blood-brain barrier (BBB) in vitro [63, 64]. In particular, the
authors demonstrated that the presence of Lf on the NGF-loaded
liposome surface determines an increased ability to cross the BBB,
leading to an enhanced inhibition of the degeneration of SK-N-MC
cells after an insult with cytotoxic β-amyloid (Aβ) fibrils [64].

3.4 Parkinson’s

Disease

Parkinson’s disease (PD) is a long-term neurodegenerative disorder
characterized by motor symptoms, which affects four million peo-
ple worldwide.

In particular, PD patients show a neurodegeneration in the
nigral-striatal pathway of the brain leading to a reduction of the
striatum tyrosine hydroxylase (TH) activity.

OX26 PEG immunoliposomes carrying TH expression plasmid
were used to reversibly restore tyrosine hydroxylase (TH) activity in
the striatum of adult rats, in 6-hydroxydopamine-induced PD
model [60].

TH expression plasmid-loaded OX26 PEG immunoliposomes
were injected intravenously, and the TH enzyme activity or immu-
noreactive TH levels were measured.

As demonstrated by confocal microscopy of fluoresceinated
DNA, OX26 mAb first triggers receptor-mediated transcytosis
(RMT) of the immunoliposomes through the BBB in vivo. Then,
since TfR is widely expressed on neurons throughout the CNS
[95], OX26 PEG immunoliposomes can enter into neurons using
a second RMT. Finally, the fusogenic lipids of the immunolipo-
somes allow the plasmid DNA to be released and transported into
the nuclear compartment for transgenic expression. The TH
enzyme activity is normalized both in the dorsal striatum ipsilateral
to the 6-hydroxydopamine injection and in the contralateral stria-
tum when the plasmid is encapsulated in OX26 immunoliposomes.
When TH expression plasmid was encapsulated in immunolipo-
somes coupled to a non-specific TfR antibody (IgG2a), no increase
in TH enzyme activity in the ipsilateral striatum was observed,
showing that the presence of OX26 murine monoclonal antibody
(mAb) to the rat transferrin receptor is crucial to permit TH activity
normalization [96].

When administered in the early stages of the PD disease, glial
cell-derived neurotrophic factor (GDNF) is able to prevent the
progression of PD by inducing survival, growth, and regeneration
of substantia nigra dopamine neurons. Xia et al. intravenously
administrated iOX26-targeted PEGylated liposomes to deliver
GDNF plasmid into the CNS [61].

The expression of GDNF genes, under the influence of a rat
tyrosine hydroxylase promoter, was observed in the substantia
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nigra, adrenal gland, and liver, where the TH gene is highly
expressed. Moreover, prolonged therapeutic delivery was achieved
at the neurons of the nigrostriatal tract in experimental PD.

More recently, knockdown of alpha-synuclein through
non-viral delivery of short interfering RNA (siRNA) has been
explored as a potential therapeutic strategy for PD. To this aim, in
addition to other nanocarriers (exosomes, peptides, magnetic
nanoparticles), rabies virus glycoprotein-targeted anionic lipo-
somes showed high transfection efficacy in primary neurons in
vitro and prolonged serum stability, making them promising can-
didates for in vivo testing [19].

4 Cationic Liposomes

The electrostatic charge on the surface of liposomes plays a crucial
role in the fate of these nanosystems after systemic injection.
Indeed, it is well-known that cationic nanoparticles can interact
with negatively charged entities in the bloodstream, such as plasma
proteins, immunoglobulins, or endothelial cells, leading to a broad
spectrum of different consequences [97]. For example, the adsorp-
tion of plasma proteins on the surface of cationic liposomes will
ultimately lead to their recognition by the mononuclear phagocyte
system and removal from the bloodstream though phagocytosis
[92]. Thus, to allow a sufficient plasmatic concentration of the
nanocarriers, high doses would be required, increasing the risk of
toxicity. On the other hand, the electrostatic interaction between a
positively charged nanoparticle and the anionic glycoproteins and
proteoglycans on the surface of endothelial cells would result in the
close contact of the two, favoring the clathrin-mediated endocyto-
sis of the nanoparticle [98]. This beneficial interaction could also
take place at the luminal side of brain capillary endothelial cells,
which show a high density of clathrin-rich regions characterized by
a negative charge, thus representing a possible strategy for brain
delivery through cationic nanocarriers.

It is well-known that cationic proteins such as protamine, as
well as neutral proteins modified with basic amino acids, can cross
the BBB and distribute in the brain parenchyma through a mecha-
nism called adsorptive-mediated transcytosis (AMT). Despite being
not completely elucidated yet, it has been reported that the AMT
process does not involve a specific receptor-ligand recognition, but
rather an interaction between opposite electrostatic charges
[99]. This pathway has been exploited for brain delivery of posi-
tively charged liposomes, which demonstrated to accumulate in the
central nervous system to a higher extent than untargeted neutral
or anionic vesicles [56]. AMT is also the mechanism hypothesized
for BBB penetration of cell-penetrating peptides (CPPs), a hetero-
geneous group of cationic peptides which share an amphipathic
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character and the ability to change their secondary structure upon
association with membrane lipids [100]. In the following section,
recent results from the application of untargeted cationic liposomes
as well as liposomes decorated with CPP for brain delivery will be
reviewed, devoting special attention to in vivo results. The “cationic
strategy” has been explored to a much lower extent as compared to
the surface-modified liposomes, discussed in the previous section.
Thus, the following discussion will not be divided basing on the
treated pathology but rather on the agent (lipid component or
CPP) bearing the cationic charge.

4.1 Untargeted

Cationic Liposomes

The surface charge of liposomes can be fine-tuned by the inclusion
of a lipid component bearing a positive charge, most often induced
by an amino or ammonium group located in the hydrophilic
domain of the molecule. The other domain of a cationic lipid
typically has a hydrophobic character and can be either composed
of one or more alkyl chains or of a sterol moiety, linked to the
cationic polar head by a short spacer. Cationic lipids can be further
classified, basing on the number of ionizable groups, in monovalent
and multivalent lipids. Several examples of cationic lipids are com-
mercially available, and many more have been synthesized and
mainly tested as transfection reagents for siRNA and DNA due to
their ability to complex nucleic acids and enhance their cell uptake
[101]. Accordingly, the only structure-activity relationship data
available refer to the transfection efficiency in vitro and in vivo on
several cell types and different tissues (especially tumors), not tak-
ing into account the possible brain targeting skills of the novel
cationic lipids, which therefore have an unexplored potential to be
unveiled.

The cationic lipids most often employed for the formulation of
brain-directed liposomes are dioleoyl-trimethylammonium-pro-
pane (DOTAP), didodecyl-dimethylammonium bromide
(DDAB), dioctadecenyl-trimethylammonium propane
(DOTMA), and stearylamine (SA) as well as cholesterol derivatives
modified with an ionizable group.

Joshi et al. evaluated the differential brain retention of anionic,
neutral, and cationic liposomes after intra-arterial
(IA) administration during transient cerebral hypoperfusion
(TCH) [102]. IA injections allow skipping the liver first-pass
effects, thus conveying larger amounts of the drug to the target.
Moreover, the administration during TCH reduces liposome con-
tact with blood proteins, thereby increasing the interactions with
the negatively charged endothelial cells and boosting the brain
uptake of approximately three times [103]. As expected, cationic
vesicles showed a 3- to 15-fold increase in the brain accumulation
parameters (peak concentration, end concentration, AUC) as com-
pared to neutral or anionic liposomes. In addition, the authors
describe a better performance of cationic liposomes both in the
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case of an intact BBB and when the same was opened by focused
ultrasound.

In a subsequent study, increasing amounts of DOTAP have
been employed to produce cationic liposomes bearing different
charge densities, and their brain accumulation after IA administra-
tion in rats was evaluated [56]. As expected, a significant difference
in the brain accumulation of liposomes containing 5% DOTAP, as
compared to vesicles composed of 25% DOTAP, could be evi-
denced. However, a further increase in cationic lipid (up to 50%)
showed a higher peak plasma concentration coupled with the most
rapid clearance, thus providing a final concentration not signifi-
cantly different from that of 25% DOTAP liposomes. This result
clearly shows the dual effect of positively charged vesicles when
administered in vivo, raising the need of an extensive formulation
study to find the optimal balance between brain tissue accumula-
tion and quick plasma clearance.

A combined strategy for brain delivery was also employed by
Lin et al. In their work, cationic liposomes (prepared using 9.5%
DDAB) loaded with doxorubicin were administered by intravenous
injection in rats during transient BBB opening induced by focused
ultrasound (FUS) [57]. The association of the physical BBB dis-
ruption and the use of cationic vesicles produced an increase in
median survival time in glioma-bearing rats, as compared to the
liposomes treatment alone, which anyway proved a more positive
outcome than the free, unencapsulated drug.

In all these works, the “cationic strategy” was coupled either
with an efficient administration route (IA) and the induction of
transient cerebral hypoperfusion or with the temporary BBB dis-
ruption by focused ultrasound, providing successful pharmacoki-
netic and clinical outcomes in vivo. However, the increased brain
uptake and retention provided by these methods should be care-
fully balanced against the potential risk of stroke (in the case of
TCH) and all the risk connected to the loss of the barrier function,
such as local inflammatory reactions and hemorrhages.

In the attempt to attenuate the undesired effects of positively
charged vesicles, Chen et al. designed novel pro-cationic liposomes,
which possess a neutral charge at physiological pH but turn into
cationic entities following an enzymatic reaction occurring on the
surface of endothelial cells [58]. This enzyme-responsive formula-
tion could be obtained by the incorporation of a carbamate deriva-
tive of cholesterol (CHETA) and the decoration with lactoferrin to
promote the close contact with the cell membrane. A CHETA
molecule comprises a hydrophobic region (cholesterol residue)
and a hydrophilic region composed of a cationic and an anionic
site, separated by a disulfide bond. The disulfide bond can be
reduced by disulfide isomerase or thioredoxin reductase expressed
on the surface of brain endothelial cells, thus removing the anionic
site and leaving a net positive charge on CHETA and, as a
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consequence, on the liposome [104]. Pro-cationic liposomes
loaded with doxorubicin enhanced the drug accumulation in the
brain as compared to conventional liposomes and significantly pro-
longed median survival time in glioma-bearing rats. Interestingly
enough, both receptor- and adsorptive- mediated transcytosis were
found to be involved in the brain uptake of these vesicular systems.

Overall, due to the variety of biological consequences mediated
by a positive surface charge, it is hard to imagine a clinical transla-
tion of simple cationic liposomes, administered i.v. for brain deliv-
ery of actives [105]. On the other hand, in the attempt of limiting
the noxious effects of positive charge while preserving its benefits,
more sophisticated formulations, the combination with physical
methods, and alternative administration routes (e.g., intra-arterial,
intranasal, intracranial) have been explored, showing promising
results on relevant animal models and in early-stage clinical trials
[106, 107]. However, since positive charge is only one of several
attributes regulating nanoparticle toxicity, a better clarification of
the mechanisms involved in cationic charge-induced damages is
urgently required to guide the design of novel surface modifica-
tions and formulation strategies [108].

4.2 CPP-Decorated

Liposomes

The term cell-penetrating peptides (CPPs) is used to refer to a
group of short (typically 5–30 amino acid residues), cationic
and/or amphipathic peptides, possessing an intrinsic ability to
cross the cell membrane and mediate uptake of a wide range of
cargoes [100]. The positive charge of these peptides is induced by
sequences consisting of arginine, lysine, and histidine, and it has
been identified as an essential feature for the mechanism governing
their cell entry [109]. Indeed, no specific receptor has been found
to be involved in CPP transport across plasma membranes. How-
ever, different pathways such as macropinocytosis, clathrin-
dependent or clathrin-independent endocytosis, heparan sulfate
proteoglycan (HSPG)- mediated endocytosis, as well as direct pen-
etration have been found to be involved depending on the CPP
sequence, the transported cargo, and the cell membrane
composition [110].

Similar to cationic vesicles, CPP-decorated liposomes have
been employed to transport drugs and macromolecules across the
BBB, exploiting the AMT pathway [99]. CPPs can be exposed on
the liposome surface after being linked to a phospholipid polar head
or to cholesterol, either with or without the interposition of a
hydrophilic linker such as PEG.

A number of CPPs have been discovered or rationally synthe-
sized and used for molecular delivery to mammalian cells. Among
them, the mostly used for brain targeting are TAT, SynB3, pene-
tratin, poly-L-arginine, transportan, and mastoparan [111]. The
potential for BBB crossing mediated by these CPPs is reported by
several studies which, however, lack homogeneity since many
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different cargoes and various in vitro/in vivo assays are employed
[111]. Accordingly, high variability in CPP-mediated brain accu-
mulation can be found depending on the transported molecule or
nanoparticle. Thus, in the following paragraph, only the literature
concerning the brain delivery of CPP-decorated liposomes will be
presented.

The brain targeting properties of TAT peptide
(AYGRKKRRQRRR)-modified liposomes were reported by Qin
et al. In two consecutive papers, the authors describe the ability of
TAT-modified liposomes to cross the BBB and distribute in the
brain after systemic injection. In the first work, the authors investi-
gate the mechanism underlying the penetration of liposomes
through an in vitro model of BBB by using inhibitors of the
different pathways, demonstrating the involvement of an energy-
dependent mechanism. Moreover, the presence of TAT on the
vesicles turned out to increase the delivery to several brain regions
after 24 h from the systemic injection but also to induce the
accumulation of liposomes in the liver and kidneys [112]. In a
subsequent research, the same nanocarrier was exploited to deliver
doxorubicin to an orthotopic xenograft mouse model of glioblas-
toma [59]. The TAT-modified liposomes increased the accumula-
tion of doxorubicin in the brain while decreasing the drug delivered
to the heart as compared to untargeted vesicles and the free drug.
This is particularly relevant because of the well-known cardiotoxi-
city of doxorubicin. In addition, the targeted formulation pro-
duced an improvement in median survival time of the tumor-
bearing mice when compared to controls. Some preliminary
structure-activity relationships of TAT peptides for brain delivery
of liposomes were defined by the same authors [113]. In more
detail, the positively charged residues (lysines and arginines) were
found to be essential for the uptake of TAT-modified liposomes by
endothelial cells and their distribution in the brain parenchyma,
while the randomization of the amino acid sequence had little or no
effect on the activity. Moreover, the absence of a specific receptor
for the internalization of TATs was confirmed by the observation of
a similar uptake of the different peptides in various organs (heart,
spleen, liver, and lung).

In the attempt to increase the brain specificity of CPP-deco-
rated liposomes, Sharma et al. used a combination of poly-L-argi-
nine and transferrin (Tf) for liposomal brain gene delivery
[65]. The dual-targeted formulation showed a higher brain accu-
mulation and β-galactosidase expression than transferrin-decorated
liposomes after systemic administration in rats. Moreover, the
authors indicated that the anionic charge of transferrin could atten-
uate the positive charge on the liposomal surface, thus increasing
the stability in serum and reducing the hemolytic potential of the
formulation. The research was then expanded to study the combi-
nation of other CPPs (TAT, mastoparan, and penetratin) with
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transferrin for liposome decoration and increased brain delivery
[66]. At first, the authors set up a novel in vitro blood-brain
tumor barrier model to test the dual-targeted formulations, all of
which showed an increased ability to cross the endothelial layer as
compared to the single-ligand liposomes. Then, the biodistribution
after a single injection in rats was studied, showing some interesting
differences among the CPP. Among the dual-targeted formula-
tions, the Tf-penetratin liposomes showed the maximum transport
to the brain, while the administration of Tf-mastoparan resulted in
lower brain accumulation. The authors suggested that the more
hydrophobic character of mastoparan could have a role in the
higher hemolytic activity toward red blood cells. Thus, as a conse-
quence of the interaction with erythrocytes, mastoparan liposomes
showed a higher accumulation in lungs and liver, thus reducing the
fraction available for brain accumulation.

A dual-targeted approach was also exploited by Zong et al.,
who included a peptidic ligand for the transferrin receptor (T7) and
a cell-penetrating peptide (TAT) on their liposomal formulations
[114]. The added value of using the short T7 peptide rather than
the transferrin is the lack of competition with endogenous transfer-
rin for the receptor binding, as the two have distinct binding sites.
T7-TAT liposomes loaded with doxorubicin were successful in
increasing the median survival time of C6 glioma-bearing mice as
compared to the single-targeted formulation or to the PEGylated
liposomes. Moreover, the presence of transferrin receptors on
tumor cells allowed the deeper penetration of the dual-targeted
formulation within tumor spheroids in vitro.

Enhanced drug delivery to brain cancer was the main task for
Liu et al., who conjugated the cyclic RGD peptide (an αvβ3 integrin
ligand for tumor targeting) to an octa-arginine (cell-penetrating
peptide) to create a novel entity (R8-RGD) possessing both the
ability to cross the BBB and penetrate in the tumor mass [48]. The
R8-RGD-modified liposomes showed an increase in cellular uptake
of 2-fold and nearly 30-fold compared to separate R8 and RGD,
respectively. Moreover, the conjugate peptide induced a redistribu-
tion of liposomes from the liver to the brain when compared to the
R8 modification, which promotes unspecific interactions due to its
highly cationic charge. Finally, paclitaxel-loaded R8-RGD lipo-
somes successfully prolonged the survival of intracranial glioma-
bearing mice.

The use of cell penetration peptides for liposome brain delivery
is not limited to the treatment of CNS malignancies, as witnessed
by a recent paper where penetratin liposome were employed to
deliver the copper-chelating trientine (TETA) as a potential treat-
ment for Wilson’s disease [67]. The authors produced also a con-
trol formulation composed of cationized albumin-decorated
liposomes, which is known to improve the interactions of vesicles
with the brain endothelium and, consequently, the brain uptake.
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Interestingly, despite the higher positive charge, the albumin-
modified liposomes were much less efficient than penetratin in
inducing the brain accumulation of TETA, which was improved
by 15-fold as compared to the free drug in the case of the CPP,
producing a therapeutically relevant concentration.

Overall, CPP-decorated liposomes are able to increase the brain
delivery of actives but also the accumulation in other organs. To
attenuate this effect, it has been shown that the addition of a BBB
receptor-specific ligand or antibody on the liposome surface could
improve the brain specificity of the system. In the case of anionic
proteins such as transferrin, this approach would give the additional
benefit of reducing the cationic charge, which was often linked with
toxicity and unspecificity. Finally, basing on the discussed literature,
some structure-activity relationship can be drawn for CPP:

1. Changing the amino acid order in the CPP sequence has no
effect on the brain penetration.

2. Cationic residues play a key role in cell uptake.

3. Increasing the hydrophobic character may lead to hemolysis
and toxicity.
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Nanofibers and Nanostructured Scaffolds for Nervous
System Lesions
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Laura De Laporte, and Gary A. Brook

Abstract

Strategies aimed at repairing the injured nervous system have as their main goal the reconnection of axons
with their appropriate targets through bridging devices. In order to achieve this, such devices must provide
cues to support directed axonal growth and good integration with the host tissue. Differences in the
anatomy of the central nervous system (CNS) and the peripheral nervous system (PNS) as well as their
specific tissue response after injury, where the protective environment in the CNS contrasts with the more
permissive one in the PNS, require strategies to be tailored for these specific locations. This chapter focuses
on the development of nanostructured scaffolds (including hydrogels) in the formulation of strategies
intended to promote axon regeneration and functional tissue repair following traumatic spinal cord injury
(SCI) and peripheral nerve injury (PNI). The reader will be presented with a general introduction to the
central nervous system and the peripheral nervous system, the pathophysiological consequences of such
injuries, their incidence, and how advances in the state of the art of bioengineering nanostructured scaffolds
are contributing to this important aspect of tissue engineering and regenerative medicine.

Key words Electrospinning, Nanofibers, Nervous system, Hydrogels

1 Introduction

In regenerative medicine, the interface between an implanted mate-
rial and biological tissues always requires great consideration in
order to support infiltrating cells and to prevent inflammatory
reactions and fibrosis. This is particularly important in the case of
delicate central nervous system (CNS) tissue such as spinal cord
(SC) as well as in the peripheral nervous system (PNS) tissue.
Regenerative materials should ideally contain biomimetic function-
alities to support specific cell adhesion, migration, and differentia-
tion. Incorporation of neurotrophic factors, possibly by
recapitulating developmental guidance molecule signaling, can
enhance the native regenerative capacity of the injured SC
[1]. These molecules can be administered via a drug delivery system
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(DDS) or by paracrine mechanisms of either material-delivered
stem cells or through genetically modified cells. Furthermore,
regenerating axons need to be guided unidirectionally across the
lesion site to promote the most efficient tissue repair. Guidance can
be achieved by chemotactic or haptotactic mechanisms [2], similar
to the natural, endogenous SC extracellular matrix (ECM) of the
PNS. The revival of electrospinning technology has allowed the
generation of polymeric fibers in the nanoscale range that can be
tailored to simulate aspects of natural ECM. By incorporating
biofunctional molecules, their influence on cell behavior and axonal
guidance can be improved. For this reason, the use of nanofiber-
based structures for guidance has become popular, and this has
boosted the development of nerve-guiding structures that provide
controlled topographical and biochemical cues that improve direc-
tional cell and process growth (aligned nanofibers) as well as con-
trolled conduit porosity (random nanofibers). Hydrogels are also
being explored as promising intervention strategies in spinal cord
injury (SCI) in an attempt to introduce a permissive environment
for regeneration while preventing further damage to spared axons.
Hydrogel research in this area of regenerative medicine focuses on
ways to achieve orientational cell and axonal growth within the
hydrogel by modifying fibrous organization during or after
delivery.

This chapter focuses on the development of nanostructured
scaffolds (including hydrogels) in the formulation of strategies
intended to promote axon regeneration and functional tissue repair
following traumatic spinal cord injury (SCI) and peripheral nerve
injury (PNI). The reader will be presented with a general introduc-
tion to the central nervous system (CNS) and the peripheral ner-
vous system (PNS), the pathophysiological consequences of such
injuries, their incidence, and how advances in the state of the art of
bioengineering nanostructured scaffolds are contributing to this
important aspect of tissue engineering and regenerative medicine.

2 The Nervous System

The nervous system is responsible for monitoring multiple aspects
of our environment (both internal and external) and allowing
appropriate responses to be made (voluntary or involuntary) for
any particular situation. The human brain contains, according to
some estimates, tens of billions of neurons [3] and is, with the
support of the spinal cord, responsible for receiving, processing,
and storing information, whereas the peripheral nervous system is
responsible for the transmission of motor, sensory, and autonomic
signals between the CNS and the rest of the body (an exception
being the enteric nervous system of gut which has the capacity to
function in the absence of CNS input). The function and
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connectivity of the neuronal networks of the adult CNS and of their
axonal projections through the nerves of the PNS are critically
supported by populations of glial and non-glial (e.g., vascular and
connective tissue) cells. Glia of the CNS are the oligodendrocytes,
astrocytes, microglia, and ependymal cells (as well as their progeni-
tors or stem cells), whereas those of the PNS are Schwann cells and
satellite cells. The non-glial, components of nervous tissues include
cells associated with the vasculature (including pericytes and peri-
vascular fibroblasts) and those forming protective sheaths (e.g.,
fibroblasts, arachnoid, and pial cells of the meninges as well as
endoneurial and epineurial fibroblast, and perineurial cells). All
these cell types play important roles in supporting neuronal func-
tion in health but may also play significant roles following traumatic
injury. It is beyond the scope of this review to provide a detailed
description of the roles of all these cells, but where appropriate,
their roles in the pathophysiology of traumatic injury to the spinal
cord and peripheral nerves have been highlighted.

2.1 Spinal Cord

Injury

Spinal cord injury affects approximately three million people world-
wide, with 250,000–500,000 new cases occurring each year
[4]. The yearly incidence of SCI (reflecting the number of new
cases in a population during a particular time frame) for particular
nations ranges from the highest value of 49.1 per million
(New Zealand) to the lowest value 8 per million (Spain) with
road traffic accidents being the main cause of injury. The peak age
of incidence is less than 30 years of age, and there is a high male-to-
female ratio.

Substantial progress has been made in understanding the cas-
cade of cellular and molecular events initiated by traumatic SCI, to
the extent that the general outlook of developing an effective
treatment has changed from pessimism to one of great optimism.
Although human SCI is a highly heterogeneous condition, its
consequences are known to depend on a number of parameters
such as the type and severity of injury. Four main classes of SCI have
been identified: contusion-, compression-, and transection-type
lesions, as well as solid core-type lesions [5, 6].

The immediate and devastating loss of motor, sensory, and
autonomic functions after severe traumatic SCI is due to loss
of neurons and glia at the lesion site, the shearing or severance of
descending and ascending nerve fiber tracts, and the initiation of
detrimental local events including the breakdown of the blood-
spinal cord barrier, associated with bleeding, ischemia, and
edema, as well as excitotoxicity, inflammation, scarring, and cystic
cavitation. These secondary degenerative events take place over a
timescales of hours, days, weeks, and even months after the initial
injury [7]. The cell body response of axotomized, long-distance
CNS-projecting neurons is much weaker than that observed in
PNS-projecting neurons following injury [8]. This weak and
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transient neuronal cell body response is believed to contribute to
the generally poor regenerative response of damaged CNS tissues.
A description of the cell body response is given in the section
describing the pathophysiology of peripheral nerve injury (see
below). However, spared axons in the brain and spinal cord can
sprout and form new connections that may contribute to a com-
pensatory recovery of function. Lesioned lumbar projecting corti-
cospinal axons were found to sprout and innervate cervical motor
neurons as well as short- and long-distance projecting propriospinal
neurons (PSN). With time, contacts with the short-distance pro-
jecting PSN were lost, while those with the long-distance project-
ing PSN were maintained. The long-distance projecting PSN
extended synaptic contacts to deafferented lumbar motoneurons
[9, 10]. Such spontaneous sprouting of damaged and spared axons
has been suggested to effectively bypass the axon-growth inhibitory
environment of the lesion site and was suggested to be responsible
for the recovery of treadmill stepping in an animal model of spinal
cord hemisection injury [11]. Interventions that support such
compensatory sprouting and reorganization mechanisms could
bring enormous benefit to patients suffering from SCI. The failure
of severely damaged spinal tissues to demonstrate any spontaneous,
functionally significant, long-distance axon regeneration is due to
an overall imbalance between local axon-growth-inhibiting and
axon-growth-promoting mechanisms at the lesion site, including
the relatively poor expression of neurotrophic factors, the presence
of potent molecular and physical barriers that form as part of the
scarring process, and the lack of appropriately oriented guidance
cues across the injury [7, 12].

Two environmental factors have been found to be of particular
importance in reducing sprouting and preventing axon regenera-
tion: CNS myelin-associated axon-growth inhibitors and the
lesion-induced re-expression chondroitin sulfate proteoglycan
associated with scar formation.

2.1.1 Myelin-Associated

Axon-Growth Inhibitors

Traumatic injury results in substantial oligodendrocyte degenera-
tion with the concomitant release, into the lesion site and sur-
rounding tissues, of a number of myelin-associated molecules,
several of which exert potent inhibitory effects on axon growth.
NOGO-A, myelin-associated glycoprotein (MAG) and
oligodendrocyte-myelin glycoprotein (OMgp), have all been
reported to act via a complex of receptor molecules including the
GPI-linked cell surface NOGO receptor (NgR1) and lead to
growth cone collapse through the activation of the small GTPase,
RhoA [13, 14]. The experimental administration of antibodies or
peptides to block or inactivate NgR1 has resulted in significant
axon regeneration and collateral sprouting that have been asso-
ciated with functional recovery [15, 16]. The marked success with
antibodies that neutralize or block the effects of NOGO-A resulted
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in the extension of the preclinical studies into phase I and II clinical
trials including the ongoing European NISCI phase II trial involv-
ing centers in Switzerland, Germany, Italy, Spain, and the Czech
Republic, the European Multicentre Study about Spinal Cord
Injury [16] (Website: https://nisci-2020.eu/index.php?id¼1449).

2.1.2 Spinal Cord

Scarring and Axon-

Growth-Repulsive

Molecules

The general term “spinal cord scar” is often used interchangeably
with that of the astroglial scarring; however, this oversimplifies the
situation somewhat since it is clear that the scarring process involves
both astroglial and fibroadhesive, connective tissue components.
Astrocytes, oligodendrocyte progenitors, microglia/macrophages,
Schwann cells, leptomeningeal fibroblasts, and blood vessel-derived
pericytes/fibroblasts have all been reported to take part in the
cellular reorganization at the lesion site, where they play significant
roles in the formation of scar tissue after spinal cord injury
[7, 17]. Reactive astrocytosis, in response to injury, the local migra-
tion of fibroblast-like cells and inflammatory cells, involves prolifer-
ation, hypertrophy, increased expression of cytoskeletal proteins
such as vimentin, nestin, and glial fibrillary acidic protein (GFAP),
as well as a marked upregulation of chondroitin sulfate proteogly-
cans (CSPGs), a family of highly sulfated extracellular matrix
(ECM)-related molecules [12, 18, 19]. CSPGs display axon-
growth-repulsive properties and play major roles in guiding axon
growth during development (e.g., [20–23]). The generation of a
layer of tightly packed astrocytes and their processes, as well as the
deposition of a new glia limitans, highlight the formation of a
physical and molecular barrier (scar) around the lesion site. This
barrier formation is widely acknowledged to exert both beneficial
and detrimental effects in that the scar protects surrounding spinal
tissues from further inflammation-mediated damage [24, 25] but
prevents axon regeneration through raised levels of axon-growth-
repulsive CSPGs [12, 17]. Local injection or infusion of the
enzyme chondroitinase ABC results in degradation of the glycos-
aminoglycan side chains of CSPGs and the promotion of sprouting
and axon regeneration with some degree of functional recovery
[26, 27].

Although fibroblast-like cells were initially thought to be
derived from damaged leptomeninges and damaged blood vessels
[28, 29], the recent use of transgenic animals has facilitated a more
detailed understanding of the development of the fibroadhesive
component scar after SCI. A subtype of vessel-associated pericytes
has been reported to proliferate rapidly and contribute to the
ECM-producing stromal or fibroblast-like population of cells
within the connective tissue scar [30]. The involvement of
fibroblast-type cells, particularly those associated with large diame-
ter blood vessels, were also reported by Soderblom and colleagues
to contribute to connective tissue scar formation [31]. However, it
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remains unclear if the lesion-induced changes in the perivascular
fibroblasts, identified by Soderblom and colleagues, also included
the type A pericytes that had previously been identified by Görlitz
and colleagues. Transgenic mice have also been used to show
SCI-induced ependymal cell proliferation and differentiation into
oligodendrocyte progenitor cells and astrocytes that formed the
innermost layer of reactive astrocytes that lined the lesion site
[32]. However, this observation has been contradicted by more
recent investigations that described ependymal cell responses to
more physiologically relevant sized lesions of the spinal cord: either
complete crush-type injuries or extensive penetrating injuries that
were close to, but did not involve the central canal [33]. Only
minimal- or no involvement of ependymal progenitors could be
observed in the formation of reactive astroglia or of any other cell
type after injury. This probably highlights the complexity of
changes that are induced by spinal cord injury and the fact that
different type/severities of injury can lead to scarring responses of
differing cell compositions.

2.1.3 Lesion-Induced

Inflammation After Spinal

Cord Injury

As mentioned earlier, reactive astrocytes form a barrier that deline-
ates the lesion site and effectively isolates the region of ongoing
excitotoxic and free radical-induced degeneration (filled with acti-
vated, pro-inflammatory, and phagocytic neutrophils and macro-
phages) from the adjacent areas of spared CNS tissue. It has been
suggested that reactive astrocytes regulate the number of migrating
cells into the lesion site, whereas their associated re-expression of
CSPGs influences macrophage spatial localization and activation
[34]. The immune response to injury starts as early as 3 h after
the insult with an early wave of neutrophil invasion that may peak at
approximately 1 day after injury, followed by a second wave of
microglial and monocyte-derived macrophage infiltration and acti-
vation, peaking at 7 and 60 days after injury and remaining present
for at least 180 days [7, 35]. The phenotype of the macrophage
response has been classified into an early (M1), pro-inflammatory,
tissue-destructive, and myelin-clearing phenotype and a later
(M2) anti-inflammatory or tissue-repairing phenotype [36]. Strate-
gies that shift the relative polarization of macrophages at the lesion
site to a regeneration supporting M2 phenotype are likely to pro-
mote neuroprotection and functional tissue repair (e.g., [37, 38]).

2.2 Peripheral Nerve

Injury

Severe PNI, like severe SCI, results in the immediate loss of func-
tion. However, in contrast to the permanent functional deficit
associated with severe SCI, substantial tissue repair and functional
recovery are possible following PNI [39]. Injuries to the PNS have
been reported to occur in approximately 2.8–5% of all trauma
patients [40, 41], with the radial nerve being the most commonly
injured nerve in the upper limb and the peroneal nerve being the
commonly injured nerve of the lower limb [40].
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Simple or complete transection injuries to the PNS, in which a
gap of 1–2 mm may occur, can be surgically repaired by reconnect-
ing individual nerve fascicles with tensionless sutures [42]. How-
ever, lesion-induced gaps of the PNS that are deemed too large for
end-to-end reconstruction requires the gap between the nerve
stumps to be bridged. The most commonly adopted surgical
approach for this is to repair the gap by the transplantation of
autologous nerves (usually sensory nerves), harvested from else-
where in the patient’s body [43]. Although autologous nerve
transplantation is regarded as the current “gold standard” strategy
for repairing large gaps in the PNS, it has some disadvantages such
as the need for a second surgical site, the comorbidity, and risk of
infection associated with harvesting the donor nerve(s), as well as
the limitation of the amount of donor nerve(s) that can be
obtained. Furthermore, only 40–50% of patients receiving auto-
grafts have been regarded as a success by the return of useful
function [42].

2.2.1 Neuronal Cell Body

Response

As mentioned earlier, the cell body response after PNI is stronger
and longer lasting in PNS-related neuronal cell bodies than in CNS
neuronal cell bodies. Experimental studies have shown that the cell
body response and neuronal survival after peripheral nerve injury
depend on the distance between the injury and neuronal cell body:
greater survival correlating with longer distances and reduced sur-
vival with shorter distances [44, 45]. Over decades, many of the
cellular and molecular events that influence neuronal survival,
regenerative axonal growth, and target reinnervation after PNI
have been identified (e.g., [46, 47]). The traumatic shearing of
the axon induces retrograde signaling to the neuronal cell body
over a time scale of seconds to weeks after injury [48]. The neuro-
nal cell bodies of spinal cord and brain stem nuclei alpha motor
neurons, as well as of sensory neurons in dorsal root ganglia,
respond to axotomy by undergoing expansion and chromatolysis,
in which cytoplasmic Nissl substance (i.e., rough endoplasmic
reticulum-associated ribosomes) dissipates and the nucleus
migrates to a peripheral location [8]. Axotomy induces signaling
from Schwann cells, through the release of ciliary neurotrophic
factor (CNTF), leukemia inhibitory factor (LIF), or neuronal
interleukin-6 (IL-6) to activate signal transduction systems involv-
ing phosphorylation, dimerization, and translocation of signal
transducer and activator of transcription (STAT-3) to the nucleus
[49]. The phosphorylation of c-Jun assists in the shift of gene
expression which switches neuronal cell function from one of the
neurotransmission to one of growth with increased expression of
regeneration-associated genes such as GAP-43, alpha-1 tubulin,
and actin [47]. The increased expression of these (and many
more) regeneration-associated proteins assists in growth cone
motility and the extension of regenerating axonal processes [8, 47].
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2.2.2 Schwann Cell

and Macrophage

Responses to Injury

Degeneration at the site of injury and in the distal nerve stump is an
active process that is required for subsequent axon regeneration to
take place [50]. Schwann cells and macrophages both contribute to
the clearance of dead cells and myelin debris during the process of
Wallerian degeneration [51]. Macrophages are recruited into the
distal nerve stump in response to chemokines such as monocyte
chemoattractant protein-1 (MCP-1), macrophage inflammatory
protein-1α (MIP-1α), interleukin-1β (IL-1β), and toll-like receptor
4 (TLR-4) [52, 53]. This recruitment process takes place as the
perineurium breaks down, thus rendering the blood-nerve barrier
more permeable to cell infiltration [54]. The process of inflamma-
tion during Wallerian degeneration in the lesioned PNS is more
complete and substantially faster than in the lesioned CNS [55],
with the pro-inflammatory, M1 subtype dominating during the
early phase, being essential for myelin clearing and the stimulation
of Schwann cell proliferation, and a later (7–14 days after injury)
dominance of the anti-inflammatory, M2 subtype [56]. The loss of
axonal contact induces Schwann cells to proliferate, reduce myelin-
associated gene expression, and increase neurotrophins and cell
adhesion molecule expression that is important for supporting
axon regeneration [57]. The proliferating Schwann cells extend
their processes and become highly aligned within the basal lamina
of the endoneurial tubes, forming the so-called bands of Büngner.
The alignment of Schwann cells within the bands of Büngner
provides the neurotrophic and tropic cues that are pivotal for
supporting and directing regenerating axons to the target end
organs within the periphery [58–60]. Schwann cells are also impor-
tant for the remyelination of regenerated large diameter axons for
the restoration of rapid nerve conduction velocities; however,
regenerated nerves typically have thinner myelin sheets, shorter
internodal lengths, and relatively decreased functional
capacity [61].

It is widely acknowledged that implantable biomaterials and
scaffolds that support directional axon regeneration and tissue
repair are likely to impart more favorable functional outcomes
than those that have no orientational cues. The following sections
provide an overview of key technological areas that are being pur-
sued to develop and control their topographical diversity and func-
tionalization in regenerative applications for CNS and PNS
traumatology.

3 Electrospinning

Electrospinning is a fiber-forming technology that has been exten-
sively researched since 1996 [62]. It produces nano- and micro-
scale fibers using the electrostatic drawing of polymer-based fluids
and has been widely adopted in research partly due to the low cost
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and simplicity of setting up the equipment [63]. The submicron
diameter filaments generated by electrospinning have long been
compared to collagen fibrils [64, 65], and there has been a sus-
tained interest in developing electrospun materials for tissue engi-
neering and regenerative medicine [66]. The majority of
electrospinning research uses solutions, where both synthetic
and/or biologically derived polymers are dissolved to achieve the
macromolecular entanglements necessary to generate a fiber. In this
configuration, solvent evaporation is required to produce the fiber.
There are numerous excellent review articles on solution electro-
spinning [67–69]. Electrospinning can also be performed from the
polymer melt—in this instance the fiber forms by the cooling and
solidification of the electrified jet [70, 71].

In the simplest of configurations, electrospinning results in a
nonwoven fibrous mesh (Fig. 1a, b) [72]. There are discussions
about the cell invasiveness of electrospun meshes [79], although
they are well-known as being excellent substrates upon which cells
can grow [80–82]. For applications in neural tissue repair, where an
oriented structure is of interest, there are three main approaches to
fabricate directional substrates: (1) rotating collectors, (2) dual
collectors, and (3) direct writing.

Rotating collectors: In this common form of electrospinning
oriented substrates [83–86], the collector is designed so that it
rotates at a high speed (Fig. 1c) [87]. This results in a “mostly”
oriented electrospun material (Fig. 1d) [87]; however, there are
numerous fibers that are deposited in non-desired directions. This
approach has been augmented through the use of auxiliary electro-
des so that the general orientation is improved [88, 89]. Similarly,
sharp-tipped, fast-rotating, collectors (disks) are more effective in
orienting the electrospun fibers [90]; however, the quantity of
oriented material is reduced. The use of rotating collectors has
also been used to manufacture tubular biomaterials, from both
the solution [91] and the melt [92, 93].

Dual collectors: When two collectors are placed below the spin-
neret, separated by air or an insulating material, electrospun fibers
individually bridge the gap between collector [75]. This approach,
while mainly performed with polymer solutions, is also applicable
to melt electrospinning [94]. As shown in Fig. 1g [76], these
individual fibers are suspended between the collectors and can be
later transferred to another substrate [95–97] for 2.5D in vitro
culture. Such suspended fibers are much improved in orientation
compared to rotating collectors (Fig. 1h) [76]; however, they are
much more difficult to handle, and a secondary substrate is essential
for later handling in vitro. Importantly, this principle of collecting
suspended fibers has been adopted for 3D in vitro culture
(Fig. 1i) [76].
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Fig. 1 Schematics of electrospinning configurations and collected material. (a) The simplest configuration is
shown, where (b) randomly deposited, nonwoven fibers are collected. (c) A rotating collector is the basis for
several fiber orientation strategies, shown in (d). In another approach for orienting fibers, (e) dual collectors
result in (f) fibers suspended midair. Using the principle shown in (e), multiple frames (g) have been used to
collect (h) suspended, oriented fibers that can then be suspended in a cell containing matrix (i). Applying (j)
direct-writing principles to electrospinning, a series of oriented fibers (k) can also be accurately deposited and
even (l) suspended (arrowed) between two support structures. (Figure (a) reproduced from [72], (b) from [73],
(c–e) from [74], (f) from [75], (g–i) from [76], (j) from [77], (k) from [78], and (l) is unpublished data (courtesy
of Mr. Andrei Hrynevich), all with permission
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Direct writing onto collectors: Less widely adopted than the two
aforementioned orientation strategies, but significantly more con-
trollable, is the direct writing of the electrospun fiber onto the
collector (Fig. 1j). With polymer solutions, this is often termed
“near-field electrospinning,” since small collector distances (the
distance between the spinneret and collector) are required to pre-
vent significant electrical instabilities [98, 99] . For melts, larger
collector distances [94] can be used in the direct-writing approach,
when low conductivity polymers are electrospun. This approach has
so far only resulted in a highly oriented single-fiber array (Fig. 1k)
[78], and the development of such oriented structures into a truly
3D scaffold is still required; however, there are direct-write techni-
ques being developed that allow melt electrospinning writing in air,
across structures (Fig. 1l).

These three principles of electrospun fiber orientation cover the
majority of the different fabrication approaches used within neural
tissue engineering, for both the PNS and CNS. These configura-
tions are applicable to nerve guides, in vitro studies of oriented
fibers, and guidance substrates that are used within different neural
tissue engineering paradigms.

4 Development of Bioengineered Nanofiber-Based Repair Strategies for Use
in Spinal Cord Injury

The interest in generating an oriented matrix/scaffold for spinal
cord repair has been demonstrated in numerous papers [100–103]
and has been implemented in clinical trials (NCT02138110)
(https://clinicaltrials.gov/ct2/show/study/NCT02138110). For
this purpose, matrices and scaffolds have been aligned using numer-
ous physical phenomena to induce orientation, including magnetic
fields, templating, and uniaxial freezing. Oriented scaffolds have
two general forms: (1) those formed by the creation of channels
within a matrix or (2) bundled filamentous structures that form an
oriented implant. There has also been substantial evidence of
regeneration with such matrices/scaffolds in small animal models
[104, 105] as well as the clinic, suggesting that there is potential in
using materials as a regenerative/inflammatory substrate within the
spinal cord. While many researchers consider a scaffold from a
“regenerative substrate perspective,” others describe how the scaf-
fold alters the local inflammatory reaction and subsequent healing.

In the context of electrospinning, oriented nanofibers produce
a substrate in vitro that could provide some insight as to the
regenerative guidance within the spinal cord. Alternatively, nanofi-
ber meshes have been used and placed over the dura, so that the
blood-brain barrier has a membrane template that it can use to
reseal itself. Such approaches can be combined with drug delivery
strategies.
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4.1 Substrates for

In Vitro Analysis

In its simplest form, oriented electrospun fibers can be adhered to a
substrate and cells seeded onto the surface. In a seminal paper by
Schnell et al. [95], PCL fibers and PCL/collagen fibers were ori-
ented by deposition on dual collectors and transferred to a non-cell
adhesive star-polyethylene glycol (star-PEG) substrate. Cell from
the PNS (i.e., Schwann cells, dorsal root ganglia (DRG), and
olfactory ensheathing glia (OEG)) were oriented by the nanofibers
and extended processes over greater distances with PCL/collagen
nanofibers.

In a different study, oriented electrospun substrates were trea-
ted with poly-lysine, and oligodendrocyte culture resulted in mye-
lination of the oriented fibers, mimicking the process by which
these cells envelope and myelinate axons in the living body [106].

4.2 Implantable

Scaffolds

Likely due to the easier implantation and clear requirement for
entubulation for the peripheral nerve, there is far less in vivo
implantation of electrospun nanofibers into the spinal cord. While
nerve guides for the spinal cord have been performed in both full
transection [107–110] and hemisection [111–113] models, there
is significant effort (particularly postsurgical husbandry) required
for this tissue compared to the peripheral nerve injury models.

In vitro studies performed on oriented electrospun using cells
derived from the CNS demonstrate clear directed outgrowth
[95, 97]. However, replicating such experiments within an in vivo
spinal cord injury model is considerably more challenging. So far
four in vivo studies have been performed in spinal cord transection
models with variable outcomes. While not identical in injury loca-
tion, type, materials, fiber diameter, or manufacturing configura-
tion, in general the implanted materials were well integrated and
did not exhibit a noticeably negative inflammatory response [114–
117].

From a manufacturing perspective, two research groups used a
rotating collector to manufacture a sheet of oriented nanofibers,
which was then later rolled into a tube [116, 117]. Another study
used dual collectors to manufacture oriented fibers that were then
embedded within a collagen matrix [114, 115].

Hurtado et al. demonstrated a significant relationship between
oriented and non-oriented electrospun poly-L-lactic acid (PLLA)
fibers in a full transection model (3 mm gap at spinal cord level T8
in adult Sprague Dawley rats) [116]. Importantly, this study was
extensive, with numerous time points (1, 2, and 4 weeks), with
controls of PLLA sheet, including random and oriented electro-
spun fibers. In this scenario, the greatest extent of axon regenera-
tion was supported by the implanted oriented electrospun fibers.

In a much smaller study, Chew and colleagues investigated
oriented and random electrospun collagen fibers in a unilateral
hemisection injury model at spinal level C3 [117] in the same
species/strain/age as the Hurtado study. The diameter of the
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type I collagen fibers, however, was much smaller (210 � 90 nm)
than used in the PLLA study (between 1.2 and 1.6 μm). For this
limited study, there was no statistical difference in regeneration
between the oriented and random nanofiber groups; however, it
is important to note the smaller number of animals used in this
study by Chew and colleagues [117]. Even though a difference
between oriented and non-oriented fiber groups was not observed,
the authors concluded that “these findings clearly demonstrate the
potential of electrospun collagen scaffolds for SCI repair” [117].

A second in vivo study was performed by Chew and colleagues
that involved expanding the number of groups and increasing the
number of experimental animals [115]. A hemi-section injury
model was again performed, however, at spinal level C5. In addi-
tion, the rotating mandrel approach was substituted by aligning
fibers using a dual collector configuration, while a different polymer
(poly[ε-caprolactone-co-ethyl ethylene phosphate]) (PCLEEP)
was embedded within a type I collagen hydrogel. Interestingly,
for all groups investigated, the nanofiber-embedded collagen
hydrogel supported greater neurite outgrowth than the collagen
hydrogels alone. When the neurotrophin (NT-3) was included in
such fibrous hydrogels, it did not have an impact on the length of
neurites that regenerated into the scaffolds.

This approach was further modified in a third study by Chew
and colleagues, to incorporate and deliver small noncoding RNAs.
Here, PCLEEP was again used. It was aligned using a dual collector
method, and oligonucleotides were included within the electro-
spun polymer solution. These oriented electrospun fibers were
embedded within type I collagen, again including NT-3. The non-
viral drug/gene delivery system “effectively directed neurite exten-
sions and supported remyelination within the lesion sites”
[114]. In summary, the development of oriented fiber/hydrogel
composites for spinal cord implantation is achieving repeated posi-
tive outcomes while allowing the incorporation of additional ther-
apeutic strategies.

4.3 Artificial

Dura Mater

While not the focus of the in vivo study, a randomly electrospun
fiber membrane was used to cover the exposed spinal cord after
implanting a hydrogel scaffold in a small injury lesion model in the
rat [118]. Here, the purpose was to reduce cell infiltration (fibro-
blasts and skeletal muscle cells) into the implantation site via the
tissue space generated by the laminectomy. The efficacy of achiev-
ing such reduced cell infiltration was not described; however, nano-
fibrous materials could be combined in the future with in situ
gelling hydrogels (such as HAMC) used to deliver therapeutics to
the spinal cord.
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5 Development of ECM-Related Molecules and Hydrogels with Controlled
Nanostructures and Properties for Use in Spinal Cord Injury

To address the high sensitivity of the spinal cord tissue to mechani-
cal trauma, any surgical intervention strategy should be minimally
invasive to circumvent impairment of spared tissue with residual
functionality [119]. This can be achieved via injection of the bioen-
gineered material and subsequent solidification through biocom-
patible cross-linking mechanisms or shear thinning [120]. In
addition, injectable materials provide a variety of advantages, as
they can associate with irregular surfaces of lesion sites, be delivered
with therapeutic factors, or combined with supporting cells. Not-
withstanding the great progress over the last decades regarding the
development of injectable materials intended to promote repair
after SCI, a major challenge that remains is the implementation of
in situ controlled mechanisms to guide the regenerating axons
across the injury site. An overview of such hydrogel-based strategies
for SCI is shown in Fig. 2.

Hydrogels have aroused great attention in the field of tissue
engineering, as they mimic the ECM of soft tissues through their
high water content and tunable physico-mechanical properties
[121, 122]. Hydrogels can be subdivided into natural and synthetic
hydrogels; however, most hydrogels are biohybrid materials. Gen-
erally, natural hydrogels, such as fibrin, Matrigel®, collagen, or
gelatin, possess cell binding/signaling motifs, whereas synthetic
hydrogels require the addition of biofunctionalities. One advantage
of synthetic hydrogels is that their biofunctional domains can be
tailored in a cell specific and highly reproducible manner, which
cannot be achieved with natural materials. Moreover, synthetic
materials provide control over mechanical properties, which have
to emulate the microenvironment of the spinal cord (e.g.,
E-modulus between 100 and 1000 Pa) [120]. Apart from the
material, the mechanism of hydrogel cross-linking at the injury
site requires high biocompatibility. Physically bound hydrogels,
which solidify upon an environmental change, such as pH, temper-
ature, or the presence of ions, mostly contain mild gelation reac-
tions [123]. However, the durability of these materials is often low,
providing limited support throughout the complete regeneration
process [124]. In contrast, chemically cross-linked hydrogels can be
more stable with tunable degradation kinetics but these often rely
on cytotoxic gelation reactions, which can further harm the injured
tissue. Therefore, more biocompatible enzymatic or chemical
cross-linking reactions have been developed. In addition,
bio-orthogonal cross-linking reactions have emerged, which do
not interfere with biological systems.

74 Jose L. Gerardo Nava et al.



Fig. 2 Regenerative SCI repair concepts. Cell binding/signaling motifs can be delivered by decellularizing and
homogenizing tissue, purifying natural materials, or mimicking biological cues in synthetic hydrogels. To



5.1 Injectable

Hydrogels for Drug

Delivery

Neurotrophins can reduce axonal degeneration after SCI [125] but
mostly lack sufficient bioavailability to achieve a strong therapeutic
effect. For sustained administration to injured tissues, material-
integrated DDSs have been developed, which allow spatiotemporal
control of drug release [126]. Apart from prolonged delivery times,
the advantage of DDSs in comparison with the direct injection of
drugs lies in their ability to deliver bioactive molecules with agent-
dependent differences in release kinetics, achieving a parallel
and/or serially connected effect. Other drug administration sys-
tems that are independent of the applied biomaterial, such as mini-
pumps [127], may be rejected by the host, can have malfunctions,
and are prone to infections, whereas regenerative materials have
already been designed to circumvent these problems.

Initial material-integrated DDSs comprised drugs that were
freely distributed throughout a hydrogel, allowing release via diffu-
sion. Within one of the first approaches, fibroblast growth factor
2 (FGF-2) and epithelial growth factor (EGF) were mixed within
highly concentrated collagen, which was injected into the intrathe-
cal space of SC injured rats and resulted in less cavity formation
[124]. Similarly, neurotrophin-3 (NT-3) was mixed into a polylac-
tide-block-poly(ethylene glycol)-block-polylactide (PLA-b-PEG-
b-PLA) hydrogel and released in therapeutically relevant doses for
up to 6 days, significantly improving functionality in rodents after
SCI. Prolonged release of chondroitinase ABC from a highly con-
centrated fibrin hydrogel has also been reported to degrade the
inhibitory glycosaminoglycan side chains of proteoglycans in an
experimental model of SCI [26, 128].

In order to achieve tailored release profiles of a combination of
drugs or to obtain a more prolonged release that is independent of
the drugs’ hydrodynamic diameter, advancedDDSs have been devel-
oped. One strategy relies on specific molecular interactions, where
bio-recognition sites can be attached to the hydrogel matrix to inter-
act with neurotrophic factors [122]. Since heparin interacts with a
wide range of growth factors [129], its conjugation to a regenerative
hydrogel has been used to obtain a sustained delivery of NT-3,
β-NGF, and brain-derived neurotrophic factor (BDNF) [130]. Hep-
arin has been chemically activated to function as a cross-linker to

�

Fig. 2 (continued) enhance the therapeutic capacity, drugs are delivered via diffusion, specific or nonspecific
interaction, or encapsulation in hydrolyzing nanoparticles (e.g., PLGA). Furthermore, cells may be delivered to
support regeneration and nerve reconnection, as well as to differentiate into neurons, which can replace
apoptotic endogenous neurons. A central challenge remains the formation of a guiding structure in situ. So far,
self-assembly of peptide amphiphiles into nanofibers can form monodomains, or magnetic fields can be
applied to align paramagnetic materials or magnetic particles, to form strings, which guide neurites by
haptotactic mechanisms. Controlled unidirectional structures are obtained with injectable Anisogel, consisting
of magneto-responsive rod-shaped elements and a surrounding hydrogel to fix their orientation. Combining
different SCI repair concepts may possess the highest potential for regeneration. Mesenchymal stem cells
(MSC), olfactory ensheathing cells (OEC), and growth factor (GF)
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connect amine-terminated star-PEGs and bind to the cell-adhesive
peptide, cyclic RGD, forming a FGF-2 delivering hydrogel for CNS
injuries [131].

Another mechanism for drug delivery relies on combining
sequentially degrading materials, such as fast degrading nanoparti-
cles that are distributed within a slower degrading hydrogel. There-
fore, a hybrid material composed of hyaluronan and
methylcellulose (HAMC) was combined with poly(lactide-co-gly-
colide) (PLGA) nanoparticles, which can be loaded with drugs and
degraded via hydrolysis, depending on the lactic to glycolic acid
ratio [132]. The safety of injecting HAMC/PLGA into the intra-
thecal space of the uninjured and injured rat spinal cords was
demonstrated by the absence of any significant increase in local
inflammation and lack of any detrimental effects on astroglial scar-
ring, cavity formation, or locomotor behavior [133]. Encapsulating
NT-3 inside the PLGA nanoparticles prolonged release in vivo for
up to 28 days, resulting in significant axonal growth and improved
functional recovery [134]. Additional delivery of the antibody to
NogoA also enhanced performance in several functional tasks after
SCI [135]. By inducing covalent cross-links in the HAMC hydro-
gels, the rate of drug release could be reduced further
[136, 137]. Alternatively, PLGA microspheres, loaded with glial-
derived neurotrophic factor (GDNF), have been combined with a
hydrogel composed of fibrinogen and alginate [138]. In another
approach, microtubules were loaded with BDNF within an agarose
hydrogel, which gelled in vivo in spinal cord injured rats, reducing
local inflammatory reactions and enhancing the penetration of
regenerating axons into the lesion site [139].

In comparison with direct drug delivery, cells delivered into or
around the lesion can be genetically modified to function as small
bioreactors. They can locally synthesize regenerative signals via
paracrine mechanisms and distribute them throughout the tissues.
Different types of nucleic acids (e.g., DNA, RNA, siRNA) can also
be delivered, which encode for either growth-promoting and/or
pro-angiogenic proteins [140] or block the expression of factors
that would inhibit tissue regeneration (e.g., RNAi) (recently
reviewed [141]). By delivering switchable gene cassettes to cells,
such manipulated donor cells are capable of expressing multiple
therapeutic factors at different time points with controlled amounts
beingmade available over a prolonged period of time [142]. Impor-
tantly, manipulation of the genome in vivo can lead to permanent
changes of the host cellular gene expression profiles and may intro-
duce insertion mutations, inducing abnormal cell development.

For the delivery of genetic material, viral or nonviral carriers
can be utilized. Highly efficient viral vectors have been developed
over millions of years of evolution [143]. Nonviral gene transfer
strategies, on the other hand, require protection of the nucleic acids
to prevent endogenous enzymatic degradation. Therefore, nonviral
nucleic acids are complexed by lipids, biomolecules, nanoparticles,
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or polymers that facilitate transport of the genetic load across the
cell membrane for cytoplasmic or nuclear release [144, 145]. Cri-
teria for deciding the vector delivery strategy include the triggered
immune response, targeted cell population (type, mitotic, etc.),
duration of expression (cytoplasmic vs. genome integrated), and
stability of the vector. Recent advances in genetic engineering, such
as zinc finger nucleases (ZFNs), transcription activator-like effector
nucleases (TALENs), or clustered regularly interspaced palin-
dromic repeats (CRISPR), enable genomic editing to introduce
genetic modifications into almost any cell type and organism with
high precision [146].

Regenerative materials can stabilize gene carriers by physical
entrapment or (non)specific interactions, which determine the
release kinetics, ranging from days to months [147]. As viral vectors
have an innate ability to bind ECM proteins, these vectors have
been successfully entrapped in collagen or fibrin hydrogels
[148, 149]. On a more synthetic basis, viral vectors can be simply
mixed, as in thermoresponsive poloxamer, pluronic F127, or
incorporated via (non)specific interactions to knockout Lingo-1
expression, which has been proposed to contribute to inhibitory
mechanisms to nerve regeneration [150]. For example, electro-
static interactions between viral vectors and IKVAV-Fmoc peptides
have been utilized for sustained gene delivery [151]. On the other
hand, lentivirus, incorporated in heparin-chitosan nanoparticles,
inside a PEG hydrogel, has demonstrated better incorporation
when compared to PEG modified with heparin or chitosan
[152]. Nonviral vectors, such as plasmid or lipoplexes, have been
delivered via fibrin and HA/PEG hydrogels, resulting in a pro-
longed delivery and high transfection efficiency [153, 154]. Alterna-
tively, cationic lysine-based peptides have been coupled to a PEG
hydrogel to interact with anionic lipoplexes [155]. To tune the
carrier-matrix interaction more precisely, specific interactions,
such as DNA-targeted antibodies or avidin/biotin, can be
exploited [156, 157], or the vectors can be covalently conjugated
to the material [158].

5.2 Injectable

Hydrogels for Cell

Delivery

Cells can be delivered to replace (injury-induced) lost cells or to
support the regenerative process by paracrine signaling. The most
commonly delivered cell types are stem or progenitor cells, which
have the ability to proliferate and differentiate into nondividing
cells such as neurons. A recent clinical study has shown that a single
injection of human CNS stem cells into six patients, directly rostral
and caudal to the injury epicenter, led to a functional recovery in
four patients with no reported safety concerns related to the cells
[159]. Other donor cell types in clinical trials are mesenchymal
stromal cells, adipose-/bone-derived mesenchymal stem cells
(MSCs), bone marrow nucleated cell, and bone marrow stem cells
[160–163]. Cell types of increasing interest that are being investi-
gated in animal studies include nasal olfactory ensheathing cells
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(OECs), Schwann cells, embryonic neurons, embryonic stem cells,
and oligodendrocyte progenitor cells (OPCs) [162–165]. As an
alternative to embryonic or adult stem cells, host-derived induced
pluripotent stem cells (iPSCs) can be applied to avoid immunologi-
cal rejection. In this case, differentiation strategies have to be
carefully chosen to prevent tumor formation [166].

A major challenge in such cell delivery strategies remains the low
survival rate of donor cells (ranging from1% to 20%) and their limited
engraftment into the host tissue [167]. This is in part induced by the
inflammatory microenvironment of the injury site and cannot be
circumvented by simply supplying more cells, as these can become
necrotic [168, 169]. These hurdles can be addressed by injecting cells
in combination with a supporting hydrogel or biomaterial [170–
172]. Different covalent chemistries, such as Michael-type addition
[173] and azide-alkyne cycloaddition [174], can be applied to tailor
the mechanical properties of the hydrogel via their cross-linking
density, which also influences cell survival and their differentiation
and thus the quantity of the desired cell type [175]. For example,
ultrasoft hydrogels (<1 kPa) have demonstrated to favor neuronal
differentiation and remyelination [173, 176]. Other hydrogels that
are suitable for cell delivery due to their soft gelation have been
prepared via physical bonds, based on protein-protein interaction
[171]. Hydrogels, formed via the specific reversible interaction
between a proline-rich (P1) and a WW peptide domain, supported
the growth of NSCs in their progenitor status, while differentiation
into neuronal and glial cells could be induced, depending on the
applied molecular signals. To render the hydrogel less prone to
biodegradation and increase the stability and efficiency of cell delivery
in vivo, a second physical cross-linking step has been introduced after
transplantation using network reinforcing thermoresponsive poly
(N-isopropylacrylamide) (PNIPAM) [177].

To further enhance proliferation of delivered stem cells and
induce and control their differentiation, additional tropic signals
can be co-delivered within the material [178]. When NSC embry-
oid bodies were delivered in a fibrin hydrogel, supplemented with
NT-3 and platelet-derived growth factor (PDGF), neuronal differ-
entiation inside the hydrogel was enhanced by 8 weeks, resulting in
significantly greater functional recovery in an experimental model
of SCI [179]. In an alternative approach, brain-derived NSCs were
combined with HAMC hydrogels, which were modified with
PDGF to promote oligodendrocyte differentiation. This cell-
hydrogel-growth factor combination led to a significant reduction
in cavity formation and also improved functional recovery in an
experimental model of SCI [180]. To enhance even further the
paracrine signaling capacity of delivered cells and supply differenti-
ation factors, the donor cells can also be genetically modified
[141]. As an example, viral transduction of primary Schwann cells
with a Cre-Lox system has been used to excise a constitutively
expressing GDNF gene upon activation of Cre expression through
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tetracyclin family antibiotics, allowing for temporally controlled
expression of GDNF [181].

5.3 Injectable

Hydrogels

for the Presentation

of Cell Binding/

Signaling Motifs

For the design of an injectable hydrogel, neuron and glial-relevant
cell binding and signaling motifs need to be identified and
incorporated. As mentioned above, SCI induces changes in the
local ECM environment from one of hyaluronic acid (HA) and
other components, such as laminin, nidogen, tenascin, and low
levels of growth factors and CSPGs to one that is subject to an
acute inflammatory reaction and becomes generally hostile to axon
regeneration and functional tissue repair [182, 183].

One strategy to promote tissue repair relies on thermally
induced gelation of decellularized extracellular matrices (dECM),
forming a nano-fibrillary hydrogel network [184]. Such dECM has
been derived from the porcine brain, spinal cord, and urinary
bladder, each providing a different set of molecular constituents
and, thus, bioactive profiles [185]. Mouse neuroblastoma cells have
been mixed with these dECM prior to gelation. After cultivation,
the cells developed three-dimensional neurite networks, showing
highest neurite length in brain-derived dECM. In a subsequent
study, dECM was injected into a rodent spinal cord hemisection
cavity, revealing enhanced neovascularization and axonal ingrowth
[186]. However, cyst formation could not be prevented. This was
attributed to rapid tissue degradation, which may have been
boosted by massive macrophage infiltration. Apart from the rapid
degradation, most methods of fabricating dECMs require harsh
treatment steps, which can alter the bioactive molecules, and
homogenize a material that is naturally heterogeneous [187]. In
addition, the clinical application of such an approach may be hin-
dered by the fact that dECMs show limited reproducibility and can
cause immunological reactions, especially in the case of animal-
derived materials [188].

Even though most naturally derived material-based strategies
apply components of the native ECM, one of the first applied
injectable materials for SCI was type I collagen, which has a low
occurrence in the spinal cord [183]. Collagen forms a temperature-
dependent nano-fibrillary network under physiological conditions
depending on pH, and ionic strength. By injecting a collagen
solution into a spinal cord mid-thoracic transection lesion, consid-
erably more regenerative neurite ingrowth was achieved, as com-
pared to the implantation of a preformed collagen hydrogel
[189]. Other natural materials tested with in vivo nervous tissue
injury models include agarose, methyl cellulose (MC), hyaluronic
acid (HA), chitosan, fibronectin, and fibrin, all of which support an
increase in regenerative neurite growth and reduced inflammation,
however, with very limited or no associated functional improve-
ments [120]. In an attempt to recapitulate the more complex
neural ECM, natural materials have been further optimized. For
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example, fibrin hydrogels have been modified with additional pep-
tides and proteins, utilizing their enzymatic cross-linking mecha-
nism. The fibrin precursor fibrinogen is first catalyzed by thrombin,
which removes the fibrinopeptides A and B, revealing the binding
sites. These are then enzymatically cross-linked with activated fac-
tor XIII, which connects the ε-amino group of lysine (K) to the
γ-carboxamide of glutamine (Q), forming an isopeptide bond
[190]. By designing proteins or peptides with the same amino
acid sequences that trigger fibrinogen conjugation, they can be
covalently bound to fibrin [191]. The addition of four laminin-
derived peptide sequences has revealed a synergistic effect between
them, enhancing neurite outgrowth of DRGs by 77%, compared to
fibrin-only hydrogel, and inducing an 85% increase of regenerated
neurons in peripheral nerve tubes. One of the most prominent
natural materials was developed in the Shoichet group and consists
of hyaluronan and methylcellulose (HAMC) [192] . HAMC com-
bines the thermal gelling properties of MC and shear-thinning
properties of HA, enabling fast gelation in situ while being biocom-
patible and degradable via erosion. Injection of HAMC into the
intrathecal space, which is located directly next to the spinal cord,
led to a slightly improved functional recovery that was attributed to
a decreased inflammatory response [193]. Other hydrogels capable
of modulating reactive astrocytosis after SCI and reducing second-
ary neuronal damage include alginate/chitosan/genipin hydrogels
that have also been developed, in which cross-linking in vivo was
achieved by reacting with excess Ca2+ that was present at the injury
site [194].

Hybrid materials have been developed to combine the high
level of biocompatibility of natural materials with the flexible and
robust molecular structure of synthetic materials. The interactions
between both of these components, therefore, need to be chemi-
cally tuned. Recently, a chitosan-based material was rendered self-
healing by dynamic covalent chemistry (Schiff-base linkage)
between telechelic difunctional poly(ethylene glycol) and glycol
chitosan [195]. The hydrogel created a mechanical environment
with an E-modulus of 1.5 kPa that was capable of inducing neuro-
nal differentiation of NSCs. Injecting this hydrogel with
encapsulated NSC spheroids resulted in a superior degree of neu-
ronal recovery of ethanol-exposed zebrafish embryos. Another
approach is based on tethering enzymatically cross-linkable pep-
tides to HA-vinyl sulfone (HA-VS) via Michael-type addition using
the thiol group of a cysteine [196]. Two different peptides (K and
Q peptide) were employed, which together were cross-linked by
factor XIIIa, mimicking the fibrin gelation mechanism. An addi-
tionally imparted matrix metalloproteinase (MMP)-sensitive pep-
tide sequence allowed cell-induced degradation
[197]. Incorporated cortical neurons in vitro formed three-
dimensional neuronal networks, which exhibited quick and long-
lasting electrical activity.
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5.4 Injectable

Hydrogels that Provide

Guidance

Neurotrophic stimulation of hydrogel-infiltrating cells can increase
neuronal outgrowth, decrease inflammation, and even promote a
limited degree of functional recovery. However, control of the
direction of regenerating axons should promote a more rapid and
possibly more coherent axonal regrowth that is less based on the
plasticity of remaining functional spinal tissues. According to Geller
and Fawcett [2], there is little point in stimulating axon regenera-
tion if the axons wander randomly throughout the lesion site.
Recent in vivo and ex vivo studies of developing neurons have
clearly revealed the strong effect of mechanical gradients on neuro-
nal guidance and sprouting [198]. Therefore, implementation of
chemotactic or/and haptotactic mechanisms can guide infiltrating
cells and regenerating axons across the injury site. Despite this
widely accepted fact, a very limited number of injectable/orienting
regenerative hydrogels have been generated because the orienta-
tion of such materials needs to be controlled in situ after injection.
One example of a natural polymer that can form local heteroge-
neous structures is self-assembling collagen type-1 nanofibers
[199]. By decreasing the gelation temperature, the global order
increases, leading to longer oriented fibers in local domains. Such
micromechanics have been demonstrated to affect cell morphology,
proliferation, migration, and differentiation [200].

As synthetic examples, hydrogels, consisting of peptide amphi-
philes (PAs), have been fabricated by self-assembly of supramolecu-
lar nanofibers [201]. PA hydrogels, tailored with the laminin-
derived peptide sequence IKVAV, have been injected into compres-
sion injuries of the adult mouse spinal cord [202]. Although the PAs
self-assembled into nonaligned nanofibers, they promoted descend-
ing motor and ascending sensory fiber growth through the lesion
site. Astrogliosis and local cell death were reduced, the number of
oligodendroglia at the injury site increased, and behavioral studies
revealed significant functional improvement. Further manipulation
of the PA hydrogel elasticity by altering the PA interactions led
toward softer materials, revealing an accelerated neuronal polarity
due to more dynamic cell-material interactions [203]. To render PA
hydrogels directional or anisotropic, monodomain regions of
aligned, supramolecular nanofibers were formed by heating, cool-
ing, and collecting the PA solution in salt-containing medium
[201]. The supramolecular aggregates (7–8 nm) undergo an
entropy-driven dehydration during heating, enabling a closer, irre-
versible interaction and fusion between fibrous aggregates during
cooling. The resulting nanofiber bundles have a diameter of approx-
imately 40 nm and are ordered in microscopic monodomain
regions, which can be aligned by flow [204]. Cardiomyocytes,
encapsulated into these aligned fibrous scaffolds, revealed electro-
chemical communication that followed the axis of the fibers. RGD-,
IKVAV-, or VFDNFVLK-(from TenascinC) modified PAs that
underwent the thermal annealing process and salt-induced assembly
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demonstrated substantial alignment and enhanced neurite elonga-
tion in vitro [205, 206]. Co-delivered NPCs differentiated into
neurons without the addition of differentiation promoting growth
factors. Furthermore, the NPC-loaded liquid PA solution was
applied to an injured rat spinal cord by injecting and retracting the
needle following the longitudinal axis of the tissue. The liquid
solidified upon contact with endogenous Ca2+, resulting in locally
aligned cell growth. Anisotropic PAhydrogels are fully synthetic and
can be modified with specific adhesion sequences or function as
growth factor delivery systems [207]. Yet, control of the nanofiber
direction is limited to the direction of the injected hydrogel flow
[205].

An alternative route to control the direction of the fibrils of a
hydrogel is to magnetically align the matrix itself or structural
elements inside the matrix. To produce oriented collagen and fibrin
scaffolds, Tranquillo and colleagues utilized the paramagnetic
properties of these materials to align nanofibrils with high-strength
(5–10 T) magnetic fields [208, 209]. Interestingly, only nanofibers
of larger diameters (i.e., 460 and 510 nm) were capable of aligning
axonal growth, whereas aligned nanofibrils of around 150 nm
showed no influence in comparison with isotropic hydrogels. Mag-
netically aligned collagen scaffolds have been transplanted into rats,
leading to improved recovery after SCI by haptotactically guiding
infiltrating axons [210]. However, such scaffolds have, so far, not
been applied as an injectable material yet.

Finally another approach to create injectable and aligned colla-
gen hydrogels relies on incorporating magnetic nanoscale particles
(MNPs) into the liquid collagen solution [211]. By applying a static
magnet (54–433 mT according to distance), the spherical MNPs
assemble into chain-like structures inside the hydrogel, whereas the
MNP movement locally aligns the collagen nanofibers, which are
fixed by a temperature shift to solidify the hydrogel. Primary neu-
rons cultured within such scaffolds displayed significant orientation
that matched that of the MNPs and collagen nanofibers. For
improved biocompatibility, MNPs have been coated with ECM
proteins before assembly into chain-like structures inside Matrigel
[212]. In such designs, only the MNPs strings themselves function
as the guidance structures for cell orientation. Due to MNP topog-
raphy, individual fibroblasts and PC12 neuron-like cells extended
processes that grew both parallel to and perpendicular to the direc-
tion of the particle strings. Despite these encouraging results, these
structures are defined by the amount, size, and assembly of the
MNPs, which are known to be cytotoxic and neurite growth inhi-
biting at high concentrations [213]. In order to address these
limitations, a minimally invasive hybrid hydrogel system was devel-
oped to form an oriented structure in situ after injection. The
hydrogel is called an Anisogel and consists of modifiable
rod-shaped microgels or short fibers that are receptive to external
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magnetic fields, and a surrounding nerve-supportive hydrogel,
which cross-links in situ and fixes the aligned elements [214–
217]. The unidirectional magnetic assembly of microgels or
fibers was achieved by supplementing them with small amounts of
superparamagnetic iron oxide nanoparticles below the cytotoxic
range. Oriented microgels or fibers within a fibrin or PEG-base
hydrogel functioned as guiding substrates and induced unidirec-
tional growth of fibroblasts, neurites of DRGs, and primary nerve
cells, with only a minimal amount of structural guiding elements
required (<2 vol.% microgel/hydrogel) [218].

6 Development of Bioengineered Nanofiber-Based Structures for Use in Peripheral
Nerve Injury

The rather simple anatomy of the peripheral nerve along with its
high regenerative capacity simplifies the development of repair
strategies. However, an “off-the-shelf” nerve guide, capable of
bridging peripheral nerve defects larger than 30 mm, has yet to
be achieved. To date, the autologous nerve graft is still the gold
standard for the repair of gaps larger than 30 mm. The relatively
recent revival of electrospinning technology, however, has allowed
the generation of nanoscaled fibers and has boosted the develop-
ment of nerve guides by providing controlled topographical cues
that strongly influence directed cell growth (i.e., aligned nanofi-
bers) as well as controlled conduit porosity (i.e., random nanofi-
bers). As mentioned earlier, the combination of topographical cues
of synthetic and naturally occurring polymers as well as biofunctio-
nalization, and the introduction of axon-growth-supporting cells,
has allowed the development of scaffolds and intervention strate-
gies with great clinical potential. In this section we present a short
description of the state of the art of peripheral nerve guide (PNG)
development.

6.1 Current

FDA/CE-Approved

Conduits and Scaffolds

that Are Commercially

Available

for Peripheral Nerve

Injury: Relative

Advantages

and Disadvantages

of these Materials

The use of conduits for the repair of PNI dates back to the second
half of the nineteenth century, where different tubular tissues, such
as decalcified bone and vessels from human and animal origin, were
used to bridge large nerve defects [219]. Currently, surgeons have a
number of bioengineered devices at their disposal, all of which have
received approval by the US Food and Drug Administration (FDA)
and Conformité Européenne (CE) for clinical use to bridge PNS
lesions (Table 1). The majority of these products are simple hollow
conduits, prepared from natural and/or synthetic polymers such as
collagen (NeuraGen®, NeuroMatrix™), polyglycolic acid (PGA,
Neurotube®), polyvinyl alcohol (PVA, SaluTunnel™), poly DL-lac-
tide-ε-caprolactone (PLLC, Neurolac®), chitosan (Reaxon®), or
porcine small intestinal submucosa (AxoGuard™ Nerve
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Connector). However, over recent years, conduits containing lumi-
nal components have been developed and approved. NeuraGen
3D®, an improved version of NeuraGen®, uses type I collagen
conduit filled with a collagen hydrogel mixed with the glycosami-
noglycan (GAG) chondroitin-6-sulfate. Nerbridge™ is a combina-
tion of a PGA conduit filled with medical-grade collagen hydrogel.
Although hollow conduits have shown to be successful in bridging
small gaps in animal models of PNI as well as in human PNI, none
are recommended for their use in defects larger than 30 mm. The
new devices or nerve guides containing fillings are expected to
improve regenerative performance, and it has been suggested that
Nerbridge, for example, be used in lesion-induced gaps of up to
50 mm. Recently, Avance® has been the first allograft material to
receive FDA approval. The Avance® nerve graft (AxoGen Inc.) has
been harvested from cadaveric sources and undergoes a series of
processes to remove cellular components and axon-growth-inhibi-
tory molecules, such as CSPGs, that are present in normal nerve

Table 1
Available FDA- and or CE-approved bioengineered nerve guides

Device name Company Material Structure
Diameter,
mm

Length,
mm

Avance® Axogen Inc. Cleansed and
decellularized ECM

Native PNS 1–5 15–70

Neurotube® Neuroregen, L.L.C. PGA Hollow tube 2.3–8 20–40

NeuraGen® Integra
Lifesciences Corp.

Type I collagen Hollow tube 1.5–7 20–30

NeuroMatrix™ Collagen Matrix,
Inc.

Type I collagen Hollow tube 2–6 25

AxoGuard™
Nerve
Connector

Cook Biotech, Inc. Porcine small intestine
submucosa

Hollow tube 1.5–7 10

Neurolac® Polyganics Bv Poly(DL-lactide-
ε-caprolactone)

Hollow tube 1.5–10 30

SaluTunnel™ Salumedica L.C.C. Polyvinyl alcohol Hollow tube 2–10 63.5

NeuraGen 3D® Integra
Lifesciences Corp.

Collagen type I,
glycosaminoglycan
(chondroitin-6-
sulfate)

Collagen tube
filled with
collagen and
GAG

1.5–7 63

Reaxon® Medovent GmbH Chitosan Hollow tube 2.1–6.0 30

Nerbridge™ Toyobo Co. Ltd. PGA, medical-grade
collagen

PGA tube filled
with collagen

0.5–4.0 55

For a comprehensive description of some of these devices, the reader is referred to the following reviews [220, 221].
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and upregulated after injury [222]. It is available in different
dimensions and has been designed to bridge gaps up to 70 mm.
The limited clinical studies using the Avance® allogenic graft show
superior performance compared to simple hollow conduits when
used in nerve defects of sensory, motor, and mixed nerves, espe-
cially for the repair of the inferior alveolar nerve, bridging gaps up
to 70 mm [223–225]. However, while these results are promising,
the performance of the most recently approved devices, in particu-
lar of the nerve guides containing a luminal filling, still need to be
documented, and comprehensive comparative studies with the gold
standard autograft are required.

6.2 Nanofiber-Based

Conduits for Peripheral

Nerve Repair

For the development of bioengineered nerve guides, nature has
been used as the main source of inspiration with PNR and the
autografted nerve acting as the main blueprint. Tubular structures
containing oriented guidance cues, as similes of the endoneurial
basal lamina, have been engineered to induce a positive response of
surrounding regenerating tissues. The main goal of these
approaches has been to promote Schwann cell migration into the
nerve guides as a means of supporting directed axonal regeneration.
To achieve this, a series of physical and chemical cues, alone or in
combination, have been proposed, such as patterning and stretch-
ing as well as by introducing molecular signals, axon-growth-pro-
moting ECMmolecules and cells. In peripheral nerve regeneration
as in SCI, electrospinning has been the primary method of gener-
ating nanostructured substrates. As mentioned earlier, a great num-
ber of natural or synthetic polymers have been successfully
electrospun into nanofibers and their biocompatibility studied,
including their ability to influence neural cell and axonal behavior
[226]. Over the past 5 years, there has been a significant increase in
the number of nanofiber-based nerve guides being evaluated in
preclinical in vivo studies, shedding light onto their potential use
in the clinic.

Hollow conduits are the simplest form of structures used to
bridge nerve injuries, and similar constructs, based on the use of
nanofibers, have already been developed [227–229]. By creating
mats of nanofibers and rolling them around a rod, several devices
have been generated to investigate the benefits of incorporating
nanofibers in the scaffold design. Randomly oriented fibers have
generally been used in conduit design to tailor porosity of the wall
and permit the exchange of nutrients/metabolites while limiting
the infiltration or migration of highly proliferative, scar-inducing
cells such as fibroblasts [221]. However, special attention has been
placed on the incorporation of aligned nanofibers as a way to
influence directed axonal regeneration and improved Schwann cell
migration. The positive effects of substrate topography have been
demonstrated by studies using nanofibers from materials lacking
cell-specific binding sites [95, 97, 230]. By electrospinning poly
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(acrylonitrile-co-methylacrylate) (PAN-MA) onto a rotating drum,
Kim and colleagues generated sheets of densely packed longitudi-
nally aligned nanofibers. Ten to 12 thin sheets of aligned PAN-MA
nanofibers were stacked and placed in a polysulfone tube to bridge a
17 mm gap of the adult rat sciatic nerve. Their results showed good
tissue repair as indicated by detection of large numbers of S100+
Schwann cells throughout the construct that had migrated from
the proximal and distal nerve stumps. This is in contrast to the poor
Schwann cell migration observed in the conduits composed of
randomly oriented nanofibers. The aligned nanofibers also facili-
tated axonal regeneration through the conduit, resulting in de novo
reinnervation of target muscles and good functional recovery in the
grid walk test as well the recovery of the compound action poten-
tials of motor and sensory nerve [231]. In a later study, the same
group showed that by reducing the number of sheets placed into
the conduit (using either one or three sheets), greater numbers of
regenerating axons and higher nerve conduction velocities (NCVs)
were associated with only a single intraluminal sheet. This sup-
ported the notion that only minimal amount of properly positioned
topographical cues is needed to support successful nerve regenera-
tion [232, 233]. These encouraging results also suggest that the
possibility of developing an “off-the-shelf” nerve guide from purely
synthetic polymers is an achievable goal. Nerve guides intended for
the bridging of large gaps, however, should incorporate biochemi-
cal cues such as cell adhesion motifs, growth factors, and/or axon-
growth-promoting cells [221, 234]. Naturally occurring polymers
such as collagen, gelatin, fibronectin, chitosan, and fibroin derived
from silk have been successfully electrospun and are regarded as the
ideal polymers because they incorporate both physical and bio-
chemical cues [235–237]. The nanofibrous structures obtained
from these materials mimic the more natural ECM milieu in
which cells grow. However, the substrates produced with these
polymers show, in most cases, only poor mechanical and structural
stability. In order to improve the physical properties of such con-
structs, they are blended with synthetic polymers such as PCL, poly
(L-lactide-co-caprolactone) (PLLACL), polylactic acid (PLA), and
polydioxanone (PDO) [237].

Most of the experimental strategies proposed to date are intro-
duced as nanostructured nerve guides generated from functiona-
lized synthetic polymers as mentioned before by addition of
biochemical elements using different methods, such as blending,
adsorption, and coaxial electrospinning. Polymer blends are an easy
way to produce electrospun nanofibers presenting biological cues
on their surface with minimal manipulation. Presence of the mole-
cule externally is important, but presence of the active molecule
within the polymer fiber, especially in the case of degradable poly-
mers, could be beneficial, as motifs are guaranteed to be available
during degradation [238]. However, there is poor control over the
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location of the introduced cues (on the surface or within the fibers)
and the electrospinning process itself or the solvents used to gener-
ate the blends can destroy the motifs [237]. A hollow porcine
collagen type I nerve guide with a core of sheets of loosely packed
oriented PCL- or C/PCL nanofibers suspended in a gelatin hydro-
gel has been evaluated by Kriebel and colleagues in vivo using the
sciatic nerve resection injury model with a 15mm nerve defect. The
results at the 3-month post-lesion/implantation time revealed sim-
ilar axon-growth-supporting performances of both PCL and
C/PCL nanofiber types in histological and behavioral analysis;
however, electrophysiological recordings showed a positive trend
toward the C/PCL blend [239]. The continuous presence of
growth factors known to be important for peripheral nervous sys-
tem repair and axonal regeneration, such as NGF, BDNF, CNTF,
and GDNF, is highly desired during the regenerative process, and
strategies intended to deliver these factors within the nerve guide
have also been explored [39, 221, 240, 241]. Coaxial electrospin-
ning has allowed the use of composite nanofibers that serve not
only as structural building blocks but at the same time renders them
as drug delivery systems by producing fibers with cores rich in
desired molecules such as growth factors, DNA, and siRNA
sequences. Sheets of aligned PLGA nanofibers with PEG-NGF
cores have been wound onto a stainless steel bar in order to pro-
duce hollow nerve guides, the tissue-repairing properties of which
were evaluated in a 13 mm sciatic nerve defect in adult rats. In vitro
release studies had shown a burst of NGF liberation within the first
4 days followed by a more steady release for up to 30 days. The early
burst of NGF release has been attributed to the presence of NGF on
the surface of the fibers (that occurs during the electrospinning
process), and the slower, longer-term release of NGF was believed
to be due to growth factor diffusion through pores on the surface
of the PLGA shell. By 12 weeks after implantation into the sciatic
nerve lesion model, the PLGA/PEG+NGF nerve guide showed
significantly better regenerative performance when compared to
PLGA-only fibers. The support of axon regeneration, by the
PLGA/PEG-NGF nanofibers, was sufficiently strong that axon
counts, myelin sheath thickness, nerve conduction velocities
(NCV), and stimulus-evoked compound muscle action potentials
(CMAP) were all similar to those observed in the control, autograft
implantation group [241].

The high success rate of the autograft in repairing large gaps in
experimental models of PNI is not only attributed to its oriented
topography but also to the presence of supporting cells that pro-
tect, guide, and provide the ideal environment for axonal regenera-
tion [39]. In nerve guides pre-seeded with cells, the interactions
between nanofibers, especially those with defined orientation, and
the incorporated cells are intended to mimic the typical alignment
of cell in the bands of Büngner within the autograft. Schwann cells,
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the native glial cells of the peripheral nerve, are commonly used as
the cell population of choice in seeded nanofiber-based scaffolds,
due to their ability to support axonal regeneration after PNI
[228, 242]. The use of OEGs is also a popular choice for PNI
repair strategies, as these cells support axon growth from newly
formed receptor neurons in the olfactory epithelium to the olfac-
tory bulb throughout adulthood [243]. However, newly discov-
ered populations of stem cells such as those from human exfoliated
deciduous teeth (SHED) as well as iPSCs generated artificially from
adult cells have added to the component that has been introduced
into a number of different nanofibers constructs to improve tissue
repair in vivo [227, 244]. While the introduction of a cellular
components into nanostructure-based therapeutical strategies has
the potential to improve regeneration, complicating issues similar
to those observed following tissue grafts need to be overcome,
including immunocompatibility and rejection in the case of allo-
grafted and xenografted cells, as well as the need of large numbers
of cells that would be required for the seeding of scaffolds when
using cells harvested from the same patient. Stem cell technologies
such as iPSCs or the harvesting of stem cells from postnatal sources
such as the collection of human umbilical vein endothelial cells
(HUVECs) after birth has allowed the creation of imunnocompa-
tible cell sources with the potential for personalized medicine;
however, the controlled differentiation into the appropriate cell
types required for a specific task is still in development, as is the
fine tuning of the nanostructured devices that will act as their
vehicles for implantation in tissue engineering and regenerative
medicine (as described in the next section).

6.3 Advances

in Nano-Scaffold

Designs Intended

to Control/Improve

Cell-Substrate

Interactions

for Peripheral Nerve

Repair

For the improvement of bioengineered nerve guides, researchers
are focusing on two major fronts: biomaterial polymers and struc-
tural design, both following a biomimetic principle. As mentioned
above, materials presenting macromolecules or peptide sequences
on the surface of nanofibers are being extensively explored. One
such peptide sequences is the RGD (arginine-glycine-aspartate)
sequence, a signaling motif responsible for cell adhesion to ECM
components following recognition by cell surface integrin recep-
tors. RGD sequences have been successfully covalently bound to
chitosan nanofibers through a PEG linker and show improved
fibroblast adhesion properties [245]. In another study a blend of
poly(serinol hexamethylene urea)-RGD PSHU-RGD and PCL was
used to generate bioactive surfaces which performed as well as
laminin-coated surfaces in in vitro assays in terms of supporting
neurite outgrowth from PC12 cells [246]. By incorporating the
RGD sequence into the PSHU element, the presence of the RGD
sequence is not only on the surface of the fibers but also within
them, guaranteeing motifs to be present as fibers degrade. The
combined PSHU-RGD/PCL mixture was later successfully
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electrospun using a modified parallel collectors system. Rods of
sucrose (200–500 μm) were placed perpendicular between two
parallel wire collectors, and two syringes, placed on opposite sides
of the arrangement, were used as polymer sources. Nanofibers were
electrospun parallel to the sucrose rods until a defined sheet was
obtained. The sheet was then removed from the parallel wires and
rolled to obtain a 1.2 mm diameter structure. The sucrose rods
were then dissolved in water leaving behind microchannels. The
construct of aligned nanofiber-walled micro-channels was evalu-
ated using human neural stem cells. Cells in the PSHU-RGD/
PCL construct showed alignment along the channel/nanofiber
direction in comparisonwith pure PCL constructs [247]. Following
the concept of the effectiveness of minimal guidance cues, Hodde
and colleagues proposed the embedding of stacked layers of low
density, oriented PCL nanofibers into fibrin hydrogels as a possible
3D substrate for guided tissue repair. Schwann cells that were
embedded in the nanofiber-containing hydrogels redistributed
themselves to be almost entirely associated with the oriented nano-
fibers rather than remaining in the 3D fibrin hydrogel. Upon
contact with the non-functionalized PCL nanofibers, the Schwann
cells adopted an elongated morphology that followed the long axis
of the fibers, establishing rapid and maximal process outgrowth
after just 1 day in tissue culture [76]. The efficacy of such constructs
to support directed axon regeneration and tissue repair in an animal
model of PNI has yet to be demonstrated. Similar to the situation
of SCI (mentioned above), self-assembling peptide nanofibrous
hydrogels have also been used in experimental peripheral nerve
repair [204, 248, 249]. In a study published by Li and colleagues,
peptide amphiphiles with and without RGD functional motifs were
passed through a 40 μmmesh screen, introducing sheer stress in the
self-assembling peptide solution, in order to generate a highly
aligned nanofibrous hydrogel within a hollow PLGA nerve guide.
The fibers that contained the RGD sequence were shown to induce
alignment of Schwann cells in vitro as well as in vivo and supported
tissue repair that was comparable to implanted autologous nerve as
shown through similar sciatic functional index (SFI) scores and
hind paw withdrawal latency [204]. New trends in therapies for
nerve regeneration have shown that electrical stimulation is a good
complementary technique to enhance the rate of axonal regenera-
tion following PNI, and electrical stimulation in nerve conduits has
already been described [250, 251]. In order to increase the electri-
cal conductivity of nerve guides, carbon nanotubes have been
mixed with polymers such as PLLA and PLLA/PLGA in order to
generate electrospun nanofiber-based substrates. The carbon nano-
tubes improved electrical conductivity of the material, and single-
walled carbon nanotubes (SWCNTs) have also showed to be bio-
compatible [243, 252]. More recently Kabiri and colleagues used
blends of SWCNTs and PLLA to generate nerve guide scaffolds
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that were based on oriented nanofiber technology with electrically
conductive properties [243]. The constructs were produced with
unseeded and seeded sheets of nanofibers with OEG that after
reaching confluency were rolled to form a hollow cylindrical con-
struct with four to five layers of cell nanofibers on its outer wall.
Axonal regeneration was demonstrated through the rather short
(i.e., 8 mm) rat sciatic nerve defect using the pre-seeded constructs,
and improved SFI scores in comparison with hollow silicone con-
duits and non-cell-seeded scaffolds were shown. However no elec-
trical stimulation was performed throughout the study, and it can
only be assumed that such experiments will be repeated in the
presence of electrical stimulation in the near future. In another
study, a hollow nerve guide made of randomly oriented poly-L-
lactic acid-co-ε-caprolactone PLCL nanofibers received a polypyr-
role (PPy) coating, also intended to increase scaffold conductivity
[253]. Such conductive nerve guides were implanted into a 15 mm
sciatic nerve gap and electrically stimulated by applying a voltage of
100 mV for 1 h at 1, 3, and 7 days postimplantation, while the
animal was under anesthesia. The regenerative performance of the
stimulated conduit was evaluated at 4 and 8 weeks postimplanta-
tion, and parameters of NCV, CMAPs, as well as the SFI all showed
a statistically significant improvement when compared with the
non-stimulated conduit. However, tissue repair was still not as
good as that observed following the implantation of the autograft.

7 Concluding Comments

Nanostructured scaffolds and injectable hydrogels for the repair of
SCI and PNI have undergone a tremendous development through-
out the last two decades. Current state-of-the-art biomaterials have
the ability to mimic aspects of the endogenous nervous tissue
microenvironments by tailoring of the molecular, mechanical, and
physical properties (with nanofiber/fibril diameters being in the
submicron range). The addition of trophic factors and/or pharma-
cological agents may directly enhance the regenerative capacity of
the implanted scaffold for injured spinal cord tissues or may sup-
port repair indirectly by blocking or interfering with host axon-
growth inhibitory/scarring mechanisms. The supplementary deliv-
ery of cells (i.e., stem cells, progenitors, or growth-promoting glia)
can vitalize the implanted or injected materials and further support
regenerating axons as well as improve their maturation and func-
tional properties. The most promising achievements with regard to
the reduction of scarring and enhanced functional recovery have
been obtained by combining cell delivery, drug or gene delivery,
and material design [120]. Incorporation of nano-features
(in particular highly oriented nanostructures), which can, for exam-
ple, enhance the material conductivity, can further improve neuro-
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regeneration by electric excitation [254]. Therefore, carbon nano-
tubes [255, 256] or graphene nanoparticles [257] which show no
adverse side effects have been proposed to have great promise in
future tissue engineering and regenerative medicine approaches.
Notwithstanding that much progress has been made over recent
decades, a number of substantial challenges still lie ahead. These
include reduction of fibroadhesive, as well as glial scarring, the
creation of chemotactic or mechanotactic gradients in situ, and
improved implant-host integration. Clearly, there is still some way
to go before large cavitating lesions or fibroadhesive scars within
the spinal cord or large gaps within peripheral nerves can be suc-
cessfully bridged in a highly reproducible and controllable manner.
To tackle this issue, light-induced patterning [122, 212, 258] and
additive manufacturing techniques [259] might represent some of
the most advanced systems. Progress in nano- and microfluidics
may provide the basis for establishing biochemical gradients while
injecting biomaterials [260]. Implementation and engineering of
novel systems with existing regenerative materials will create a new
toolbox for directed cell stimulation and regenerative tissue
growth. The support of successful axon regeneration across large
spinal cord and peripheral nerve injuries clearly represents a major
step forward in regenerative medicine; however, an equally impor-
tant determinant in the promotion of functional recovery involves
the re-establishment of appropriate synaptic connectivity between
regenerating axons and their target neurons or effector structures.
The mechanisms that control such events in the lesioned adult
nervous system remain largely unknown and uncontrolled. None-
theless, it seems reasonable to take the optimistic view that
continued multidisciplinary progress will be translated into clini-
cally effective strategies for both CNS and PNS injured patients.
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Chapter 4

Self-Assembling Peptide Nanofibrous Scaffolds in Central
Nervous System Lesions

Na Zhang, Liumin He, and Wutian Wu

Abstract

Central nervous system (CNS) lesion leads to the loss of tissues and functional defect. After injury, the local
microenvironment typically contains potential inhibitory molecules and glial scars, which inhibit axonal
regeneration. Self-assembling peptide nanofibrous scaffolds (SAPNSs) which have been shown to mimic
the structure of natural extracellular matrix (ECM) demonstrate the effectiveness in minimizing secondary
injury as well as promoting nerve regeneration. In this chapter, the application of SAPNSs and the
functionalized self-assembling peptide (SAP) in different brain injury models, and, especially, the methods
of SAP delivery, will be elaborately discussed. The use of peptide in CNS injuries is a promising approach for
the reconstruction of the brain tissues and the rebuilding of the neuronal circuits.

Key words Self-assembling peptide nanofibrous scaffolds, Traumatic brain injury, Intracerebral
hemorrhage, Extracellular Matrix, Tissue engineering

1 Introduction

Tissue-engineered scaffolds-based brain tissue reconstruction is
promising in bridging structural gaps, re-knitting the injured
brain, hence promoting neurite extension and providing a platform
for cell migration and nerve regeneration [1]. In terms of tissue
engineering applications, self-assembling proteins and peptides
serving as potential scaffolds for tissue repair have gained interests
in the past years. As a commonly used method in nanofiber scaffold
fabrication, self-assembly demonstrated the spontaneous combina-
tion of molecules and components without human interface, by
which different patterns or structures can be formed during this
process [2]. Molecules are linked with weak non-covalent bonds
(hydrogen bonds in particular), electrostatic interactions, hydro-
phobic interactions, and van der Waals interactions. Although these
bonds are isolated relatively, when combined together, they domi-
nate all structures of biological shapes such as fibrils, fibril network,
gels, and membranes. These biological shapes could influence other
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molecules, which are rather important in the living system
[3]. Moreover, the breakdown products of self-assembly peptide
(SAP) are nontoxic natural L-amino acids which could be absorbed
by adjacent cells potentially. Because of its comparable dimension
with natural collagen fibers, the nanofibrous scaffolds can imitate
the structure of nature extracellular matrix (ECM) which is func-
tional in supporting cells structures and providing cell-instructive
cues due to the internal molecules such as proteins, glycosamino-
glycan, polysaccharides, etc. The bioactive signals sequences inside
ECM could be recognized by cells through transmembrane recep-
tor, which is named as integrin and can interact with bioactive
epitopes of ECM whereby activating signal transduction mechan-
isms. Subsequently, specific cellular functions including adhesion,
migration, differentiation, and proliferation will be induced
[4]. Due to these special properties, nanofibrous scaffolds have
been extensively investigated as a promising platform for neural
tissue engineering. It has been reported that self-assembling pep-
tide nanofibrous scaffolds (SAPNSs) are able to self-assemble into
nanofibrous morphology with bilayer beta-sheet structure and
become hydrogel whose mechanical stiffness is analogous to brain
tissue due to the special physiochemical properties [5]. Based on all
these properties, self-assembly peptide nanofibrous scaffolds can
serve as a powerful tool for CNS lesions.

1.1 Self-Assembling

Peptide Nanofibrous

Scaffolds

As an ionic self-complementary peptide, RADA16-I (Ac-(RADA)
4-CONH2) is able to form stable β-sheet structure and eventually
becomes a hydrogel scaffold during self-assembly process whose
water content is more than 99.5%. Although it is relatively soft, the
movement of molecules and other nanoscale and microscale sub-
stances will be confined once the scaffold is formed. In vitro studies
indicated that RADA16-I could promote the neurite outgrowth of
PC12 cells after seeding on the three-dimensional (3D) hydrogel
matrix for 10–14 days [6]. Furthermore, RADA16-I was reported
to be able to enhance the differentiation of neurons derived from
hippocampal slices [7]. In addition to serving as a 3D cell culture
system, RADA16-I has also been widely used in animal models. In
vivo studies indicated that RADA16-I could decrease inflammatory
response and reduce apoptosis in traumatic brain injury model
[1]. Moreover, the regeneration of peripheral axons across and
beyond the 10 mm gap in peripheral nerve injury model can be
activated by RADA16-I [8]. In another study, Schwann cells (SCs)
were retrieved from human fetal sciatic nerves and were cultured
within SAP nanofibrous scaffolds for 2 days and then implanted
into the injured rat spinal cord. The experiment yielded reduced
aster gliosis, and the infiltration of endogenous S-100 cells into the
injury site was significantly increased 8 weeks after grafting, sug-
gesting that the SAPNS RADA16-I is helpful to the recovery of
spinal cord injury [9]. RADA16-I with its closely resembling
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structure of ECM showed great potential in the applications of
regenerative medicine.

However, the applications of RADA16-I have been limited
because of its main drawback caused by low pH value (pH ¼ 3.5),
which may have negative effects on the surrounding cells and host
tissues after direct exposure. When it is exposed to an acidic envi-
ronment with even lower pH value (e.g., pH ¼ 1.0), RADA16-I
was maintained the typical beta-sheet structure and self-assembled
into long nanofiber, despite of the 10% decreased beta-sheet con-
tent. However, the typical beta-sheet structure of the peptide has
been dramatically lost, and the peptide will self-assemble into vari-
ous small-sized globular aggregates when it is exposed to either the
neutral or alkali environment, suggesting that both the temperature
and the pH value have effects on biophysical and morphological
properties of SAPNS RADA16-I [10]. Owing to the abilities of
adding functional motifs then further expanding the utility in tissue
engineering, RADA16-I can be commercially synthesized with
high purity and, more importantly, be custom-tailored for specific
cell culture applications [11].

1.2 Functionalized

Self-Assembling

Peptide Nanofibrous

Scaffolds

By incorporating functional motifs, the pH for maintaining the
typical beta-sheet structure will be changed. These functionalized
peptides self-assembled into nanofiber scaffolds in which cells can
be fully embedded in 3D culture system. Gelain et al. reported that
designer peptide nanofibrous scaffolds can produce 3D cultures for
neural stem cells. In this study, RADA16-I was conjunct with bone
marrow homing motifs BMHP1 and BMHP2. These two functio-
nalized peptides not only enhanced survival of the neural stem cells
significantly but also promoted differentiation toward cells expres-
sing neuronal and glial markers [12]. A. Horii et al. also studied
functionalized RADA16 by extending the original RADA16 at the
C-terminus directly through solid phase synthesis with three short
peptide motifs [osteogenic growth peptide OGP
(ALKRQGRTLYGFGG), osteopontin cell adhesion motif DGR
(DGRGDSVAYG), and a specifically designer 2 units of RGD
sequence (PRGDSGYRGDS)] in order to closer mimic ECM,
which enhanced differentiation, migration, and pre-osteoblast
proliferation [13].

In our strategy, we prepared nanofiber hydrogels from two
designer SAPs at the environment with neutral pH value.
RADA16-I was appended with neurite outgrowth peptide IKVAV
and cell adhesion peptide RGD, which were derived from laminin
and fibronectin, respectively. The two functional SAPs, namely,
RADA16-RGD (Ac-(RADA) 4-DGDRGDS) and RADA16-
IKVAV (Ac-(RADA) 4-RIKVAV), were specially designed to have
opposite net charges. The combination of both SAPs yielded a
nanofiber hydrogel (-IKVAV/RGD). In the current study,
RADA16-I was appended with IKVAV and RGD, which were
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derived from laminin and fibronectin, respectively, as shown in
Table 1. RADA16-IKVAV and RADA16-RGD exhibited zeta
potentials of 19.7 and 0.18.6, at pH 7, respectively. The opposite
charge polarities were in good agreement with our original design.

The combination of these two designer SAPs forms a 3D
nanofiber hydrogel (Fig. 1). The two bioactive motifs were thereby
incorporated in 3D hydrogel scaffold, yielding a synergistic promo-
tion effect on nerve cell response. Constant neutral pH was main-
tained during the process of self-assembly so that bioactive
molecules and cells could be fully embedded in 3D environment.
In addition, the designed SAP hydrogel could be transferred
directly to living tissues [14].

These designer peptide nanofiber scaffolds exhibit inherent
advantages. Firstly, they can be designed easily using known, bio-
logically active motifs. At the second place, they are commercially
custom-synthesizable by using mature solid phase peptide synthesis
technology. Finally, they are applicable in selection of an extensive
repertoire of biological active motifs detected in some ECM
components, etc.

2 Materials

For in vivo studies, we use liquid form of RADA16-I as 1% solution
(w/v). RADA16-I solution can also be obtained in powder form
[15]. The powder can be reconstituted readily as a solution by
dissolving 10 mg in 1 ml of Milli-Q water in an Eppendorf tube,
mixed, sonicated for 30 s, and then filtered. The solution can be
well kept at room temperature for 1 month prior to use.

For the functionalized SAP RADA16-IKVAV/RGD, the two
functionalized peptides RADA16-RGD and RADA16-IKVAV
were custom-synthesized by American Peptide Company, Inc.
with the purity above 95%. The peptide powders were dissolved
in distilled water with a concentration of 1% (v/w), filter-sterilized
with an Acrodisc Syringe Filter (0.2 μm HT Tuffryn membrane,
Pall Corp., Ann Arbor, MI) for subsequent use. Both peptide
solutions were carefully titrated to neutral liquor using 1 M Tris
solution. The hydrogel formed by RADA16-RGD and RADA16-
IKVAV was defined as -IKVAV/-RGD here (Fig. 2).

Table 1
Physicochemical properties for SAP used in this study

Code Sequences Net charge, pH 7.4 ζ, pH 7.4 MW, Da

RADA16-1 Ac-(RADA)4-CONH2 Neutral 0 1713

RADA16-RGD Ac-(RADA)4-DGDRGDS � �18.6 2416

RADA16-IKVAV Ac-(RADA)4-RIKVAV + 19.7 2451
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3 Brain Injury Models and SAP Delivery Methods

3.1 Traumatic Brain

Injury

Traumatic brain injury (TBI) leads to extensive loss of cerebral
parenchyma as well as the formation of a cavity in the brain. TBI
consists of a primary result, which is the mechanical displacement of
tissue that occurs at the time of injury, and a secondary result,
which occurs gradually and involves a number of cellular processes
[16–18]. Because the primary outcome is not amenable by treat-
ment, the secondary brain outcome has been the major focus of

RADA16-IKVAV RADA16-RGD -IKVAV/-RGD
9.5
nm

0

Fig. 1 Structures of designed SAPs. (a–c) AFM phase images of different designer SAPs. (d–f) TEM images of
different designer SAPs by negative staining at room temperature. (g–i) Cryo-TEM images of different designer
SAPs. The dimensions of AFM images were 2 � 2 μm2. Scale bars of cryo-TEM images were 100 nm
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most studies to identify potential targets for treating TBI
[16]. However, despite extensive research to develop new neuro-
protective therapies, surgery and neurocritical care remain the only
treatment options available for TBI patients. Therefore, searching
for an alternative and clinically feasible treatment is rather urgent.

3.1.1 Surgery Procedure The rats were anesthetized with ketamine (80 mg/kg) and xylazine
(10 mg/kg) and then fixed in a stereotaxic apparatus. The rat head
was horizontally secured by two lateral ear pins and an incisor bar.
For craniotomy, a trephine (3 mm of outer diameter) was used to
drill holes in the skull, and dura incision was performed to expose
the forebrain. On the cortex 2 mm to the right of the bregma, a
1 mm � 2 mm rectangle of 2-mm-thick cortical tissue was cut and
removed by a vacuum pump-aided aspirator. Then, the skull flap
was restored and the scalp was sutured. For the bilateral injury
model, the same-size injuries were performed in both the left and
right hemispheres in the same setting. Animals were placed in a
heated chamber and monitored after injury until anesthesia effects
had worn off and the animal was returned to home cage. The

Ac-RADARADARADARADA

Ac-RADARADARADARADAD-RIKVAKV-NH2

Ac-RADARADARADARADAD-GDRGDS-NH2

RADA16-I

a b c

RADA16-IKVAV

RADA16-RGD

IKVAV/RGD

Fig. 2 Proposed molecular model for dynamic reassembly of self-assembling RADA16-IKVAV and RADA16-
RGD as well as a combination of the two designer SAPs. (a) Amino acid sequence and molecular model of
RADA16-I, RADA16-IKVAV, and RADA16-RGD. (b) Bilayer structures of RADA16-IKVAVA and RADA16-RGD.
Color schemes for self-assembling “core” RADA16-I were blue (basic), white (hydrophobic), and red (acidic)
whereas in the motifs green (polar), dark gray (hydrophobic), and light gray (hydrophilic residues). (c)
Nanofibers were formed in aqueous RADA16-IKVAV and RADA16-RGD as well as in -IKVAV/-RGD hydrogel.
This was composed by alternating basic residues (blue) with acid residues (red) and hydrophobic ones (white).
Polar neutral residues (green) are present in added functional motifs
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symptoms such as arched back, erect hair, unconsciousness, and
slow respiration were observed for all TBI rats, but they recovered
to normal within the following 2 h.

3.1.2 Refill

of the Damaged Area

After traumatic brain injuries, there was bleeding in the lesioned
civility. As RADA16-I has an immediate hemostatic property, 20 μL
of 1% RADA16-I peptide solution was first administered to stop the
bleeding. Thirty seconds after the surgical injury, the cavity was
cleaned to remove coagulated blood. Subsequently, fresh
RADA16-I was injected to fill in the damaged area. As for the
control group, the same volume of saline was injected into the
cavity after the bleeding was stopped by Gelfoam. After
RADA16-I (or saline) administration, the dura was sutured with
11-0 surgical suture (Fig. 3) and covered by dura foam (dura graft
implant; Johnson & Johnson, Raynham, MA). The skull window
was closed with Parafilm, which was fixed in position by tissue glue.

The animals were sacrificed in 2 days, 2 weeks, or 6 weeks after
injury for immunohistochemistry studies. Inflammatory-related
antibodies and neuronal markers were tested, which includes rabbit
anti-GFAP (1:1000; Chemicon, Temecula, California) for astro-
cytes; mouse anti-ED1 (1:1000; Serotec, Raleigh, North Carolina)
for macrophages; and rabbit anti-IBA1 (1:1000; Osaka, Wako,

Fig. 3 (a–c) Experimental procedures performed unilaterally on the brain right hemisphere. (a) At distance of
2 mm to the right of the bregma, a rectangle of 1 mm � 2 mm was cut with a depth of 2 mm, and the cut
tissue was removed with a vacuum pump-aided aspirator. (b) SAPNS was administered to fill the cavity after
bleeding stopped (arrow). (c) The dura was sutured with 11-0 surgical suture (arrowheads). (d–f) Experimental
procedures performed bilaterally. (d) Rectangles were cut as above on both sides of the brain. (e) SAPNS was
administered to fill the right cavity (arrow), and saline was administered into the left cavity as control (arrow).
(f) Suturing of the dura opening (arrowheads). Scale bar: 1 mm
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Japan) for microglia. Fluorescent TUNEL staining and fluorescent
Nissl staining were carried out to detect the apoptosis and the
morphology of the lesion regions, respectively. The data demon-
strated that the SAPNS was a prospective biomaterial for the repair
of the acutely injured brain. The present results showed that the
TBI-induced cavity in the brain was closed by the treatment with
SAPNS and the graft of SAPNS was well integrated with the host
tissue with no obvious gaps (Fig. 4). The SAPNS-treated brain
tissue had fewer astrocytes and macrophages around the lesion
site as compare to the saline-treated brain tissue. SAPNSs are able
to reconstruct the acute traumatically injured brain, facilitate sup-
port cells to migrate and survive within the lesion site, and reduce
both the glia reaction and the inflammation of the injured brain
tissue, suggesting that SAPNS is a good biomaterial candidate for
brain tissue restoration in humans [1]. It has potential in the
application of filling and reconstructing any kind of cavities in the
brain, such as the removal of brain tumor. However, one possible
weakness of this biomaterial is that we could not detect neurons or
nanofibers in the grafted scaffold, which is similar as the other
biomaterials in the previous studies [19, 20].

3.2 Intracerebral

Hemorrhage

Intracerebral hemorrhage (ICH) is defined as non-vascular rupture
hemorrhage caused by traumatic brain parenchyma, accounting for

Fig. 4 Lesion sites with different treatments 6 weeks after surgery. (a–c) Surface of the injured brain. (a) A
moderate-sized cavity in the saline-treated brain with unilateral injury. (b) The wound in the SAPNS-treated
brain with unilateral injury has closed. (c) A sample of bilaterally injured brain with a small cavity in the saline-
treated left hemisphere and SAPNS-filled lesion site in the right hemisphere. (d, e) Nissl and DAPI double
staining showing lesion sites of saline- (d) and SAPNS- (e) treated brain. Panel (e) shows that the cavity
formed by trauma was filled with SAPNS, which integrated very well with the host tissue with no obvious gaps.
Scale bar: a–c, 1 mm; d–e, 500 μm
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10–15% of all strokes and affecting 10–30 cases per 100,000 adults
[21–24]. Early mortality of ICH is high, and most survivors leave
sequela such as movement disorders, cognitive deficits, and speech
impediment [15]. Intracerebral hemorrhage occurs due to destruc-
tive changes in brain arteries like segmental lipohyalinosis, pseudo-
aneurysm, or rupture [25]. These changes cause pain to patients
and impose great pressure on family and the society. Therefore,
being fully aware of the severity of ICH and finding effective
therapy become extremely urgent.

3.2.1 Surgery Procedure The mouse ICH model was caused by intracranial injection of type
IV collagenase (Sigma-Aldrich, St. Louis, USA). Corpus striatum
was the target region. Briefly, a burr hole of 0.15 mm diameter was
drilled along the right coronal suture at 2.0 mm lateral to the
bregma. A 30 G needle was inserted into the right striatum with
its tip at 0.26 mm anterior to the bregma, 2 mm lateral to the
midline, and 3.75 mm underneath the dural surface. ICH was
induced by a slow injection of 0.25 U collagenase IV in 1 μL saline
into the right striatum over 10 min.

3.2.2 Intracranial

Injection

The intracranial injection delivery method was applied in a type IV
collagenase-induced intracerebral hemorrhage model. Three and a
half hours after type IV collagenase injection, aspiration was carried
out by gentle suction through a 1 ml syringe attached to a 23 G
needle. The needle was placed at the same stereotactic coordinates
as the collagenase injection. Four aspirations were performed over
15 min. Following aspiration, 10 μL RADA16-IKVAV/RGD solu-
tion, 10 μL RADA16-I solution, or 10 μL saline was injected into
the lesion over 10min, respectively. Finally, the burr hole was sealed
with bone wax, and the incision was sutured.

Histomorphology analysis by Nissl staining suggested that col-
lagenase injection induced intracerebral hemorrhage and consider-
able loss of neurons. However, the injected SAPNS filled in the
voids and the boundary between SAPNS and the host fit tightly
(Fig. 5).

Hematoma volume was measured 3 days after injury, and local
delivery of RADA16-IKVAV/RGD did not reduce the amount of
hematoma. Hematoma was significantly reduced by RADA16-I,
which has been verified as a hemostatic hydrogel. In addition,
different markers including IBA-1, CD11b, and NeuN have been
used to detect inflammatory response and cell survival. Apoptosis
was detected by TUNEL staining. Findings showed that local
delivery of RADA16-IKVAV/RGD reduced acute brain injury by
lowering the number of apoptotic cells, reducing inflammatory
response as well as promoting cell survival. Three behavioral tests
were done in weekly interval including catwalk test, rotarod test,
and grip strength test. Results showed that 4 weeks later animals
treated with RADA16-IKVAV/RGD showed better functional
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recovery than that in RADA16-I group. Two months after surgery,
nerve fibers inside RADA16-IKVAV/RGD were detected using its
specific marker, antibody against neurofilament-200. Results
showed that 2 months later RADA16-IKVAV/RGD could attach
well with the host, and new nerve fibers have grown into the new
SAP hydrogel. RADA16-I also could attach with the host very well;
however, no fibers were detected inside the hydrogel, suggesting
that RADA16-IKVAV/RGD could serve as a bridge for fibers to
grow through [26].

3.3 Other Surgical

Brain Injury and SAP

Delivery Methods

The cortical vessel cut injury model was carried out to investigate
the function of RADA16-I as a topical hemostatic and neuropro-
tective agent. The surgical procedure can be given as follows. The
rats were anesthetized with ketamine (80 mg/kg) and xylazine
(10 mg/kg) and then fixed in a stereotaxic apparatus. The head
was horizontally secured by two lateral ear pins and an incisor bar.
Following dura opening, a right cortical incision (2 mm in ante-
rior–posterior length; 1 mm in depth; centered 2 mm lateral to the
sagittal suture; and 1 mm anterior to the coronal suture) by a
stereotactically guided micro-knife is made under an operating
microscope. The incision is designed to transect a cortical vessel.

Another brain injury model we carried out is the knife wound
injury made at the midbrain. Briefly, the rats were anesthetized and
the head was fixed in a stereotaxic apparatus. The cortex was
exposed and aspirated to reveal the rostral edge of the SC and the
brachium of the SC on the left side. Animals received a complete
transection of the brachium of the SC. The lesions are shallow in
many CNS regeneration models. To confirm that there would be

Fig. 5 The overall morphology of the injured brain was detected by Nissl staining. (a) There was almost no
neuron survival inside the injured area. (b, c) The boundaries between materials and organizations were in
perfect fit
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no regeneration around the cut, the cut depth of our model is
2 mm. The increased depth prevented axons from growing around
the bottom of the cut, ensuring the growth of axons through the
center of the lesion site rather than around it. In addition, special
attention was paid to ensure the complete transection of the bra-
chium of the SC from the lateral edge to the midline.

3.3.1 Patching Up

the Wound

SAPNS RADA16-I has been proved to be functional in stopping
bleeding. The decomposition products of RADA16-I was amino
acids, which can serve as building blocks for tissues and be used to
repair the site of injury. Since the pH value of 1% RADA16-I was
about 3.5 and the ECM has a positive charge, fibers could absorb
wound edges by electrostatic interactions to seal the wound. Fur-
ther, RADA16-I was highly hydrated and exhibited a water content
of about 99%. It is assembled prior to filling the gap irregularly and
then assembled to form a nanofiber scaffold molecule [27]. Based
on this property, RADA16-I has been applied to stop bleeding in
the cortical vessel cut experiment. The animals were fitted in a head
holder. The left lateral part of the cortex was exposed, and each
animal received a transection of a blood vessel leading to the
superior sagittal sinus (Fig. 6). With the aid of a sterile glass micro-
pipette, 20 μL of 1% wt/vol RADA16-I solution was applied to the
injury site by patching up the wound. For the control group, iced
saline was used.

In the groups treated with RADA16-1, hemostasis was
achieved in less than 10 s in both hamsters and rats. Control
group hamsters (n ¼ 5) and rats (n ¼ 5) irrigated with saline bled
for more than 3 min. This is the first time that nanotechnology has
been used to stop bleeding in a surgical setting for animal models. A
new class of hemostatic agent has been demonstrated, which does
not rely on heat, pressure, platelet activation, adhesion, or desicca-
tion to stop bleeding. As a synthetic and biodegradable peptide
[28, 29], RADA16-I does not contain any blood products, col-
lagens, or biological contaminants that may be present in human-
or animal-derived hemostatic agents such as fibrin glue [30–33]. It
can be applied directly onto/into a wound without consideration
of material expanding, thus reducing the risk of secondary tissue
damage as well as the problems caused by constricted blood flow.

With this discovery the ability to speedily achieve hemostasis
will dramatically reduce the quantity of blood required during the
surgery, as 50% of surgical time was spent on packing wounds to
reduce or control bleeding. The RADA16-I solutions may repre-
sent a step change in technology and could revolutionize bleeding
control during surgery and trauma [34].
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3.3.2 Other Combined

Delivery Methods

Tissue engineering holds great potential in regenerative medicine,
which usually combines cells, bioactive molecules, and scaffolds
[13]. Cells encapsulated in 3D scaffold are often chosen to create
a biomimic microenvironment for cell growth so that cells are active
in regeneration process by secreting their own ECM and regulating
cytokines and growth factors. Neural stem cells show the potential
of unlimited self-renewal and the ability to differentiate into neu-
rons, astrocytes, and oligodendrocytes, which are favorable in neu-
ral regeneration. Hence, besides the application of SAP hydrogel
alone in treating brain injuries, new therapeutic strategies have been
focused on using a functional self-assembling peptide 3D hydrogel
with encapsulated neural stem cells to enhance the reconstruction
of the injured brain.

Briefly, traumatic brain injury models were carried out in both
left and right frontal cortex. RADA16-IKVAV peptide with or
without encapsulated neural stem cells and RADA16 peptide with-
out cells were injected into the damaged sites. After these cavities

Fig. 6 Complete hemostasis in brain and femoral artery. The pictures are time-lapse images at each stage of
the experiment for the brain of adult rat cortex hemostasis. Part of the overlying skull has been removed in an
adult rat, and one of the veins of the superior sagittal sinus is transected and treated with 1% self-assembling
RADA16-1. (a) The brain and veins of the superior sagittal sinus (SSS) are exposed; (b) cutting of the vein
(arrow); (c) bleeding of the ruptured vein (arrow); (d) the same area 5 s after application of the self-assembling
RADA16-1 to the location of the cut (arrow) as seen under the clear RADA16-1. Scale bars represent 1 mm
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were filled in with the in situ peptide matrix, hemostasis was
observed in seconds. The control groups were injected with neural
stem cells only or normal saline by the same procedure. The wound
defects were covered with the dura membrane (Duraform Sponge,
Codman), and the skin was sutured with 4-0 surgical suture.
Related studies successfully demonstrated that injectable
RADA16-IKVAV SAP hydrogel possessed the ability to in situ
support and bridge the damaged brain wounds. Furthermore,
RADA16-IKVAV/NSCs could significantly improve the regenera-
tion and repair of injured brain [35].

4 Conclusion

CNS lesions cause serious tissue loss and neurodegeneration; tissue
engineering platforms show great potential in bridging the large
injured gap and provide a biomimic microenvironment which func-
tions as nature ECM. After injury, stopping bleeding was the first
step, and SAP nanofibrous hydrogel RADA16-I shows its advan-
tages in hemostasis within 10 s. In addition, RADA16-I could fill
up the injured lesions by simple injection; hence the cavity in the
brain was closed, and the SAP graft was well integrated to the host
tissue without obvious gaps in the traumatic brain injury models.
Furthermore, RADA16-I could reconstruct the acute traumatic
brain injury, facilitate support cells to migrate and survive within
the lesion site, and reduce the glia reaction. The injectable property
of self-assembling peptide nanofibrous hydrogel also facilitates the
application of RADA16-I in intracerebral hemorrhage models.
After hematoma aspiration, SAP was injected to the lesion side.
Besides reducing inflammation reaction, the SAP-treated group
demonstrated a smaller cavity as compare to the aspiration-only
group and saline group. Based on RADA16-I, functional motifs
RGD and IKVAV were appended to the C-terminus. The combina-
tion of these two functionalized SAPs could form a 3D nanofiber
hydrogel. The functionalized SAP demonstrated not only the abil-
ity of decreasing the inflammation reaction but also great potential
in promoting nerve regeneration after hemorrhagic brain injury.

In recent years, the stem cell therapies combined with 3D
matrix have become more and more popular in the field of neural
tissue engineering. The property of biomimic ECM facilitates the
proliferation and differentiation of neural stem cells into neurons
in vivo. The implanted graft combined with the functioned neuro-
nal cells makes up the loss of neurons after brain injury and further
benefits the functional recovery and neural circuit reformation.

SAPNSs are good candidates for central nervous system lesions.
SAPNSs provide a true biomimicking platform with their nanofi-
brous architecture, which can serve as powerful tools in CNS
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regeneration process [36–38]. Furthermore, SAPs are amendable
by computational methods through which appropriate positions
for incorporation of functional motifs can be predicted [39–41].
These methods may be helpful to fabricate scaffolds in the near
future, as computation design of self-assembling protein nanoma-
terials can recently be achieved with atomic-level accuracy [42].

Despite its advantages, the limitations of SAPNSs such as form-
ing uncontrollably macro-sized pores, unstable mechanization of
its 3D structure [43], and the lack of its use in PNS nerve regener-
ation as PNS regeneration needs more strict scaffold structure [44]
could not be ignored. Despite its shortcomings, SAPNSs still play a
vital role in nerve regeneration and tissue repair. Much remains
unexplored and great efforts need to make in the area of CNS
regeneration.
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Chapter 5

The Use of Peptide and Protein Vectors to Cross
the Blood-Brain Barrier for the Delivery of Therapeutic
Concentration of Biologics

Mei Mei Tian and Reinhard Gabathuler

Abstract

The normal functioning of central nervous system is protected by the blood-brain barrier (BBB), which
regulates the brain homeostasis and the transport of endogenous compounds. The BBB formed by the
endothelial cells of the brain capillaries restricts access to brain cells of blood-borne compounds and allows
only essential nutrients such as amino acids, glucose, and hormones to reach brain cells for their normal
metabolism. The highly selective regulation of the brain homeostasis by the BBB presents a major obstacle
in the incapacity of therapeutic compounds small and large to reach the brain. Diverse ranges of strategies
are now being developed to enhance delivery of therapeutic compounds in the brain parenchyma. In this
review, we will more specifically address new methods developed as physiological approaches to transport
biologics across the BBB. Use of specific molecules such as protein and peptide vectors to facilitate the
delivery of biologics to cross the BBB will be addressed. Additionally, their relevance to nanomedicines for
brain drug delivery will also be summarized.

Key words Peptide-based delivery, Protein-based delivery, Biologics brain delivery, Antibodies,
Blood-brain barrier, �B3, Melanotransferrin, p97

1 Introduction

Central nervous system (CNS) disorders affect as many as 1.5
billion people worldwide [1], accounting for an economic burden
of more than $2 trillion in the EU and USA [2]. In 2014, the drug
delivery technologies used in the CNS market was estimated to be
about $10 billion, which is expected to grow to $22.5 billion in
2018 [3]. Better treatments are needed, but new CNS drugs have
suffered from considerably lower success rates than those for non-
CNS indications [4]. This situation is due mainly by the challenge
related to drug brain delivery [5]. The largest obstacle to effective

Javier O. Morales and Pieter J. Gaillard (eds.), Nanomedicines for Brain Drug Delivery, Neuromethods, vol. 157,
https://doi.org/10.1007/978-1-0716-0838-8_5, © Springer Science+Business Media, LLC, part of Springer Nature 2021

Mei Mei Tian and Reinhard Gabathuler contributed equally to this work.

119

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-0838-8_5&domain=pdf
https://doi.org/10.1007/978-1-0716-0838-8_5#DOI


CNS delivery is the BBB. This problem has led the pharmaceutical
companies to close research lab concerned with the discovery and
development of new treatment for brain disorders and to more
focus their research in cardiovascular and oncology indications.

2 Challenges for Brain Delivery Across the BBB

Specialized capillary endothelial cells form the BBB that protects
the brain from harmful substances and provides the brain with the
required nutrients for its proper function [6]. In contrast to the
peripheral capillaries that allow relatively free exchange of sub-
stances between cells and tissues, the BBB strictly restricts the
transport into the brain by both physical and metabolic barriers
[7]. These barriers regulate brain homeostasis (electrolytes, glu-
cose, nucleosides, and amino acids) through multiple efflux and
uptake transporters, metabolic enzymes, low pinocytotic activity,
and low paracellular permeability. The impermeability of the BBB
results from tight junctions between capillary endothelial cells
formed by cell adhesion molecules. Brain endothelial cells also
possess few alternate transport pathways (e.g., fenestra, transen-
dothelial channels, pinocytotic vesicles) and express high levels of
active efflux transport proteins, including P-glycoprotein (P-gp,
MDR1, or ABCB1). Even though the volume occupied by capil-
laries and endothelial cells is about 1% and 0.1% of the brain
volume, respectively, the total surface area of brain microvascula-
ture developed is approximately 20 m2 and a total length of approx-
imately 400 miles [7]. This high vascularization confers to the brain
a very complex network of capillaries with an average distance of
approximately 40 μm between the capillaries [8].

As BBB restricts diffusion of drugs with a molecular weight of
greater than 500 Da [9] or a cross-sectional area of greater than
70 Å [10], the most important factors determining to what extend
a small molecule will be delivered from blood into the CNS are lipid
solubility, molecular mass, and charge. These structural character-
istics allow for passive penetration of the molecules across the BBB.
The “classical” neuropharmaceutical agents in the market or in
clinical trials are typically less than 600 Da mw with a sufficient
degree of solubility.

The overwhelming majority of small molecules, proteins, and
peptides do not cross efficiently the BBB. It is key not only to
deliver a therapeutic to the CNS but also to target it to adequate
brain cells and to their correct intracellular compartment in order
to reach therapeutic concentration for efficacy. By localizing drugs
at their desired site of action, one can reduce toxicity and increase
treatment efficacy. In response to the insufficiency in conventional
delivery mechanisms, aggressive research efforts have recently
focused on the development of new strategies to more effectively
deliver drug molecules to the CNS.
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3 Endogenous Mechanisms of BBB Penetration

Molecules successful in penetrating the brain cells use specific
mechanism such as transporters and receptors to cross the BBB
[6, 11–14]:

l Hydrophilic molecules such as amino acids, glucose, and other
small molecules use transporters expressed at the luminal and
basolateral side of the endothelial cells.

l Larger hydrophilic molecules such as hormones, insulin, trans-
ferrin for iron, and lipoproteins use specific receptors that are
highly expressed on the luminal side of the endothelial cells for
transcytosis across the BBB.

l Lipophilic molecules can diffuse passively across the BBB into
the brain. But these molecules are exposed first to efflux pump
(Pgp and others) highly expressed on the luminal side of the
BBB and expulsed from the endothelial cells; if not they will be
exposed to degrading enzymes localized in the cytoplasm of
endothelial cells.

l Brain endothelial cells (BECs) are able to produce secretions for
communication purposes, which they can in turn use to modify
their own behavior. For example, the granulocyte-macrophage
colony-stimulating factor (GM-CSF) and IL-6 released from
BECs due to activation of innate immune system can enhance
the transport of cell-free HIV-1 across the BBB by acting on the
luminal surface of the BECs [14, 15].

Three different approaches are currently used to design drugs
able to reach the CNS at therapeutic concentration: invasive, phar-
macological, and physiological.

4 Current Therapeutic Approaches for BBB Penetration

4.1 Invasive

Approaches

4.1.1

Convection-Enhanced

Delivery

Convection-enhanced delivery (CED) uses bulk flow for a uniform
distribution and diffusion of the drug throughout the target region
[16]. Drugs, peptides, siRNA, and other molecules can potentially
be delivered to brain tissue using CED [17, 18].

The mechanism of convection-enhanced delivery involves
insertion of a small catheter into the target site within the brain.
Through the catheter, the drug is actively pumped into the brain
using continuous positive pressure generated by an infusion pump,
which causes the drug to penetrate into the interstitial space.

CED causes minimal structural damage to the brain, with the
exception of the catheter track. CED has been used in the clinical
treatment of neurological diseases such as malignant brain tumors
[19–22], neurodegenerative disorders [23–26], epilepsy [27], and
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stroke [9]. Clinically, CED has been used in the delivery of chemo-
therapeutic agents to tumors in the treatment of gliomas, which are
aggressive brain tumors with currently few effective treatments.
Treatments had very limited survival rate and most were discon-
tinued. Using CED the pressure due to continuous infusion will
help a drug to migrate and diffuse in the CNS but also will push it
to a path of less resistance, which is not necessarily where the drug
needs to be going and be active. This explains the very low success
rate of this approach.

4.1.2

Intracerebroventricular

(ICV) Infusion; Intracerebral

(IC) Injection; and

Intrathecal (IT) Injection

ICV, IC, and IT administration have been done with a lot of
different molecules small and large with very low success rate
specifically due to the undetermined quantification of drugs admi-
nistered to specific sites in the brain and to the problem of migra-
tion of these different molecules in the brain parenchyma
[28, 29]. These administrations appear to have a marked improve-
ment in overcoming previously identified translational barriers,
such as inhibition by preexisting neutralizing Abs, high peripheral
organ biodistribution, and reduced efficiency of CNS transduction.
It should be noted, however, that IT administration, especially for
AAV9, did not completely restrict the vector within the CNS
[30]. IT injections are routine non-surgical procedures that are
often done in an outpatient setting with minimal risk. This
approach has strong translational implications for lysosomal storage
diseases, or any other approach in which a secreted gene product is
utilized [31]. The efficiency of spinal cord transduction would also
suggest feasible applications for motor neuron diseases such as
spinal muscular atrophy, giant axonal neuropathy, and amyotrophic
lateral sclerosis [30].

4.1.3 Polymer or

Microchip Systems That

Directly Release

Therapeutics After

Implantation

The Food and Drug Administration (FDA) have approved direct
administration into the brain using carmustine-loaded wafers (Glia-
del) for the treatment of malignant glioma, providing about
3 weeks gain in overall survival [32, 33]. A major concern with
this intervention is that it can only be done at one occasion and
drug release from the wafer is a finite process. Moreover, direct
administration only results in a localized delivery, which may not be
suitable in case of a large and infiltrative tumor or when multiple
tumors are located in the brain. Microchip technology has existed
since the 1990s and is mainly used for local chemotherapeutic
delivery [34]. The potential advantage in overcoming some of the
limitations of polymer technology is controlled release by time-
dependent biodegradation [35] or electrochemical dissolution
[34]. More importantly, it has been shown capable of being
remotely controlled [36]. However, potential drawbacks of this
technology are finite drug release and possible issues with electron-
ics and magnetic fields [37].
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4.1.4 Disruption

of the BBB

Using Osmotic Disruption

Osmotic BBB disruption has been a mainstay for increasing perme-
ability of the BBB, usually using high concentrations of mannitol
introduced into the carotid artery. Major limitation that occurs
with osmotic BBB disruption is from the lack of specificity and
the potential toxicity problem due to brain entry of unwanted
blood compounds [38].

Using Ultrasound Focused ultrasound (FUS) is a transient drug delivery technique
which employs transcranial delivery of low-frequency ultrasound
waves that cause BBB disruptions in targeted areas of the brain
[39]. The use of intravenously administered microbubbles in con-
junction with this technique has further enhanced the safety by
lowering the energy required for BBB disruption [40]. The micro-
bubbles are small air-filled, lipid-, or protein-shelled bubbles which
facilitate reversible disruption of the BBB [41]. Although FUS
shows promise in preclinical phase, limitations to the technology
do exist, such as signal attenuation and distortion from the skull
[38]. By disrupting the BBB, potential leakage of bacteria, antibo-
dies, and other toxic substances into the CNS remains high.

Using Bradykinin

and Analogs

Bradykinin and its synthetic analogs (RMP-7, also known as cere-
port and lobradimil) are vasodilators shown to increase the BBB
permeability by acting on the tight junctions between the brain
capillary endothelial cells [42]. The use of chemical mediators to
increase the permeability of BBB can be advantageous; however
this technology is limited by transient affect and short therapeutic
window with permeability peak at 15 min after treatment
[43, 44]. This approach has been tested in clinical setting using
carboplatin and a synthetic bradykinin analog (lobradimil) with
minimal therapeutic benefit [45].

4.2 Pharmacological

Approaches

Noninvasive approaches exploit natural properties of BBB such as
molecular size (being less than 500 Da), charge (low hydrogen
bonding capabilities), and lipophilicity (the more lipophilic, the
better the transport) [46]. A number of pharmaceutical companies
have experimented with chemical modification of drugs by addition
of lipid groups to the polar ends in making the drug more lipophilic
(lipidization) [47]. The main concerns with lipid modification are
low selectivity and tissue retention [48]. Lipidization not only alters
the permeability of drug to the targeted region but the entire body
as well mainly due to binding of plasma protein which affects all
pharmacokinetic parameters [49]. This creates an issue of getting
sufficient drug to the target site without causing detrimental side
effects. Furthermore, lipidization could potentially impact the rate
of oxidative metabolism by enzymes such as cytochrome P450
[49]. Optimizing drugs is likely to end up with lipophilic com-
pounds showing high nonspecific binding to brain tissue and, thus,
low free concentration in the interstitial fluid to exhibit the phar-
macological activity.
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4.3 Physiological

Approaches

Physiological approaches consist of modification of drugs to take
advantage of native BBB nutrient transport systems or by conjuga-
tion to ligands of receptors expressed at the BBB which will piggy-
back the drug across the BBB after receptor-mediated transcytosis.

The brain requires essential substances for its survival, i.e.,
glucose, insulin, growth hormone, LDL, etc. These substances
are recognized by specific receptors resulting in active transport
into the brain. Since the high perfusion of the brain is characterized
by an average distance of 50 μm separating capillaries [50], the
most effective way of delivering biopharmaceutical drugs is
achieved by targeting these essential internalizing (uptake) trans-
port receptors or transporters on these capillaries. Drugs can be
modified to take advantage of native BBB nutrient transport sys-
tems or by conjugation to ligands to receptors expressed at the BBB
which will piggy-back the drug across the BBB after receptor-
mediated transcytosis.

4.3.1

Transporter-Mediated

Transport

Carrier-Mediated

Transporter

BBB express various endogenous saturable, bi-directional transpor-
ters for nutrients, vitamins, and minerals [51, 52]. These transpor-
ters include (a) the hexose transport systems for glucose (GLUT-1
and GLUT-3) and mannose, (b) amino acid transport by carriers
such as cationic amino acid transporter (CAT-1) and large neutral
amino acid transporter (LAT-1), (c) monocarboxylic acid trans-
porter for lactate and short-chain fatty acids, (d) choline trans-
porter for choline and thiamine, (e) amine transporter for
mepyramine, (f) nucleoside transporter for purine, and
(g) peptide transporter for small peptides such as thyrotropin-
releasing hormone [12, 53, 54].

As the uptake rate across the BBB for carrier-mediated trans-
port of endogenous ligand is about ten times greater than by
transmembrane diffusion [54], these transporters are potential
candidates for drug targeting. A number of different nutrient
transport systems have been identified, with each capable of trans-
porting a group of nutrients with similar structure. Consequently,
only drugs that highly mimic the endogenous carrier substrates will
be transported across the BBB into the brain. However, one can
modify the structure of a drug such that it mimics a particular
nutrient structurally and thus is able to use a carrier-mediated
transporter expressed on the endothelial cells forming the BBB to
increase transport [50]. Use of BBB transport proteins such as the
choline transporter and the amino acid transporter has been done
for few drugs. The most well-known example is the large neutral
amino acid transporter (LAT-1)-mediated transport of L-Dopa,
widely used in the treatment of Parkinson’s disease [55].
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Large Amino Acid

Transporter 1 (LAT-1)

Levodopa (L-Dopa) is transported into the brain via LAT-1 trans-
porters. L-Dopa is metabolically transformed to dopamine in the
brain. Other transporters such as glucose transporter 1 (GluT-1),
ascorbic acid transporters, and others have been successfully uti-
lized as drug carriers to the brain [56–58]. Modification of small
drugs by addition of amino acid or glucose to form a prodrug
facilitates their transport by glucose or amino acid transporters
and mimics nutrients necessary for the survival of brain cells.

GluT-1 and CD98hc

Transporters

Using proteomic analysis of mouse brain capillary endothelial cells,
multiple highly expressed proteins were identified [59]. Among
these GluT-1 and CD98hc, antibodies against these targets were
seen enriched in the brain after systemic administration. In particu-
lar, antibodies against CD98hc showed a significant accumulation
in the brain and pharmacodynamic response using bispecific anti-
bodies anti-CD98hc and BACE-1 with lower affinity to CD98hc
[59]. CD98hc functions as an amino acid (AA) transporter
(together with another subunit) and integrin signaling
enhancer [60].

Glutathione Transporters Glutathione is an endogenous tripeptide thiol with antioxidant-like
properties and plays a central role in detoxification of intracellular
metabolites [61]. Glutathione is highly expressed in the brain and
cerebral vasculature and is actively transported across the BBB
[62, 63]. Glutathione is considered safe and has been marketed as
food ingredient, antioxidant, and part of supportive therapy in
cancer and HIV treatments [64]. Although the molecular mecha-
nism for transport remains unknown, it has been shown that gluta-
thione can be used as a targeting ligand coupled to pegylated
liposomes to enhance drug delivery to the brain (G-Technology)
[65, 66]. The G-Technology is based on coating the surface of
nanosized liposomes with glutathione, which has been shown to
effectively deliver several drugs to the brain by various independent
laboratories [64]. In particular, glutathione pegylated liposomal
doxorubicin (2B3-101) has completed a Phase I/IIa clinical trial
for various forms of brain cancer and is found to be safe, well
tolerated, and active [67]. Glutathione pegylated liposomal meth-
ylprednisolone (2B3-201) targeting treatment of patients suffering
from acute and chronic neuro-inflammatory disease has also com-
pleted a double-blind crossover Phase I study in healthy volunteers.

Using BBB transporter protein as drug delivery vector target-
ing the brain, several factors need to be considered including
(1) kinetics available to transport physiological molecules, (2) struc-
tural binding configuration to the transporter, (3) drug manipula-
tion without affecting the activity in vivo, and (4) target delivery
within the brain.
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4.3.2 Receptor-Mediated

Transport

Large molecules necessary for the normal function of the brain are
delivered to the brain by specific receptors, which are highly
expressed on the endothelial cells forming the BBB. Unlike
transporter-mediated transport, receptor-mediated transport is
characterized by highly specific active transport.

The receptor-mediated transcytosis occurs in three steps:

1. Receptor-mediated endocytosis of the compound at the lumi-
nal (blood) side

2. Movement through the endothelial cell cytoplasm

3. Exocytosis of the drug at the luminal (brain) side of the brain
capillary endothelium

Receptors highly expressed at the BBB and used as targets for
drug brain delivery:

l Transferrin receptor (TR)

l Insulin receptor (IR)

l Insulin-like growth factor receptor

l Leptin receptor

l LDL receptor

l LDL receptor-related protein (LRP)

l Others

Transferrin Receptors (TR) Owing to the high expression of transferrin receptor on brain
capillary endothelial surfaces and various malignant cells, transfer-
rin family ligands are rationalized to be one of the well-known
candidates for brain targeting [68, 69]. Drug targeting to the TR
can be achieved by utilizing the endogenous ligand transferring
(Tf) or by targeting the TR. However, Tf is not considered an
optimal targeting ligand as the high concentration of endogenous
Tf in the circulation creates highly competitive environment for the
injected vector for TfR binding [68, 70]. Receptor-specific binding
on the brain microvascular endothelial cells facilitating the trans-
port of associated therapeutical agent to cross the BBB has garnered
more popularity in the recent years [71].

HAIYPRH (T7), a transferrin receptor-specific peptide
[72, 73], and OX26, a monoclonal antibody against the transferrin
receptor [74, 75] have been explored for their ability to facilitate
BBB transport. For instance, the brain uptake of brain-derived
neurotropic factor (BDNF)-OX26 conjugate caused a 65–70%
reduction in stroke volume in rat stroke model [71]. However,
study on correlation between binding affinity of antibody against
TR and TR with transport efficiency across the BBB has shed light
on the need for optimization of targeting antibody [76]. High-
affinity TR antibody does not necessarily translate into high
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transport efficiency, as high-affinity antibody remained mostly asso-
ciated to the vasculature unable to detach from the TR. By contrast,
antibody with 25% lower TR binding affinity resulted in ~50%
higher antibody activity compare to high-affinity antibody counter-
part [76]. Therefore, modest changes in affinity can significantly
affect brain uptake across the BBB. More recently, Niewoehner
et al. developed an anti-TR Fab to mediate BBB transcytosis of an
attached immunoglobulin [77]. To test the therapeutic potential of
this “brain shuttle,” Niewoehner et al. [77] re-engineered a mono-
clonal antibody (mAb) against Aß, the toxic peptide that accumu-
lates in Alzheimer’s disease brain [78], by fusing the single-chain
anti-TR Fab to either one or both C-terminus of the anti-Aß mAb
(sFab and dFab, respectively). Notably, in a transgenic mouse
model of Alzheimer’s disease, the monovalent sFab fusion
mediated effective uptake, transcytosis, and TfR recycling, and the
presence of two Fab fragments onmAb31 (dFab) resulted in uptake
followed by trafficking to lysosomes and an associated reduction in
TfR levels. Treatment with mAb31-sFab for 3 months significantly
reduced amyloid plaque burden even at a relatively low dose when
compared to treatment with unmodified mAb31. Target engage-
ment at the amyloid plaques was improved more than 50-fold for
the sFab construct based on fluorescence intensity quantification
using a labeled secondary antibody. Whereas the sFab construct
showed extensive plaque decoration, the dFab was only detectable
in the microvessels, indicating that the dFab construct targets and
enters brain microvessels but fails to escape at the abluminal side
[77]. Overall, the sFab anti-TfR brain shuttle module enhanced the
delivery and potency of a plaque reducing Ab antibody and could
potentially be expanded to the delivery of other therapeutic cargo.

A new format of bispecific antibody, termed dual-variable-
domain immunoglobulin (DVD-Ig™), has been generated and
described in 2007 [79]. With the DVD-Igs™ format, the target-
binding variable domains of two mAbs can be combined via natu-
rally occurring linkers or widely used glycine-serine linkers to create
tetravalent, dual-targeting single agent [80]. With proper peptide
linkages between the two variable domains in both HC and LC, the
various motions within Fab region may provide dual-binding cap-
abilities [81]. Design of DVD-Igs™with dual-specific targeting for
the TfR and anti-Ab has shown brain delivery and binding to
specific targets in the brain. The levels and localization of
DVD-Igs™, which were injected systemically, were assessed. Pre-
liminary data show brain uptake and retention of DVD-Igs™ up to
96 h [82].

Insulin Receptor (IR) Similar to TR, insulin receptor is also highly expressed on the
endothelial cells making up the BBB [83, 84]. However, its endog-
enous ligand insulin has not been considered an optimal candidate
for brain delivery due to short serum half-life of 10 minutes and
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possible implication of hypoglycemia through interference with
natural balance of insulin [74]. Pardridge group have extensively
documented the use of the insulin receptor for the targeted delivery
of drugs to the brain using specific antibodies directed against the
IR [85] such as using the 83-14 mouse mAb against the human
insulin receptor (HIR) in rhesus monkey. Total uptake is 4% which
corresponds to 0.04%/g brain tissue 3 h after IV injection
[74]. Both chimeric antibody and a fully humanized form of the
83-14 antibody against HIR have been created [86]. Despite
promising results, this field is still in its infancy, as recent work by
Watts et al. found brain accumulation of IR-specific antibodies did
not exceed the antibody control and performed well below that of
TR-specific antibodies at doses up to 20 mg/kg [59, 87]. Expres-
sion level of IR on mouse brain endothelial cells was also found to
be low, which may explain the low brain accumulation [59]. In the
manner similar to TR, an antibody only recognizes one site on
receptor; thus any alteration to an antibody in order to lower its
affinity for targeted receptor may require high dosing leading to
possible unwanted side effects outside the brain. Ideally, a vector
with low affinity and high capacity binding to the receptor will
likely make a good candidate for efficient transport across the
BBB in order to avoid negative side effects associated with high
dosing.

Low-Density Lipoprotein

Receptor-Related Protein

1 (LRP1)

A type I transmembrane protein belonging to an ancient family of
endocytic receptors, low-density lipoprotein (LDL) receptor family
[88, 89], LRP1 is a multifunctional endocytosis receptor that
mediates the internalization and degradation of ligands involved
in diverse metabolic pathways [90, 91]. LRP1 is synthesized as
600 kDa precursor protein and processed into a large 515 kDa
extracellular α-subunit and a smaller 85 kDa ß-subunit containing
the transmembrane domain and cytoplasmic tail that remain non-
covalently linked [92]. Like all the members of the LDL receptor
family, the extracellular α-subunit consists of four ligand-binding
domains (DI, DII, DIII, and DIV) and epidermal growth factor
(EGF) repeats, which facilitate the interaction with more than
40 different ligands [93, 94]. The ß-subunit is made up of a
transmembrane fragment and a shorter cytoplasmic tail containing
YxxL and dileucine motifs that function as principal endocytosis
signals and two NPxY motifs that serve as secondary endocytosis
signals, as well as binding sites for signaling adapter proteins
[90, 93, 95–97]. LRP is a multiligand lipoprotein receptor which
interacts with a broad range of secreted proteins and resident cell
surface molecules including apoE, α2M, tPA, PAI-1, APP, Factor
VIII, and lactoferrin. LRP is expressed in many tissues including the
CNS [98] and has been associated with a number of human diseases
such as Alzheimer’s disease [99, 100], multiple sclerosis
[101, 102], cancer [103–106], and ischemic cardiomyopathy
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[107]. The diverse function and association with diseases suggest
that LRP1 is likely a multifunctional receptor playing important
roles in various human diseases.

The LRP 1 has been exploited to target drugs to the brain in a
similar fashion as TR and IR.

Polysorbate 80-Coated

Nanoparticles

Nanoparticles coated with polysorbate 80 (Tween 80) have been
used for brain delivery of active compounds including analgesic
peptides (dalargin) and chemotherapeutics such as doxorubicin in
animal models [108]. It is thought that polysorbate 80-coated
polybutyl-cyanoacrylate nanoparticles adsorb apolipoproteins E
and B from the bloodstream after IV injection [109] and therefore
uses LRP for transcytosis across the BBB [110]. The precise mech-
anism of transcytosis however is still debatable.

Melanotransferrin Melanotransferrin (MTf), also known as human melanoma-
associated antigen p97, is a 97 kDa sialoglycoprotein belonging
to the Tf family of proteins. MTf has been proposed to be one of
the oldest members of the Tf family, dating back to 670 million
years ago [111]. Similar to other members of Tf family, it possesses
two metal-binding lobes; however, MTf uniquely exist in two
different forms: a glycosyl-phosphatidyl-inositol (GPI)-anchored
membrane-bound form and as a soluble secreted form in the
serum [112, 113]. Recombinant soluble form of MTf (80 kDa)
has been shown to actively transcytose across the BBB at a transport
rate 10–15 times higher than that of either Tf or lactoferrin with
the involvement of LRP [114]. MTf is being further developed by
BiOasis Technologies Inc. under the name of �B3 for the use of
transport of anti-cancer agent such as doxorubicin, paclitaxel, and
biologics such as monoclonal antibodies or lysosomal enzymes for
brain delivery [115, 116]. Recently, MTf has been shown to effec-
tively deliver trastuzumab to the brain leading to a reduction of the
number of preclinical human Her2+ breast cancer metastases in the
brain by 68%, while the tumors which remained after treatment
were 46% smaller compared to the control group. In comparison,
trastuzumab alone had minimal to no effect on reducing the num-
ber or the size of metastases in the brain [117].

MTf has a clear potential as the endogenous protein is found at
very low concentration in the blood of most normal individuals,
and binding kinetics are consistent with MTf having a relatively
medium to low affinity for its receptor [114], thereby minimizing
competition with exogenous ligands of the receptor. As an autolo-
gous human protein, immune hypersensitivity and elimination by
neutralizing antibodies after repeated treatments in clinical thera-
pies are likely to be minimized. A second generation of this tech-
nology is now in development and consists of a family of peptides
derived from the �B3 sequence. This family of peptides has shown
efficient transport across the BBB and the ability to transport

The Use of Peptide and Protein Vectors to Cross the Blood-Brain Barrier. . . 129



biologics to the brain. A 12-amino acid peptide has shown high
transport level to the CNS and ability to transport various payloads
such as enzymes, antibodies, and oligonucleotides to therapeutic
levels in the brain.

Receptor-Associated

Protein

Other proteins such as the receptor-associated protein (RAP), an
antagonist and a ligand for both LRP and VLDLR, have been
shown to be efficiently transported across the BBB into the brain
parenchyma [118]. RAP is found in the endoplasmic reticulum
(ER) where it plays the role of a chaperone for the LDL receptor
family, which includes LRP1 and 2 facilitating its transport to the
cell surface avoiding interaction with endogenous ligands [119],
and exogenously introduced RAP can also act to prevent uptake of
LRP ligands via binding to the receptor [120]. The application of
RAP as a potential drug carrier to the brain is in development by
Raptor Pharmaceutical [121].

Lentiviral Vector The use of the lentivirus vector system to deliver the lysosomal
enzyme, glucocerebrosidase, and a secreted form of GFP to the
neurons and astrocytes in the CNS has been demonstrated by using
the low-density lipoprotein receptor-binding domain of the apoli-
poprotein B with the targeted protein [122]. This transport was
specific to the protein with the ApoB LDLR domain, as the control
protein sGCm did not cross the BBB. Although the ApoB LDLR
sequence is 38 aa, the length did not appear to greatly affect
delivery or function of the recombinant protein. Unlike other
retroviral genera, lentiviruses are capable of infecting both dividing
and non-dividing cells, which makes it ideal for the mostly
non-dividing cells in the postnatal brain [123, 124]. Lentiviruses
posses numerous attractive qualities for CNS delivery, such as lack
of viral gene expression, relatively large cloning capacity [125],
lower probability of generating replication-competent retroviruses
[126, 127], and ability to expend lentiviral tropism by pseudotyp-
ing [124]. The most common pseudotyping is mediated by the
viral surface glycoprotein, VSV-G, which facilitates wide tropism
through their interaction with LRP [128]. Through differential
pseudotyping, targeted delivery within a brain region is possible.
However, as most lentiviral vectors are of HIV origin, safety
remains top concern. Even though no serious effects have risen,
the inability to control where lentiviral vector integration happens
remains an issue of concern [129].

Angiopep The field of peptide shuttle was pioneered by Stephen Dowby and
coworkers in the late 1990s [130, 131]; however, the brain trans-
port capability by a peptide in a selective manner was not proven
until 2007 with RVG29 [132] and soon after with Angiopep
[131, 133]. Angiopeps were derived from alignment of amino
acid sequence of aprotinin with LRP ligands bikunin, amyloid ß/
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A4 protein precursor, and the Kunitz inhibitor-1 precursor
[68]. Angiopep-2, a 19 aa peptide derived from the Kunitz domain,
demonstrates the highest transcytosis rate [133] involving LRP1
[134]. The potential of this platform technology by Angiochem
Inc. in brain-targeted therapy has been demonstrated with
ANG1005, a paclitaxel-Angiopep-2 conjugate [135], where intra-
peritoneal treatment increased average survival and prolonged life
span of mice without any loss of cytotoxic effect from paclitaxel
[135]. ANG1005 underwent Phase I/II clinical trials and was well
tolerated and showed activity in heavily pretreated patients with
advanced solid tumors, including those who had brain metastases
and/or failed prior taxane therapy [136]. ANG1005 is now in two
Phase II clinical trials for recurrent malignant gliomas and for
advanced cancer and brain metastases.

It should be noted that the relevance of Angiopep-2 is less
pronounced when applied with nanoparticle-mediated delivery to
the brain, as Angiopep-2 did not significantly enhance the brain
uptake of liposomes in vivo [137].

Vect-Horus Peptide More recently, LDL receptor has been targeted by Vect-Horus for
peptide-based brain delivery. A family of cyclic peptides were
isolated by phage display biopanning and were shown to undergo
receptor-mediated endocytosis involving LDL receptor without
competition from LDL [138]. Chemical optimization of a cyclic
15-mer peptide showed improved biochemical parameters includ-
ing LDL receptor binding affinity and in vitro blood stability. In
vivo data also show preferential accumulation of peptide and/or its
metabolites in LDL receptor-enriched tissues [139]. This offers a
new approach to peptide-based CNS delivery of therapeutics.

4.3.3 The BBB

Transmigrating Llama

Single-Domain Antibodies

Discovered by Hamers-Casterman and coworkers [140], single-
domain antibodies (sdAbs) are 12–15 kDa functional antibodies
characterized by lack of light chains and CH1 domain
[141, 142]. Produced as a humoral immune response, sdAb
seems to be limited to only Camelidae species within mammals
[143]. Using a Llama single-domain antibody (sdAb) phage display
library [144, 145], a new antigen-ligand system was identified for
transvascular brain delivery [146, 147]. The transport of two
sdAbs, FC5 and FC44 across the human brain endothelial cells,
was shown to be polarized, charge independent, and temperature
dependent suggesting a receptor-mediated process [145]. FC5 was
detected in clathrin-enriched fractions following internalization
and was shown to target the early endosomes, bypass late endo-
somes/lysosomes, and remain intact after transcytosis. The
clathrin-mediated internalization was associated with a cell surface
α(2,3)-sialoglycoprotein, which was later identified as transmem-
brane domain protein 30A (TMEM 30A) [145]. In vivo pharma-
cokinetics study of FC5 in rat demonstrated nearly identical plasma
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pharmacokinetics compare to control sdAb, with significantly
higher concentration in CSF (10- to 25-fold) [148]. Compare to
whole antibody, lower molecular weight, increased stability, and
absence of complement system-triggered cytotoxicity associated
with Fc make sdAbs a promising vector candidate for BBB drug
delivery.

4.3.4 Receptor-Targeted

Nanoparticles

Trojan Horses Liposomes

Trojan Horses Liposomes (THL) are considered by Pardridge et al.
[149, 150] and ArmaGen Inc. for the delivery of non-viral plasmid
DNA across the BBB for expression of interfering RNA (shRNA).
The plasmid DNA is encapsulated in the interior of a 100 nm
liposome. The surface of the liposome was conjugated with several
thousand strands of 2000 Da PEG. The tips of 1–2% of the PEG
strands were conjugated with a receptor (R)-specific mAb. TR
mAbs-targeted THL with expression plasmid for tyrosine hydroxy-
lase (TH) can treat Parkinson’s disease (PD) induced in rats. This
approach has been used to deliver shRNA against EGFR and
resulted in knockdown of EGFR expression and increase survival
of mice implanted intracerebrally with brain tumors [149].

Nanoparticles Coated

with Transferrin or

Transferrin Receptor

Antibodies

Human serum albumin (HAS) nanoparticles covalently coupled to
transferrin or transferrin receptor monoclonal antibodies have been
used to transport loperamide across the BBB. Loperamide is a
model drug as it binds to the nanoparticles by adsorption and is
BBB impermeable. Significant anti-nociceptive effects were
observed demonstrating the value of this approach to increase
BBB transport of these small drugs [151]; however, in vivo inves-
tigations using capillary depletion and morphological examination
have identified the capture of anti-TfR limited to the brain capillary
endothelial cells [152]. The application of this technology for the
transport of large and other small molecules across the BBB still
remains to be proven.

Nanoparticles Modified

With Synthetic Opioid

Glycopeptide g7

A synthetic peptide opioid-derived [H2N-Gly-L-Phe-L-Thr-Gly-
L-Phe-L-Leu-L-Ser(O-b-Glu)-CONH2] or g7 was able to cross
efficiently the BBB [153]. Evidence of BBB crossing pathways was
obtained after systemic administration of g7-nanoparticles (NPs) in
rodents, indicating that g7-peptide, due to its peculiar amphipathic
character, was able to selectively promote endocytosis at BBB level
and therefore mediate BBB translocation of g7-NPs to the CNS
parenchyma [154]. Preliminary experiments were conducted in
order to demonstrate that this approach can be applied to the
delivery of large molecular weight molecules such as enzymes. IV
injection of PLGA [poly(lactide-co-glycolide)] NPs labelled with
rhodamine, modified with g7, and loaded with FITC-albumin was
used and showed that g7-NPs were able to cross the BBB and
distributed widely in brain parenchyma [155]. This demonstrates
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the potential use of these g7-NPs for the delivery of high molecular
weight molecules in mice [155], in addition to its use for small
molecules such as loperamide [153]. The mechanism involved in
the transport of g7-NPs across the BBB is not known and still
under questions about involvement of a receptor or special
membrane-membrane interaction resulting in pinocytosis or
adsorptive transcytosis [154].

4.3.5

Adsorptive-Mediated

Transcytosis

Adsorptive mediate transcytosis (AMT) is nonspecific vesicular
transport system triggered by the electrostatic interaction between
the cationic peptide/protein and the anionic sites on the membrane
surface [156]. As the luminal plasma membrane of brain capillary
endothelial cells is overall negatively charged, cationic molecules
can bind and potentially transcytose across the BBB [157]. Similar
to receptor-mediated transcytosis (RMT), AMT in brain is a satu-
rable process that is both time and concentration-dependent [157];
however, the maximum binding capacity is several thousand times
greater than RMT [158]. This method of CNS delivery was first
explored in the late 1980s [159] and has subsequently been applied
to several peptides in vitro and in vivo [160, 161]. These peptides
possess multiple positive charges and ability to interact with lipid
membrane and to adopt a significant secondary structure upon
binding to lipids, with some of them sharing common features
such as hydrophobicity and amphipathicity.

On the other hand, limitations do exist for CNS delivery via
AMT. As much as being a benefit for AMT, the high adsorptive
property of cationized peptides/proteins to anionic sites on cell
surface will likely favor random tissue and organ distribution. Since
anionic sites are found on the surface of all living cells, direct
targeting of specific cell type or organ will be a challenge. Potential
toxicity and immunogenicity should also be noted given the effi-
cient cell penetration.

Dendrimers Dendrimers are man-made nanosized molecules consist of a central
core and tree-like branches radiating symmetrically from the core
[162]. With carefully crafted structure, the active surface terminal
groups of the dendrimers can be utilized to modify physiochemical
and biological properties [163, 164]. A number of advantages have
demonstrated promising roles of dendrimers in CNS delivery, such
as improving the solubility, stability, permeability, biodistribution,
and efficacy of a number of therapeutics as well as being used as
imaging and diagnostic molecules in animal models bearing brain
tumors [165]. Dendrimer-drug interaction can be achieved by
simple physical entrapment, where the micellar structure formed
by the hydrophobic core and the hydrophilic shell is maintained at
all concentrations [166, 167]. Due to the multivalent property of
dendrimers, complexes may result through chemical bonding such
as electrostatic interaction and pegylation [168]. The application of
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dendrimers is far-reaching, with capability of improving pharmaco-
kinetics. CNS-targeting ligand modification of the dendrimer sur-
face can potentially improve the rate and duration of drug delivery
to brain cells. However, toxicity remains an important issue sur-
rounding dendrimers. Both in vitro and in vivo studies have
demonstrated various degrees of toxicity associated with dendri-
mers containing cationic surface groups, which tend to interact
with lipid bilayer, leading to increase membrane permeability and
decrease integrity [169–172]. Alternatively, anionic dendrimers
and masking of primary amino groups have been shown to drasti-
cally reduce toxicity [172, 173].

Protein Transduction

Domains

Protein transduction domains (PTDs) are typically amino acid
sequences located on transcription factors allowing transport of
larger molecules across the cell membranes; examples are TAT,
homeodomain of Antennapedia, Syn-B, polyarginines, and others.
These peptides are basic molecules, cations, which are positively
charged and bind to negatively charged phospholipids of cell mem-
branes and are then taken up by adsorptive-mediated endocytosis.
Coupling of doxorubicin to either SynB1 (18aa) or SynB3 (10aa)
vectors significantly enhances its brain uptake by about 30-fold and
bypasses the efflux pump MDR1 [174]. Using this approach, brain
uptake of an enkephalin analog (dalargin) was enhanced several
100-fold after vectorization [175]. Highly hydrophilic cationic
polyarginines (9 mer of L-Arg, r9) have been shown to have very
efficient cellular uptake rate that is 20� faster than the well-known
cell-penetrating peptide HIV-1 TAT49–57 and 100� faster with
D-arginine oligomer (r9) [176]. Kumar et al. [132] demonstrated
the transvascular delivery of siRNA to the CNS using D-arginine
oligomer (r9) joined to C-terminus of a short RVG (rabies virus
glycoprotein) peptide, which allows specific binding to the acetyl-
choline receptor expressed on neuronal cells contributing to its
CNS delivery probably by adsorptive endocytosis with the specific
siRNA. Rather than the number of constituent amino acids of the
peptide, C-terminal structure and the basicity of the molecule are
the most important determinants of uptake by adsorptive-mediated
system of cultured bovine brain capillary endothelial cells [177].

Biologically Active Core/

Shell Nanoparticles

Designed for Drug Delivery

Across the BBB

Biologically active polymer core/shell nanoparticles enable solubi-
lization of hydrophobic drugs through hydrophobic interaction
and/or hydrogen bonding while effectively protecting against the
harsh external environment by the hydrophilic shell [178]. This
facilitates the durability of the drugs in the circulation. Anchoring
of Tat molecules to the surface of these nanoparticles has been
successfully synthesized for drug delivery across the BBB
[178]. Ciprofloxacin as a model antibiotic has been tested with
this technique and demonstrated the presence of Tat on the sur-
faces of the nanoparticles promoted their brain uptake and entered
the cytoplasm of neurons [178].
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Myristoylated Polyarginine

Peptide (MPAP)

Utilizing a hydrophobic 14-carbon moiety of myristic acid with a
polyarginine peptide, Pham et al. demonstrated delivery and in vivo
distribution of fluorescent cargo in mouse brain for near-infrared
(NIR) fluorescence imaging [179]. Fluorescent cargo was found
primarily accumulated in the neurons. It was proposed that the
myristoyl moiety guide the membrane association, while the hydro-
philic polyarginine initiate electrostatic interaction with the nega-
tive charges on the BBB cell membranes facilitating adsorptive-
mediated endocytosis [179]. The potential of this approach in
application to targeted therapetic delivery to CNS needs to be
investigated in the future.

Exosomes Fifty to hundred nanometer specialized membranous vesicles origi-
nated by inward budding into multivesicular bodies, which either
are digested by lysosomes or fuse with the plasma membrane to
release internal vesicles referred to as exosomes [180]. Exosomes
are secreted by a variety of cells including dendritic cells, mast cells,
T cells, platelets, neurons, Schwann cells, epithelial cells, and tumor
cells [181, 182]. Exosomes were initially thought to be a mecha-
nism for eradicating unneeded membrane proteins from reticulo-
cytes [183]. However it is commonly accepted that they are
specialized in intercellular communications facilitating transfer of
proteins, lipids, and RNAs [184]. Within the CNS, exosomes have
been associated to a number of pathogenic proteins, such as amy-
loid peptide and prions, and are thought to propagate pathogenesis
through interaction with recipient cells [184]. Target cell binding is
thought to be accomplished by expression of adhesive proteins
[185], receptor ligand interaction [186], or endocytosis
[187]. Exosomes has been extensively applied to miRNA field, as
majority of miRNA in serum and saliva are found within exosomes
[188]. Diagnostic application of RNA profiles of exosomes has
been correlated to a number of cancer models [189–191]. As
therapeutic delivery system, exosomes have demonstrated their
potential in targeted delivery of interference RNA [192] and
tumor prevention by using specific sources of exosomes
[193]. However, many aspects regarding exosomes association to
diseases are not yet well understood, such that exosomes may
promote the tumor-invasive activity via transfer of caveolin-1
[194] and problems surrounding its role in pathogen transmission
[195, 196].

4.4 Intranasal

Administration

for Brain Delivery

Intranasal (IN) drug delivery to the brain was first proposed by
William H. Frey II in 1989 and has since been recognized as a
noninvasive method of direct delivery of a drug to the brain and the
CNS [5, 197, 198]. In human body, nasal cavity is the only site
where nervous system is in direct contact with the environment,
hence offering great potential as an alternative route for direct drug
delivery to the CNS [198]. Olfactory pathway has been attributed
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to the direct brain delivery [199, 200]; however more recently, the
involvement of trigeminal pathway has also been demonstrated
[201, 202]. Mechanism of transport may also occur via the capil-
laries, lymphatics, and cerebrospinal fluid present in the nasal
mucosa tissue or by being excreted by nasal mucociliary movement
[203]. In animals, brain delivery of a wide spectrum of therapeutics
has been demonstrated ranging from small lipophilic molecules
(cocaine [204], morphine [205]) to larger therapeutics (leptin
[206, 207], insulin [208, 209]). Intranasal application involve
siRNA [210, 211], and nose-to-brain delivery in combination
with cell-penetrating peptidemodified nano-micelles have shown
significant improvement [212]. While IN delivery represents a
convenient noninvasive route of administration, incorporation of
nanoparticles and cell-penetrating peptides may likely improve
therapeutic efficacy by increasing drug stability, durability, and
specificity. On the other hand, inconsistency in evidences for direct
IN transport does warrant further investigation, as many of the
methodologies used in animals are not translatable in humans due
to the aggressiveness of the techniques [198]. Moreover, the rela-
tively small proportion of human nasal mucosa occupied by olfac-
tory epithelium (~3%) compare to that of rodent (up to 50%) raises
question about the estimated clinical potential/translation of nose-
to-brain delivery in human [198, 213].

5 Conclusions

As the population ages, increasing numbers of patients will develop
brain cancer or various neurodegenerative diseases, creating a great
unmet need for therapies which can treat CNS disorders. The
existing market for central nervous system (CNS) diseases was
$65B in 2006, dominated by antidepressant, stroke, epilepsy, and
Alzheimer’s medications. This market is forecasted to increase to
$105B in 2015 and includes many unmet therapeutic needs: brain
cancer (primary and metastatic), Alzheimer’s disease, Parkinson’s
disease, amyotrophic lateral sclerosis (ALS), multiple sclerosis
(MS), psychiatric disorders, stroke, and infections. There are
many promising biopharmaceutical agents very active on brain
targets that, unfortunately, cannot enter the brain in sufficient
quantities to be effective. Therefore new technologies have to be
developed to address this problem.

In this review the current techniques are highlighted, and new
approaches in development to deliver small and large molecules
such as biologics to the brain are described. The techniques used to
this day involve direct injection or infusion of therapeutic com-
pounds in the brain, but these methods present great limitations
due to brain parenchyma distribution. Only the use of technologies
able to cross the endothelial cells of the BBB using a physiologic
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approach will allow a homogenous distribution of therapeutics in
the brain and provide a uniform exposure of brain cells.

Monoclonal antibodies and ligands of these receptors can be
used as Trojan Horses for transcytosis of therapeutic compounds to
the CNS. New vectors based on monovalent antibodies or antibo-
dies presenting lower affinity for the transferrin receptor are being
developed with some success but present some toxicity. A new
peptide vector Angiopep ligand to LRP1 is being developed by
Angiochem Inc. and demonstrates a high transport rate across the
BBB and ability to transport large quantities of drugs to the brain
parenchyma. This technology is the most advanced as it is now in
Phase II for the treatment of recurrent gliomas and brain metastasis
for its first product ANG1005, an Angiopep-paclitaxel conjugate.
In addition, a new biotech company, BiOasis Technologies Inc., is
developing �B3 as a vector for brain delivery. �B3 also known as
melanotransferrin or p97 has demonstrated high transport of small
and large therapeutics such as antibodies and enzymes piggy-
backed on �B3 across the BBB. A new family of peptides derived
from �B3 shows the same abilities and is now the second genera-
tion of �B3.
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Chapter 6

Inorganic Nanoparticles and Their Strategies to Enhance
Brain Drug Delivery

Eduardo Gallardo-Toledo, Carolina Velasco-Aguirre,
and Marcelo Javier Kogan

Abstract

The main obstacle for brain drug delivery after systemic administration is the presence of the blood-brain
barrier (BBB). The use of drug nanocarriers to overcome this selective barrier that isolates the central
nervous system (CNS) has been widely studied in recent years. Among the different nanoparticles described
in literature, inorganic nanoparticles such as gold, iron oxide, carbon, silver, and others have been studied
for brain drug delivery. Here, we describe the strategies employed with different inorganic nanoparticles to
reach the CNS, which in general used targeting molecules that can facilitate the transport across the BBB
through transport mechanisms such as adsorptive-mediated transcytosis and receptor-mediated transport
or the use of peptide vectors. Throughout this chapter, examples of diverse nanosystems will be given,
highlighting the main research objectives, their characteristics, and the results obtained.

Key words Inorganic nanoparticle, Brain drug delivery, Central nervous system, Blood-brain barrier,
Gold nanoparticles, Iron oxide nanoparticles, Carbon nanotubes

1 Introduction

In the last decades, there has been an increase in the drug delivery
development of the central nervous system (CNS) in order to treat
diverse cerebral diseases, which incidence is greater every day due to
the worldwide aging. The main limitation for systemic administra-
tion has been the presence of the blood-brain barrier (BBB), which
is both a defensive and highly selective barrier which isolates the
CNS, generating a stable environment for neuronal function.
Besides, for the presence of this barrier, 98% of small molecules
and 100% of big molecules (molecular weight >1 kDa) are not
capable to reach the brain [1]. In order to overcome this natural
barrier, it has developed strategies such as intracerebroventricular
and intracerebral administration or methods that produce a tran-
sient BBB disruption induced by chemical, physical, or biological
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agents (e.g., magnetic heating and ultrasound) [2, 3]. However,
these brain drug delivery strategies have not been widely used
because they are considered as highly invasive and risky methods
[4]. For this reason, improving the BBB permeability of drug
nanocarriers appears as the main strategy to be used without side
effects.

Among the different nanocarriers, inorganic nanoparticles
including gold, iron oxide, carbon, silver, silica, quantum dots,
and others have been widely used for brain drug delivery (Fig. 1).
Characteristics such as shape, size, or porosity of inorganic nano-
particles can be precisely tuned. The surface of these nanoparticles
can be easily modified with ligands, polymers, drugs, or biological
molecules, which improve their stability and facilitate their BBB
penetration [5]. Additionally, the application of external stimuli as
magnetic field or near-infrared radiation can be used to produce a
temporary space release of drug in the CNS. Furthermore, inor-
ganic nanoparticles can be used not only as vehicles but also as
imaging agents or both (theranostic agents) [6]. All these unique
properties make inorganic nanoparticles take advantage over their
polymeric and lipid-based counterparts for brain drug delivery [7].

In this chapter, a general description will be made of how
inorganic nanoparticles of different materials are used as vehicles
for brain drug delivery or as theranostic agents for CNS disorders.

Fig. 1 Representative illustration of main inorganic nanoparticles addressed during this chapter that are
studied for brain drug delivery. (A) Gold nanoparticles, (B) Iron oxide nanoparticles, (C) carbon nanotubes,
(D) silver nanoparticles, (E) quantum dots, and (F) silica nanoparticles
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In each section, several examples will be named, highlighting the
main achievements of each study and the advantages of each
nanosystem used.

2 Gold Nanoparticles

An impressive and emerging field is the use of gold nanoparticles
(AuNPs) for the delivery of drugs to treat brain-related diseases
such as neurodegeneration and brain tumors. For example, there
has been described the use of gold nanospheres (GNSs) to destroy
the B-amyloid aggregates involved in Alzheimer’s disease [8–10],
which make them promising in biomedical applications.

These nanomaterials have different characteristic shapes, such
as spheres, rods, nanoshells, among others, with tunable sizes
[11]. The spherical gold can be obtained using simple established
laboratory procedures, such as sodium borohydride, citrate, and
carbohydrate reduction methods [12].

However, as reviewed by Krol in 2012, the delivery of nano-
particles to the brain remains unsolved [13]. This point is mainly
due to (1) the interaction of nanoparticles with biological compo-
nents after administration; (2) physical parameters such as residence
time on target molecules; and (3) the lack of unique target biomar-
kers on the diseased cells and the presence of highly selective
barriers. Consequently, the treatment of many brain-related disor-
ders using different drugs or nanoparticles is limited because of the
presence of the BBB, which thoroughly regulates the crossing of
drugs. In this context, peptide conjugation could represent an
attractive strategy to enhance the delivery of AuNPs. Moreover,
AuNPs can be capped with molecules as peptides for tagging them
to selective targets which is called active targeting.

Peptides can cross the BBB via different mechanisms. Passive
diffusion of peptides is insufficient, while the use of carrier systems
(i.e., carrier-mediated transcytosis (CMT)) expressed at the BBB is
a useful strategy to deliver peptides to the brain. However, for
CMT, it is necessary to bind specific chemical groups to render
them substrates for endogen carriers, e.g., by the glycosylation of
the peptide to enable transport through the GLT-1 receptors
[14, 15]. Adsorptive-mediated transcytosis (AMT) and receptor-
mediated transcytosis (RMT) are mechanisms by which different
peptides have been transported across the BBB. Binding the pep-
tide with affinity for the membrane or to a specific membrane
receptor on the cell surface can trigger endocytosis. For AMT
cell-penetrating peptides (CPPs) with the sequence TAT, penetra-
tin, D-penetratin, Syn-B, pegelin, and the heptapeptide Gly-L-Phe-
D-Thr-Gly-L-Phe-L-Leu-L-Ser (O-Beta-D-Glucose) (g7) are used
as vectors for different cargos. The CPPs share a standard feature,
which is the ability to interact with the lipid membranes
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[16, 17]. For example, the sequence TAT, which is an arginine-rich
CPP originating from the immunodeficiency virus type-I, contains
arginines that enable interaction with negatively charged mem-
branes. The guanidinium group of arginine is required for peptide
uptake and is more potent than other cations [18]. This mechanism
is independent of cell receptors and temperature.

In another hand, the Giralt group has described another exam-
ple of a CPP-rich arginine-peptide that they called the sweet arrow
peptide (VRLPPP)3 [19]. As they discussed for the cell penetration
process of CPPs, the essential factors for cell penetration are the
interaction between the arginines with the negatively charged
groups in the membranes, secondary structure of the peptide and
its aggregation state [20].

There are limited reports related to the use of peptides or
proteins to improve the crossing of AuNPs through the BBB.
Our group improved the brain delivery by conjugation with the
amphipathic peptide LPFFD [21]. This last peptide is a β-breaker
peptide designed by Soto et al. (which is based on the original
sequence of β-amyloid) [22], where a Cys was added at the
N-terminal peptide extreme for chemisorption to the gold surface
for microwave destruction of β-amyloid toxic aggregates. An
enhancement from approximately 0.01% to approximately 0.05%
of the ID/g in the brain tissue was observed for AuNP-CLPFFD in
comparison with AuNPs. The improvement in the delivery to the
brain could be attributed to an interaction of the conjugate with the
receptor for advanced glycation end products (RAGE), which play
an essential role in the influx of β-amyloid into the brain. RAGE is a
multiligand receptor in the immunoglobulin (IgG) superfamily
that binds β-amyloid and mediates transcytosis across the BBB
[23]. However, in that paper, the mechanism of penetration was
not investigated.

In other reports to increase the crossing through the BBB, we
conjugated AuNPs with a peptide that recognizes the transferrin
receptor (THRPPMWSPVWP) to AuNP-CLPFFD conjugate
[8]. This peptide sequence interacts with the transferrin receptor
present in the microvascular endothelial cells of the BBB, thus
causing an increment in the permeability of the conjugate in the
brain, as demonstrated by experiments in vitro and in vivo (Fig. 2).

Another study related to the functionalization of AuNPs was
reported by Sousa et al. where AuNPs where functionalized with
cationized human serum albumin to induce AMT through the BBB
[24]. These researchers followed the biodistribution with near-
infrared time-domain imaging in mice up to 7 days after the intra-
venous injection of the nanoparticles. The peak concentration in
the head of the mice was detected between 19 and 24 h. The precise
particle distribution in the brain was studied ex vivo using X-ray
microtomography, confocal laser microscopy, and fluorescence
microscopy. Also, they observed that the particles mainly
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accumulate in the hippocampus, thalamus, hypothalamus, and the
cerebral cortex. Additionally, Sch€affler and colleagues capped
AuNPs with albumin, observing a higher accumulation in the
brain [25].

Shilo et al. reported the use of AuNPs conjugated with insulin
to promote their translocation through RMT [26]. Consequently,
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Fig. 2 (A) Scheme of conjugate AuNP-THR-CLPFFD. (a) The peptide THR-CLPFFD anchored to the AuNP.
This peptide contains the THR sequence that recognizes the transferrin receptor and LPFFD that recognizes
Ab aggregates; (b) transport of the endocytic vesicle through the endothelial cells of the blood-brain barrier;
and (c) recognition and binding of the conjugate to Aβ aggregates inside the CNS. (B) Gold content in rat
brains (n ¼ 4) after administration of AuNP, AuNP-CLPFFD, AuNP-THR, AuNP-THR-CLPFFD, and PBS as
control. Before organ extraction, the animals were perfused with PBS. The gold content was determined by
neutron activation. TfR transferrin receptor (Reproduced from Prades et al. (2012) with permission from
Biomaterials [8])
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insulin-coated gold nanoparticles (INS-AuNPs) and control
AuNPs were injected into the tail vein of male BALB/c mice, and
the gold content in the organs was analyzed using atomic absorp-
tion. The amount of INS-AuNPs observed in mouse brains was
over five times greater than that of the control, untargeted AuNPs.

An important aspect to consider is that the structure of
the peptide anchored to the nanoparticle should not be changed
on the surface of the nanoparticles if the delivery strategy involves
the recognition of a receptor, as discussed in previous works [5]. It
is thus relevant to use different techniques to determine the struc-
ture of the ligand on the AuNPs surface as the number of peptides
per nanoparticle, which is relevant for the interaction with the
target. Different techniques have been employed for such purposes,
such as circular dichroism, which provides information about the
secondary structure of the peptide [27]; NMR, which provides
information related to the structure of the molecules [28]; infrared
spectroscopy, with the presence of functional groups on the surface
[29]; and surface-enhanced Raman spectroscopy (SERS) [30]. The
data obtained using these techniques provide information related
to the disposition of the peptides on the surface of the AuNPs.
Finally, the structure of the peptide and the surface that is exposed
to the biological media determine the interaction of the entity with
the cell membranes, triggering the entrance to the cell as was
discussed previously [31].

3 Iron Oxide Nanoparticles

Iron oxide nanoparticles (IONPs) were one of the first nanocrystals
extensively studied [32] due their intrinsic characteristics, such as
biocompatibility and superparamagnetic properties that can be
used for magnetic resonance imaging (MRI) as contrast probe,
magnetic hyperthermia, targeted drug delivery, or a combination
of these applications for theranostic [6, 33–37]. These nanoparti-
cles are approved by the US Food and Drug Administration (FDA)
for some imageology uses in medicine [38]. For example, Feridex
particles (AMAG Pharmaceuticals) were approved for the detection
of spleen and liver lesions [39, 40], whereas their analog Combidex
and other dextran-IONPs have entered or passed clinical trials to
their use as MRI contrast agents [41].

IONPs are synthetic particles with sizes ranging between
10 and 100 nm, which composition can be Fe3O4, α-Fe2O3, and
γ-Fe2O3, known as magnetite, hematite, and maghemite,
respectively.

One of the most relevant characteristics of the IONPs is that
they are superparamagnetic when their size is less than 20 nm
(superparamagnetic iron oxide nanoparticles or SPIONs), which
means that they present zero magnetism in the absence of an
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external magnetic field but can be magnetized when there is one.
The reason is because at such a small scale, the behavior of the
nanoparticles when the thermal energy overcomes their anisotropy
energy differs of bulk material, leading to random fluctuations of
the magnetizations that result in zero magnetic moment and net
coercivity at macroscopic scale [42, 43]. This property makes them
effective in reducing T2 relaxation time, which leads to signal
attenuation on a T2- or T2*-weighted map.

One interesting in vitro/ex vivo article has reported the use of
near-infrared fluorescent maghemite nanoparticles (γ-Fe2O3) mod-
ified with specific anti-Aβmonoclonal antibody clone BAM10 [44],
as potential targeting agents for Aβ aggregates, the main fibrillar
component of plaque deposits found in the brains affected by
Alzheimer’s disease. Cy7-γ-Fe2O3-PEG nanoparticles
(15.0 � 1.3 nm) were covalently binding to BAM10 to study the
kinetics of the Aβ40 fibril formation in the presence of BAM10-
conjugated nanoparticles and the ex vivo detection of Aβ40 by the
dual-modal MRI and fluorescence. These results showed that the
conjugation of the BAM10 to the NIR fluorescent iron oxide
nanoparticles significantly inhibits the Aβ40 fibrillation kinetics
and specifically marks these fibrils. In another hand, the selective
labeling of the Aβ40 fibrils with the BAM10-conjugated nanopar-
ticles enabled specific detection of Aβ40 fibrils ex vivo by MRI and
fluorescence imaging [44]. These dual-modal nanoparticles may,
therefore, be an effective tool for anti-Aβ monoclonal antibody
delivery and may be used for the development of both therapeutic
and diagnostic agents for Alzheimer’s disease.

As it was mentioned before, the main advantage of SPIONs is
their capacity of being magnetized in the presence of a magnetic
field, a characteristic that can be used to direct the delivery of the
SPIONs to a specific organ. Thomsen et al. tried to find whether
SPIONs were able to cross a monolayer of brain capillary endothe-
lial cells cultured in an in vitro BBBmodel and the effect of external
magnetic force over SPIONs penetration rate and efficiency
[45]. This article shows SPIONs are able to pass into and through
a brain capillary endothelial cell monolayer and enter astrocytes
cultured at the bottom of lower chambers in a manner that is
significantly enhanced by the use of an external magnetic force.
Besides, data suggest external magnetic force did not affect the
integrity of the endothelial monolayer, nor is the cell viability
affected by the fluorescent SPIONs or by the magnetic force trans-
porting the nanoparticles inside the cells.

In addition to the examples mentioned above, different groups
have evaluated in vivo if IONPs can reach the CNS and their
therapeutic effect after systemic administration. Shin and Yim
et al. developed a facile approach for the delivery of magnetic
metal ferrite nanoparticles coated with cross-linked serum albumin
(SA-MNPs), in order to use the adsorptive-transcytosis mechanism
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present in the BBB [46]. The nanoparticles obtained were stable
with a hydrodynamic diameter of 30 nm and a metal core of 15 nm.
SA-MNPs were incubated 1 h at 37 �C with three different types of
cells (primary cultured brain microvascular endothelial cells, neu-
rons, and astrocytes) to evaluate their in vitro penetration. Besides,
the nanoparticles were intravenously administered to BALB/cmice
to evaluate their delivery to the CNS through MRI. Both in vitro
and in vivo tests demonstrated their capability to cross the BBB
without any breakdown.

In order to improve the brain delivery of PEG-coated Fe3O4

nanoparticles by lactoferring-receptor-mediated transcytosis of
cerebral endothelial cells, lactoferrin (Lf) was covalently conjugated
over the nanosystem [47]. The authors compared both in vitro and
in vivo the efficacy of PEG-Fe3O4 and Lf-PEG-Fe3O4 nanoparti-
cles. Experiments carried out using an in vitro porcine BBB model
and SD rats for in vivo assays showed that Lf-conjugated PEG--
Fe3O4 nanoparticles had a better capacity to cross the BBB in
comparison to PEG-Fe3O4 nanoparticles.

Zhao et al. developed magnetic paclitaxel nanoparticles and
evaluated, both in vitro and in vivo, their cytotoxicity against
glioma [48]. They showed that the nanosystem was readily inter-
nalized into glioma cells and presented a therapeutic effect similar
to free paclitaxel in vitro. As in vivo model, the authors used
glioma-bearing rats that were treated with an intravenous injection
of paclitaxel-loaded superparamagnetic nanoparticles. To target the
nanosystem to the brain, a 0.5 T magnet was used, showing an
increment in drug content of 6- to 14-fold in implanted glioma and
4.6- to 12.1-fold in the normal brain (in comparison to free pacli-
taxel, Table 1). Besides, the survival rate of animals was significantly
extended after SPIONs magnetic targeting (Fig. 3). Other
approaches for the treatment of glioblastoma were described by
Agemy et al. through antiangiogenic therapy [49]. The authors
developed a novel nanosystem that is based on nanoworm vectors

Table 1
Paclitaxel concentration in rat normal brain and glioma after intravenous administration of
commercial paclitaxel and magnetic paclitaxel nanoparticles

MPNPs + magnetic targeting
p-Value

Paclitaxel (μg/g)
p-Value

Glioma Brain Glioma Brain

1 h 1.138 � 0.199 0.854 � 0.067 0.048 0.190 � 0.045 0.186 � 0.047 0.769

8 h 0.920 � 0.284 0.765 � 0.144 0.040 0.064 � 0.034 0.063 � 0.029 0.722

16 h 0.592 � 0.157 0.382 � 0.053 0.022 0.000 � 0.000 0.000 � 0.000 –

The paclitaxel concentration was analyzed at 1, 8, and 16 h by HPLC. Reproduced from Zhao et al. (2010) with

permission from Anticancer Res [48]

Each value represents the mean � SD of five independent determinations
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as theranostic platform, which incorporates three characteristics for
targeting antitumoral activity and imaging (CGKRK peptide, (D
[KLAKLAK]2) peptide, iron oxide component, respectively). The
nanosystem showed both diagnostic and effective therapeutic
capacity in glioblastoma-bearing mice, removing most tumors and
delaying tumor development.

Several therapies against diseases produced by viruses have the
problem that they are unable to eradicate the virus of the CNS. One
example is HIV, where viral replication occurs despite a complete
viral suppression in peripheral blood. Fiandra et al. studied the
crossing of the antiretroviral drug enfuvirtide (Enf) through the
BBB in both in vitro and in vivo [50]. Because this drug is normally
unable to penetrate the cerebrospinal fluid, the authors used iron
oxide nanoparticles coated with a suitable amphiphilic polymer,
poly(isobutylene-alt-1-tetradecene-maleic anhydride), to increase
Enf translocation across the BBB. Results showed that the nano-
formulation enhanced the antiretroviral penetration across the BBB
in mice model. The experiments carried out revealed that the
mechanism involved corresponds to the uptake of the nanosystem
by endothelial cells, nanocomplex dissociation, and the release of
the peptide, which finally reaches the brain parenchyma.
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Fig. 3 Kaplan-Meier survival curves for C6 glioma-bearing rats. Magnetic paclitaxel nanoparticles (magnetic
targeting group, MTG) or commercial paclitaxel (PTX) was intravenously administered. MTG was combined
with 0.5 T magnetic field across the head for targeting (Reproduced from Zhao et al. 2010 with permission
from Anticancer Res [48])
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4 Carbon Nanotubes

Carbon nanotubes (CNTs) are allotropes of carbon with a cylindri-
cal structure formed by a graphene sheet. This graphene sheet can
be wrapped in multiple ways, leading to different imaginary cut
lines or chiral vectors [51, 52]. Mainly, there are three chiral vectors
that denote three types of CNT structures with distinct properties:
chiral, armchair, and zigzag [53]. Besides, depending in the num-
ber of graphene sheets wrapped that conforms the CNT, this can be
categorized into two main groups: single-walled carbon nanotubes
(SWCNTs) or multi-walled carbon nanotubes (MWCNTs), which
have only one graphene sheet wrapped or more than one wrapped
in a concentric fashion, respectively [54].

Due to their interesting properties, CNTs are valuable for
nanomedicine as a diagnostic and/or therapeutic platform. As
many studies have demonstrated, CNTs can be taken up by cells
via different pathways, such as endocytosis or passive diffusion,
which is an important feature to consider them as a potential
nanomaterial for drug delivery [6, 55, 56]. Shityakov et al. have
studied the capability of CNTs to cross the BBB using an in vitro
model [57]. They used a Transwell® device (Corning Inc., NY,
USA) to evaluate the transport of fluorescein isothiocyanate-
labeled MWCNTs (MWCNTs-FITC) across microvascular cerebral
endothelial cells (cEND cells). The results indicated that
MWCNTs-FITC are able to penetrate the monolayer and did not
have effects on cell viability. Besides, the chemical and physical
properties make them a suitable nanocarrier. For example, the
hollow interior of CNTs can be loaded with hydrophobic drugs
through non-covalent π–π stacking, whereas the outer surface can
be functionalized with molecules that recognize a specific receptor
or target where the therapeutic effect is desired [54]. Besides,
CNTs can be used to perform thermal ablation, to detect specific
antigens, to enhance drug cytotoxicity, or as an adjuvant contrast
agent [58–61]. All these features allow to create a multifunctional
nanosystem that could be used for CNS pathologies.

Kafa et al. evaluated the penetration properties (in vitro) and
brain uptake and the in vivo biodistribution of amino-
functionalized MWCNTs [62]. For an in vitro study, the authors
used a co-culture of primary porcine brain endothelial cells and
primary rat astrocytes as BBB model. Cellular uptake was observed
by TEM, which showed that MWCNTs accumulate in endocytic
vesicles. Radiolabeled MWCNTs were used to quantify the trans-
cytosis process by γ-scintigraphy, observing a maximum transport
after 72 h incubation (13% of MWCNTs). For in vivo experiments,
the radiolabeled MWCNTs were detected using γ-scintigraphy too.
The results demonstrated the presence of MWCNTs in brain capil-
laries and brain parenchyma.
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Some reports have shown that CNTs can be used as neuropro-
tective agents. Lee et al. investigated the potential of use SWCNTs
functionalized with amine (a-SWCNTs) to protect neurons after
ischemic injury [63]. The authors used a rat stroke model
(MCAO), which was administered with a-SWCNTs via lateral ven-
tricle before the induction of stroke. Animals treated with
a-SWCNTs had smaller infarct regions in the brain, compared to
control group (PBS administration), and showed an enhancement
of motor function assessed by rota-rod treadmill test, despite that
SWCNTs were administered without any therapeutic molecule.
Another work used amino-functionalizedMWCNTs to deliver ther-
apeutic caspase-3 siRNA (siCas-3) into the brain of endothelin-
1 stroke murine model [64]. The cortical injection of the nanosys-
tem successfully improved the antiapoptotic effect of siCas-3 and
promoted functional motor recovery. Besides, MWCNTs were
observed in neuron cells at 48 h post-administration by TEM.

In the case of neurodegenerative diseases, SWCNTs were suc-
cessfully used to deliver acetylcholine into the brain of a mouse
model of Alzheimer’s disease after multiple gastric gavage admin-
istrations [65]. The study revealed that SWCNTs were taken up the
intestinal wall by macrophages and adsorptive cells but were also
observed in other organs as the brain. TEM analysis showed that
SWCNTs localized in the lysosomes of neurons and neurites. Due
to the delivery of acetylcholine, therapeutic effects, as improvement
in the learning and memory capability, were observed on induced
Alzheimer’s disease mouse model.

CNTs have also been used in the treatment of brain tumors.
VanHandel et al. evaluated the uptake and toxicity of MWCNTs
coated with Pluronic F108 and tagged with PKH26, a hydrophobic
red fluorescent dye, after intratumoral injection [66]. They used a
GL261 glioma model and determined that most MWCNTs (75%)
were phagocyted by the tumor macrophages. Microglia showed to
be MWCNTs-positive 24 h after injection, and the presence of the
carbon nanotubes in glioma was confirmed 48 h post-
administration by immunohistochemistry. Despite that a transient
and self-limiting local inflammation was observed, no significant
toxicity was noted in mice. Zhao et al. have demonstrated that
SWCNTs chemically functionalized with PL-PEG which enhanced
the uptake of CpG oligonucleotide (immunoadjuvant) in tumor-
associated inflammatory cells after intratumoral injections
[67]. The authors used an in vivo model mice bearing intracranial
GL261 gliomas and measured the tumor growth by biolumines-
cent imaging, histology, and animal survival. CNTs potentiated
CpG immunotherapy, resulting in elevated levels of proinflamma-
tory cytokines and reduced tumor growth. Oxidized MWCNTs
(O-MWCNTs) were conjugated with PEG and Angiopep-
2 (ANG), a brain-targeting ligand, and loaded with the anticancer
drug doxorubicin (DOX) [68]. The nanosystem was evaluated
in vitro (intracellular tracking) and in vivo (fluorescence imaging).
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Male Balb/c mice were intravenously injected with O-MWCNTs-
ANG-DOX,which demonstrated an improvement in the brain uptake
of DOX when it was compared with non-ANG and DOX alone
counterparts. Besides increased glioma targeting, O-MWCNTs-
ANG-DOX increased the median survival time the most.

5 Silver Nanoparticles

Silver nanoparticles (AgNP) have dimensions between 1 and
100 nm in size and represent another type of metallic colloidal
nanoparticles. This nanomaterial shows stable physicochemical per-
formance functions better in electricity, optics, and catalysis and
exhibits excellent antibacterial activity [69], attracting attention in
scientific research due to their versatility of applications in different
areas of engineering, medicine, chemistry, and physics [70–72].

AgNP in biomedicine has shown an increase in its application,
such as molecular imaging, drug delivery, diagnosis in the treat-
ment of wound healing, and development of materials and medical
devices with antimicrobial properties. Other therapeutic uses of
AgNP have been studied, using them as carriers or as active com-
pounds for therapy and diagnostic in cancer, as well as an antibac-
terial, antifungal, and antiviral agents. However, it has been agreed
that AgNP could induce cell apoptosis owing to their strong cyto-
toxicity [73, 74]. Studies have shown that silver nanoparticles
introduced into the systemic blood supply can induce BBB dys-
function and astrocyte swelling, in addition to causing neuronal
degeneration in vivo [75–77]. For this reason, it is necessary to
look forward to surface modifications in order to reduce their
intrinsic toxic effect and therefore allow the use of these nanopar-
ticles in biomedicine’s applications.

Some studies have revealed that AgNP can reach the blood
circulation system via the blood-pulmonary barrier, resulting in a
systemic distribution, mainly in the brain [78]. In this context, the
exact region where AgNPs are distributed in the brain ultrastruc-
ture and the BBB was investigated by Tang et al. They observed
accumulation of silver nanoparticles in the brain, where AgNPs
have been shown to cross the BBB using two different mechanisms:
transcytosis through endothelial cells of the brain-blood capillary
and by reducing the close connection between endothelial cells or
dissolving the endothelial cell membranes [79]. They concluded
that AgNPs have toxic effects on neurons, resulting in neuronal
degeneration and cell membrane thrombolysis. Besides, the nano-
particles could move from the pyknotic neuron to influence other
neurons. Because it has been demonstrated that AgNP can be
accumulated in the brain over a long period of time, they may
induce negative effects as neuronal necrosis.

Tang et al. in 2010 studied in an in vitro BBB model the spatial
distribution of AgNP that crossed through the BBB model. They
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demonstrated that AgNPs were able to cross the BBB in a signifi-
cant larger quantity, compared to silver microparticles. This result
confirmed that silver nanoparticles could easily cross the blood-
brain barrier as was reported in animal models [80]. Another
in vitro report examines the interactions of AgNP with the endo-
thelial microvascular cells to identify the connection of proinflam-
matory mediators that can increase BBB permeability [81]. The
potential proinflammatory mediators such as interleukin IL-1b,
IL-2, tumor necrosis factor TNFα, and prostaglandin E2 were
determined. The investigators reported a size-dependent increase
in BBB permeability correlated with the severity of immunotoxicity.
Further, this study suggests that AgNP may interact with the
cerebral microvasculature producing a proinflammatory cascade
which may further induce brain inflammation and neurotoxicity.

However, recently a study by Gonzalez-Carter et al. has been
published where the effect of AgNP on the resident immune cells of
the brain was examined [82]. It is well-understood that microglia
are implicated in neurodegenerative disorders such as Parkinson’s
disease, a reason why it is relevant to examine how AgNPs affect
microglial inflammation to fully assess AgNP neurotoxicity. In the
reported study, in vitro uptake and intracellular transformation of
citrate-capped AgNPs by microglia, as well as their effects on
microglial inflammation and related neurotoxicity, were examined.
The results demonstrated an internalization and dissolution of
AgNP within microglia and formation of nonreactive silver sulfide
(Ag2S) on the surface of AgNP. Besides, AgNP treatment upregu-
lated microglial expression of the hydrogen sulfide (H2S)-synthe-
sizing enzyme cystathionine-γ-lyase (CSE), which might be a
general mechanism of silver toxicity limitation. Concomitantly,
this diminishes microglial inflammation, reducing lipopolysacchar-
ide (LPS)-stimulated ROS, nitric oxide, and TNFα production.

In another hand, an in vivo study was reported using a targeted
drug delivery against glioblastoma [83]. In this case, polymeric
nanoparticles containing the drug alisertib, a selective Aurora A
kinase (AAK) inhibitor and AgNP were conjugated with a chlor-
otoxin, an active targeting 36-amino acid-long peptide that specifi-
cally binds to MMP-2, a receptor overexpressed in brain cancer
cells. The results showed a tumor reduction in vivo when using
silver/alisertib-polymer-chlorotoxin nanoparticles. This can be
attributed to a synergistic effect based on the coexistence of the
drug with Ag + ions formed from slow AgNP dissolution once they
are released from the protective polymeric shell.

6 Silica Nanoparticles

Silica-based nanoparticles (SiNPs) have roused a significant interest
in the drug delivery field, owing to their intrinsic properties, such as
biocompatibility, synthesis tunability, and low cost of production.
In the biomedical field, SiNPs can be classified as mesoporous or
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nonporous nanoparticles, which exhibit amorphous structure silica.
The former is mainly characterized by the mesopores (2–50 nm
pore size) that have been broadly used for drug delivery based on
physical or chemical adsorption of active compounds onto nano-
particle surface [84]. In another hand, nonporous silica nanoparti-
cles may transport active compounds through conjugation using
different chemical linkers or by encapsulation inside the silica
matrix [85–87].

The drug delivery application of mesoporous silica nanoparti-
cles to overcome the BBB has been studied by diverse investigation
groups. Recently, Song et al. have studied the effect of conjugation
in vitro, by attaching lactoferrin on the nanoparticles surface and
evaluating their transport efficiency across the BBBmodel [88]. Sil-
ica nanoparticles were synthesized by using water-in-oil microe-
mulsion method. Later, to modify its surface with primary
amines, (3-Aminopropyl)triethoxysilane (APTES) was poured
into the SiNPs solution and then stirred for a specific period of
time. The surface-modified SiNPs were next resuspended in
2-(N-morpholino)ethanesulfonic acid (MES) solution after rins-
ing. Afterward, the obtained suspension was mixed with EDC
and NHS, following by addition of bis-carboxy-polyethylene glycol
(PEG). The resulted PEG-labeled SiNPs were washed with
phosphate-buffered saline by centrifugation and finally dispersed
in PBS. In this case, the nanoparticle surface was modified with
polyethylene glycol to reduce nonspecific interactions. PEGylated
silica nanoparticles have been reported to exhibit relatively longer
blood circulation times and lower uptake by the liver than
non-PEGylated silica nanoparticles. To increase the BBB penetra-
tion efficiency, previously obtained nanoparticles were modified
with lactoferrin by attaching this probe to the PEG-labeled SiNPs
surface. The lactoferrin conjugation procedure comprises first an
EDC and NHS addition in PEG-labeled SiNPs solution, with the
aim of activating terminal carboxylic groups present in PEG chain.
Subsequent, different amounts of lactoferrin were introduced to
trigger the reaction. The transport efficiency of obtained
PEG-labeled SiNPs conjugated with lactoferrin was studied using
an in vitro BBB model which consists of three distinct types of cells:
endocytes, pericytes, and astrocytes. Transfer of NPs from the apical
side to the basolateral side was observed, and the results indicated
that lactoferrin-attached SiNPs improve transport efficiency across
the BBB compared to uncovered SiNPs. This receptor-mediated
transcytosis of SiNPs over the cerebral endothelial cells represents
an interesting alternative to deliver drugs or imaging probes to the
brain.

Another study that has shed light on the potentiality of this
nanosystem corresponds to the investigation done by Ku et al.,
where in vivo assay was performed [89]. In this study, fluorescein-
doped magnetic silica nanoparticles (FMSNs) were combined with
magnetic materials (e.g., magnetic iron oxide) and a fluorescent
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probe (e.g., FITC) into mesoporous silica material. FMSNs were
firstly modified through PEGylation, to increase the surface func-
tional groups and protect dye molecules trapped in FMSNs from
photobleaching. Subsequently, the second generation
(G2) PAMAM-NH2 dendrimers, which have been reported to be
a nontoxic and nonimmunogenic drug/gene delivery agent, were
covalently conjugated onto FMSNs through 3-(triethoxysilyl) pro-
pyl isocyanate (ICP) to yield PFMSNs. Finally, the amino groups of
PFMSNs were reacted with tresylated MPEG-5000 to yield PEGy-
lated PFMSNs. They demonstrated that PEGylated PFMSNs could
penetrate the BBB through transcytosis of vascular endothelial
cells, subsequently diffuse into cerebral parenchyma, and distribute
in the neurons. In contrast, non-PEGylated FMSNs were not
found to cross the BBB.

In another in vivo study, the authors proposed the use of nano-
shells, an optically tunable nanoparticle consisting of a dielectric
core (silica) surrounded by a thin metallic layer (gold), as a new
contrast-enhancing agent for photoacoustic tomography [90]. The
size of the nanoparticle core relative to the thickness of the gold
shell can be adjusting, whence the optical resonance of nanoshells
can be precisely and systematically varied over a broad spectrum
including the near-infrared (NIR) region where the optical trans-
mission through biological tissues is optimal. This study was abled
to show for the first time the rat brain vasculature in vivo through
photoacustic tomography, using nanoshells to create an enhanced
optical contrast with a high spatial resolution. This nanosystem
allowed to monitor the dynamics of the nanoshells in the circula-
tory system of the rat and its reach to the brain.

Another investigation group reports a study where transport of
PEGylated silica nanoparticles with diameters of 100, 50, and
25 nm across BBB was evaluated [91]. For this purpose, an in vitro
BBB model based on mouse cerebral endothelial cells (bEnd.3)
cultured on Transwell inserts within a chamber was used. More-
over, in vivo animal experiments were further performed by nonin-
vasive in vivo imaging and ex vivo optical imaging after injection via
carotid artery. The results showed that PEGylated silica nanoparti-
cles can traverse the BBB in vitro and in vivo. The transport
efficiency of PEGylated SiNPs across BBB was found to be size-
dependent, with increased particle size resulting in decreased
efficiency.

7 Quantum Dots

Quantum dots (QDs) are semiconductor nanocrystals that typically
have a heavy metal core composed of materials such as CdTe, CdSe,
and PbS (first generation) or CdTe/CdSe, Cd3P2, and InAs/ZnSe
(second generation), which is surrounded by an unreactive metallic
shell (such as ZnS). QDs have unique optical and electronic

Inorganic NPs and Brain Drug Delivery 163



properties such as high brightness and long-term photostability
and possess a narrow emission spectrum. These properties can be
accurately adjusted by tuning their size and composition, which
make QDs a revolutionary platform for diagnostic purposes. More-
over, the option to incorporate a therapeutic agent over the outer
coating of QDs makes them a suitable candidate for therapy and
diagnosis (theranosis) of CNS disorders.

However, there are few reports about QD-based drug delivery
to the CNS, with innate toxicity, relative poor stability, and low
BBB permeability of these nanomaterials being the main issue. Gao
et al. used QDs encapsulated into the core of PEG-PLA nanopar-
ticles and functionalized with wheat germ agglutinin, observing an
improvement in their stability and safe brain targeting after intra-
nasal administration, as an alternative route to bypass the BBB
[92]. One of the most used strategies to increase the translocation
of nanoparticles from blood to CNS through BBB is the transferrin
receptor. In this line, lysine-coated CdSe/CdS/ZnS QDs were
synthesized and conjugated with transferrin [93]. The authors
used an in vitro BBB model to demonstrate the receptor-mediated
transport of their bioconjugated QDs. The migration rate of these
nanoparticles was concentration- and time-dependent, illustrating
a QD-based platform that could be used for theranostic purposes.
Other research groups demonstrated that CdS:Mn/ZnS quantum
dots conjugated with TAT (a cell-penetrating peptide) can rapidly
reach the brain parenchyma (within few minutes) without
manipulating the BBB, after intra-arterial administration
[94]. Paris-Robidas et al. used QDs conjugated with Ri7 (mono-
clonal antibody) to target the murine transferrin receptor and
obtain direct subcellular evidence of vectorized transport of their
nanosystem [95]. First, they demonstrated that QDs-Ri7 internali-
zation is due to specific transferrin receptor-mediated endocytosis
using N2A and bEnd5 cell lines. A fourfold increase in the volume
of distribution in brain tissues was found after intravenous admin-
istration of QDs-Ri7 in mice when they compared it with control
animals. These nanoparticles remain in the cerebral vasculature 0.5,
1, and 4 h post-administration, with a decline in signal intensity
after 24 h (Immunofluorescence analysis). However, authors
described that parenchymal penetration of QDs-Ri7 was tremen-
dously low and comparable with control (IgG), but the systematic
administration of QDs-Ri7 complexes undergoes extensive inter-
nalization by brain capillary endothelial cells, thus showing a novel
therapeutic approach for brain endothelial cell drug delivery [95].

8 Other Nanoparticles

Besides all kind of nanoparticles mentioned before, there are few
examples of nanosystems developed for the treatment of CNS
disorders, which are fabricated with inorganic materials, such as
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cerium oxide, yttrium oxide, zinc oxide, and selenium. Schubert
et al. have shown that nanoparticles composed of cerium oxide or
yttrium oxide can be used to diminish neuronal death by the
reduction of the oxidative stress [96]. They used the HT22 hippo-
campal nerve cell line to demonstrate that ceria and yttria nanopar-
ticles act as direct antioxidants to control the amount of ROS
necessary to kill cells after γ-irradiation. Another group uses these
potent-free radical-scavenging properties of ceria nanoparticles to
use them as a potential therapeutic agent for stroke [97]. Using a
mouse hippocampal brain slice model of cerebral ischemia, they
demonstrated the neuroprotective effect of ceria nanoparticles on
this in vitro model and their potential to prevent cell death by
reduced ROS production, suggesting that cerium oxide nanoparti-
cles mitigate ischemic brain injury through the scavenging of per-
oxynitrite. However, both studies just evaluated the use of these
nanoparticles by in vitro assays, being necessary in more studies.

Xie et al. investigated if zinc oxide nanoparticles had effects on
animal model of depression [98]. They gave lipopolysaccharides to
male Swiss mice to induce depressive-like behaviors in one group
and co-administered zinc oxide nanoparticles in another group
(i.p.). Results showed that lipopolysaccharide injections elicited a
cognitive and behavioral impairment in model mice that could be
improved after zinc oxide nanoparticle co-administration. How-
ever, more studies are necessary to understand if these nanoparticles
reach the CNS, in what quantity, and what mechanisms are
involved.

In the last decade, there has been great interest in the use of
selenium (Se) for the treatment of neurodegenerative diseases, such
as Alzheimer’s disease. There are accumulative evidences which
indicate that the presence of hyperphosphorylated tau and Aβ
plaques elicits apoptotic neuronal loss by the increment of oxidative
stress [99]. As Se is an antioxidant bioactive compound, there is a
correlation between the loss of cognitive function and low plasma
selenium levels; it has seemed very interesting to explore its use. It
has been reported that levels of oxidative stress and Aβ formation
can be decreased using selenium as treatment for animal models of
Alzheimer’s disease [100]. Yin et al. synthetized sialic acid-
modified selenium nanoparticles conjugated with B6 peptide
(B6-Sa-SeNPs), as a substitute for transferrin to mediate brain
drug delivery [101]. The authors used bEnd.3 cell line to evaluate
the cellular uptake and an in vitro BBB model (Transwell experi-
ment) to determine the capacity of their nanosystem to cross this
barrier. The different assays performed, such as flow cytometry,
laser-scanning confocal microscopy, and inductively coupled
plasma atomic emission spectroscopy, showed high cellular uptake
of B6-Sa-SeNPs and provided evidence that nanoparticles crossed
the BBB model. Besides, the authors demonstrated that B6-Sa-
SeNPs could effectively inhibit Aβ aggregation and disaggregate
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preformed Aβ fibrils. Although these results showed a promising
platform for the treatment of Alzheimer’s disease and other CNS
pathologies related to damage produced by oxidative stress, in vivo
studies are necessary to determinate the brain delivery of this
nanoparticles.

9 Conclusions

It is possible to conclude that there are different kinds of nanoma-
terials with potential applications for drug delivery, therapy, and
diagnostic for CNS pathologies. Remarkably, the development of
new nanomaterials for theranostic applications, or their use to
reduce the oxidative stress in CNS, appear as interesting new fields
to be explored.In other hand, although the application of nanoma-
terials for pathologies is a promising field, it is necessary to achieve
higher local concentrations into the tissues to determine the poten-
tial toxic effects of them on the CNS.

For the mentioned applications, it is necessary to explore the
conjugation with molecules as peptides that allow the improvement
of delivery to the CNS. In relation with the improvement of deliv-
ery of nanomaterials, it is relevant to explore other routes for
administration, as the intranasal, evaluating also the quantity of
nanoparticles delivered to the nervous tissue.
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Chapter 7

Magnetic Nanoparticles as Delivery Systems to Penetrate
the Blood-Brain Barrier

Joan Estelrich and Maria Antònia Busquets

Abstract

Crossing the blood-brain barrier (BBB) is essential for effective treatment of brain disorders. Due to their
physical properties, biocompatibility, and biodegradability, superparamagnetic iron oxide nanoparticles
(SPIONs) show promise as carriers of therapeutics or as a therapeutic system in themselves. The use of
SPIONs as a therapeutic system with the capacity to penetrate the BBB is based on three different strategies:
(a) SPIONs are encapsulated in a therapeutic nanoscale system thought to cross the BBB. The presence of
SPIONs inside the brain is easily detectable by techniques such as magnetic resonance imaging (MRI),
confirming entry of the nanoscale system into the brain; (b) movement of the SPION-encapsulated load
toward the site of action is assisted by the action of an external magnetic field; and (c) SPIONs generate
moderate or high heat after applying radiofrequency or microwave radiation; this heat can either locally
open the BBB or kill the cancerous cells.
This review summarizes the advances that have been made when SPIONs have been applied in some

diseases involving the brain, such as neurodegenerative diseases, gliomas, and neuro-acquired immunode-
ficiency syndrome.

Key words Acquired immunodeficiency syndrome, Brain, Drug delivery, Glioma, Magnetic hyper-
thermia, Magnetic nanoparticles, Magnetic targeting, Nanotechnology, Neurodegenerative diseases,
Superparamagnetism

1 Introduction

One of the most commonly used nanoscale materials are magnetic
nanoparticles (MNPs), a type of core/shell nanoparticle structure
that consists of a magnetic core encapsulated in an organic or
polymeric coating. The magnetic core is composed of elements
such as iron, nickel, and cobalt, and their chemical compounds.
Without a coating, MNPs have hydrophobic surfaces with large
surface-to-volume ratios and a propensity to agglomerate
[1]. MNPs exhibit a variety of unique magnetic phenomena that
are drastically different from those of their bulk counterparts. Such
phenomena endow the magnetic nanoparticles with attractive
properties that can be used in a large number of applications in
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different scientific fields. When MNPs possess a special magnetic
property, superparamagnetism, they can be utilized in biomedical
applications [2]. Properly synthesized and functionalized, MNPs
formed by iron oxides with superparamagnetic properties are non-
toxic and well-tolerated by living organisms. In addition, they are
biocompatible and enable coating with affinity biomolecules for
highly specific binding to a target biomaterial [3]. As with other
nanoparticles, MNPs have the capacity to cross the blood-brain
barrier (BBB), either by modulating BBB integrity or exploiting
transport systems present on the endothelium.

In this chapter, we review the use of MNPs, and more specifi-
cally, of iron oxide nanoparticles (IONs), as a promising strategy for
drug delivery in diseases affecting the least accessible organ, the
brain.

2 Magnetic Materials

All materials are magnetic to some extent, with their response
depending on their atomic structure and temperature. The exis-
tence of electrons circulating around atomic nuclei and spinning on
their axes, and the rotation of positively charged atomic nuclei,
produce magnetic dipoles, also called magnetons. In combination,
these effects usually cancel out so that a given type of atom is not a
magnetic dipole. However, materials with unpaired electrons (for
instance, iron, cobalt, nickel, and some of the rare earths) form
permanent magnetic dipoles. In this case, when an external mag-
netic field (H) is applied, the atomic dipoles align themselves with
it, generating a magnetic moment within the material. The quantity
of magnetic moment per unit volume is defined as magnetization
(M). The relationship between magnetization and magnetic field is
given by.

M ¼ χH ð1Þ
where χ is the volumetric magnetic susceptibility, which in SI units
is dimensionless, and both M and H are expressed in A/m.

Macroscopic regions in which billions of dipoles are aligned
and coupled in a preferential direction form a magnetic domain. A
bulk material spontaneously subdivides into a multidomain struc-
ture to reduce the magnetostatic energy associated with a large stray
field [4]. Magnetization does not vary within each domain, but
between domains there are relatively thin domain walls in which the
direction of magnetization rotates from the direction of one
domain to another. Formation of the domain walls is driven by
the balance between magnetostatic energy and domain wall energy.
Within the domain, the magnetic field and force are intense in one
direction, but the alignment directions of the separate regions are
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random with respect to one another throughout the material.
Hence, the bulk sample of the material is usually unmagnetized or
weakly magnetized in absence of an external magnetic field (Fig. 1a
[left]). This type of material is called a ferromagnet, and its inherent
property, ferromagnetism. A ferromagnet is a material that exhibits
large positive susceptibility (χ in the range of 103–105). If a ferro-
magnetic material is kept in a strong magnetic field, the magnetic
domains are forced to align with the external magnetic field (EMF)
(Fig. 1b [right]). When the EMF is removed, the dipoles maintain
this alignment and some magnetizations are retained. Other mate-
rials, called paramagnets, show small positive susceptibility (χ in the
range of 10�6–10�1) and after removing the EMF, the magnetic
properties do not persist.

All ferromagnets have a maximum temperature, called the
Curie temperature (TC), at which the thermal motion of the dipoles
becomes violent, and the permanent magnetic properties are lost.
At a temperature above the TC, a ferromagnet becomes a
paramagnet.

Fundamental changes in the magnetic structure of macro-
scopic, magnetically ordered materials occur when physical size is
reduced [1]. Below a critical value, called the critical diameterDCR,
it requires more energy to create a domain wall than to support the
external magnetostatic energy of the single domain state (Fig. 2),
and the material becomes a single domain. A single domain particle
is uniformly magnetized with all the spins aligned in the same
direction. The magnetization will be reversed by spin rotation
since there are no domain walls to move. A further reduction in
size, below the superparamagnetic diameter DSPM, causes the ther-
mal energy to exceed the energy barrier which separates the two
energetically equivalent easy directions of magnetization (the easy
axis is the preferred direction of the total magnetization of the
dipoles of a given material), and the direction of the magnetization
fluctuates randomly. This system is termed a superparamagnet. The
magnetic moments of individual crystallites compensate for each
other and the overall magnetic moment becomes null. When an
EMF is applied, the behavior is similar to paramagnetism except
that instead of each individual atom being independently influ-
enced by an EMF, the magnetic moment of the crystallite aligns
with the magnetic field. In consequence, superparamagnetic nano-
particles become magnetic in the presence of an external magnet
but revert to a nonmagnetic state when the external magnet is
removed. This fact is of paramount importance when these particles
are introduced into living systems (e.g., in drug delivery), because
once the EMF is removed, magnetization disappears, and thus
agglomeration (and the possible embolization of capillary vessels)
is avoided [5].
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3 Iron Oxide Nanoparticles

Among the MNPs, almost isotropic nanometer-sized iron oxide
remains the most studied system since it is considered relatively safe
at reasonable doses. Iron is one of the most abundant transition
metals in the human body (the average adult possesses ca. 5 g)
[6]. IONs are highly magnetizable and have a core of iron oxide

Fig. 1 Multidomain structure of a ferromagnetic material. (a) The directions of the alignment of magnetic
dipoles of the domains are randomized in absence of a magnetic field. (b) Alignment of the magnetic domains
with an external magnetic field

Fig. 2 Changes in the magnetic structure of a ferromagnetic material as a function of the size of the crystallite.
Below a size, the critical diameter, DCR, the multidomain structure becomes a single domain. A single domain
with a size below the superparamagnetic diameter, DSPM, implies that the material presents superparamag-
netic properties, that is, the material becomes magnetic only in the presence of an external magnet. The
critical sizes for magnetite and magnetite have been displayed
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particles composed of magnetite (Fe3O4) or maghemite (γ-Fe2O3),
or most commonly, a nonstoichiometric combination of the two.
Other iron oxide are ferrites, whose general formula is MFe2O4

(M ¼ Mn, Zn, Co, Ni). As noted previously, the iron core exerts a
low level of toxicity as it gradually degrades to Fe3+ and is integrated
into the iron stores of the body, which are used for metabolic
processes and eventually eliminated [7]. Because the crystalline
structures of magnetite and maghemite are nearly identical, the
two oxides have very similar properties. Both are considered ferro-
magnetic, although magnetite has a larger bulk saturation magne-
tization (92–100 emu/g) than maghemite (60–80 emu/g) and a
lower Curie temperature.

To date, a variety of synthetic methods, such as coprecipitation,
thermal decomposition, hydrothermal and solvothermal syntheses,
sol–gel synthesis, microemulsion, ultrasound irradiation, and
biological synthesis have been used to produce IONs. The methods
of synthesis can be divided into aqueous and nonaqueous routes.
Aqueous approaches are characterized by their low cost and sus-
tainability; however, directly obtaining water-soluble monodisperse
superparamagnetic IONs (SPIONs) with no size selection poses a
generic challenge. Nonaqueous routes generally yield SPIONs that
only dissolve in nonpolar solvents [8]. The most usual and straight-
forward method of synthesizing SPIONs is to coprecipitate Fe2+

and Fe3+ aqueous salt solutions by adding a base. Control of the
size, shape, and composition of SPIONs depends on the type of
salts used, the Fe2+ to Fe3+ ratio, and the pH and ionic strength of
the media [9]. A major advantage of SPIONs is that they are only
magnetized in the presence of a magnetic field, under the influence
of which they can be moved toward the magnet to concentrate near
the target location, so that delivery can be influenced and directed
to a specific region (i.e., the brain). Thus, application of an external
magnet can control the spatial and temporal delivery of SPIONs at
the desired site [10].

The European Medicines Agency (EMEA) and the US Food
and Drug Administration (FDA) have approved several SPION
formulations for intravenous or oral administration in clinical use
as contrast agents in magnetic resonance imaging (MRI) [11]. Fur-
thermore, SPIONs are candidates for use as therapeutic carriers,
because they have several desirable properties. (1) Drugs can be
incorporated into SPIONs by encapsulation, adsorption, or cova-
lent linkage. A hydrophilic coating can provide reduced monocyte-
phagocyte system (MPS) uptake and improved plasma circulation
time. (2) A high payload can be achieved by functional linkers on
SPIONs. (3) Drug release can be controlled to avoid the “burst
effect” by conjugating environmentally sensitive moieties (e.g., pH
and temperature) onto SPIONs. (4) Attachment of tumor-specific
targeting moieties renders delivery more efficient. (5) SPIONs pre-
vent drugs from degrading and overcome drug resistance by
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masking the drugs entrapped within the nanoparticles.
(6) Co-delivery of multiple therapeutic agents may generate syner-
gistic effects and produce a better therapeutic outcome. However,
their therapeutic use in treating central nervous system (CNS)
pathologies in vivo is limited by insufficient local accumulation
and retention as a result of their incapacity to traverse biological
barriers, mainly the BBB. The combined use of approaches to
temporarily open the BBB (by means of pharmacological, osmotic,
or ultrasound mechanisms) and magnetic targeting synergistically
delivers therapeutic magnetic nanoparticles across the BBB to enter
the brain both passively and actively [12]. In this chapter, we
examine the possibilities of using MNPs as therapeutic systems
that can penetrate the BBB. Thus, we explain how application of
an EMF facilitates guidance of MNPs across the BBB, discuss the
enormous therapeutic potential of combining an EMF with molec-
ular targeting at the BBB and describe how the unique magnetic
properties of MNPs can also be exploited to generate heat when the
MNPs are under the influence of radiofrequency or microwave
radiation [7]. We also explore the use of MNPs to treat brain
cancers in humans, although in this case the MNPs do not need
to cross the BBB since they are injected directly into the tumor.

4 SPIONs as Systems with the Capacity to Penetrate the Brain

The use of SPIONs as a delivery system with the capacity to
penetrate the BBB is generally based on three strategies. In the
first, SPIONs, and occasionally drugs, are encapsulated in nano-
scale systems grafted with ligands that bind to specific receptors on
endothelial cells, triggering uptake at the blood interface, transport
across the barrier, and release at the brain interface (transcytosis),
e.g., specific antibodies targeting the transferrin (Tf) receptor
[13]. In the second strategy, an external magnetic field (EMF) is
applied to direct the movement of a SPION-encapsulated load to
the brain and enhance SPION penetration [14]. Finally, the third
strategy consists of applying a regulated RF to the SPIONs to
generate moderate or high heat and thereby transiently and locally
open the BBB or kill the cancerous cells, respectively.

In the first strategy, SPIONs are used in a nanoscale system
because they make it possible to confirm penetration of such sys-
tems into the brain as they can be easily detected byMRI, since they
act as T2 contrast agents. However, the targeting approach of the
first strategy can present a problem: the nanoparticles may be
restricted to entering brain endothelial cells without further passage
into the brain, unless specific antibodies are designed to limit their
binding affinity for the receptor. Most studies have been carried out
using tumor-bearing rodents, but there is the possibility that the
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BBB of these rats has been changed, and thus the status of the BBB
integrity is unclear [15].

We indicated earlier that in the first strategy, SPIONs are
located inside a nanoscale system, yielding a hybrid nanoparticle.
Hybrid nanoparticles have been developed to combine the capabil-
ities of different nanomaterials in a single platform. For instance,
SPIONs can be hybridized with liposomes to obtain magnetolipo-
somes (MLPs) [16]. The encapsulation of any drug in liposomes is
usually advantageous since it protects the loaded drug from
biological degradation and increases circulation time, resulting in
increased bioavailability. A potential approach to cross the BBB is to
mimic the active transport mechanisms by which natural body
substances (e.g., nutrients) and natural body carriers (e.g., lipopro-
teins, exosomes) travel from the blood into the brain. This “Trojan
horse” approach leverages the presence of specific channels in
blood-brain barrier cells. Thus, when non-sterically stabilized,
MLPs are taken up by MPS cells, which naturally transmigrate
across the BBB. In consequence, MLPs behave as “Trojan nano-
carriers” that can be delivered into the brain. However, if one wants
to avoid rapid clearance of MLPs from circulation, polyethylene
glycol (PEG) can be grafted onto the liposome surface, which
reduces protein adsorption and increases the circulation time of
MLPs in the organism. Figure 3 depicts a sterically stabilized
MLP decorated with antibodies for targeting purposes; in addition,
the MLP can contain a hydrophobic and/or hydrophilic drug.

The main advantage of MLPs over other counterparts such as
naked liposomes, micelles and polymeric nanoparticles is that this
unique superparamagnetic property can be utilized for simulta-
neous monitoring and quantitation of their tissue-specific or

Fig. 3 Picture showing a hypothetical liposome encapsulating magnetic nanoparticles as well as hydrophilic
drugs, embedding hydrophobic drugs into the lipid bilayer. Furthermore, the liposomes is protected from the
biological environment by chains of hydrophilic polymers attached to the bilayer, and it is decorated with
specific antibodies to increase the cellular targeting
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nonspecific distribution. Thus, techniques such as MRI and mag-
netometry can be applied to indirectly measure or localize
MLP-associated drugs, which may help in determining optimal or
suboptimal site-specific dosing [17].

In the second strategy, the force of the external magnet placed
near the body surface drags magnetic nanoparticles in one direction
toward the magnet (Fig. 4). The strength of this magnetic force is
dependent on the distance between the magnet and the particle and
decreases with increasing distance. The working distance in humans
is around 30–50 cm and a stronger magnet is therefore necessary
compared with animals [18]. Hence, for human applications, the
magnetic susceptibility of SPIONs must be very high to ensure
responsiveness over long distances. According to FDA guidelines,
exposure to magnetic field devices of up to 8 T for adults and 4 T
for children does not represent a safety concern. From the few
studies that have been reported, it can be postulated that the size
of the magnetic nanoparticle dictates the extent to which it can
affect the BBB, and thus SPIONs are the preferred magnetic parti-
cles as they exert a low impact on BBB integrity [19]. It has been
speculated that the “pulling” forces of the magnetic field may harm
the cells targeted for uptake of the magnetic nanoparticles. Very

Fig. 4 Magnetic particles are administered by intravenous route, and they are
concentrated in the desired zone by the effect of a magnet located on the surface
of the body
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large, 800 nm magnetic nanoparticles led to BBB leakage after
systemic administration of silicone-coated magnetic nanoparticles
to rats followed by application of a 0.4 T magnetic field [20]. These
large magnetic nanoparticles may have broken down the BBB when
being dragged through the barrier, thereby compromising its
integrity. In cellular culture, SPIONs with a size of 117 nm added
to endothelial cells combined with a magnetic field strength of
0.39 T revealed that this magnetic force did not cause damage to
brain endothelial cells [21].

There are several examples of studies based on this strategy. For
instance, Kong et al. applied an EMF to drag magnetic polystyrene
nanospheres (~100 nm) through the intact BBB of mice [18]. After
intravenous injection of MNPs into the mice, no preferential accu-
mulation of these in the brain was observed in absence of a mag-
netic field. However, when magnets were implanted intracranially
in the right hemisphere of mouse cerebral cortex in vivo, the MNPs
were enriched in the ipsilateral hemisphere where the magnet was
implanted compared with the contralateral hemisphere. These
results indicate that the spatial distribution of MNPs can be con-
trolled by application of an EMF. To avoid tissue damage caused by
invasive magnet implantation in the brain, an assay was conducted
to test whether the distribution of MNPs could be altered by a
noninvasive EMF, applied by placing a Nd-Fe-B magnet outside
the skull of mice. In comparison with the no-magnet control,
application of the external magnetic field increased the passage of
MNPs across the BBB into the perivascular space and parenchyma.
No histological changes were observed, suggesting that the blood
vessels where the particles were found were intact.

A modification of this type of strategy has recently been
reported by Sun et al. [12], who injected mice with lysophospha-
tidic acid (LPA) together with SPIONs and placed a magnet out-
side the mouse skull on the skin surface. LPA induces rapid
disruption of tight junction complexes in brain capillary endothelial
cells (BCEC), resulting in increased BBB permeability to both small
and large molecules. Moreover, the short circulation half-life of
LPA ensures restoration of BBB integrity. This method enhanced
accumulation of SPIONs in the brain (approximately fourfold in
comparison with the control).

The first and second strategies can be combined when the
vectorization achieved with the ligand is reinforced with the effect
of an external magnet. Thus, external magnetic force-mediated
movement helps prevent nanocarrier’s uptake by the MPS and
accelerates active targeting.

This combination is the most commonly used strategy for
delivering molecules with therapeutic potential to the brain. As an
example of use of the combined strategy, Ding et al. encapsulated
SPIONs in PEGylated liposomes with Tf attached to their surface
[22]. An in vitro transmigration study in the presence or absence of
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an external magnetic force revealed that compared with magnetic
force or transferrin receptor-mediated transportation alone, their
synergy resulted in a 50–100% increase in transmigration without
affecting BBB integrity. In another study, Huang et al. [23]
explored a strategy based on the use of Tween 80, which as with
all surfactants, binds to low-density lipoprotein (LDL) receptors
present on the surface of the brain endothelium and facilitates
transcytosis [24]. In this study, SPIONs were modified with PEG,
poly(ethylene imine) (PEI), and Tween 80 (polysorbate 80)
(Tween-SPIONs). The results demonstrated the effective passage
of tail vein injected Tween-SPIONs across normal BBB in rats
under an EMF, and MNPs are accumulated in the cortex near the
magnet. Moreover, the study confirmed that both the Tween
80 modification and the EMF play crucial roles in the effective
passage of MNPs across the intact BBB.

As regards the third strategy, the conversion of energy into heat
afforded by a high-frequency alternating magnetic field (AMF),
after absorption byMNPs, is the basis of one of the most promising
applications of MNPs: magnetic hyperthermia (Fig. 5). Some of the
main heat-generating mechanisms include hysteresis loss, Néel
relaxation, and Brown relaxation. For multidomain materials, the
production of heat is due to hysteresis losses, but in single domain
particles (i.e., SPIONs), the heat is due to Néel relaxation (the
energy disappears when the particle moment relaxes to its equilib-
rium orientation) and to Brown relaxation (the rotational move-
ment of particles in a fluid dissipates energy by friction).
Theoretically, Néel relaxation predominates over Brown relaxation
in SPIONs. One promising example of the third strategy is wireless
magnetothermal stimulation of the brain in vivo. Thus, Chen et al.
developed a method to stimulate regions inside the brain without
the need to implant wires or optical fibers [25]. Heat-sensitive
capsaicin receptors were introduced into nerve cell of mice and
then SPIONs were injected into specific brain regions. After apply-
ing an external RF, SPIONs dissipated heat, which activated the ion
channel-expressing neurons.

Fig. 5Magnetic nanoparticles (MNP) can absorb the radiation afforded by a high-
frequency alternating magnetic field (AMF) and transform the radiant energy
into heat
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Next, we describe the most notable applications of SPIONs as
delivery systems in diseases involving the brain, including neurode-
generative diseases, cancer, and neuro-acquired immunodeficiency
syndrome (neuroAIDS).

5 Neurodegenerative Diseases

Neurodegenerative diseases are characterized by neuron loss, accu-
mulation of aggregated and misfolded proteins, cognitive decline,
and locomotive dysfunction with Alzheimer’s disease (AD), Par-
kinson’s disease (PD), and Huntington’s disease (HD) being the
most common neurodegenerative diseases in this century.

5.1 Alzheimer’s

Disease

AD is a devastating neurodegenerative disorder that predominantly
affects people over 65 years old. The two main pathophysiological
hallmarks of AD are the presence in the brain of extracellular
amyloid plaques and intracellular neurofibrillary tangles composed
of hyperphosphorylated tau proteins. Although a causal relation-
ship between amyloid deposits and the development of AD has not
been conclusively demonstrated, a considerable body of experimen-
tal data suggests that amyloid aggregates are important in the
etiology of AD [26]. Unfortunately, clinical development of
drugs for symptomatic and disease-modifying treatment of AD
has brought both promise and disappointment. Consequently,
researchers are seeking new ways to treat AD, including inhibition
of Aβ assembly, considered the primary therapeutic strategy for this
neurodegenerative disease. Thus, passive anti-Aβ immunotherapy
has emerged as a promising therapeutic approach for AD, based on
the administration of specific anti-Aβ monoclonal antibodies to
delay Aβ aggregation in the brain. However, any system for treating
AD must possess the capacity to cross the BBB, but drugs have
limited access to the brain, hence the development of nanoparticles
as drug carriers [27]. A large number of studies have described the
effect of nanoparticulate systems on Aβ fibrillation, although the
majority of these studies were in vitro tests [28, 29]. Fibril forma-
tion occurs by means of nucleation-dependent kinetics where the
formation of a critical nucleus is the key determining step, after
which fibrillation proceeds rapidly. An exogenous material capable
of reducing peptide toxicity may act by two opposite, postulated
mechanisms: (1) by decreasing monomer nucleation and hence
blocking aggregation, which would result in a reduction in the
formation of oligomers, fibrils, and plaques or (2) by disaggregat-
ing amyloid plaques or fibrils. To date, it is the former mechanism
that has received most research attention [30].

Although some reports in the literature have discussed the use
of SPIONs in AD, the vast majority has focused on diagnostic
applications; since as indicated previously, MNPs serve as a contrast
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agent in MRI. Besides the capacity of MNPs to detect the fibrils,
some of these studies have reported an influence on Aβ fibrillation.
For instance, Skaat et al. immobilized the anti-Aβ monoclonal
antibody clone BAM10 using near-infrared fluorescent maghemite
nanoparticles in order to inhibit Aβ fibrillation kinetics and specifi-
cally detect Aβ fibrils [31]. Although they reported observing
significant inhibition of Aβ fibrillation kinetics, such inhibition has
also been observed with other nanoparticulate systems. The main
advantage was that selective labeling of the Aβ fibrils with these
nanoparticles enabled specific detection of Aβ fibrils ex vivo by both
MRI and fluorescence imaging. Most interestingly, another report
[32] has discussed the effect of MNPs on Aβ fibrillation, and more
specifically, the effect of dextran polymer coating charge and thick-
ness (i.e., a single polymer layer or a double polymer layer) on
fibrillation kinetics. Depending on the surface coating charge, a
dual surface area-dependent effect was observed, with lower con-
centrations of SPIONs inhibiting fibrillation, whereas higher con-
centrations enhanced the rate of Aβ fibrillation. Coating charge
influenced the concentration at which acceleratory effects were
observed, with positive SPIONs promoting fibrillation at signifi-
cantly lower particle concentrations than either negatively charged
or essentially uncharged SPIONs. The authors concluded that
SPIONs designed for in vivo medical imaging applications should
preferentially have a negatively charged or uncharged surface
coating.

Using a mouse model, Do et al. demonstrated that a drug
conjugated with a magnetic nanocarrier can cross the normal BBB
when subjected to a strong electromagnetic force [33], in this case
external magnetic fields of 28 mT (0.43 T/m) and 79.8 mT
(1.39 T/m). Moreover, the study assessed the differential effects
of pulsed (0.25, 0.5, and 1 Hz) and constant magnetic fields on
particle transport across the BBB in mice injected with MNPs via a
tail vein and found that the rate of MNP uptake by the brain was
significantly enhanced by a pulsed magnetic field. This strategy
might be a valuable targeting system for AD diagnosis and therapy.

5.2 Parkinson’s

Disease

Parkinson’s disease is the second most common neurodegenerative
disorder, characterized by aggregation of α-synuclein in Lewy bod-
ies and Lewy neurites as well as loss of dopaminergic neurons in the
substantia nigra. As a result, PD patients exhibit distinctive symp-
toms including resting tremors, bradykinesia, stooped posture, and
in some cases, dementia [34]. The most common treatment for PD
is to enhance the level of dopamine in the brain. More recently,
stem cell-based therapies have focused on in vivo cell tracking in cell
replacement therapies against PD. Of all the current methods for
tracking stem cells in vivo, the use of magnetic nanoparticles in
MRI is the most promising. An MRI scan also gives a high-
resolution 3D image, rendering stem cell tracking relatively
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straightforward regardless of where the stem cells are located in the
body [35]. As with AD, MNPs have mainly been used as a bio-
marker component [36]; however, in vivo tracking of stem cells
labeled with magnetic contrast agents is of particular interest as this
makes it possible to monitor the cell’s distribution, viability, and
physiological response. For instance, human neural precursor cells
(hNPCs), which are candidates for cell therapies in PD, have been
labeled with MNPs [37]. Grafting MNP-labeled hNPCs allows cell
tracking by MRI without impairment of cell survival, proliferation,
self-renewal, or multipotency. The MNPs continued to be detected
by MRI for a long time after transplantation in a rat model of PD
(up to 5 months). However, in long-term grafting, activated micro-
glia and macrophages could contribute to the MRI signal by
engulfing dead labeled cells or MNPs freely dispersed in the brain
parenchyma over time [38].

One way of reducing or eliminating tremors associated with PD
is to stimulate the brain with electric pulses. This treatment has
proven effective but has remained a last resort because it requires
highly invasive implanted wires connected to a power source out-
side the brain. Chen et al. [25] have developed a method to
stimulate brain tissue using external magnetic fields and injected
MNPs – a technique allowing direct stimulation of neurons, which
could be an effective treatment for a variety of neurological diseases,
and more specifically for PD, without the need for implants or
external connections. In this study, 22 nm SPIONs were injected
into the brain and rapidly heated by exposure to an EMF. The
resulting local increase in temperature induced neural activation
by triggering heat-sensitive capsaicin receptors. In addition, viral
gene delivery was used to induce sensitivity to heat in selected
neurons in the brain.

Although oxygen is imperative for life, metabolic imbalances
and excessive generation of reactive oxygen species (ROS) can
provoke a range of disorders such as AD, PD, aging, and many
other neural disorders. H2O2, superoxide (O2

∙�), and ∙OH are the
major forms of cellular ROS. Increased levels of oxidative damage
to DNA, lipids, and proteins have been detected in a range of assays
on postmortem tissues from patients with AD and PD. In relation
to oxidative stress, SPIONs possess pH-dependent enzyme-like
activities [39]. In a solution with acidic pH, SPIONs show
peroxidase-like activity, degrading H2O2 to generate the hydroxyl
radical (∙OH), whereas in solution with neutral pH, they display
catalase-like activity, decomposing H2O2 to H2O and O2. Zhang
et al. have explored the effects of SPIONs on intracellular ROS
levels [40]. In studies on cell models and Drosophila, they found
that SPIONs possess catalase-like activity, which can reduce intra-
cellular oxidative stress, delay animal aging, and protect against
neurodegeneration.
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5.3 Huntington’s

Disease

While both familial and sporadic forms of AD and PD are possible,
HD is an autosomal dominant neurodegenerative disease that is
caused by mutations in the huntingtin gene. The resulting clinical
manifestations of HD include chorea and cognitive and behavioral
decline. Although some drugs can alleviate symptoms, there are no
effective pharmaceutical treatments. As with other neurodegenera-
tive diseases, an alternative treatment is cell-based therapy, which
replenishes the lost population of striatal neurons by transplanting
neural cells intracranially into the striatum. In general, cell sources
that have been reported in HD cell-based therapy include fetal
tissue cells, stem cells, and neural progenitor cells. Mesenchymal
stem cells (MSCs) are known to play a therapeutic role in brain
lesions and can be safely cultured in vitro without the risk of
malignant transformation [41]. Here, MNPs were again the tool
of choice for tracking stem cells in vivo and subsequent detection
by MRI. For the first time, Moreas et al. investigated the therapeu-
tic potential of MNP-labeled MSCs in a rat model of HD
[42]. They observed that MSC transplantation significantly
decreased the number of degenerating neurons in the damaged
striatum. The MSC-labeled MNPs produced an MRI signal even
after 60 days posttransplantation, which established the use of
MNPs as a valuable potential tool for cell tracking therapy.

6 Use of Magnetic Nanoparticles to Treat Brain Cancer

Brain tumors, a heterogeneous group of primary and metastatic
neoplasms in the CNS, are life-threatening diseases characterized
by a low survival rate. Malignant gliomas are primary tumors of glial
origin. Glioblastoma multiforme (GBM) is the commonest and
most aggressive intracranial tumor, and despite over four decades
of technological advances in diagnosis and treatment, less than 5%
of GBM patients remains alive 5 years after diagnosis [43]. At
present, median overall survival after first-line therapy does not
exceed 12–15 months, because the invasive nature of this tumor
renders a complete resection almost impossible.

Some genetic alterations characterize GBM [44], of which the
commonest is overexpression of the epidermal growth factor recep-
tor (EGFR). Consequently, this receptor is a candidate for target-
ing GBM cells for imaging and therapeutic purposes. A
characteristic of wild-type EGFR is that it must be activated:
EGFR dimerizes upon binding with its ligands. The majority of
GBM tumors (54%) overexpress the wild-type EGFR protein and
31% overexpress both wild-type EGFR and the EGFRvIII mutant
[45]. In contrast to other EGFRs, the EGFRvIII mutant form does
not require ligand activation and is tumor-specific, since it is not
expressed in normal tissues.
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Diagnosis of the disease is usually performed by medical exami-
nation together with computed tomography and MRI. The treat-
ment of these tumors is based on surgery, radiotherapy, and
chemotherapy. The surgical technique is highly invasive and chal-
lenging, since the excision of tumor cells may affect normal brain
cells. With the development of chemotherapeutic drugs, chemo-
therapy has been considered effective in inhibiting brain tumor
growth. However, the efficacy of chemotherapy is greatly reduced
by the existence of the BBB, which prevents drug penetration of the
CNS and the blood-brain tumor barrier (BBTB), thus hampering
drug accumulation and uptake in the tumor (the high intratumoral
interstitial pressure created by the leaky tumor vasculature limits
drug penetration from the bloodstream into the tumor). Moreover,
because of this poor transport efficacy, a high drug dosage is often
necessary in order to reach therapeutic concentrations in the
tumor, and this is associated with severe toxicity to normal tissues.
Several drug delivery strategies have been developed to overcome
these challenges and improve the treatment of brain tumors, one of
the most promising of which is the use of nanoparticulate systems
[46, 47], although most of these systems lack the capacity to
specifically target tumor cells or deliver adequate local concentra-
tions of chemotherapeutic agents. Among the nanoparticulate sys-
tems, MNPs appear to be the most promising, since the uptake of
SPIONs by malignant brain tumor cells was demonstrated in cellu-
lar cultures and in vivo some time ago [48, 49].

In an increasing number of studies in vitro, it has been shown
that MNPs can reach the brain cells [18, 21, 22, 50–57]. BCECs in
a cellular model (Transwell™, Corning, MA, USA) have usually
been employed to assess the passage of drugs and nanoparticles [7].

Here we provide an overview of the therapeutic applications
(drug delivery and magnetic hyperthermia) of SPIONs in brain
cancer.

6.1 Ligand Targeting

of Magnetic Particles

to Brain Cells

Penetration into a tumor area can be improved by simple targeting
receptors that are normally expressed in BCECs. Insulin, Tf,
apolipoprotein E, and α2-macroglobulin are some examples of
proteins that reach the brain by receptor-mediated endocytosis.
Once nanoparticles have crossed the BBB, they must be able to
specifically target glioma cells.

As indicated, the Tf receptor is present in the brain endothelial
cell membrane. Cui et al. [58] formed a core-shell-structured
composite consisting of a magnetic core and a silica shell. Poly (D,
L-lactic-co-glycolic acid) (PLGA) was added to increase biocompat-
ibility and biodegradability, and Tf was conjugated on the surface of
the resulting nanoparticles, which were loaded with doxorubicin
(DOX) and paclitaxel (PTX). Therapeutic efficacy was evaluated in
intracranial U-87 MG-luc2 xenograft of BalB/c nude mice, and
strongest inhibition of tumor growth was observed after
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administering nanoparticles containing both DOX and PTX. Tf, as
ligand, has also been used by Yan et al. [59] and Jiang et al. [60].

Another ligand belonging to the same family as Tf is lactoferrin
(Lf). Mammalian Lf is a cationic iron-binding glycoprotein
(Mw ¼ 80 kDa). The Lf receptor has been demonstrated to exist
in the endothelial cells of the BBB and has been shown to be
involved in receptor-mediated transcytosis in vitro and in vivo
[61]. In a study by Qiao [54], Lf was covalently conjugated onto
PEG-coated SPIONs and the efficacy of these conjugates at cross-
ing the BBB was evaluated in an in vitro model as well as in vivo in
rats. The study suggested that besides acting as a brain MRI con-
trast agent, the conjugates could potentially be used as a brain
delivery vehicle for molecules of interest for brain diseases.
Recently, a new dual-targeting magnetic polydiacetylene nanocar-
rier (PDNC) delivery system modified with Lf has been developed
[62]. The system can control drug release and cross the BBB.When
Lf-curcumin(Cur)-PDNCs were administered to rats, the retention
time of the encapsulated Cur was improved, and the amount of Cur
in the brain was fourfold higher compared with free Cur. Animal
studies also confirmed that Lf targeting and controlled release act
synergistically to significantly suppress tumors in orthotopic brain
tumor-bearing rats.

Managing to cross the BBB by receptor-mediated transcytosis
is the first step toward treating gliomas, but the most important
challenge is to reach and penetrate the tumor membrane. Generally,
GBM vasculature permeability changes at different stages of tumor
development. When the cluster of tumor cells reaches a volume of
more than 0.2 mm3, the BBB is damaged (the presence of GBM
causes a local disruption), and the BBTB is formed. Once both the
BBB and BBTB are impaired, endothelial gaps in tumor microves-
sels and an enhanced permeability and retention (EPR) effect
appear. This results in the accumulation of suitably sized nanopar-
ticles in tumor tissue, even without active-targeting modifications.
However, brain tumors have an extremely low permeability com-
pared with peripheral tumors because they have fewer caveolae,
transendothelial cell fenestrations, and vesiculo-vacuolar
organelles [63].

Given the unique process of GBM with continuously changing
vascular characteristics, various targeting strategies aimed at differ-
ent growth and development stages have been explored to achieve a
more effective therapy. These strategies include: (1) BBB targeting
for early stage GBM with still intact BBB and no neovasculariza-
tion; (2) BBTB targeting for GBM with neovascularization and
gradual BBB impairment; and (3) passive targeting based on the
EPR effect of GBM with impaired BBB and BBTB.

As indicated previously, one of the main approaches to generate
targeted SPIONs is to incorporate a myriad of GBM-specific
ligands such as peptides, peptidomimetics, proteins, antibodies,
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aptamers, and small molecules. These moieties target the
corresponding receptors that are highly expressed in tumor cells
[64]. Moreover, drugs can be attached or encapsulated in such
nanoparticles, concentrating the drug in tumor tissue and thereby
improving efficacy and reducing the exposure of normal
tissues [65].

Hadjipanayis et al. [66] targeted glioma cells with SPIONs
conjugated to an antibody that selectively binds to EGFRvIII.
Nanoparticles were administered by convection-enhanced delivery
(CED), in which one or more infusion catheters are stereotactically
placed directly within the brain tumor [67]. After administration,
nanoparticles accumulated inside the tumor, inducing tumor cell
apoptosis and yielding a significant increase in overall animal sur-
vival. However, this approach has limited clinical relevance due to
the invasive application of nanoparticles. Furthermore, the specific
antibodies only targeted a subpopulation of EGFRvIII-positive
cells, but did not affect subsets of tumor cells with wild-type
EGFR or other mutant receptor forms. More recently, Shevtsov
[68] demonstrated in a C6 glioma model the possibility of target-
ing EGFR-overexpressing brain tumors via SPIONs conjugated to
epidermal growth factor (EGF). The same group studied the tar-
geted effects of SPIONs conjugated to cetuximab, an EGFR inhib-
itor. They observed a significant increase in survival after treatment
of three intracranial rodent GBM models employing human
EGFR-expressing GBM xenografts [69].

SPIONs can be also conjugated with peptides that target recep-
tors on the tumor cell surface. In this case, internalization of the
conjugate is via receptor-mediated endocytosis. Examples of pep-
tides to target SPIONs to GBM cells are chlorotoxin (CTX) and
F3. CTX is a 30-amino acid peptide derived from scorpion venom
and specifically binds to matrix metalloproteinase-2, which is over-
expressed on the surface of GBM cells and other cancer cells
[70]. Sun et al. conjugated CTX to PEG-SPIONs and showed
that internalization of the conjugated SPION by 9L glioma
tumor cells in a xenograft mouse model was tenfold higher than
that of nontargeted SPIONs after 2 h incubation [71]. Kievit et al.
developed a similar nanovector for targeted gene delivery in the
same animal model [72]. The nanovector consisted of a SPION
core coated with a copolymer of chitosan, PEG, and polyethyleni-
mine (PEI). DNA-encoding green fluorescent protein (GFP) was
bound to the resulting nanoparticle, and CTX was then attached
using a short PEG linker. The same conjugate, but without CTX,
was also prepared as a control. Mice bearing C6 xenograft tumors
were injected via an intravenous (IV) route with the DNA-bound
MNPs, and the accumulation of these at the tumor site was moni-
tored using MRI and analyzed by histology, while GFP gene
expression was monitored by fluorescence imaging and confocal
fluorescence microscopy. Interestingly, CTX did not affect MNP
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accumulation at the tumor site, but it specifically enhanced MNP
uptake into cancer cells as evidenced by higher gene expression.
These results indicate that this targeted gene delivery system could
potentially improve treatment outcomes of gene therapy for GBM
and other deadly cancers.

F3 is a 31 amino acid peptide that specifically binds to nucleolin
overexpressed in proliferating tumor endothelial cells and the asso-
ciated vasculature [73]. Multifunctional nanoparticles conjugated
with F3 peptides have been used to deliver encapsulated MRI
contrast enhancers and photosensitizers to malignant brain tumors
implanted in rats. When administered intravenously, these
F3-coated SPIONs can provide significant MRI contrast enhance-
ment of intracranial rat-implanted tumors, compared with
non-coated F3 nanoparticles [74].

Tumor necrosis factor (TNF)-related apoptosis inducing ligand
(TRAIL), a transmembrane protein that belongs to the TNF gene
superfamily, is a promising candidate for cancer therapy because of
its selective apoptotic effect on cancer cells without affecting nor-
mal cells. However, TRAIL lacks clinical applicability because of its
short half-life, inefficient delivery, and unfavorable pharmacokinetic
profile. Moreover, some glioma cells exhibit resistance to the apo-
ptotic effect of TRAIL. However, when TRAIL was conjugated to
SPIONs, it showed antitumor activity in glioma cells and glioma
stem cells in vitro and in xenografted rats [75].

As a tumor grows, the blood vessels grow with it, and this
growth primarily takes place through angiogenesis. Therefore, inhi-
biting angiogenesis has become a mainstream therapeutic strategy.
The αVβ3 integrin is a marker of angiogenesis and its expression
correlates with tumor grade. Therefore, αVβ3 integrin is an ideal
target for in vivo tumor imaging since the target is present on the
surface of the vessels and can be directly accessed from the blood.
The Arg-Gly-Asp (RGD) peptide is the specific ligand for this
receptor. Based on the properties of vascular markers, Agemy
et al. assembled a multifunctional theranostic nanoparticle that
incorporated the following elements: SPIONs (of elongated
shape), the Cys-Gly-Lys-Arg-Lys (CGKRK) peptide, an amphi-
pathic peptide (D[KLAKLAK]), and the iRGD peptide (sequence:
CRGDKGPDC) [76]. CGKRK is a vascular marker, KLAKLAK
disrupts the mitochondrial membrane and initiates apoptotic cell
death, and iRGD is a tumor-penetrating peptide that enhances
nanoparticle penetration of extravascular tumor tissue. Two GBM
models were used: mice bearing either 005 tumors or xenograft
tumors generated with human GBM spheres or U87 cells. Inter-
estingly, although SPIONs were introduced in the formulation as
MRI contrast agents, the results showed that the global particle was
more effective in inducing cell death than the soluble conjugate of
CGKRK and KLAKLAK. In general, the nanoparticles eradicated
the tumors in the majority of the mice and delayed tumor develop-
ment in other animals.
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6.2 Magnetic

Targeting of Magnetic

Particles to Brain Cells

The accumulation and retention of drug-loaded magnetic nano-
particles in tumors can be enhanced by using an externally applied
magnetic field to attract the nanoparticles to the tumor location
[77]. However, application of this strategy to treat brain tumors is
complicated by the deep intracranial location of the tumors. Exter-
nal magnets exert most force onMNPs within the body at the point
of contact between the body and the magnet, and therefore nonin-
vasively applied fields cannot confer magnetic force-induced selec-
tivity between the tumor lesion and normal brain tissue. When
magnetic particles are administered systemically into the blood
stream and external magnets are used to attract them to a desired
target, the first question is whether the magnetic field is sufficiently
strong to counteract the effect of blood flow on particles at the
target region. Since directed transport of SPIONs in the blood-
stream is dependent on a dynamic equilibrium between the mag-
netic and hydrodynamic forces acting on the SPIONs [78], a large
number of factors (mainly the physical properties of nanoparticles
and hydrodynamic parameters of the organism) can influence tar-
geting. To determine the optimal conditions for targeting, Chertok
et al. [79] firstly assessed MNP capture in vitro using a simple flow
system under theoretically estimated glioma and normal brain flow
conditions. Then, the accumulation of nanoparticles via magnetic
targeting was evaluated in vivo using 9L-glioma-bearing rats. Their
results showed that a higher magnetic field strength offered better
magnetic targeting (Fig. 6). Another interesting finding was that
the predicted in vitro capture of nanoparticles in the glioma at a
pathophysiologically relevant flow rate was consistent with the
in vivo results.

As the results reported by Chertok et al. were obtained from a
custom-made magnetic setup and intra-arterial administration of
SPIONs, Al-Jamal et al. tried to elucidate the parameters necessary
for in vivo magnetic tumor targeting [80]. They utilized polymeric
magnetic nanocarriers encapsulating increasing amounts of
SPIONs and studied the effects of SPION loading and applied
magnetic field strength on magnetic tumor targeting in tumor-
bearing mice. Under controlled conditions, in vivo magnetic tar-
geting was quantified and found to be directly proportional to
SPION loading and magnetic field strength. However, with the
highest SPION loading, blood circulation time is reduced, and
magnetic targeting is plateaued. In addition, the results obtained
from mouse were computed and extrapolated by means of a math-
ematical model to obtain the expected behavior in humans.

Studies based on this strategy have used different experimental
conditions. The animal models employed have been rats or mice in
which a brain tumor has been induced by implanting tumor cells.
After a period ranging from 7 to 21 days after tumor induction,
SPIONs have been injected at 0.25–25 mg Fe/kg of body weight,
through the tail vein, carotid artery, or jugular vein. The magnetic
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field has ranged from 0.2 to 1.2 T. As is evident, no common
pattern has been used in research.

Chertok et al. observed that intravascularly administered nano-
particles were passively delivered to a brain tumor even in the
absence of a magnetic field. A magnetic force of 0.4 T increased
the concentration of starch-coated SPIONs (which accumulated
approximately fivefold more in a rat brain tumor than the concen-
tration found in nontargeted (no magnetic force applied) brain
tumors) [81]. Those authors observed the presence of SPIONs
injected intravenously into the brain parenchyma of normal rat
brain tissue. Hence, a possible application of SPIONs for drug
delivery seems valid not only for brain capillary endothelial
BCECs, but also for neurons and glial cells located deeper inside
the brain, as SPIONs passing through BCECs are likely to be taken
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up by these cells too. This approach was improved by administering
the nanoparticles via a non-occluded carotid artery, since this route
increased the passive exposure of tumor vasculature to the nano-
particles [82, 83]. The main potential advantage of intra-arterial
(IA) administration over IV is that the vasculature of the tissue
perfused by the injected artery receives a higher plasma concentra-
tion during the first passage through the circulation. However, IA
administration in conjunction with magnetic targeting can also
have a serious drawback: the artery exposed to a magnetic field
can become mechanically occluded due to nanoparticle aggrega-
tion, since the extent of nanoparticle aggregation at arterial flow
rates depends on the magnetic field topography and strength
[84]. Therefore, the magnetic field was reduced at the carotid
injection site to achieve desirable tumor retention of nanoparticles
while avoiding undesirable arterial aggregation. Besides IV and IA,
MNPs can also be administered via the intracarotid (IC) route.
When nanoparticles are coated with cationic polymers such as
PEI, they present several drug/gene advantages (i.e., a positive
surface charge enhances nanoparticle cellular uptake). However,
the cationic surface also exerts a negative effect on nanoparticle
pharmacokinetics, as the positively charged nanoparticles are
cleared from plasma extremely rapidly. IC administration over-
comes this pharmacokinetic drawback. For example, PEI-SPIONs
were administered to rats with induced intracerebral 9L tumors
[82]. After subjecting them to a magnetic field of 150 mT for
30 min, rats were sacrificed and dissected. An ex vivo analysis of
the brains showed a 5.2-fold higher tumor accumulation of nano-
particles in animals receiving PEI-SPIONs than in those to which
SPIONs without PEI were administered. Furthermore, the accu-
mulation was found to be tumor-specific and was not accompanied
by a corresponding rise in nanoparticle concentration in the normal
brain.

As indicated previously, Kong et al. [18] demonstrated that
polystyrene nanospheres encapsulating SPIONs can cross the nor-
mal BBB when subjected to an EMF. In this study, the nanoparti-
cles containing a fluorophore were injected into mice. To assess the
responsiveness of the MNPs to a locally applied EMF, a Nd-Fe-B
magnet was implanted in the right hemisphere of the cerebral
cortex of the mice. One week postimplantation, MNPs were admi-
nistered systemically by IV injection. After obtaining brain sections,
these were laser imaged using scanning confocal microscopy to
track MNP distribution in the brain. An ex vivo examination
showed more SPIONs in the hemisphere where the magnet had
been implanted. Within this hemisphere, a higher SPION accumu-
lation was observed in the cortex near the magnet, whereas areas
farther from the magnet displayed a lower accumulation. Since
implanting a magnet in the brain could provoke tissue damage,
the effect of applying a noninvasive EMF (~1 T) near the head of
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the mice was assessed. The number of MNPs accumulated after
systemic delivery was increased ~25-fold compared with the
no-magnet control.

MLPs have been used to target gliomas in vivo. Thus, Marie
et al. [85] subjected these nanoparticles to selective magnetic sort-
ing to target GBM. GBM targeting was assessed in vivo on GMBs
orthotopically implanted in mice. A magnetic field gradient of
190 T/m produced by a permanent external 0.4 T magnet placed
on the head of the animals effectively concentrated the MLPs in the
malignant neoplasm next to the healthy brain. In vivo tracking of
the MLPs in the brain was performed by quantitative MRI. Ex vivo
electron spin resonance (ESR) spectroscopy was used to calculate
the iron oxide delivered to healthy parenchyma and tumor tissue.
Histological analysis using confocal fluorescence microscopy con-
firmed a significant increase in the accumulation of MLPs in the
malignant tissue, up to the intracellular level. Electron transmission
microscopy revealed effective internalization of the magnetically
conveyed MLPs by endothelial and glioblastoma cells as preserved
vesicle structures.

PCT has fared poorly in clinical trials against brain glioma.
Zhao et al. hypothesized that SPIONs might enhance its bioactivity
by selectively delivering this drug into the brain [86] and found
that PCT-SPIONs were cytotoxic both in vitro and in glioma-
bearing rats. In the in vivo test, the nanoparticles were directed by
a magnetic field of 0.5 T. The results showed that drug content
increased by 6- to 14-fold in implanted glioma compared to free
PCT. Moreover, the survival of glioma-bearing rats was signifi-
cantly prolonged after magnetic targeting.

Another drug used to treat malignant brain tumors is carmus-
tine (also known as BCNU). Although it improves patient survival,
its efficiency is limited by side effects such as myelosuppression,
hepatic toxicity, and pulmonary fibrosis. Furthermore, BCNU
hydrolyzes with increasing temperature, resulting in a short half-
life in the human body [87]. Such drawbacks can be overcome in
part by developing a carrier to enhance the concentration of the
drug specifically at the tumor site. Hua et al. immobilized this drug
on SPIONs by covalent binding [88], which increased the half-life
of BCNU from 12 to 30 h and used magnetic field guidance to
concentrate the drug-enhanced local delivery of bound-BCNU to
target sites. Thus, magnetic delivery of BCNU in vivo made it
possible to use a lower concentration of the drug while simulta-
neously providing more efficient tumor suppression and reducing
the likelihood of adverse systemic effects. BCNU has been also
immobilized in other types of magnetic nanocarriers that reduce
hydrolysis of the drug and significantly improve tumor progression
control and prolong animal survival [89]. Recently, a new formula-
tion of this drug in a magnetic nanoparticulate system for adminis-
tration via the olfactory route has been developed [90].
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The integration of magnetic targeting and focused ultrasound
(FUS) as a synergistic delivery system could enhance the delivery of
therapeutic agents to a desired region. In the presence of micro-
bubbles and using a low-energy burst tone, FUS provides transient
and reversible disruption of the local BBB without damaging the
surrounding neural tissues. Consequently, the EPR effect is
increased locally within the brain. The FUS-induced BBB opening
is reversible within several hours [91–93]. Subsequent application
of an external magnetic field actively enhances localization of a
chemotherapeutic agent immobilized on a SPION. Using this
approach, several studies have administered anticancer drugs to
brain tumors in rats: Liu et al., epirubicin [94], Fan et al., DOX
[95], and Chen et al., BCNU [96].

It is known that MPS cells engulf and destroy bacteria, viruses,
and foreign substances. When these cells uptake MNPs, they
become magnetized and therefore respond to a magnetic field
[97]. Thus, diclofenac-encapsulating RGD-coated SPIONs were
engulfed by monocytes and/or neutrophils. This capture conferred
the magnetic properties of these to the MPS cells, and because of
the tendency of such cells to migrate exclusively toward inflamma-
tory sites, the drug could be actively targeted via EMF guidance to
any poorly accessible site, e.g., the brain [98].

6.3 Use of Magnetic

Nanoparticles

to Generate Heat

in the Brain

Under the effect of externally applied electromagnetic waves (e.g.,
RF or microwaves), SPIONs generate heat by Brownian and Néel
processes. At high AMF frequencies, they generate sufficient heat
to produce temperatures in tissues of between 40 and 45 �C. This
form of thermotherapy is known as magnetic hyperthermia (if the
temperature of the tissue is above 45 �C, the technique is called
magnetic thermoablation). At low frequencies, the heat should
open up the BBB junctions. In order for this to become a clinically
viable technique, it is first essential to show that the BBB opening is
local and entirely reversible.

6.3.1 Magnetic

Hyperthermia

Generally, a temperature increase of between 40 and 45 �C gener-
ated via AMF can induce tumor cell death by triggering apoptosis,
necrosis, and an antitumor and immune response, as tumor cells are
less resistant to sudden heat stress compared with healthy sur-
rounding cells. Due to the excellent heat transfer efficiency of
SPIONs and uniform temperature distribution, SPION-based
magnetic hyperthermia is a promising method for glioma treatment
because further therapeutic options are limited after conventional
therapies have been applied [63].

From a clinical standpoint, one of the main challenges of mag-
netic hyperthermia is to achieve therapeutic heating of the tumor
with as small a dosage of SPIONs as possible. Minimizing the
dosage of SPIONs is desirable in order to minimize possible side
effects and facilitate their elimination [99]. This goal can be
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achieved by using the correct amplitude and frequency of the
applied magnetic field and an optimal SPION size. In most studies,
the SPIONs employed had diameters of less than 50 nm, and the
oscillation frequencies and intensities of AMF ranged from 88.9 to
150 kHz and from 11.0 to 30.6 kA/m, respectively [100]. The
empirical threshold of 4.85 � 10 A/m/s obtained from the prod-
uct of the frequency, and the amplitude is usually considered to
ensure treatment safety. However, in 2010, Bellizzi et al. suggested
an optimization criterion for determining the optimal operative
conditions in magnetic hyperthermia [99], and more recently, the
same authors have carried out a study to numerically validate this
criterion in the more challenging and clinically relevant case of brain
tumors, by using a realistic 3D model of the human body
[101]. The numerical estimates show that acceptable values for
the product between the magnetic field amplitude and frequency
may be two or four times larger than 4.85 � 109 A/m/s.

Magnetic hyperthermia has been evaluated for feasibility in
animal models and in human patients with malignant brain tumors.
Dextran- or aminosilane-coated SPIONs have been used for ther-
motherapy in a rodent GBM model [102]). Aminosilane-coated
SPIONs prolonged survival by up to 4.5-fold, whereas dextran-
coated particles did not prolong the life span. Only the
aminosilane-coated SPIONs formed stable deposits, thus allowing
for repeated magnetic field treatments without repeated adminis-
tration of the particles.

Postmortem studies in humans have been performed with
three GBM patients treated with thermotherapy using
aminosilane-coated SPIONs [103]. In brain autopsies, SPIONs
were found to be dispersed and distributed as aggregates at sites
of intracranial injection. Moreover, SPIONs were mainly driven by
macrophages and minimally by tumor cells. This indicates the
necessity for multiple sites of administration to achieve complete
glioma coverage. Interestingly, magnetotherapy allows for an
increase in perfusion at the glioma region, leading to much more
powerful γ radiation for killing glioma cells.

From March 2003 to January 2005, a phase I trial on
14 patients suffering from GBM was performed in Germany
[104]. The patients received an intratumoral injection of
aminosilane-coated SPIONs and were subjected to AMF
(100 kHz and variable magnetic field strengths of 2.5–18/kA/
m). The patients received six treatments (two per week). The
median maximal intratumoral temperature was 44.6 �C. Although
patient survival was not reported, the trial demonstrated the safety
of thermotherapy and the potential to controllably apply hyperther-
mic temperatures in human patients.

A phase II study on 59 patients, combining the treatment with
radiotherapy, began in April 2005 and concluded in September

196 Joan Estelrich and Maria Antònia Busquets



2009 [105]. A high concentration of SPIONs (112 mg/mL) was
required to achieve effective thermotherapy, with a median peak
temperature within the tumor of 51.2 �C (Fig. 7). This clinical trial
successfully demonstrated the safety and efficacy of thermotherapy
using SPIONs to treat malignant brain tumors in humans [106]. In
March 2014, a new clinical trial was launched in Germany with up
to 269 patients with recurrent GBM. The objective of this study
was to determine whether this therapy alone or in combination
with an optimized radiation therapy was equally or more effective
than the optimized radiation therapy alone.

As indicated in a study by Hadjipanayis et al. [66], CED can be
used to introduce nanoparticles into the tumor. CED involves
continuous delivery of an agent with a specific infusion rate and
volume through one or more infusion catheters placed directly
within and around brain tumors [67]. This results in a greater
volume of distribution compared with diffusion-controlled delivery
methods such as general intratumoral injection or drug-loaded
wafers [107]. One major drawback of CED is that it is difficult to
visualize the distribution of infused agents and tumor targeting
efficacy. Owing to the small and uniform size of SPIONs and the
fact that they can be imaged directly, MRI-guided CED is an
optimal choice for effective glioma treatment [63].

6.3.2 Use of Magnetic

Nanoparticles to Open

the BBB

Tabatabaei et al. [108, 109] examined BBB permeability in rats in
the presence of moderate heat dissipated via magnetic heating of
MNPs by a low RF field. To verify BBB integrity before MNP
administration via the external carotid artery, fluorescent Evans
blue dye was injected into the tail vein. Observation of brain
samples using a 7 T magnetic resonance scanner and an epifluor-
escent microscope indicated a substantial but reversible opening of
the BBB where hyperthermia was induced.

Dan et al. [110] used two types of SPIONs, namely, cross-
linked nanoassemblies loaded with IONs and conventional

Fig. 7 Glioblastoma recurrence. (a) Brain with a glioblastoma visualized by magnetic resonance imaging (MRI);
(b) post-instillation computer tomography (CT) showing magnetic nanoparticle deposits as hyperdense areas.
Isothermal lines indicate calculated treatment temperatures between 40 �C (blue) and 50 �C (red). The brown
line represents the tumor area; (c) 3-D reconstruction of fused MRI and CT showing the tumor (brown),
magnetic fluid (blue), and thermometry catheter (green) (Extracted from ref. 105)
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SPIONs, to study the effects of AMF-induced hyperthermia on
SPION permeability and flux across the BBB. They used two
in vitro models in Transwells™ under normothermic, conventional
hyperthermic, and AMF-induced hyperthermic conditions. Their
results showed that the flux across BBB models was low under
normothermic condition, whereas AMF-induced hyperthermia
for 0.5 h enhanced cross-linked SPION cell association/uptake
and flux in the absence of cell death. In contrast, SPIONs agglom-
erated in a cell culture medium and were taken up by, but did not
flux through, the BBB model.

AMF-induced hyperthermia enhanced the BBB association/
uptake and permeability of cross-linked SPIONs more effectively
than conventional hyperthermia via other mechanisms in addition
to the elevated temperature around the IONs. Cross-linked
SPIONs activated by an AMF produced quantifiable, controllable
hyperthermia in a defined area, as required for clinical applications.
In conclusion, AMF-induced hyperthermia is a low toxicity
approach that could potentially deliver SPIONs across the BBB
for therapeutic and diagnostic CNS applications.

7 Use of Magnetic Nanoparticles to Treat NeuroAIDS

Nervous system alterations due to direct or indirect effects of
human immunodeficiency virus (HIV-1) infection, collectively
known as neuroAIDS, are frequently associated with AIDS patients
[17]. HIV in the periphery has been significantly reduced with
antiretroviral therapy (ART) composed of multiple small-molecule
therapeutics. Since the introduction of antiretroviral therapy
(ART), HIV infection-related morbidity and mortality have dra-
matically decreased. However, none of the currently available anti-
retroviral agents effects a cure, because ART drugs are substrates
for BBB-active efflux transporters and present minimal penetration
into brain parenchyma. Consequently, the brain remains a sanctu-
ary for HIV in AIDS even with ART [111, 112], and HIV infection
has become a chronic disease requiring a lifelong commitment to
daily oral treatment. However, most antiretroviral drugs have a
short half-life and must be in constant circulation to control virus
replication. Moreover, most antiretroviral drugs possess inadequate
or zero delivery across the brain barriers. Thus, it is necessary to
combine the antiretroviral drug with a carrier that facilitates its
entry into the brain. Once in the brain, the HIV drug must be
released from the carrier at a constant rate for a longer period to
increase therapeutic efficacy without threatening the integrity of
the BBB. Recent improvements in synthesis techniques have made
it possible to obtain super paramagnetic MNPs as small as 10 nm,
which can cross the BBB without affecting its integrity [18, 113].
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Several studies have reported monocyte/macrophage-based
nanocarrier drug delivery systems for delivering ART to the brain
[114, 115], an approach that leverages the capacity of phagocytes
to cross the BBB. Thus, an antiretroviral drug can be encapsulated
in a nanovehicle (e.g., a non-sterically stabilized liposome), which is
captured by the MPS following administration. MNPs can be
incorporated in liposomes, and the resulting magnetoliposomes
act as a new Trojan horse, penetrating the brain after their capture
by the MPS.

In one of the first studies to employ MLPs specifically designed
to be taken up by blood phagocytes, Jain et al. [98] covalently
coupled RGD-peptide to negatively charged liposomes. Their
results showed the presence of magnetic particles inside monocytes
and neutrophils in the brain. Later, Saiyed et al. explored the
potential of MNPs to deliver antiretroviral drugs in the brain
[53, 116]. This group immobilized 3-azido-3-deoxythymidine-5-
triphosphate (AZTTP) (a nucleotide analog reverse transcriptase
inhibitor) on the surface of MNPs. The inhibition efficiency of the
MNP-bound drug, as determined by suppression of HIV replica-
tion, remained comparable with the free drug. Then, the MNPs
were incorporated into MLPs. To evaluate the potential of AZPPT-
MLPs in the treatment of neuroAIDS, migration of the AZTTP-
MNPs and AZTTP-MLPs across an in vitro model of BBB was
measured under the influence of an EMF. Both AZTTP-magnetic
particles and AZTTP-magnetoliposomes yielded an almost three-
fold increase in in vitro BBB transmigration when compared with
free AZTTP, and did not affect BBB integrity. However, a limita-
tion of this delivery system is the lack of certainty about drug release
from the carrier when this reaches the target. To obtain a relatively
small physiological change and ensure drug release, the binding
force between the carrier and the drug must remain relatively weak.
Consequently, more than 99% of the drug/carriers are deposited in
the liver, lungs, and other lymphoid organs before they reach the
target [117]. To achieve controlled, on-demand release of AZTPP,
the same group replaced the MLPs with magnetoelectric nanopar-
ticles (MENP), a kind of nanoparticle in which magnetic and
electric fields can be strongly coupled at body temperature. The
greatest advantage of MENPs is that there is no heat dissipation
when an alternating current field is applied, thus yielding an
unprecedentedly high efficacy of drug release without any side
effects or toxic effects to target or neighboring cells [117].

The same group [118] explored the use of MNPs to transport
HIV-negative factor (Nef) across an in vitro BBB. Nef is an acces-
sory protein that is thought to be integral to HIV-associated
immune and neuroimmune pathogenesis.

Wen et al. prepared magnetic lipid nanoparticles formed by
PLGA, phospholipids, and PEG-phospholipid. Then, the transac-
tivation transcription peptide (Tat) was conjugated and hesperidin,
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naringin, and glutathione were encapsulated. The therapeutic effi-
ciency of the drug-loaded Tat-nanoparticles versus drug-loaded
nanoparticles was compared in bEnd.3 cells (endothelial cell line).
The results showed a dose- and time-dependent higher accumula-
tion in cells of Tat-nanoparticles compared with magnetic lipid
nanoparticles and demonstrated that Tat-nanoparticles could
serve as an effective drug delivery approach that crosses the
BBB [119].

Antiretroviral drugs help in suppressing HIV replication, but
they do not eliminate the virus from infected individuals. Thus,
there is a need to target viral reservoirs in the body such as the
brain, which serves as one of the sources of virus production and
migration to the periphery. Some drugs (latency-breaking agents)
can be used as HIV-reactivating agents to break latency and thus
completely eradicate HIV from the body. The general scientific
consensus is that a cure will likely require a combined approach
(antiretroviral drug + latency-breaking agent). For this multifunc-
tional purpose, Jayant et al. developed a layer-by-layer assembly
[120] of an anti-HIV drug (tenofovir) and a latency-breaking
agent (vorinostat) on SPIONs as carrier, whose penetration across
the BBB was facilitated by applying an external magnetic force. The
in vitro study showed a sustained long-term release (5 days) across
the BBB. Moreover, this nanotechnological approach demon-
strated the capacity to activate and kill latent viruses [121].

Fiandra et al. demonstrated that the antiretroviral drug enfuvir-
tide, which is normally unable to penetrate the cerebrospinal fluid,
could cross the BBB in mice when conjugated with amphiphilic-
coated SPIONs [122].

Epidemiological data demonstrate that opioid abuse is a risk
factor for HIV-1 infection and progression to AIDS and other
neurodegenerative changes [123]. Therefore, the use of neuropro-
tective agents to protect neuronal cells against the toxic effect of
drugs of abuse is of therapeutic importance. Brain-derived neuro-
trophic factor (BDNF) is one of the most powerful neuroprotective
agents for those neurons that degenerate in HIV-associated
dementia (HAD) [124–126], since it has the capacity to regulate
neuronal development and survival. However, the major problem
with approaches using BDNF is its incapacity to effectively cross the
BBB into the CNS [127]. Thus, Pilakka-Kanthikeel et al. bound
BDNF with magnetic nanoparticles and reported the efficacy and
capacity of such nanoparticles to cross an in vitro cellular model of
BBB [128]. As the tight junctions of the BBB cause a much higher
transendothelial electrical resistance (TEER) than that of other
tissues, one way to confirm the passage of molecules through the
BBB is to measure changes in the TEER [7]. This study showed
that under the influence of an external magnetic field, a
MNP-BDNF formulation could pass through the BBB.
MNP-BDNF permeability was 3.5-fold higher than free BDNF
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(~73% of total BDNF administered on the upper side of the BBB
crossed it). Hence, the association with MNP increases the trans-
migration of BDNF across the BBB. Moreover, transport of the
MNP-BDNF formulation did not affect BBB integrity, as indicated
by the TEER reading. In sum, these results indicate that even after
binding with MNP, BDNF retains its activity and is as effective as
the free form of BDNF.

8 Conclusions and Outlook

This chapter presents a detailed review of the most recent
approaches based on the use of magnetic nanoparticles designed
to treat and diagnose the most common disorders of the central
nervous system: neurodegenerative diseases, brain cancer, and neu-
roAIDS. The properties of these magnetic materials have been
described, placing emphasis on iron-based nanoparticles due to
their potential as theranostic agents and their biocompatibility.
MNPs have been shown to be attractive nanosystems for
controlling the spatial and temporal delivery and co-delivery of
drugs, thus achieving a multiple therapeutic or synergistic effect
at the specific target, improving therapeutic outcome, and prevent-
ing drug degradation, among other properties. However, despite
significant advances in therapy and diagnosis derived from tailoring
MNPs, several obstacles still remain that hinder their universal use
and commercialization. These limitations are primarily related to
the impenetrable nature of the BBB. Several strategies have been
employed to overcome the difficulty of drug penetration imposed
by the complex organization and structure of the brain and its
physiological barriers. Most share a common approach consisting
in the use of multifunctional particles, mainly by combining the
magnetic properties of the particles with specific molecules grafted
onto their surface. Thus, magnetic hyperthermia, magnetic target-
ing, and opening the BBB by means of SPIONs have all yielded
encouraging results in the treatment of brain cancer. Moreover,
treatment of neuroAIDS using multifunctional systems based on a
combination of antiretroviral drugs and latency-breaking agents
have also yielded interesting outcomes. For example, the effective-
ness of drug-loaded Tat-nanoparticles has been confirmed, as has
the increase in release efficacy of encapsulated drugs by means of
magnetoelectric nanoparticles. In addition, MNPs play an interest-
ing role in fighting against neurodegenerative diseases due to their
capacity to decompose the reactive oxygen species that are abun-
dant in this kind of disorder. Meanwhile, in relation to Alzheimer’s
disease, conveniently decorated MNPs have been used for the
specific detection of Aβ fibrils.

The future success of MNPs requires strategies that increase
MNP penetration of the BBB in order to improve therapeutic
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efficacy. Consequently, research should focus on the design of
controllable surfaces with the capacity to guide MNPs toward key
sites. In conclusion, the exploration of the therapeutic potential of
MPNs for molecular targeting to the central nervous system will
become a less utopian challenge in the near future.
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Chapter 8

Nose-to-Brain Drug Delivery Enabled by Nanocarriers

Zachary Warnken, Yang Lu, Hugh D. C. Smyth, and Robert O. Williams III

Abstract

There continues to be a growing need for treatments of central nervous system diseases such as neurode-
generative disease. A significant obstacle to the treatment of central nervous system diseases is the blood-
brain barrier. Over the last several decades, the intranasal route of delivery has been reported to provide a
bypass of the blood-brain barrier, delivering drugs directly from the nose to the brain. In addition to the
opportunities this route of delivery offers, nanocarrier delivery systems can further improve the targeting of
drugs by this pathway, offering advantages over other formulation strategies such as sustained release and
enzymatic protection. In this chapter the current status of nanocarriers for nose-to-brain delivery will be
reviewed, including the proposed pathways for nanocarrier and drug transport to the brain, nanocarrier
attributes which improve brain targeting, the directions intranasal nanocarrier research has focused in terms
of disease treatments, as well as delivery device considerations for translation to human delivery. In addition
to this review, essential methods for the development of nanocarrier systems for this delivery modality will
be presented and discussed.

Key words Nasal delivery, Brain targeting, Olfactory epithelium, Axonal transport, Neurodegenera-
tion, Epilepsy

1 Introduction

The blood-brain barrier (BBB) is a protective barrier, essential for
excluding toxins and infectious agents from entering into the brain
from the systemic circulation. While the BBB is vitally important for
healthy life, it becomes a significant barrier for the treatment of
central nervous system (CNS)-based diseases. In fact, around 98%
of small molecule drugs and nearly no large molecules are capable
of crossing the BBB [1]. In our current aging population, the need
for CNS therapeutics continues to grow. For example, Alzheimer’s
disease is currently the sixth leading cause of death in the United
States, with one out of three senior deaths being a result of Alzhei-
mer’s disease or other dementia [2]. The need for new CNS thera-
peutics is evident, making it one of the top disease areas for drug
development; however, as of June 2009, only 8.2% of the drugs
developed for CNS diseases have successfully been approved
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[3]. A portion of this disconnect between development of drugs for
treatment of CNS diseases and their approval for clinical use is due
to the narrow requirements and suitability of drugs to reach the
brain. In some cases, to achieve therapeutic brain levels of a drug,
high systemic concentrations may be required, which may induce
adverse drug reactions and toxicities. As many CNS diseases require
chronic drug therapy, noninvasive means for delivery of drugs to
the brain are required. Over the last several decades, a growing
amount of evidence supports intranasal delivery provides pathways
for administered drugs to reach the brain without having to cross
the BBB, allowing noninvasive and chronic delivery of both small
and large molecules for treating CNS diseases.

In order to facilitate enhanced drug delivery to the CNS,
nanocarrier drug delivery systems have been designed for both
small and large molecules to be administered intranasally. Several
of the studies discussed below have shown the advantages of using
nanocarrier systems over administration of more conventional sus-
pensions and solutions. The adaptability of the carrier material and
surface coatings gives nanocarrier systems unique opportunities for
delivering drugs to the brain. Based on literature reports, intranasal
drug delivery to bypass the BBB is promising; however, the intro-
duction of new delivery systems to this route of administration
brings challenges. In addition to the potential toxicity of the mate-
rials used in the nanocarriers, nasal mucosa toxicity and cilia toxicity
are also of concern for nasal delivery. Discussed in this book chapter
is the ability of nanocarriers to increase brain concentrations and
some of the techniques used to characterize their effectiveness.
Additionally, formulation changes can play a major role in deposi-
tion within the nasal cavity, which will alter the predominant path-
ways for absorption [4]. Methods for accessing nasal cavity
deposition will be discussed in this chapter.

2 Proposed Pathways and Mechanisms of Direct Nose-to-Brain Drug Delivery

The pathways and mechanisms for substances to be transported
from the nose into the brain are not yet fully understood. Although
several pathways and mechanisms may exist for transport, depend-
ing on the placement within the nasal cavity and the properties of
the substance, particular pathways will predominate. These
mechanisms and pathways have been reviewed in detail elsewhere,
and the reader is referred to reference citations [5–7]. This chapter
provides an overview of the proposed pathways and a discussion of
these pathways in relation specifically to nanocarrier drug transport.
One of the reasons for characterizing the possible pathways for a
particular nanocarrier system is that the pathways can influence the
pharmacokinetic parameters and distribution of the substance in
the brain and systemic tissues.
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A majority of the proposed pathways for direct nose-to-brain
drug delivery are present in the olfactory membrane due to the
anatomical features of the olfactory sensory neurons. The olfactory
epithelium is the only location where first-order neurons are in
direct contact with the environment (Fig. 1). The olfactory epithe-
lium is a ciliated epithelium; however, unlike in the respiratory
region of the nasal cavity, the cilia are nonmotile. In fact, the cilia
in the olfactory epithelium are the tips of the dendritic processes of
the olfactory sensory neurons, positioned for promoting our sense
of smell. The olfactory sensory neurons extend through the olfac-
tory epithelium and converge with the axons of other olfactory
neurons to form nerve bundles called fila olfactoria. These bundles
are ensheathed by olfactory ensheathing cell within the lamina
propria before they travel through the cribriform plate of the skull
where they synapse at the olfactory bulb [8, 9]. The architecture of
the olfactory epithelium outlines many of the pathways for sub-
stances to be directly transported from the nose to the brain.

For drugs to be directly transported to the brain from the nose,
the drug must cross the nasal epithelium. This can be accomplished
by either intracellular or extracellular mechanisms depending on
the properties of the drug or drug carrier system. Intracellular
transport can take place at either the neurons (axonal transport)
or the supporting cells (transcytosis) in nasal epithelium. Transcy-
tosis and paracellular transport allow access of drugs to the under-
lying lamina propria, where the drugs may enter the systemic
circulation through blood vessels, be transported to the lymph

Fig. 1 The olfactory region of the nasal cavity. The olfactory epithelium is depicted including the cell types
which play the largest role in direct nose-to-brain drug delivery. The proposed pathways for direct brain
transport are illustrated by the red arrows
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nodes by the lymphatic system, or be directly transported to the
brain by olfactory and/or trigeminal nerve systems [5]. One of the
proposed pathways for olfactory transport to the brain involves
perineural transport of drugs to the olfactory bulb via the bundles
of olfactory neurons. Perineural transport has also been shown to
be possible in the olfactory and respiratory regions of the nasal
cavity by the trigeminal nerve, directing drug transport to the
brain stem [10]. Perineural transport has predominately been
shown for small molecules and peptides. Some evidence exists for
nanocarrier delivery systems to enter the lamina propria by trans-
cytosis across the nasal mucosa, followed by transport extracellu-
larly to the olfactory bulb by the olfactory neuron bundles and the
brain stem by the trigeminal nerve. In order to discern the pathway
taken for wheat germ agglutinin conjugated PEG-PLA nanoparti-
cles, Liu et al. employed image analysis to visualize the transport
process for fluorescently marked nanoparticles [11]. Upon exami-
nation, Liu et al. observed high levels of nanoparticle fluorescence
in the epithelium and lamina propria of the olfactory region in rats,
consistent with transcytosis of the nanoparticles across the olfactory
epithelium. Furthermore, fluorescence was seen in olfactory nerve
bundles and the associated surrounding connective tissue, with
only small amounts colocalized with directing with the nerve bun-
dles, most distributed around them. These results are consistent
with transcytosis across the epithelium and extracellular transport
around the nerve bundles to the olfactory bulb as the predominat-
ing pathway for brain delivery of the nanocarrier.

Direct nose-to-brain transport can be accomplished by intra-
cellular transport through the olfactory neurons to the olfactory
bulb. This axonal pathway has been shown transport of proteins,
viruses, and even nanoparticles from the nasal epithelium to the
olfactory bulb after endocytosis of the substance by the olfactory
neurons [12–17]. As the average diameter of olfactory axons is
between 100 and 700 nm, it is theoretically possible for any sub-
stances smaller than this range to undergo transcellular transport
[18, 19]. Axonal transport of nanoparticles has been demonstrated
using quantum dots by Hopkins et al. by fluorescence light micros-
copy and transmission electron microscopy [16]. These microscopy
methods allowed Hopkins et al. to visualize the quantum dots
within olfactory nerves and sections of the olfactory bulb. In addi-
tion to understanding the general pathway for the particles, they
were able to discern more about this transport mechanism based on
the time to observe brain levels. Axonal transport can be either fast
or slow depending on if the components are transported in vesicles
or by simple diffusion, respectively. Simple diffusion is slow in
axonal transport due to the narrowness of the axons. Hopkins
et al. observed quantum dots within the olfactory bulb in less
than 3 h, supporting the case that the nanoparticles undergo
vesicle-mediated transport within the neurons.
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Overall, few studies have explored the specific pathways in
which nanocarriers are transported to the brain. Besides Liu
et al.’s assessment for wheat germ agglutinin-coated PEG-PLA
nanoparticles, there is limited evidence for nanoparticles to travel
along the nerve bundles through extracellular mechanisms. Cur-
rently, studies observing the pathways of nanoparticle substances
are the most translatable to nanocarrier pathways and mechanisms.
Several studies have investigated transport of ultrafine particles
from the nasal cavity to the brain, such as elemental carbon, man-
ganese oxide, and copper among others [7, 17, 20, 21]. Axonal
transportation of nanoparticles is the most commonly reported
pathway for solid substances <100 nm. In order to better under-
stand how the physicochemical properties of nanoparticles affect
the nose-to-brain transport in mice, Mistry et al. studied chitosan-
coated, polysorbate 80-coated, and noncoated polystyrene 100 and
200 nm particles [22]. The uptake of negatively charged polysor-
bate 80 and uncoated particles into the olfactory epithelium was
similar, while the uptake of the positively charged chitosan-coated
particles was significantly diminished. Although there were some
size differences between the chitosan- and polysorbate 80-coated
particles, the largest observed difference was the surface charging.
However, no particles were observed in the olfactory bulb after
administration with any of the nanoparticle preparations. At the
time of the article, 2009, Mistry et al. report only nanoparticles less
than 100 nm had shown evidence of axonal transport to the brain
and therefore conclude nanoparticles likely need to be less than
100 nm for transport. Upon completion of ex vivo permeation
studies, cell uptake of the nanoparticles was observed but could
not be detected in the receiver solution [23]. Other nanoparticles
tested with in vitro cell monolayers have shown the ability to cross
the membrane to the receiver compartment. Gartziandia et al.
evaluated the penetration of poly(D,L-lactide-co-glycolide)
(PLGA) and nanostructured lipid carrier particles across olfactory
cell monolayer and report superior penetration from the lipid car-
riers. This penetration was further improved with the use of cell-
penetrating peptides and chitosan on the surface of the nanocarriers
[24]. More recently, nose-to-brain transport has been shown for
wheat germ agglutinin PEG-PLA nanoparticles and gelatin nano-
particles with average particle sizes greater than 100 nm [11, 25]. It
becomes clear that more research is required to better understand
the attributes of nanoparticle systems that allow nose-to-brain
transport of the carrier system.

3 Nanocarrier Enhancement of Nose-to-Brain Drug Delivery

Although the nose-to-brain pathways for intranasally administered
nanocarrier systems are not fully understood, their ability to
increase drug levels in the brain compared to other routes of
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delivery and formulations has been shown in several examples in the
literature. Nanocarriers reported in the literature vary widely in
charge, size, and surface characteristics; however, as only a few of
these studies report pharmacokinetic information, it is difficult to
compare and draw broader conclusions about which characteristics
are best for this route of delivery. Several delivery indexes and
pharmacokinetic parameters are used to assess the extent and tar-
geting of drug delivery to the brain. The direct targeting efficacy
percentage (DTE%; Eq. 1) is a comparative measure between the
amount of drug in the brain compared to systemic circulation after
nasal delivery compared to systemic delivery. Values above 100%
reflect increased targeting to the brain after intranasal administra-
tion compared to systemic administration [26]. Another index used
for comparing between drug formulations is the direct transport
percentage (DTP%; Eq. 2). This quantifies the percentage of drug
that accessed the brain utilizing pathways not associated with sys-
temic drug absorption [27]. While DTE% is a standard method of
comparing the targeting potential between formulations, it can be
greatly influenced by the ability of the systemically administered
drug to cross the blood-brain barrier. In addition to these para-
meters, it is useful to compare the overall extent of drug delivered
to the brain by comparing the brain AUC and Cmax values from
the formulations. While these values are influenced by the adminis-
tered dose and properties of the drugs, pharmacologic activity
requires sufficiently high concentrations. Limitation of comparing
DTE% between formulations and studies includes the inability of
the parameter to reflect if the values are meaningful for treatment,
and differences in the systemically administered formulation can
influence the value. However, as it is a standard parameter used in
several nanocarrier studies and demonstrates the ability of the
administered formulation to target the brain compared to systemic
administration, we will use it below to compare nanocarrier attri-
butes. Of the many nanocarrier-mediated nose-to-brain transport
papers in the literature, many report pharmacological evidence of
improved delivery by nasal delivery with a nanocarrier, with only a
relative few presenting pharmacokinetic evidence which we have
used in the following discussion and are presented in Table 1.

DTE %ð Þ ¼ AUCbrain=AUCblood½ �i:n:
AUCbrain=AUCblood½ �i:v:

� 100%: ð1Þ

DTP ¼ Bin � Bx

Bin

� �
� 100:

Bx ¼ Biv

P iv
� P in:

ð2Þ

where Bin is the AUC in the brain after intranasal administration, Biv

is the AUC in the brain after intravenous administration, and Piv is
the plasma AUC after intravenous administration. Pin is the plasma
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AUC after intranasal administration. The defined term Bx is calcu-
lated to reflect the amount of drug in the brain that is attributed to
systemic absorption after nasal delivery.

3.1 Effect

of Nanocarrier Size

Brain Targeting

Nanocarrier sizes reported in the literature for nose-to-brain
directed formulations range from 15 nm to around 230 nm
[28, 29]. Figure 2 depicts the various DTE% values found for
nanocarrier formulations of various sizes. A majority of the
reported nanocarrier sizes with pharmacokinetic evidence were
between 100 and 200 nm. No general trends can be determined
between brain targeting and efficiency and size based on the data
available currently. The smallest nanocarrier size presented has the
highest DTE%; however, it is only a single study making it difficult

Table 1
Nanocarriers for nose-to-brain delivery presenting pharmacokinetic data

API Carrier type
Base
material DTE%

DTP
(%)

Charge
(mv)

Size
(nm)

Animal
model Citation

Clonazepam Polymeric micelle Polymeric 144 99.3 �25 124 Mouse [30]

Tarenflurbil Solid lipid
nanoparticle

Lipid 183 45.4 �23 169 Rat [31]

Diazepam PLGA
nanoparticles

Polymeric 258 61.3 �29 183 Rat [32]

Tarenflurbil PLGA
nanoparticles

Polymeric 287 65.2 �30 133 Rat [31]

Rivastigmine Chitosan
nanoparticle

Polymeric 355 71.8 38.4 185 Rat [33]

Ondansetron
HCl

Nanostructured
lipid carrier

Lipid 506 97.1 �11.5 92 Rat [34]

Olanzapine Polymeric micelle Polymeric 520 80.8 N/R 59 Rat [35]

Duloxetine
HCl

Nanostructured
lipid carrier

Lipid 758 86.8 N/R 130 Rat [36]

Clonazepam Organogel Lipid 758 86.8 N/R 62 Rat [37]

Rutin Chitosan
nanoparticle

Polymeric 1443 93 31 92 Rat [38]

Haloperidol Solid lipid
nanoparticle

Lipid 2362 95.8 �20 240 Rat [39]

Thymoquinone Chitosan
nanoparticle

Polymeric 3318 97.0 30 172 Rat [40]

Albendazole
sulfoxide

Microemulsion Lipid 10,029 98.2 �10 16 Rat [41]

DTE% direct targeting efficiency percentage, DTP direct transport percentage, N/R not reported
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to discern if this increased targeting can be attributed to the size of
the nanocarrier or some other property of its formulation or
administration.

3.2 Effect

of Nanocarrier Surface

Charge on Brain

Targeting

The charge on the nanocarrier can have potential differences in the
association with the olfactory epithelium environment as well as
transcytosis across the membrane. Figure 3 shows the range of
surface charges depicted as zeta potentials reported in the literature
for nose-to-brain drug delivery of nanocarriers. As the zeta poten-
tial reaches higher magnitude values, either negative or positive,
there appears to be some decrease in the targeting efficiency of the
nanocarrier systems. The positive zeta potential nanocarrier systems
were formulated as chitosan nanoparticles. Unlike the chitosan-
coated polystyrene nanoparticles discussed previously, these nano-
particles were formed by similar ionic gelation techniques, which
encapsulated the drugs. In several studies, Mistry et al. have shown

Fig. 2 Effect of nanocarrier particle size on DTE%. Blue circles represent lipid-based nanocarriers, while
orange circles depict polymeric-based nanocarriers. A comparison of studies that reported the necessary
pharmacokinetic data (a). A zoomed-in graph focused on nanocarriers with particle sizes between 50 and
200 nm (b)

Fig. 3 Comparison of the direct targeting efficiency to the brain from nanocarriers with varying surface
charges
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the inability of their chitosan-coated nanoparticles to physically
cross the nasal epithelium [22, 23]. Whether or not the transport
of the drug to the brain from the ionic gelation-produced chitosan
nanocarriers arises from intact nanocarrier transport to the brain
was not discerned in the studies.

3.3 Effect

of Nanocarrier

Material Composition

on Brain Targeting

While the materials for the nanocarriers range from a wide variety of
excipients, the general base materials can be separated into two
main categories, lipid and polymer based. With the exception of
the high DTE% of 10,000% from a docosahexaenoic acid-
containing microemulsion in the lipid-based category, the values
obtained were similar for both lipid- and polymeric-based nanocar-
rier systems (Fig. 4). The choice for nanocarrier system may then
rely more heavily on the encapsulation efficiency for the given drug,
known toxicity of the nanocarrier excipients, and adaptability of the
nanocarrier system.

4 Intranasal Nanocarriers for Diseases of the Central Nervous System

As the previously discussed studies are limited to those which
presented pharmacokinetic evidence in order to fairly compare the
targeting ability of the nanocarriers in the studies, a current status
update of nanocarrier systems separated by disease states is provided
to demonstrate the potential for nanocarrier systems for nose-to-
brain delivery. Research into the nose-to-brain treatment using
nanocarriers has been reported for several diseases, the majority of
the studies focusing on neurological disorders and psychiatric dis-
eases. Both categories of diseases are often chronic requiring
continued noninvasive therapy. Nanocarriers are versatile drug

Fig. 4 Effect of nanocarrier base material on the direct targeting efficiency to the
brain
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delivery systems which may enhance drug delivery to the brain after
intranasal delivery, providing a method for chronic treatment that
can be self-administered by patients . Nanocarriers can be used as a
delivery system for both small and large molecules, improving the
delivery of peptide- and nucleic acid-based therapeutics to their
intended site of action.

4.1 Neuro-

degenerative

Disorders

Alzheimer’s disease is the most prevalent neurodegenerative disor-
der target in the nanocarrier-mediated nose-to-brain literature and
accounts for a vast majority of age-related dementia [42]. Alzhei-
mer’s disease is a dementia, which increases in prevalence with older
populations. Due to the aging population, the number of patients
over the age of 65 with Alzheimer’s diseases is projected to increase
from 5.2 million Americans to 13.8 million by the year 2050
[2]. The disease is characterized by the accumulation of amyloid β
deposits and neurofibrillary tangles in the brain, resulting in cogni-
tive decline. Currently, there are no therapies approved for curing
the disease, and current available treatments target symptoms of the
disease but are unable to slow the progression of the disease
[18, 43].

Drugs that have poor BBB penetration and require chronic
dosing for effective treatment are prime candidates for
nanocarrier-mediated nose-to-brain drug delivery systems. For
example, tarenflurbil is a drug which showed activity in reducing
amyloid β in vitro and in vivo and even in a phase II trial [44]. How-
ever, upon entering one of the largest Alzheimer’s disease clinical
trials ever conducted, it failed to slow down the progression of
cognitive decline, which was partially attributed to its poor BBB
penetration [45]. In order to improve the targeting of tarenflurbil
into the brain, Muntimadugu et al. formulated the drug into
nanocarrier systems. In order to discern the best nanocarrier system
for tarenflurbil for nose-to-brain delivery, both PLGA and solid
lipid nanoparticle preparations were formulated and tested in rats.
Interestingly, Muntimadugu et al. report higher DTE% from the
PLGA nanoparticle compared to the solid lipid nanoparticles, each
performing better than a solution formulation. Utilizing nanocar-
rier systems in combination with the nasal route of delivery may
overcome the barriers tarenflurbil faced during its phase III clinical
trial and slow the progression of Alzheimer’s disease. Another
Alzheimer’s medication, galantamine hydrobromide is a cholines-
terase inhibitor currently approved for treatment. Cholinesterase
inhibitors provide symptomatic treatment for Alzheimer’s disease
but are often accompanied with adverse effects such as nausea and
diarrhea due to the increase in acetylcholine in systemic areas.
Direct nose-to-brain drug delivery is an attractive option for reduc-
ing systemic drug concentrations while improving brain concentra-
tions which can be improved through the use of nanocarriers
[46, 47]. Hanafy et al. formulated galantamine hydrobromide
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encapsulated in chitosan nanoparticles which when labeled with
rhodamine and administered intranasally to rats showed distribu-
tion within the olfactory bulb, hippocampus, and orbitofrontal and
parietal cortices [46]. Furthermore, after delivery to rats, there was
significantly lower acetylcholine esterase protein and activity from
the intranasal chitosan nanoparticle formulation compared to oral
solution and even intranasal solution [48]. Nanocarriers can
improve the brain delivery after nasal administration for a range of
different molecules with varying properties including peptides. Gao
et al. tested the ability of poly (ethylene glycol)-poly (lactic acid)
nanoparticles surface decorated with wheat germ agglutinin to
deliver vasoactive intestinal peptide to the brain in hopes of improv-
ing the neuroprotective effects of the peptide [49]. In order to
assess the effectiveness of the nanocarrier system, Gao et al. radi-
olabeled the peptide to quantify brain distribution in addition to
performing a water maze test to assess the neuroprotective poten-
tial of the therapy and observing acetylcholinesterase activity after
therapy completion. Significantly higher brain levels in the olfac-
tory regions, cerebrum, and cerebellum were reported after dosing
with the surface-decorated nanoparticles compared to naked nano-
particles and peptide solution formulations. The increased brain
levels translated into a significant pharmacological response as
measured by the water maze test. Surface modification of the
nanoparticles resulted in increased accumulation at the olfactory
epithelium compared to the respiratory epithelium, which assists in
greater brain targeting and transport of the modified nanoparticles.
Localization of drug to the olfactory epithelium is an important
aspect of nose-to-brain drug targeting which is often not addressed
in early studies.

Another neurodegenerative disorder that has received the
attention of intranasal nanocarrier research is Parkinson’s disease.
Like Alzheimer’s disease, Parkinson’s disease is growing in preva-
lence with the world’s aging population [50]. It is caused by the
loss of dopaminergic cells within the substantia nigra region of the
brain. Treatments for Parkinson’s disease are often designed to
replace or promote the exogenous dopamine levels in this section
of the brain. Substance P is a neuropeptide which has been reported
to be regulated via a positive feedback mechanism with dopamine,
causing increased dopamine release upon increased substance P
levels. Pharmacologic evidence for substance P treatment in Par-
kinson’s disease originated from intracerebroventricular adminis-
tration studies, which can result in high local concentration of the
neuropeptide in the brain. In order to obtain brain levels high
enough to show efficacy in a hemiparkinsonian rat model, Lu
et al. formulated substance P in phospholipid-based gelatin nano-
particles [51]. The nanocarrier formulation outperformed a sub-
stance P solution when both were administered intranasally.
Additionally, intranasal administration demonstrated better
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behavioral improvement compared to intravenous substance P
nanocarrier administrations [51, 52]. Research into several nano-
carrier types continues for intranasal administration; without stan-
dardized methods for assessing the capabilities of these
nanocarriers, it may be difficult to select a preferred formulation
technique as there are not clear superior nanocarrier systems pre-
sented for brain targeting.

4.2 Psychiatric

Disorders

Psychiatric disorders such as schizophrenia, bipolar disorder, and
depression are chronic central nervous system disorders which
require continuous therapy for treatment. These disorders are not
immediately life-threatening and as such do not warrant the risks
associated with invasive methods of drug delivery [53]. These attri-
butes of psychiatric diseases make them good candidates for tar-
geted brain delivery by the intranasal route. Interestingly, many of
the studies for nose-to-brain delivery with nanocarriers for psychi-
atric disease utilized drugs which are already known to be clinically
effective in treating disorders [28, 35, 36, 39, 54]. The versatility of
nanocarrier systems can do more than promoting targeting into the
brain tissues though and can be used for applications such as
sustaining release of the therapeutic agent. For example, Seju
et al. produced and assessed the drug delivery of olanzapine for-
mulated in biodegradable nanocarriers using PLGA [54]. Utilizing
ex vivo permeation studies, Seju et al. report a similar permeation
value and drug release, meaning the main mechanism of drug
getting into the brain is likely from drug releasing from the nano-
carriers within the nasal cavity and then being transported to the
brain. Although brain levels in the first 30min were higher from the
intravenously administered solution, the PLGA nanocarriers
resulted in higher levels at 1 h and maintained those levels until
the end of the study (3 h). Intranasally applied solution of olanza-
pine had a similar Tmax compared to the nanocarrier but lower
Cmax and was eliminated quickly afterward, which mismatch with
the in vitro and ex vivo results. The disconnect between these
results may be explained by differences in the clearance of the
formulations from the nasal cavities [54]. Mucoadhesive systems
with prolonged olanzapine release can improve the drug delivery to
the brain when given nasally [55]. Nanocarrier systems can also be
used to improve brain delivery for poorly water-soluble drugs.
Haloperidol, another antipsychotic medication, is hindered in its
bioavailability due to its poor water solubility. Katare et al. explored
the ability of polyamidoamine dendrimers to entrap haloperidol,
increasing its water solubility and brain targeting. They report
comparable behavior responses between haloperidol administered
by intraperitoneal injection and haloperidol dendrimers adminis-
tered intranasally at a dose 6.7 times lower than the former demon-
strating the ability of dendrimers to improve the brain delivery of
poorly water-soluble drugs when given nasally [28].
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4.3 Epilepsy Epilepsy is a neurological disorder with recurrent episodes asso-
ciated with electrical abnormalities in the brain, referred to as
seizures. Quick resolution of the epileptic episodes is required to
prevent permanent damage to the brain caused by the seizure.
Intravenous delivery can provide rapid onset of action and subside
a seizure; however, this is often difficult to administer during a
seizure episode due to convulsions and treatment is often not
administered by a trained healthcare professional. The nasal route
of delivery can provide rapid onset of action to treat the episode
without extensive knowledge or training on how to administer the
formulation. In the case of epilepsy, the nanocarrier delivery sys-
tems can improve nose-to-brain drug delivery to further minimize
the time required to subside a seizure.

Several researchers have evaluated the delivery of benzodiaze-
pines using nanocarriers intranasally [30, 32, 37, 56]. Consistently
they have found greater drug levels after intranasal administration
of the nanocarrier formulation than with systemic delivery showing
the possible application of these delivery systems for epilepsy treat-
ment. In addition to benzodiazepine drug delivery, nanocarriers
have allowed improved delivery of neuropeptides for the treatment
of seizures. Kubek et al. evaluated the anticonvulsant ability of
thyrotropin-releasing hormone when given encapsulated in poly
(lactic acid) nanoparticles. A significantly better response was
found with administration of the neuropeptide nanoparticles in
their animal model than blank nanoparticles. While the neuropep-
tide alone had an effect on the seizures, Kubek et al. discovered the
sustained release properties of the nanocarriers were required for a
feasible therapeutic effect [57]. Another example of sustained and
increased anticonvulsant activity after intranasal administration of a
nanocarrier system is depicted by Sharma et al. [58]. Sharma et al.
used a nanolipid carrier delivery system to entrap embelin, a drug
reported to have anticonvulsant activity, to provide improved and
sustained brain levels after intranasal administration. They report
higher brain levels after administration as well as improved attenu-
ation of seizures in animal models after chemical induction. These
nanocarrier systems demonstrate the wide variety of platforms
which can be incorporated for different drugs, both small and
large molecule, to improve the treatments for epilepsy. Utilizing
this platform for drug delivery, it is likely that we will continue to
see new anticonvulsant agents which when given by another route
would not have the same therapeutic benefits as when given nasally.

5 Targeting the Olfactory Region in Humans

A unique aspect of nanocarrier-mediated delivery by the intranasal
route is the need for targeting the delivery of the formulation to a
specific area of the body. For effective nose-to-brain targeting, the
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olfactory epithelium is the most important region of the nasal cavity
to target [59]. The nasal cavity is designed to disrupt air flows in
order to filter out debris and increase the humidity of the air before
it reaches the lower airways. This is made possible by the turbinate
structures and the nasal valve area within the nasal cavity. These
same structures also complicate the delivery pathways for drugs to
get into the olfactory region of the nasal cavity.

Many of the current marketed nasal preparations are delivered
using meter-dosed pump sprays. These devices allow accurate and
reproducible delivery of small volumes (25–200 μL) into the nose
in a patient-friendly manner [60]. Although these devices are suffi-
cient for currently marketed products, their deposition patterns are
typically isolated to the anterior regions of the nasal cavity [61–
65]. In vivo studies with nasal sprays that characterize the amount
of spray delivered to the region corresponding with the olfactory
epithelium report around 2.5% deposition in this region of the
relatively small administered volume [66].

When administered properly, nasal drop delivery systems are
capable of covering a larger region of the nasal cavity compared to
nasal sprays; however, they are often cleared faster [62]. Charlton
et al. compared the distribution as well as the retention times of
nasal drops and nasal sprays in human subjects by endoscopic
examination [67]. Greater distribution within the olfactory region
was observed after administration of nasal drops. The clearance
from the olfactory region can be reduced by the use of mucoadhe-
sive agents. Charlton et al. report a residence time of 14 min within
the olfactory region after administration of nasal drops with
mucoadhesive agents compared to 1.3 min for control solution
(no mucoadhesives) [67]. While nasal drops can obtain relatively
high distribution at the olfactory epithelium, they are limited by
their strong dependence on accurate administration by the patient,
requiring complex positioning to obtain proper head
positioning [60].

Novel nasal delivery devices have been developed to overcome
the limitations found with conventional nasal delivery systems in
targeting the olfactory region. Nanocarriers are often formulated as
suspended in a liquid medium but may also be lyophilized or dried
into powder dosage forms for administrations. The preparation
type may have implications on the type of delivery device selected
to effectively deliver the product. ViaNase™ is a nasally delivered
product used for liquid dosage forms developed using the Kurve
Technology®. The device consists of a nebulizer and vortex cham-
ber, causing nebulized drops to leave the device with vortex flow,
increasing the deposition area within the nasal cavity. This device
has been used in one of the few clinical trials with nose-to-brain
drug delivery [68]. One limitation of using nebulized particles with
nasal delivery is the need for the patient to control breathing in
order to prevent deposition within the lower airways. Optinose®
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has developed a device which helps improve deposition to the
olfactory region while overcoming this limitation of lung delivery
of the formulation. The device comes in two configurations, one
for powders and one for liquids. The devices are bi-directional,
meaning that the actuation force of the formulation is provided
by exhalation of the patient. During exhalation, the soft palate,
which connects the nasal cavity with the lower airways closes,
making the nasal cavity an enclosed compartment except for the
nostrils. Djupesland and Skretting compared the deposition from
Optinose’s® powder device with a conventional nasal spray in
human patients and report 18% of the powder in the upper region
of the nasal cavity and only 2.4% of the spray in the same region,
showing the improved ability of the Optinose® device to reach the
olfactory area [66]. Another device that has been developed for the
delivery of powder or liquid dosage form is the POD device by
Impel NeuroPharma. This power for drug atomization in this
device comes from pressurized instead of the patients’ own exhala-
tion force. Hoekman et al. report significantly higher deposition
within the upper region of the nasal cavity with the POD device
compared to conventional nasal spray, with 45% of the dose being
deposited in the upper region with the POD device and only 12%
from the nasal spray [69]. To note, the regions defined as the upper
region of the nasal cavity were not the same between the two
studies, thus making a direct comparison impossible.

6 Approaches for Developing Nanocarriers for Direct Nose-to-Brain Delivery

Provided in this section are what have been reported to be impor-
tant steps in the development process for nose-to-brain nanocarrier
systems (Table 2). The major steps in the preclinical development
pathway are firstly characterization of the nanocarrier system often
followed by permeation studies, in vivo studies in animal models,
and deposition studies in human-based models. The characteriza-
tion of nanocarrier systems, such as particle size, charge, and drug
release, is reported elsewhere in nearly every publication on the
development of nanocarrier systems and is not specific for nose-to-
brain delivery and therefore will not be discussed in this book
chapter.

6.1 In Vitro/Ex Vivo

Permeation Studies

Permeation studies of nanocarrier systems allow relatively quick
comparison between formulations as well as preliminary toxicity
testing to the nasal mucosa. An immediate limitation of permeation
studies with regard to nanocarrier systems is the dependence on
nose-to-brain transport pathway of the nanocarrier for it to trans-
late to in vivo studies. Permeation studies are useful for formula-
tions that adhere to mucosal surface and release drug, which then
permeates across the epithelium for further transport. Additionally,
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these studies may translate well for nanocarrier systems that
undergo transcytosis across the olfactory epithelium and transport
by extracellular methods, discussed previously. The permeation
studies will likely not reflect well the formulations that undergo
axonal transport. Permeation studies of nanocarriers can be accom-
plished with either in vitro-cultured olfactory cell monolayers or
excised olfactory epithelium from mammals [23, 24, 54,
70]. Gartziandia et al. have established an in vitro cell monolayer
model derived from rat olfactory epithelium for the assessment of
nanoparticle transport [24]. Briefly, after extraction of olfactory
mucosal cells, the cells are isolated from the connective tissue and
cultured. For transport studies, cell monolayers are prepared on
Transwell® inserts. Gartziandia et al. evaluated the cell number and
growth time required to form a monolayer with consistent integrity
before performing transport studies. The authors report 500,000
cells per insert showed the highest and most consistent trans-
epithelial electrical resistance (TEER) at 21 days. They concluded
500,000 cells/insert with growth time of 21 days and TEER values
above 160 Ω cm2 is required for the monolayer to be used in
transport studies.

The use of olfactory cell monolayers for studying formulations
for nose-to-brain transport is a relatively more recent development.
Several studies have resorted to ex vivo studies, using excised
olfactory epithelium from recently diseased mammals [32, 54, 56,

Table 2
Research approaches needed for the development of novel nanocarrier systems for nose-to-brain
drug delivery

Approach Rationale

Nanocarrier
characterization

l Understanding and controlling the attributes of the nanocarrier system is
essential to effectively study the system

Permeation studies l Help elucidate transport pathway
l Allow quick comparison between formulations

In vivo studies
– Pharmacokinetic
studies

– Pharmacological
studies

– Brain transport
studies

l Quantitatively assess brain targeting from route and delivery system
l Understand timescale for delivery
l Effect of drug on treating the disease
l Help elucidate transport pathway

In vitro nasal
deposition studies

l Confirms the formulation is depositing where it can effectively promote
nose-to-brain delivery

Toxicity studies l Assess irritation to the nasal mucosa
l Understand toxicity to nasal cilia
l Assess toxicity and accumulation in brain
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71, 72]. The translation of studies looking at permeability and
transport across the membrane from ex vivo animal epithelium to
humans is expected to be very similar, as the olfactory epithelium is
structurally similar between all vertebrates with some minor excep-
tions [73]. In addition to drug permeation across the epithelium,
ex vivo studies have been used to measure active transport across
the epithelium as well as nanocarrier uptake into cells [23, 74]. Ex
vivo studies of nasal diffusion are often completed in Franz diffu-
sion cells. Freshly excised olfactory epithelium is typically immedi-
ately placed in an appropriate buffer solution for storage until the
permeation study begins. The viability of excised nasal membranes
has been established to be at least 4 h from the time of harvesting
from the animal, typically the limiting time for measuring the
permeation [74]. In order to ensure the integrity of the excised
membrane through the permeation experiment, it is important to
take TEER measurements before and have the study period, dis-
carding any data that have changes in TEER greater than 20%, as
this would show significant changes in permeability due to tissue
integrity differences which would likely skew the data. Permeation
data can help elucidate the mechanism of drug transport to the
brain when compared with drug release data from the nanocarrier.
It is often the case that the release of the drug from the nanocarrier
reflects the permeation across the olfactory epithelium, resulting in
slower diffusion into the acceptor compartment than solution dos-
age forms and showing the dependence for drug to release from the
carrier before transport in the in vitro setting [54, 56, 71]. There is
a disagreement between the in vitro and in vivo data for some of
these cases which may be explained by either axonal transport in the
in vivo situation or the in vitro tests for drug release and permeation
are not accurate depictions of the in vivo environment [56]. In
these cases, the permeation and drug release are similar; however,
the brain levels in vivo are more rapid and to a greater extent than
with the comparator solution formulations. Permeation across
olfactory epithelium experiments are a quick way to test how
changes in formulation, such as surface coatings, can affect the
penetration of drug or intact nanocarriers across the membrane
for direct brain transport, reducing the number of animals required
for in vivo testing.

6.2 In Vivo Brain

Accumulation Studies

In order to study the direct targeting capabilities of an intranasally
delivered nanocarrier drug delivery system, in vivo studies in ani-
mals must be completed. Most often these studies are completed in
rat or mice models. Endpoints for measuring brain targeting vary
between studies, often either accessing pharmacokinetic differences
between formulations and route of administration or measuring the
change in a pharmacodynamic response after drug administration.
Rats and mice are often the model of choice because the pharma-
cological tests are already developed and validated in the animals
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and pharmacokinetic brain levels typically require animals to be
sacrificed and their brains removed to quantitate their contents.
Although there are advantages to these animal models, they also
bring their own limitations. The area of the nasal cavity which
comprises olfactory epithelium in mice and rats is around 50%,
much greater than the 8–10% reported for human nasal cavities
[59]. Because of these anatomical differences, targeting and trans-
port will likely be overestimated from in vivo studies. These studies
are still helpful however, proving whether or not the formulation
enhances brain targeting when applied to the olfactory epithelium.
Ruigrok and de Lange have proposed using pharmacokinetic-
pharmacodynamic models to bridge the results from in vivo data
to human data which can improve our understanding of brain levels
in humans, since they cannot readily be attained in a safe
manner [59].

Pharmacokinetic studies in animal models are performed after
single-dose administration. Animals are anesthetized and placed in
the supine position for nasal administration although some reports
explain methods for dosing awake mice [75]. Administration of
nanocarriers for animal studies is often performed as a nanosuspen-
sion with a micropipette dropwise into each nostril. The volume
reported for intranasal administration in mice ranges from 5 to
25 μL [76, 77], while that in rats varies between 10 and 200 μL
[39, 54] with a majority of studies administering around 20 μL
divided between both nostrils in rats. At each time point, three or
more animals are sacrificed and their brains removed and processed
for drug quantitation. In order to compare the targeting improve-
ment from the nanocarrier delivery system, it is necessary to test the
formulation against a comparator formulation, such as a solution,
nasally as well as intravenously. With exception to nanocarriers
specifically designed to cross the BBB, they are typically not
expected to cross into the brain to an appreciable degree [78–
81]. When possible, it is preferred to use solution formulations
for systemic delivery as intravenous nanocarrier systems may limit
the amount of drug reaching the brain, falsely elevating the per-
ceived targeting after intranasal administration. Once brain and
plasma concentration versus time data is obtained from the
in vivo studies, Eqs. 1 and 2 can be used to calculate the DTE%
and DTP for a more standardized method of comparing between
formulations and routes of delivery.

In vivo studies can also be used as a method to assess the
toxicity of formulations to the nasal mucosa. Toxicity studies are
typically performed over 1–2 weeks. Mice or rats are dosed daily
with drug-containing formulation, blank nanocarriers, or control
solution for typically at least 1 week. At this point three animals
from each group are sacrificed, and nasal mucosa is harvested and
fixed and embedded in paraffin. Sections are then cut and stained
with hematoxylin/eosin and compared under light microscopy for
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indicators of irritation such as inflammation, fibrosis, or atypical
findings. The rest of the animals from the treatment group are left
to recover for 1 week and then analyzed in the same manner to
assess the ability of the nasal mucosa to recover from what damage
may have occurred due to the formulation.

The pathway or pathways undertaken for the drug to reach the
brain after administration in the nanocarrier should be accessed. As
mentioned previously few nanocarrier studies report on the mech-
anism for the drug to reach the brain, whether in intact nanocar-
riers or not. This can have relevance for several different reasons. If
the nanocarrier materials are reaching the brain, then the toxicity
and accumulation of the materials in the brain must be studied to
understand the risks of the therapy. It is also essential information
to guide future scientists in formulating nanocarriers for this route
of delivery. Imaging technologies are invaluable for discerning the
possible pathways for specific nanocarrier transport. Detailed meth-
ods for visualizing the transport of nanocarriers have been reported
previously [11, 82]. Detection of nanocarrier transported around
or within olfactory neurons can be performed with fluorescence
microscopy. After encapsulation of a fluorescent dye, such as
6-coumarin, release testing should be performed in physiologically
relevant conditions to ensure that the dye is maintained within the
nanocarrier. The formulation is then dosed to animals in the same
manner as pharmacokinetic dosing. At the endpoint one side of the
nasal cavity with the olfactory bulb is isolated and fixed in 4%
paraformaldehyde. Jansson et al. have reported a schedule for cut-
ting the nasal cavity into slices characterizing different regions of
the nasal cavity [82]. The regional slices are dehydrated and embed-
ded followed by further slicing into 5 μm slices using a microtome.
Further staining can be performed to mark the cells to better
visualize the nanocarrier positions to the olfactory neurons. Look-
ing at the slices from the cribriform region, conclusions can be
made about the transport mechanism by assessing the amount in
the lamina propria, olfactory neurons, and the connective tissues
surrounding the neurons.

6.3 Targeting

the Olfactory Region

Evidence from in vivo studies supports the ability of the nanocarrier
systems to improve drug targeting to the brain after administration
to the target region within the nasal cavity. Since rats are often
dosed in the supine position under constant anesthesia for in vivo
studies, targeting to the olfactory region is controlled by animal
positioning. For most therapeutic applications, it is unreasonable to
assume a patient can accurately maintain certain head positioning
for the entirety of the transport of the drug across the epithelium.
The ability for the formulation to reach the olfactory region needs
to be assessed before testing in humans. Estimation of formulation
deposition within the nasal cavity can be determined using three-
dimensional models derived from medical imaging in order to have
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an accurate representation of the nasal geometry. Particle deposi-
tion within the nasal cavity can be determined during inhalation or
device actuation computationally or by physical experimentation
[64, 65, 83–89]. As 3D printing becomes increasingly available and
a rapid and affordable tool for research, the methods in this section
will focus on experimentation in determining distribution of a
nanocarrier formulation within the nasal cavity. The 3D models
derived from medical imaging can be printed and utilized to quan-
titate the distribution of drug in the region most associated with
the olfactory epithelium. A CT scan or MRI file is uploaded to
software capable of segmenting the nasal cavity from the remaining
image and developing a three-dimensional model by combining the
slices, such as Mimics or 3D Slicer. After creation of the 3D nasal
cavity model, the file can be either directly printed or modified so it
can be disassembled for easy quantitation of the olfactory region
compartment. The region of the nasal cavity delineated for asses-
sing relevant nose-to-brain deposition varies between studies
making it difficult to compare between devices and studies
[66, 69, 89].

7 Conclusion

Nanocarrier drug delivery systems given by the nasal route have
shown improved targeting of drug to the brain compared to other
formulations and routes of delivery. There is a clear need for thera-
peutics to treat central nervous system diseases which may be
addressed by the improved delivery characteristics of nose-to-
brain drug delivery mediated by nanocarriers. While some studies
report pharmacokinetic data for drug transport, the evidence sup-
porting many of the studies is pharmacological, making it difficult
to compare between studies and drug delivery systems. More
research is needed which more completely characterizes the nano-
carriers and their delivery, such as the pathways used by the formu-
lation to enhance drug delivery, pharmacokinetics, distribution
within the brain tissues, and toxicity of the nanocarriers to deter-
mine the preferred nanocarrier system. Often overlooked in nose-
to-brain drug delivery is understanding not only the targeting of
the formulation to the brain once administered to the olfactory
epithelium but also the targeting of the formulation to the olfactory
region in humans. In conclusion, nanocarrier drug delivery systems
are a promising formulation approach for nose-to-brain delivery;
with improved methodology in analyzing drug delivery from these
systems, their role in neurotherapeutics will be better established
and tested in humans.
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LC-T (2016) Using gelatin nanoparticle
mediated intranasal delivery of neuropeptide
substance P to enhance neuro-recovery in
hemiparkinsonian rats. PLoS One 11(2):
e0148848. https://doi.org/10.1371/journal.
pone.0148848

53. Singh D, Rashid M, Hallan SS, Mehra NK,
Prakash A, Mishra N (2016) Pharmacological
evaluation of nasal delivery of selegiline
hydrochloride-loaded thiolated chitosan nano-
particles for the treatment of depression. Artif
Cells Nanomed Biotechnol 44(3):865–877.
https://doi.org/10.3109/21691401.2014.
998824

54. Seju U, Kumar A, Sawant KK (2011) Develop-
ment and evaluation of olanzapine-loaded
PLGA nanoparticles for nose-to-brain delivery:
in vitro and in vivo studies. Acta Biomater
7:4169–4176. https://doi.org/10.1016/j.
actbio.2011.07.025

55. Fonseca FN, Betti AH, Carvalho FC, Gremiao
MPD, Dimer FA, Guterres SS, Tebaldi ML,
Rates SMK, Pohlmann AR (2015) Mucoadhe-
sive amphiphilic methacrylic copolymer-
functionalized poly(epsilon-caprolactone)
nanocapsules for nose-to-brain delivery of

Nose-to-Brain Drug Delivery Enabled by Nanocarriers 231

https://doi.org/10.1016/j.ijbiomac.2016.06.001
https://doi.org/10.1016/j.ijbiomac.2016.06.001
https://doi.org/10.2147/IJN.S35329
https://doi.org/10.1016/j.ejpb.2015.08.008
https://doi.org/10.1016/j.ejpb.2015.08.008
https://doi.org/10.1172/JCI24761
https://doi.org/10.1172/JCI24761
https://doi.org/10.3109/03639045.2015.1062897
https://doi.org/10.3109/03639045.2015.1062897
https://doi.org/10.1016/j.ijbiomac.2014.03.022
https://doi.org/10.1016/j.ijbiomac.2014.03.022
https://doi.org/10.3109/10717544.2016.1153748
https://doi.org/10.3109/10717544.2016.1153748
https://doi.org/10.1016/j.jconrel.2007.05.026
https://doi.org/10.1016/j.jconrel.2007.05.026
https://doi.org/10.1212/01.wnl.0000247740.47667.03
https://doi.org/10.1212/01.wnl.0000247740.47667.03
https://doi.org/10.2147/DDDT.S77237
https://doi.org/10.2147/DDDT.S77237
https://doi.org/10.1371/journal.pone.0148848
https://doi.org/10.1371/journal.pone.0148848
https://doi.org/10.3109/21691401.2014.998824
https://doi.org/10.3109/21691401.2014.998824
https://doi.org/10.1016/j.actbio.2011.07.025
https://doi.org/10.1016/j.actbio.2011.07.025


olanzapine. J Biomed Nanotechnol
11:1472–1481. https://doi.org/10.1166/
jbn.2015.2078

56. Sharma D, Maheshwari D, Philip G, Rana R,
Bhatia S, Singh M, Gabrani R, Sharma SK,
Ali J, Sharma RK, Dang S (2014) Formulation
and optimization of polymeric nanoparticles
for intranasal delivery of lorazepam using
Box-Behnken design: in vitro and in vivo eval-
uation. Biomed Res Int 1:e156010. https://
doi.org/10.1155/2014/156010

57. Kubek MJ, Domb AJ, Veronesi MC (2009)
Attenuation of kindled seizures by intranasal
delivery of neuropeptide-loaded nanoparticles.
Neurotherapeutics 6(2):359–371. https://doi.
org/10.1016/j.nurt.2009.02.001

58. Sharma N, Bhandari S, Deshmukh R, Yadav
AK, Mishra N (2016) Development and char-
acterization of embelin-loaded nanolipid car-
riers for brain targeting. Artif Cells Nanomed
Biotechnol 45(3):409–413. https://doi.org/
10.3109/21691401.2016.1160407

59. Ruigrok MJR, de Lange ECM (2015)
Emerging insights for translational pharmaco-
kinetic and pharmacokinetic-
pharmacodynamic studies: towards prediction
of nose-to-brain transport in humans. AAPS J
17:493. https://doi.org/10.1208/s12248-
015-9724-x

60. Kublik H, Vidgren MT (1998) Nasal delivery
systems and their effect on deposition and
absorption. Adv Drug Deliv Rev 29:157–177.
https://doi.org/10.1016/S0169-409X(97)
00067-7

61. Pennington AK, Ratcliffe JH, Wilson CG,
Hardy JG (1988) The influence of solution
viscosity on nasal spray deposition and clear-
ance. Int J Pharm 43:221–224. https://doi.
org/10.1016/0378-5173(88)90277-3

62. Hardy JG, Lee SW, Wilson CG (1985) Intra-
nasal drug delivery by spray and drops. J Pharm
Pharmacol 37(5):294–297

63. Shah SA, Dickens CJ, Ward DJ, Banaszek AA,
George C, Horodnik W (2014) Design of
experiments to optimize an in vitro cast to
predict human nasal drug deposition. J Aerosol
Med Pulm Drug Deliv 27(1):21–29. https://
doi.org/10.1089/jamp.2012.1011

64. Foo MY, Cheng YS, Su WC, Donovan MD
(2007) The influence of spray properties on
intranasal deposition. J Aerosol Med 20
(4):495–508. https://doi.org/10.1089/jam.
2007.0638

65. Cheng YS et al (2001) Characterization of
nasal spray pumps and deposition pattern in a
replica of the huan nasal airway. J Aerosol Med
14(2):267–280

66. Djupesland PG, Skretting A (2012) Nasal
deposition and clearance in man: comparison
of a bidirectional powder device and a tradi-
tional liquid spray pump. J Aerosol Med Pulm
Drug Deliv 25(5):280–289. https://doi.org/
10.1089/jamp.2011.0924

67. Charlton S, Jones NS, Davis SS, Illum L
(2007) Distribution and clearance of bioadhe-
sive formulations from the olfactory region in
man: effect of polymer type and nasal delivery
device. Eur J Pharm Sci 30:295–302. https://
doi.org/10.1016/j.ejps.2006.11.018

68. Craft S et al (2012) Intranasal insulin therapy
for alzheimer disease and amnestic mild cogni-
tive impairment: a pilot clinical trial. Arch
Neurol 69:29–38. https://doi.org/10.1001/
archneurol.2011.233

69. AAPS (2013) SPECT imaging of direct nose-
to-brain transfer of MAG-3 in man (trans:
Hoekman J, Brunelle A, Hite M, Kim P, Fuller
C). AAPS, Arlington, VA

70. Schmidt MC, Peter H, Lang SR, Ditzinger G,
Merkle HP (1998) In vitro cell models to study
nasal mucosal permeability and metabolism.
Adv Drug Deliv Rev 29(1–2):51–79. https://
doi.org/10.1016/S0169-409X(97)00061-6

71. Pardeshi CV, Belgamwar VS (2016)
Ropinirole-dextran sulfate nanoplex for nasal
administration against Parkinson’s disease: in
silico molecular modeling and in vitro–ex vivo
evaluation. Artif Cells Nanomed Biotechnol
45:1–14. https://doi.org/10.3109/
21691401.2016.1167703

72. Madane RG, Mahajan HS (2016) Curcumin-
loaded nanostructured lipid carriers (NLCs)
for nasal administration: design, characteriza-
tion, and in vivo study. Drug Deliv 23
(4):1326–1334. https://doi.org/10.3109/
10717544.2014.975382

73. Menco B (2003) Morphology of the mamma-
lian olfactory epithelium: form, fine structure,
function, and pathology. In: Doty RL
(ed) Handbook of olfaction and gustation, vol
2nd ed. CRC Press, New York, NY

74. Chemuturi NV, Donovan MD (2007) Role of
organic cation transporters in dopamine uptake
across olfactory and nasal respiratory tissues.
Mol Pharm 4(6):936–942. https://doi.org/
10.1021/mp070032u

75. Hanson LR, Fine JM, Svitak AL, Faltesek KA
(2013) Intranasal administration of CNS ther-
apeutics to awake mice. J Vis Exp 74:4440.
https://doi.org/10.3791/4440

76. Patel S, Chavhan S, Soni H, Ak B, Mathur R,
Ak M, Sawant K (2011) Brain targeting of
risperidone-loaded solid lipid nanoparticles by
intranasal route. J Drug Target 19:468–474.

232 Zachary Warnken et al.

https://doi.org/10.1166/jbn.2015.2078
https://doi.org/10.1166/jbn.2015.2078
https://doi.org/10.1155/2014/156010
https://doi.org/10.1155/2014/156010
https://doi.org/10.1016/j.nurt.2009.02.001
https://doi.org/10.1016/j.nurt.2009.02.001
https://doi.org/10.3109/21691401.2016.1160407
https://doi.org/10.3109/21691401.2016.1160407
https://doi.org/10.1208/s12248-015-9724-x
https://doi.org/10.1208/s12248-015-9724-x
https://doi.org/10.1016/S0169-409X(97)00067-7
https://doi.org/10.1016/S0169-409X(97)00067-7
https://doi.org/10.1016/0378-5173(88)90277-3
https://doi.org/10.1016/0378-5173(88)90277-3
https://doi.org/10.1089/jamp.2012.1011
https://doi.org/10.1089/jamp.2012.1011
https://doi.org/10.1089/jam.2007.0638
https://doi.org/10.1089/jam.2007.0638
https://doi.org/10.1089/jamp.2011.0924
https://doi.org/10.1089/jamp.2011.0924
https://doi.org/10.1016/j.ejps.2006.11.018
https://doi.org/10.1016/j.ejps.2006.11.018
https://doi.org/10.1001/archneurol.2011.233
https://doi.org/10.1001/archneurol.2011.233
https://doi.org/10.1016/S0169-409X(97)00061-6
https://doi.org/10.1016/S0169-409X(97)00061-6
https://doi.org/10.3109/21691401.2016.1167703
https://doi.org/10.3109/21691401.2016.1167703
https://doi.org/10.3109/10717544.2014.975382
https://doi.org/10.3109/10717544.2014.975382
https://doi.org/10.1021/mp070032u
https://doi.org/10.1021/mp070032u
https://doi.org/10.3791/4440


https://doi.org/10.3109/1061186X.2010.
523787

77. Abd-Elal RMA, Shamma RN, Rashed HM,
Bendas ER (2016) Trans-nasal zolmitriptan
novasomes: in-vitro preparation, optimization
and in-vivo evaluation of brain targeting effi-
ciency. Drug Deliv 23:1–13. https://doi.org/
10.1080/10717544.2016.1183721

78. Alyautdin RN, Petrov VE, Langer K,
Berthold A, Kharkevich DA, Kreuter J (1997)
Delivery of loperamide across the blood-brain
barrier with polysorbate 80-coated polybutyl-
cyanoacrylate nanoparticles. Pharm Res 14
(3):325–328

79. Alyautdin R, Tezikov E, Ramge P,
Kharkevich D, Begley D, Kreuter J (1998) Sig-
nificant entry of tubocurarine into the brain of
rats by adsorption to polysorbate 80-coated
polybutylcyanoacrylate nanoparticles: an in
situ brain perfusion study. J Microencapsul 15
(1):67–74

80. Lockman PR, Oyewumi MO, Koziara JM,
Roder KE, Mumper RJ, Allen DD (2003)
Brain uptake of thiamine-coated nanoparticles.
J Control Release 93(3):271–282. https://doi.
org/10.1016/j.jconrel.2003.08.006

81. Lu W, Zhang Y, Tan Y-Z, Hu K-L, Jiang X-G,
Fu S-K (2005) Cationic albumin-conjugated
pegylated nanoparticles as novel drug carrier
for brain delivery. J Control Release 107
(3):428–448. https://doi.org/10.1016/j.
jconrel.2005.03.027

82. Jansson B, Björk E (2002) Visualization of
in vivo olfactory uptake and transfer using fluo-
rescein dextran. J Drug Target 10(5):379–386

83. Si XA, Xi J (2016)Modeling and simulations of
olfactory drug delivery with passive and active
controls of nasally inhaled pharmaceutical

aerosols. J Vis Exp 111:e53902. https://doi.
org/10.3791/53902

84. Garcia GJM, Schroeter JD, Kimbell JS (2015)
Olfactory deposition of inhaled nanoparticles
in humans. Inhal Toxicol 27(8):394–403.
https://doi.org/10.3109/08958378.2015.
1066904

85. Inthavong K, Tian ZF, Tu JY, Yang W, Xue C
(2008) Optimising nasal spray parameters for
efficient drug delivery using computational
fluid dynamics. Comput Biol Med 38
(6):713–726. https://doi.org/10.1016/j.
compbiomed.2008.03.008

86. Inthavong K, Ge Q, Se CMK, Yang W, Tu JY
(2011) Simulation of sprayed particle deposi-
tion in a human nasal cavity including a nasal
spray device. J Aerosol Sci 42(2):100–113.
https://doi.org/10.1016/j.jaerosci.2010.11.
008

87. Kimbell JS, Segal RA, Asgharian B, Wong BA,
Schroeter JD, Southall JP, Dickens CJ,
Brace G, Miller FJ (2007) Characterization of
deposition from nasal spray devices using a
computational fluid dynamics model of the
human nasal passages. J Aerosol Med 20
(1):59–74. https://doi.org/10.1089/jam.
2006.0531

88. Kelly JT, Asgharian B, Kimbell JS, Wong BA
(2004) Particle deposition in human nasal air-
way replicas manufactured by different meth-
ods. Part I: inertial regime particles. Aerosol Sci
Technol 38:1063–1071. https://doi.org/10.
1080/027868290883360

89. Xi J, Yuan JE, Zhang Y, Nevorski D, Wang Z,
Zhou Y (2016) Visualization and quantifica-
tion of nasal and olfactory deposition in a sec-
tional adult nasal airway cast. Pharm Res 33
(6):1527–1541. https://doi.org/10.1007/
s11095-016-1896-2

Nose-to-Brain Drug Delivery Enabled by Nanocarriers 233

https://doi.org/10.3109/1061186X.2010.523787
https://doi.org/10.3109/1061186X.2010.523787
https://doi.org/10.1080/10717544.2016.1183721
https://doi.org/10.1080/10717544.2016.1183721
https://doi.org/10.1016/j.jconrel.2003.08.006
https://doi.org/10.1016/j.jconrel.2003.08.006
https://doi.org/10.1016/j.jconrel.2005.03.027
https://doi.org/10.1016/j.jconrel.2005.03.027
https://doi.org/10.3791/53902
https://doi.org/10.3791/53902
https://doi.org/10.3109/08958378.2015.1066904
https://doi.org/10.3109/08958378.2015.1066904
https://doi.org/10.1016/j.compbiomed.2008.03.008
https://doi.org/10.1016/j.compbiomed.2008.03.008
https://doi.org/10.1016/j.jaerosci.2010.11.008
https://doi.org/10.1016/j.jaerosci.2010.11.008
https://doi.org/10.1089/jam.2006.0531
https://doi.org/10.1089/jam.2006.0531
https://doi.org/10.1080/027868290883360
https://doi.org/10.1080/027868290883360
https://doi.org/10.1007/s11095-016-1896-2
https://doi.org/10.1007/s11095-016-1896-2




Chapter 9

In Vitro Models of Central Nervous System Barriers
for Blood-Brain Barrier Permeation Studies

Sounak Bagchi, Behnaz Lahooti, Tanya Chhibber,
Sree-pooja Varahachalam, Rahul Mittal, Abhijeet Joshi,
and Rahul Dev Jayant

Abstract

One of the biggest challenging diseases are the neurodegenerative diseases which are not easy to target due
to the presence of a complex semipermeable, dynamic, and adaptable barrier between the central nervous
system (CNS) and the systemic circulation termed as the blood-brain barrier (BBB), which controls the
exchange of molecules. Its semipermeable nature restricts the movement of bigger molecules, like drugs,
across it and leads to minimal bioavailability of drugs in the CNS. This poses the biggest shortcoming in the
development of therapeutics for CNS disorders. Although the complexity of the BBB muddles the drug
delivery approaches into the CNS and can promote disease progression, understanding the composition
and functions of BBB provides a platform for unraveling the way toward drug development. The BBB is
comprised of brain microvascular endothelial CNS cells which communicate with other CNS cells (astro-
cytes, pericytes) and behave according to the state of the CNS, by retorting against pathological environ-
ments and modulating disease progression. This chapter discusses the fundamentals of BBB, permeation
mechanisms, an overview of different in vitro BBB models with their advantages and disadvantages, and
rationale of selecting penetration prediction methods toward the important role in the development of
CNS therapeutics.

Key words Blood-brain barrier (BBB), Brain microvascular endothelial cells (BMECs), Astrocytes,
Pericytes, Tight junctions, Central nervous system, In vitro BBB models

1 Introduction

The first evidence for existence of a barrier between the (central
nervous system) CNS and the systemic circulation was shown in the
studies done by Paul Ehrlich in 1885 and Edwin Goldmann in
1913, and the term “blood-brain barrier” (BBB) was coined by
Stern and Gaultier in 1922 [1, 2]. The nature of the BBB is
semipermeable as it restricts incoming of the detrimental molecules
and cells from the blood side and allows uptake of selective nutri-
ents and hormones only. The major cells comprising the BBB are
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brain microvascular endothelial cells (BMECs), which are sup-
ported by astrocytes and pericytes [3]. To discuss in vitro BBB
models, we briefly introduce the biological properties and functions
of individual BBB components [1, 4, 5].

The assurance of the access of nutrients to the brain is due to
the big surface area and the diminutive diffusion distance from the
BBB capillaries to the neurons in the CNS, and the chemicals/
molecules penetrate the BBB by utilizing intra- and intercellular
routes. The intracellular route is regulated by tight junctions (TJs)
to facilitate the passage of molecules based on their lipophilicity,
ionization, polarity, and other physicochemical properties, whereas
the intercellular route is controlled by passive diffusion, endocyto-
sis, and the ratio of influx and efflux transporters [6]. The inefficacy
of drugs to reach across the BBB is mainly due to poor pharmaco-
kinetic properties, i.e., inefficient ADME (absorption, distribution,
metabolism, and excretion). In addition to ADME, toxicity of the
CNS drugs is also one among the major shortcomings [7]. Drug
exposure is controlled by plasma pharmacokinetic properties of the
drug which are different from the brain pharmacokinetics of the
drug. Studying drug pharmacokinetics for CNS specifically involves
understanding the correlation of physicochemical properties of
drug compound and physiologic function of the BBB [1, 6,
7]. Therefore, in this chapter, we will discuss the fundamentals of
BBB focusing on the permeation mechanisms, penetration mea-
surement, prediction methods, and disease patterns which have
been changing in recent times so that better understanding of
BBB can be obtained.

In case of CNS infectious diseases or aging disorders, the
biggest factor is the incapability of the BBB to maintain its integrity
and open temporarily allowing the access of the drugs into the
CNS. Unable to maintain the brain homeostasis and allowing
minimal bioavailability of the drug into the CNS, the BBB directly
contributes toward the progression of the pathological conditions
which makes BBB as a potent therapeutic target for designing the
drugs which can cross the BBB and help restore the stability of
BBB, in CNS disorders. Therefore, in order to study the drug
transmigration across the BBB, simplified in vitro BBB models
have been developed, including the monolayer models, co-culture
models, dynamic models, and microfluidic BBB models, to under-
stand the dynamics and role of the BBB. The in vitro BBB models
come with the shortcoming of not being able to be replicated in
in vivo scenarios; therefore understanding the limitations of the
in vitro BBB models would be critical for experimental design and
data interpretation [1].
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2 Fundamentals and Composition of BBB

The BBB consists of a monolayer of brain microvascular endothelial
cells (BMVEC) joined together by much tighter junctions than
peripheral vessels and form a cellular membrane which is known
as the physical backbone of the BBB [7, 8]. The key characteristics
of the BBB are its uniform thickness, absence of fenestrae, least
pinocytotic activity, and negative surface charge.

In the BBB composition, BMVECs are supported by the capil-
lary basement membrane, pericytes, astrocytes, and microglial cells
forming the neurovascular unit. The basement membrane is made
of collagen and elastin structural proteins, fibronectin and laminin
which are specialized proteins, and finally proteoglycans, which give
the structural specificity and membrane stability. Pericytes are the
cellular constituents of microvessels, including capillaries and post-
capillary venules, which cover 22–32% of the capillaries and share
the same basement membrane, helping in various structural and
nonstructural tasks of the BBB. They synthesize structural and
signaling proteins and contribute to the BMVECs proliferation,
migration, and differentiation processes [8].

The next important cells are the astrocytes, whose end feet
from the lamellae which are in close contact with the outer surface
of capillary endothelium and basement membrane, contributing as
a part of neurovascular unit. Additionally, the presence of immuno-
competent brain microglial cells is crucial, as they examine the local
microenvironment with their motile extensions and are capable of
changing their phenotype according to the homeostatic distur-
bance in the CNS [9]. The interactions of the BMVECs with the
basement membrane, glial cells (microglia and astrocytes), neurons,
and perivascular pericytes lead to specific brain microvascular biol-
ogy. The presence of matrix adhesion receptors and signaling pro-
teins forms an extensive and complex matrix which is essential for
maintenance of the BBB [8, 10] (Fig. 1).

2.1 Molecular

Properties of BBB

The BMVECs assembly is regulated by the molecular constituents
of TJs, adherence junctions, and signaling pathways. TJs are highly
dynamic structures which are responsible for the selective perme-
ability property of the BBB as the apical region of the endothelial
cells is sealed together by TJs allowing limited paracellular perme-
ability. Structurally, TJs are formed by the interaction of integral
transmembrane proteins with the neighboring plasma membrane
[11]. Among these proteins, junction adhesion molecules (JAM),
claudins, and occludins (intermembrane) bind to cytoplasmic pro-
teins (e.g., zonula occludens, cinguline) and are well studied for
their role in the TJs constituting the BBB (Fig. 2) [12, 13]. In
addition to contributing in the physical restriction property of the
BBB, other functions such as control of gene expression, cell
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proliferation, and differentiation are also the properties of the TJs.
Below the TJs, actin filaments (including cadherins and catenins)
link together and form a belt of adherence junctions [6]. These
adherence junctions contribute to the barrier property along with
additional roles such as promoting BMVECs adhesions, contact
inhibition throughout vascular growth, cell polarity, and
controlling paracellular permeability regulations. Dynamic interac-
tions between TJs and adherence junctions, through signaling
pathways, regulate the BBB permeability. These signaling pathways
include mitogen-activated protein kinases, endothelial nitric oxide
synthases, and G-proteins, and interaction between these pathways
regulates the paracellular route. The signal transduction includes
signals from the interior of the cells to the TJs (facilitating the
assembly and regulating the permeability) and signals from the

Fig. 1 Structure and functionality of the blood-brain barrier (BBB). (a) Brain barriers, the brain has several
barriers, including (1) the BBB, (2) the outer blood-cerebrospinal fluid (CSF)-brain barrier, and (3) the blood-
CSF barrier. (b) BBB structure, the BBB is formed by endothelial cells (ECs) that are in close association with
astrocyte end feet and pericytes, forming a physical barrier. (c) BBB transport, routes for molecular traffic
across the BBB are shown. Some transporters are energy-dependent (e.g., P-glycoprotein, P-gp) and act as
efflux transporters. (d) Tight junctions, tight junctions are typically located on the apical region of ECs. The
tight junctions form complex networks that result in multiple barriers that restrict the penetration of polar
drugs or other biomolecules into the brain (Reproduced from Aday et al., 2016 [10], with permission)
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TJs to the interior of the cell for modulating gene expression,
proliferation, and differentiation [7, 11]. In addition to the pro-
teins with enzymatic activities, there are other specific proteins
(drug efflux transporters, multidrug resistance proteins, organic
anion transporting polypeptides) which work as the BBB transpor-
ters, responsible for the rapid efflux of xenobiotics from the CNS
[14] and for the delivery of the essential nutrients and transmitters
into the brain, resulting in the specific barrier functions of the BBB,
important for protecting CNS against harmful xenobiotics. BBB is
complex, and transmigration of essential drugs is a big challenge,
even though limited BBB permeation is attributed to passive diffu-
sion, active transport, and endocytosis [15] (Fig. 2).

3 In Vitro BBB Permeation Measurement Methods

To expedite the brain research and accelerate the R&D of novel
drugs for numerous neurological diseases, different types of in vitro
BBB models have been established. However, as none of these
in vitro models entirely reproduce the in vivo conditions, thus,
there is no perfect in vitro BBB model. Therefore, it is utmost
important to carefully choose the in vitro BBB model according
to the requirement of the study and to interpret the data efficiently
[16–18]. Here, we are summarizing the most widely used in vitro
BBB models, including the recently developed microfluidic BBB

Fig. 2 Schematic representation of mechanisms available for drugs/biomolecules or nanoparticle-based
formulation to cross the BBB. The above schematic shows several ways in which transport across the BBB
works. For the nanoparticle delivery across the BBB, the most common mechanisms are receptor-mediated
transcytosis and adsorptive transcytosis (passive transport). Also, diffusion and active transport (magnetic
field or ultrasound) are the other main types of transport mechanisms (Reproduced from Nair et al., 2016 [13],
with permission)
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models, and analyzing their advantages and disadvantages. Based
on the simulation of shear stress, in vitro BBB models are classified
into the static and dynamic BBB models.

3.1 Static BBB

Models

Static BBB models are commonly used, but they do not imitate the
sheer stress which is generally generated in vivo due to the blood
flow. Static BBB models are divided into further monolayer and
co-culture models, based on types of cells involved in the BBB
design.

3.1.1 Monolayer BBB

Models

A monolayer of endothelial cells grown in the Transwell insert
(Fig. 3a-i) is used as a simple in vitro BBBmodel. The insert mimics
the blood (luminal) side, whereas the well in which the insert sits
mimics the parenchymal (abluminal) side. The microporous mem-
brane support (0.2–0.4 μm) allows the exchange of small molecules
and cell-secreted growth factors but prevents the migration of cells
between the two compartments. To mimic the unique properties of
BMECs, primary or low passage number cells are used for the BBB
model preparation. This process is challenging, because isolation
and culturing the primary BMECs are critical and have a great risk
of getting contaminated by the mural cells and secondly low yield of
primary BMECs after isolation is also a shortcoming as the brain
vasculature accounts only for 0.1% (v/v) of the brain; therefore a
large number of rodents are needed to isolate enough primary
BMECs to continue with the cell culture studies [1, 19]. To over-
come this limitation, larger species and nonhuman primates are
utilized for the experiment for isolating larger amounts of
BMECs, for further experiments [20]. Human cells are used
when the studies focus on human-specific transporters/receptors
or immunological aspects but are not usually available due to ethical
issues. To evade this issue, many immortalized human cell lines,
such as human cerebral microvascular endothelial cell line
(hCMEC/D3) and immortalized human cerebral endothelial
cells, have been generated, which are useful, but have lower expres-
sion of some of the BBB-specific transporters and enzymes, leading
to decreased generation of a tight monolayer and thus having
inadequate barrier function [21]. This inadequacy is counteracted
by addition of BBB-modulating compounds like cAMP and gluco-
corticoids, which increase the endothelial monolayer tightness and
stability [22, 23]. Monolayer models are employed in studying
signaling pathways, transporter kinetics, binding affinity, and
high-throughput screenings. However, the monolayer model is
not ideal for BBB integrity studies, as it has only one type of cells
(BMECs) and lacks to imitate the brain microenvironment in which
cell-to-cell communication is essential between different cell CNS
cell types [24, 25]. Therefore, for the study of BBB integrity, a
more vivid and complex BBB model is required, such as co-culture
and dynamic models.
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3.1.2 Co-culture BBB

Models

In order to mimic the anatomic structure of the in vivo BBB,
BMECs are co-cultured with other CNS cells that directly contrib-
ute to the barrier properties of BBB. Interaction between BMECs
and other brain cells increases the expression of transporters; TJs in
BMECs induce the cell polarity in BMECs promoting a phenotype
more closely mimicking the in vivo BBB. In this co-culture model
(BMECs with astrocytes or pericytes) [7, 26–37], BMECs are

Fig. 3 Schematic representation of different in vitro BBB models. (a) (i) Monolayer models constructed using
brain capillary endothelial cells (BCECs) on the upper side of the microporous semipermeable membrane
(Transwell). (ii) 2D co-culture contact models, endothelial cells are grown on porous cell culture inserts and
co-cultured with primary astrocytes. (iii) 3D co-culture models, triple cultures of endothelial cells with
astrocytes and pericytes; (b) cone-plate apparatus; (c) schematic representation of the dynamic in vitro
blood-brain barrier (DIV-BBB) model setup; (d) microfluidic-based in vitro blood-brain barrier (BBB) models.
(i) Microfluidic BBB (μBBB) model. (ii) 3D view of the porous membrane at the intersection of the flow channels
in the μBBB model. (iii) Diagram of the microfluidic device containing microholes. (iv) Structure of the synthetic
microvasculature model of the BBB model. ACM astrocyte-conditioned medium, BMEC brain microvascular
endothelial cell, TEER transendothelial electric resistance (Reproduce from He et al. 2014 [1], with permission)
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seeded in the Transwell insert, and astrocytes are grown either on
the underside of the Transwell insert or at the bottom of the well in
which the insert sits (Fig. 3a-ii). Since pericytes also have a key role
in BBB regulation, a BMEC-astrocyte-pericyte co-culture model
has also been developed, which is termed as a triple co-culture
system (BMEC-pericyte-astrocyte). Addition of pericytes enhances
the quality of the co-culture model compared to the monolayer
model. In this model, BMECs are plated in the Transwell insert
with pericytes on the underside of the insert and astrocytes at the
bottom of the well (Fig. 3a-iii). This arrangement although lacks
the direct cell-to-cell communication between BMECs, astrocytes,
and pericytes, it utilizes indirect cell-to-cell communication via
secreted soluble factors, which promotes BBB regulation. BMEC-
pericyte-astrocyte triple co-culture model is a more reliable in vitro
BBB model due to the higher transendothelial electric resistance
(TEER) value and lower permeability, which generates tighter
BBB, ideal for permeability studies [19, 38].

3.2 Dynamic BBB

Models

In physiological conditions, the regular blood flow generates the
shear stress, which regulates transporters and TJs expression,
donating toward efficacious barrier function. Shear stress devel-
oped by blood flow increases ZO-1 expression and reduces perme-
ability; therefore the dynamic BBB models, with shear stress, have
been developed, which are of three major types, namely, the cone-
plate, dynamic, and microfluidic-based models [39, 40].

3.2.1 Cone-Plate BBB

Apparatus

The cone-plate apparatus was used initially to construct shear force,
in which a rotating cone produces shear force and the angular
velocity and the angle of the cone regulate the produced shear
stress. The sheer stress then reaches the endothelial monolayer via
the medium (Fig. 3b), but it is not evenly distributed along the
radius of the plates, and therefore the endothelial monolayer
receives varying shear stress depending upon the location. This
model does not include astrocytes and pericytes; therefore, it has
a limited application, low reliability, and less significant to be used
in the BBB studies [41, 42].

3.2.2 Dynamic In Vitro

BBB Model

To incorporate both the components, i.e., shear stress and various
cell types, microporous hollow fibers are used (Fig. 3c). In this
model, BMECs and astrocytes are plated in the inner (luminal)
and outer (abluminal) sides of the porous hollow fibers, respectively
[1, 42]. The culture medium is then pumped into the system via a
variable-speed pump to generate shear stress comparable with that
seen in physiological conditions in vivo (5–23 dynes/cm2) [43]. To
maintain the stable microenvironment, a gas-permeable tubing
system is used for the exchange of O2 and CO2. This dynamic
in vitro BBB model has been used to study the pathophysiology
of various CNS diseases, including ischemia-reperfusion-induced
injury and epilepsy [44, 45]. Recently, a revised model with hollow
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fibers with transmural microholes of 2–4 μm has been developed to
facilitate transmigration/trafficking studies. However, the dynamic
BBB model has many disadvantages like (1) it does not allow direct
visualization of the endothelial morphology in the luminal side;
(2) the cell numbers (>1 � 106) required to build this model are
relatively high; and (3) the time required to reach steady-state
TEER is longer (9–12 days) compared to co-culture models
(3–4 days). These shortcomings prevent the use of dynamic in vitro
BBB model in large-scale screens. This model, however, is useful in
lead compound validation/optimization in new drug R&D [45].

3.2.3 Microfluidic-Based

BBB Models

Microfluidic device-based in vitro BBB models have been devel-
oped to overcome the shortcomings found in dynamic BBBmodels
[1, 46, 47]. The microfluidic BBB (μ-BBB) comprises two perpen-
dicularly crossing channels, allowing the dynamic flow to generate
shear stress; a polycarbonate porous membrane is placed over the
intersection of the perpendicular channels, enabling the co-culture
of BMECs and astrocytes (on the luminal and abluminal sides,
respectively). The channels are 200 μm tall, 2 mm (luminal), and
5 mm (abluminal) wide. It also contains multiple built-in Ag/AgCl
electrodes for facilitating the TEER measurement (Fig. 3d-i, ii)
[48]. Pumps and a gas-permeable tubing system are used to gener-
ate shear stress and allow O2-CO2 exchange, respectively. This
μ-BBB model is further improved by replacing the oxidation-
sensitive AgCl electrodes with inert platinum ones and decreasing
the cross-sectional area. These modifications allow accurate mea-
surement of TEER and reduce the amount of cells needed. Addi-
tionally, the microfluidic-based BBB model with the microhole has
been designed to study the BBB permeability of drugs, which is
composed of two horizontally aligned chambers connected by a
microhole structure (Fig. 3d-iii). However, the shortcomings of
the model are that (1) it lacks cell-cell contact and (2) it does not
replicate the dimensions of microvasculature in vivo. Therefore,
currently the development of a new version of microfluidic device,
i.e., synthetic microvasculature model of the BBB (SyM-BBB), is
progressing [47]. The SyM-BBB model contains two microchan-
nels separated by microfabricated pillars with 3 μm gaps (Fig. 3d-
iv), which mimic the porous membrane of the μBBB model. Endo-
thelial cells get infused to the blood chamber via ports 1 and
2, whereas astrocyte-conditioned medium or astrocytes are infused
to the brain chamber from port 3. The flow speed of medium in
these chambers determines the shear stress. This design better
mimics the in vivo microcirculatory system by including the diverg-
ing and converging bifurcations.

In comparison with the dynamic BBB model, the microfluidic
models are closer replicates of the in vivo BBB structure, as they
have more membrane thickness (<10 μm) which allows efficacious
transmigration studies conditions. With the microfluidic model,
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nondestructive microscopy is possible because of the transparency
of the materials; it takes less time (3–4 days) to reach steady-state
TEER and requires only a small amount of cells and is less demand-
ing in terms of technical skills [46].

Nonetheless, the microfluidic models have limitations too, i.e.,
(1) TEER value is not high enough (250–300 Ω cm2), and (2) they
only incorporate two cell types, given that the membrane and pillars
(hollow fibers in the dynamic in vitro BBB model) have only two
sides. With the growth of research data, these microfluidic models
may be used to aid neurovascular research and new drug R&D in
the future because of its small size, short time to reach steady-state
TEER, low-to-moderate technical skill requirement, and low cost.
The advantages and disadvantages of these in vitro BBB models are
summarized in Table 1, and comparison between each among
different in vitro BBB models is summarized in Table 2.

Table 1
Advantages and disadvantages of different in vitro BBB models

Model type Advantages Disadvantages

Epithelial cells
overexpressing

Transporters model

l Inexpensive
l Easy to standardize

l Differences between epithelial and
endothelial cells

l Non-physiologically high levels
of transporter

Transwell monoculture
model
– Cerebral endothelial
cells on microporous
membranes

l Uses brain endothelial cells
l Inexpensive

l Effect of other cellular components
of the neurovascular unit
(NVU-astrocytes, pericytes) is
neglected

l No shear stress

Co-cultures models
– Co- culture of
cerebral microvascular
endothelial cells with
astrocytes
– Co-culture models
using pericytes
– Triple cell co-culture
models (astrocytes,
endothelial, and
pericytes)
– Co-culture of brain
endothelial cells with
neuronal precursors

l Takes into account the
influence of other elements of
the neurovascular unit (NVU)

l Relatively expensive and time-
consuming

l No shear stress

Dynamic in vitro (DIV)
model

l Mimics in vivo situation
possibility of co-culture.

l Expensive
l No possibility to optically monitor

the cells
l Special skills required to culture

cells in these conditions

Microfluidic model l Mimics in vivo situation
possibility of co-culture

l Not well-established models
presently expensive
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4 BBB Permeation Prediction Methods (In Silico Methods)

The widely used in silico prediction of the BBB permeability is an
inexpensive, less time-consuming, and high-throughput filtering
method for novel compounds in the drug discovery process.
Although this method is based on several molecular descriptors or
physicochemical characteristics of the molecule, it has its own
strengths and weaknesses [49–52]. These computational models
are typically based on the previous in vivo and in vitro experimental
data. Therefore, for the predictive power of estimations, selection
of datasets is a critical component. The assumption of passive
diffusion of a compound as a major route of transport through
the BBB is the base for the in silico predictions which does not
consider various BBB transport pathways, e.g., nanoparticle-based
transport/carrier-mediated, receptor-mediated, and active efflux or
influx transport methods [53]. Recently, cerebrospinal fluid (CSF)
penetration is also considered in in silico model while analyzing the
brain penetration of the molecule [54].

To increase the predictive values of these computational mod-
els, new approaches have become more sophisticated. Table 3
shows different computational models to predict newly designed
or synthesized compound’s BBB penetration. In general in brain
penetration studies, brain-to-plasma ratios will be measured, and
consequently most of the in silico predictions are based on the
available logBB data (Table 3), which represents the most readily
available experimental data [52, 55, 56]. In the training set, several
molecular descriptors of the compounds are calculated with already
known log BB values which are experimentally determined. To
derive the equation to give the relationship between log BB and

Table 2
Comparison among different in vitro BBB models for biomolecules/drugs/nanoformulations transport

Model type

Other
brain cell
required

Sheer
stress
produced

Time to
stable TEER
(days)

Appropriate
for migration
assay Cost

Technical
requisite

Monolayer No No 3–4 Yes Low Low

Co-culture Yes No 3–4 Yes Low to
moderate

Moderate

Cone-plate
apparatus

No Yes 3–4d No Low Low to
moderate

Dynamic in vitro
BBB

Yes Yes 9–12 No High High

Microfluidic
based model

Yes Yes 3–4 Yes High Moderate
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Table 3
In silico models and their parameters for estimating drug penetrability of the BBB

Model Description Parameters involved

Brain penetrability parameters

log BB Brain-to-plasma ratio (log Cbrain/log
Cblood)

Correlation with quantitative structure-
activity relationship data

log PS BBB permeability surface area product Correlation with quantitative structure-
activity relationship data

log CSF Cerebrospinal fluid to plasma ratio ((log
CCSF/log Cblood)

Correlation with quantitative structure-
activity relationship data

Molecular descriptors

log Poct Octanol/water partition coefficient Hydrophobicity, H-bond donor potential

Δ log P The difference in octanol/water and
cyclohexane/water partition
coefficients (log Poct – log Pcyc)

Low overall H-bonding ability

log D Log distribution coefficient Lipophilicity (0 < log D <3)

Classical
descriptors

Physicochemical parameters Polar surface area, molecular weight,
molecular size, shape, and flexibility
charge

P-glycoprotein
substrate

High-affinity P-glycoprotein substrate
probability

Efflux transport through the BBB

Rule-based models

Hansch’s rule of 2 Prediction based on octanol/water
partition coefficient

Compounds having log Poct � 2.0 have
optimal brain penetration

Modified
Lipinski’s rules
for CNS
penetration

Prediction based on selected molecular
descriptors

H-bond donors �3; H-bond acceptors
�7; molecular weight � 400 Da; log
Poct � 5.0; 7.5 < pKa < 10.5

CNS-active drugs Prediction based on selected molecular
descriptors

Polar surface area < 90 Å2; H-bond
donors <3; 2.0 log Poct < 5.0;
molecular weight < 450 Da

Quantitative structure-activity relationship (Qsar)

Linear QSAR Prediction based on selected molecular
descriptors

Multiple linear regression (MLR); partial
least squares (PLS) methods; variable
selection and modelling method based
on the prediction (VSMP); linear
discriminant analysis (LDA);
comprehensive descriptors for
structural and statistical analysis
(CODESSA)

Nonlinear QSAR Prediction based on selected molecular
descriptors

Neural networks (NN); Bayesian
modelling; support vector machine
(SVM); Gaussian processes; k nearest
neighbor method; recursive
partitioning; substructure analysis

H-bond hydrogen bond, log BB brain-to-plasma ratio, log CSF cerebrospinal fluid to plasma ratio, log D log distribution

coefficient, log P log octanol/water partition coefficient, log PS blood-brain-barrier permeability surface area product,

pKa log of acidic dissociation constant



the compound’s computed descriptors, typically, regression meth-
ods are used. Because of its physiological relevance, the permeabil-
ity surface area product (PS value/log PS) would be an impressive
method of determining the BBB permeability for a specific mole-
cule both in vivo and in vitro, compared with the currently more
popular log BB [57, 58]. Unfortunately, the limited availability of
log PS is due to the complicated measurement of log PS than that
of log BB.

Based on Lipinski’s rule, molecules which have not more than
5 H-bond donors and not more than ten H-bond acceptors with a
MW of <500 Da and an octanol/water partition coefficient log
P under 5 can be the drug candidates [59]. Molecules with these
physicochemical characteristics have good aqueous solubility and
intestinal permeability. Approximately, 90% of the orally active drug
molecules which are under Phase II clinical trials have these char-
acteristics [60]. Specifically, guidelines for the properties of new
molecules that can be of potential CNS-active drug have been
proposed [60–63]. The relationship between the experimental
data computationally available parameters of a new compound
and its blood-brain barrier penetration has been studied for long.
Among different datasets, the octanol/water partitioning coeffi-
cient (log Poct) is one of the earliest predictive factors available for
BBB permeability. For compounds with MW <400 Da, it is possi-
ble to predict the relationship of the capillary permeability coeffi-
cient (log PC) to the log Poct [64]. In 1988, when a linear
correlation of antihistamines and Δ log P between the brain-to-
blood ratios was established, the computational prediction of BBB
penetration for these compounds began [65]. The observation of
an inverse relation between the hydrogen bonding activity of the
compound and BBB permeability provided a theoretical concept
for designing BBB-permeable drugs.

To obtain the descriptors for the general linear free energy
response (LFER) equation, calculations of log Poct, -cyclohexane,
and -dichloromethane systems were used [66]. To estimate the
blood-to-brain distribution ratio, calculation of compound’s phys-
icochemical and biochemical properties is useful [66]. For the first
time, universal quantitative scales of solute’s hydrogen-bond acidity
and basicity have been standardized, and along with other descrip-
tors, these descriptors have been used in equations to calculate,
predict, analyze, and correlate various solute properties. At the
same time, these equations can be used for the analysis of various
compound’s physicochemical LFERs and biological properties,
such as quantitative structure-activity relationships (QSARs) set
up for blood-brain distribution.

Although these rule-based models can be used for the qualita-
tive BBB permeability estimation using various physicochemical
descriptors, these will not be useful to predict the active BBB
transport through efflux pumps, carriers, and receptor-mediated
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transmigration. Overall, these in silico quantitative models as clas-
sification tools have more than 70% accuracy in predicting log BB
[49, 52]. For the analysis of various molecular descriptors listed in
Table 3, both linear and nonlinear statistical methods can be used.

These in silico models for predicting log BB and log PS have
become increasingly reliable and popular than in vitro and in vivo
BBB models in the drug discovery process as these methods are
economic and faster. However, size and quality of the training set
play a major role in accuracy of predicting the passive permeability.
Similar to the recently developed model for P-glycoprotein sub-
strate properties, if newmodels for the active transport mediated by
carriers, receptors, and efflux pumps are developed, the predictive
power of the in silico models will be tremendously increased
[51, 52, 67].

5 Rationale for BBB Model Selection

In vitro BBB models are extensively used for the initial stages of
novel drug development, which includes lead identification, hit
identification, and target identification/optimization as shown in
Fig. 4 [4]. After a target (enzyme, receptors, etc.) is identified,
high-throughput screening (HTS) is employed to identify probable
drug contenders. At this phase, a large number of compounds need
to be screened and thus require easy and fast in vitro BBB screening
model. Selecting suitable in vitro models not only enables accurate
interpretation of the data but also saves time and money.

The key criteria in model selection is the purpose of the study,
in the case of monolayer or co-culture models, which generally take
3–4 days to reach steady-state TEER value and are reasonably easy
to construct, can be used. Previous studies have shown that the use
of different immortalized cell lines provides the best correlation
between in vitro and in vivo data for permeability assays. The
co-culture models and dynamic in vitro BBB models are best mod-
els to study the drug permeability [1, 17]. Many multi-culture
models (2D or 3D) are commercially available now, which consid-
erably reduce the efforts and time but increase the cost. For traf-
ficking/migration studies, microfluidic BBB model is the right
option due to the incorporation of the shear stress component
and that it mimics real in vivo conditions [1].

To study signaling pathways/transporter kinetics or quantify-
ing binding affinities, the monolayer model is the best option due
to intrinsic simplicity. For the lead identification/optimization
phase studies, validation, structure-activity relationships (SAR),
and toxicological profile, more sensitive in vitro models that repli-
cate most of the in vivo conditions are required, i.e., static
co-culture and dynamic models or newly developed microfluidic-
based BBB models can serve as an alternative. Primary human-
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derived cells are a better option than immortalized cell lines due to
closeness to biological properties of the BMECs in vivo. Authenti-
cation using human-derived primary cells is highly recommended
for the generation of in vitro BBB model to evade species-based
differences that may lead to the failure of the product in the later
R&D stages. Based on the above problems and suggestions, Fig. 4
summarizes the selection of in vitro BBB models at different R&D
stages for the therapeutic development [20, 49, 55, 68, 69].

6 Conclusion and Future Aspects

In vitro models of the BBB have been proven to be exceptionally
valued for investigations of endothelial cell properties and mecha-
nistic studies of drug transport via brain endothelial cells. The early
effort of the pioneers Joo, Bowmann, Borchardt, Audus, Dehouck,
and Cecchelli has been followed up by a large community of
investigators and has resulted in a range of in vitro model config-
urations. In general, the cell culture models of the brain endothe-
lium are believed to reflect the properties of the healthy BBB. In

Fig. 4 Suggestions on model selection at early stages of new drug research and development (R&D). During hit
identification stage, simple models, including the monolayer and co-culture models, are recommended.
Microfluidic-based dynamic models may also be used given their incorporation of shear stress and low
cost. Because of the large-scale nature of this stage, immortalized endothelial cell lines, especially human
cells, should be used. When it comes to the lead identification and optimization stage, the number of
compounds is dramatically reduced. Thus, sophisticated sensitive models that better replicate the in vivo
blood-brain barrier (BBB) conditions are strongly recommended, such as the co-culture models and the
dynamic in vitro BBB model. Microfluidic-based dynamic models may also be used at this stage. It is advised
to use primary cells at this stage, although cell lines may also be used. BMECs brain microvascular endothelial
cells (Adapted and reproduced from He et al., 2014 [1], with permission)
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vitro BBB models are important to our understanding of the BBB
functions in physiological and pathological situations and the R&D
of novel drugs for different neurological conditions. Different
in vitro BBB models have been established and used for a variety
of permeation studies, yet no single model can imitate the real
in vivo conditions. Further, knowing the advantages and disadvan-
tages of each of these models and rationale of selecting the appro-
priate model will allow the precise understanding of the data and
will significantly empower the R&D of novel drugs for the treat-
ment of neurological diseases. In this chapter, we attempted to
provide the overview of regularly used and newly advanced
in vitro BBB models, equated their strengths and weaknesses, and
made an attempt to rationalize the model selection. Model selec-
tion parameters are critical for predicting the drug transport
because the disease in question may affect the barrier properties.
A combinatorial approach of in vitro BBB models and in vivo
methods will be the key toward the development of CNS therapeu-
tics with improved pharmacokinetic properties and better BBB
penetrability.
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Chapter 10

Safety and Nanotoxicity Aspects of Nanomedicines
for Brain-Targeted Drug Delivery

Johanna Catalan-Figueroa and Javier O. Morales

Abstract

Nanotechnology for brain drug delivery comprises the promise for future possibilities of successful
treatment in several central nervous system pathologies currently deficient of curative treatments, such as
neurodegenerative disorders and malignant glioblastoma. Nevertheless, the neurotoxic effects exerted by
several types of nanomaterials are the same as those involved in the pathology of neurodegeneration; thus it
is important to have a deep knowledge of these mechanisms, so that a proper approach can be taken into
consideration. On the other hand, cancer cells usually respond differently to normal cells, being this
characteristic a potential advantage for brain cancer therapy. In this chapter we analyze the mechanisms
behind neurotoxic effects, from a multidisciplinary perspective, aiming to highlight the disadvantages of
nanomaterials for the development of brain-targeted nanocarriers.

Key words Neurotoxicity, Neurodegeneration, Nanoparticle toxicity, Brain, Autophagy, Oxidative
stress

1 Introduction

Drugs aiming for brain diseases’ treatment must overcome the
physiological barrier imposed by the blood-brain barrier (BBB),
which separates the central nervous system (CNS) from systemic
circulation [1]. The main function of the BBB is to protect the
brain against: i) the effects of peripheral immune system cells and
derivatives; ii) endogenous metabolites present in the bloodstream;
and iii) toxins and potentially harmful xenobiotics [2]. Because of
BBB, nowadays there is a dearth of effective treatments for brain-
associated disorders, being most of them just symptomatic
[1]. Lately, many efforts from the pharmaceutical industries and
academic research have focused on the potential that nanotechnol-
ogy may offer [3]. Nevertheless, to attain clinical applications,
nanomedicine for brain-targeted drug delivery still requires a dee-
per knowledge and understanding of the potential neurotoxic
effects that nanoparticles may exert over brain tissue. Health risks
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are determined as much as the intrinsic effect of the specific xeno-
biotic (in this case, nanomaterials), plus the burden and lasting of
the exposition; thus biocompatibility, biodegradability, and nano-
materials’ clearance capacity of the organism are the main charac-
teristics to consider [4]. Nanomaterials’ physicochemical
parameters such as shape, size, zeta potential, and surface hydro-
phobicity are determinants for their toxicity, being the main critical
parameters size and zeta potential [5]. Size is a key factor that
determines the extent of the total surface of the different nanoma-
terial systems’ (nanosystems) mass that may interact with biological
structures (providing larger areas for nanosystems to react), as well
as one of the parameters that define whether the organisms’
immune response is triggered or not [6, 7]. On the other hand,
zeta potential is involved in nanosystem stability (i.e., dispersion or
agglomeration), and the interaction with charged biological mole-
cules (e.g., proteins, nucleic acids, etc.) and with cellular organelles
(e.g., lysosomes).

The necessity to assess and predict nanosystems’ neurotoxic
effects has led to a new nanotechnology discipline, the nanoneur-
otoxicology. However, in general, the broad variety of nanomater-
ials available for the development of engineered nanosystems makes
it difficult to standardize nanotoxicological effects; and, in particu-
lar, neurotoxicity is also hard to generalize, because of the different
kind of pathologies that affect the CNS. Regardless, oxidative
stress, inflammation, and proteolytic pathways’ impairment are
the main mechanisms that have been described as triggers for the
toxicity exerted by nanoparticles [8]. Thus, these effects must be
carefully assessed, since they may alter brain homeostasis, as well as
increase deleterious processes involved in some CNS pathologies,
such as neurodegenerative disorders; in contrast, they may provide
advantages in the case of brain cancer treatment.

Human brain is a very complex organ, which has a morpho-
functional organization and extensive metabolic needs (~20% of the
total body mass energy demand) [9]. Given brain morphofunction-
ality, the different neuroanatomic regions display diverse levels of
physical and/or chemical susceptibility; in addition, high metabolic
rates in the brain make it more vulnerable than other organs to
oxidative stress and inflammation. The latter implies the need for
intracellular structures to have a constant quality control and a
proper turnover, processes that are mediated by mechanisms such
as autophagy. Moreover, it is important to consider that neuronal
regenerative capacity is very limited, whereas brain restoration by
new neurons is impossible in most of the CNS neuroanatomic
areas [10].

The knowledge about engineered nanosystems’ toxic effects
over the brain is still not as abundant as the data available for
nanotoxicity on other tissues. Nevertheless, nanoscale systems’

256 Johanna Catalan-Figueroa and Javier O. Morales



toxic effects have been studied for a long time, since the recognition
of health problems induced by environmental pollution (i.e., nano-
particulate matter) [11].

In this chapter we will discuss first general nanotoxicity
mechanisms to provide wide-ranging overview that may facilitate
a personal examination for the reader. Finally, we will present the
neurotoxic effects for representative nanomaterials, as well as their
potential biomedical applications, aiming for a proper and balanced
analysis.

2 General Nanotoxicity Mechanisms

In general, the effects of free radicals on biomolecules, such as
lipids, proteins, and nucleic acids, are well-known, being the brain
particularly vulnerable to the effects of oxidative stress. This is
mainly because of its high energy demand; thus, a high number of
healthy mitochondria are necessary for brain functions to remain
intact. In mitochondria, the electron cascade provides the
demanded energy, but it also suffers a small physiological leak of
electrons, which are precursors for the physiological amounts of the
reactive oxygen species (ROS) [12]. Because of this constant ROS
exposure, old or distressed mitochondria require a continuous
turnover, process known as mitophagy (a specific type of autop-
hagy) [13]. When there is an overproduction of oxygen free radi-
cals, they trigger oxidative stress and the failure of cell redox
homeostasis maintenance [14]. In turn, this may lead to cell dys-
function by oxidative stress induction of lipoperoxidation, proteo-
toxicity, and genotoxicity, as well as potential modifications on gene
expression, and immune system inflammation response modulation
[15].

Oxidative stress is one of the most characterized nanotoxicity
mechanisms [16] and, as nanosystems’ total surface area increases,
also its capacity to react with cell membrane biomolecules increases
[17]. Nanomaterials’ ROS production can be direct (because of
physicochemical properties) or indirect (due to the organism’s
reaction to a foreign body). In addition, even apparently unharmful
substances can exert a toxic response when cells and tissues are
exposed to their nanometric scale variants [17]. Excessive ROS
production can induce DNA fragmentation, oxidative stress,
micronucleus formation, or homolog chromatid exchange; there-
fore, it can turn into a carcinogenic cascade [18]. In addition,
transition metals, such as iron, manganese, gold, and copper [19],
have been extensively studied for their participation in the patho-
genesis of neurodegenerative disorders, principally since they are
well-known triggers for oxidative toxicity, which is self-perpetuated
by the Haber-Weiss/Fenton reaction (Fig. 1) [20]. Oxidative stress
is also related to the inflammation response, by the activation of
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immune cells such as neutrophils, which in turn can cause oxidative
DNA damage in rat lung epithelial cells, thus potentially inducing
carcinogenesis [21, 22]. In addition, macrophages are also known
to significantly influence nanosystems-induced inflammatory
response, since they play an important role in the uptake and
clearance of inhaled nanoparticles (NPs) [23]. Furthermore, it has
been shown that NPs’ protein corona can activate macrophages
through their interaction with surface receptors, inducing the
secretion of pro-inflammatory mediators [24]. Also, it has been
observed that endotoxin-free single-walled carbon nanotubes
(SWCNTs) and graphene oxide nanosystems (GO) can be uptaken
by primary human macrophages, but only SWCNTs were shown to
exert chemokine production, which was independent from their
cellular internalization, mainly regulated by the transcription factor
NF-κβ [25]. Moreover, further analysis showed an important role
of Toll-like receptor 2 (TLR2)/NF-κβ signaling pathway in the
induction of chemokine production by macrophages, evidencing a
direct activation of TLRs by SWCNTs protein corona free
[25]. The TLRs sense pathogen-associated molecular patterns
and induce the secretion of inflammatory cytokines, while NF-κβ
positively modulates the immune system and inflammation, as well
as apoptosis [26, 27]. In addition, it has been shown that NF-κβ
stimulates the production of the beta-amyloid (Aβ) by upregulating
the expression of beta-secretase 1 [28]. Interestingly, oxidative
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Fig. 1 Transition metals induction of Fenton/Haber-Weiss reaction (Xn/Xn + 1).
Highly reactive hydroxyl radical (.OH) induces severe oxidative damage in
susceptible tissues, as brain under neurodegenerative processes. Hydrogen
peroxide, even though not highly reactive, has a high capacity of diffusion across
cellular membranes, thus promoting oxidative damage propagation and
autoperpetuation

258 Johanna Catalan-Figueroa and Javier O. Morales



stress in neurons triggers the activation of transcriptional factors
HIF1α, p53, and NF-κβ, as well as the induction of the reticulum
stress response and, finally, the stimulation of macroautophagy
through the activation of AMPK or ATG4 (an autophagy-related
protein) [29]. Macroautophagy (from here on out called as autop-
hagy) is a proteolytic process that uses lysosomes for the degrada-
tion of damaged cellular components, as well as for providing
energy substrates in case of nutrient starvation [30], thus preserv-
ing the balance between synthesis and degradation. Autophagy flux
processes can be summarized as follows [31]: (1) initiation, char-
acterized by the phagophore formation, where the autophagy-
related proteins (ATG) are recruited; (2) phagophore elongation
and cargo sequestration during the autophagosome formation;
(3) autophagosome maturation by its fusion with lysosome, turn-
ing into the structure known as autolysosomes; and (4) autolyso-
some content degradation. Once autophagy is activated,
autophagosomes’ formation is mediated by the conjugation of the
soluble form of the microtubules-associated protein, MAP1LC3
(LC3), to phosphatidylethanolamine (PE), which is incorporated
into the membranes of the autophagosomes in its non-soluble form
(LC3-II), favoring autophagosomes’ elongation and the
p62-mediated cargo sequestration for their ulterior degradation
by the lysosomes [32, 33]; these are the main autophagy markers
most usually analyzed in the literature. Low levels of basal autop-
hagy are required for the turnover of old or damaged cellular
components (quality control autophagy), whereas ATP depletion,
oxidative stress, and organelle dysfunction may elicit a stress-
mediated autophagic response [34]. Interestingly, gold nanoparti-
cles have been shown to colocalize with polyubiquitin protein
aggregates [35, 36], suggesting that cells may target them for
autophagy degradation, like invading microorganisms [37].

Furthermore, nanomaterials have been observed inside autop-
hagosomes in several cell types, as well as they have been associated
with lysosomal dysfunction [8]. In this context, it is important to
highlight the fact that an augmentation on autophagosome mar-
kers does not necessarily implicate an enhancement of autophagy,
but it may be reflecting an impairment of the autophagic flux,
which might occur at different stages of autophagy. In different
cellular models, diverse nanomaterials have been related to either a
disruption in autophagic flux or autophagy induction [8, 38–
41]. Regarding this, it is important to have taken into consideration
that an augmentation of LC3-II or autophagic vacuoles does not
necessarily implicate autophagy induction (further analysis can be
found elsewhere) [4]. In addition, it has been shown that iron oxide
NPs and gelatin NPs can form adducts with cytoskeleton proteins,
potentially disrupting vesicle trafficking, thus impeding the matu-
ration of autophagosomes [42, 43]. As it was aforementioned,
autophagosomes’ maturation involves their fusion with lysosomes;
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thus, lysosomal nanomaterials-induced dysfunction can influence
the disruption of autophagic processes. Lysosomal dysfunction can
result from the sequestration into lysosomal compartment of
non-biodegradable nanomaterials, such as fullerene-derived NPs
and poly(amidoamine) (PAMAM) dendrimers [8, 44, 45]. Interest-
ingly, lysosomal dysfunction has been related to the pathogenesis of
sphingolipidoses and mucopolysacharidoses, which are lysosomal
storage disorders that induce degenerative diseases in nervous and
musculoskeletal systems [46–48]. On the other hand, nanosystems
with positive zeta potential have been related to lysosomal mem-
brane permeabilization (LMP), probably due to the “proton
sponge effect.” This could be the result of cationic NPs sequestra-
tion of protons in unsaturated amine groups, resulting in an over-
activation of the H+-ATPase (proton pump), which in turn may
lead to an osmotic swelling and lysosome rupture. It is widely
accepted in the literature that, in general, positively charged NPs
are related to this hypothesis, which implies a LMP and a potential
lysosomal rupture [49]. Interestingly, it has been reported that the
inflammatory response induced by different nanomaterials (tita-
nium dioxide fibers, carbon nanotubes, and amino-functionalized
polystyrene NPs) [50–53] might be related to nanomaterials-TLR
interaction, leading to an increase in the release of IL-1β, linked to
caspase 1 and NLRP3 inflammasome activation [52, 53]. The
inflammasome is a protein complex that acts as an activation plat-
form for caspase-1 activation, characteristic for the innate immune
response [54]. This response can be triggered by: (a) variations in
the concentration of ions and/or intracellular-extracellular ATP;
(b) the phagolysosome (phagocytic vesicle fusion with lysosome)
destabilization; and (c) redox reaction-mediated mechanisms [54].
Interestingly, it has also been documented to be induced by several
types of nanomaterials [55]. On the other hand, inflammasome
signaling inhibition has been shown to be autophagy-dependent,
probably by avoiding inflammasome ubiquitination and/or by the
clearance of pro-IL-1β molecules and free radicals [57]. Interest-
ingly, it has been observed that nanomaterials may exert inflamma-
tory response, in the absence of cytotoxicity [58], probably due to
the autophagy-mediated regulator effects.

3 Nanoneurotoxicity

3.1 Inorganic

Nanoparticles

A wide variety of inorganic NPs have high potential for their use in
biological applications as fluorescent labeling, biosensors, imaging
contrast, tissue engineering, diagnostic, and treatment [59–
62]. There is growing evidence in the literature supporting that
small-sized nanoparticles (~5 nm) can cross the BBB, indepen-
dently from their route of access into the organism. Moreover, it
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has also been demonstrated that these NPs can persist up to
4 months in brain tissue, among others [63, 64]. In particular,
metal oxide NPs may exert oxidative stress as a common feature,
mainly by the Haber-Weiss/Fenton reaction cycle [65] (Fig. 1).

3.1.1 Iron Oxide

Nanoparticles

Iron oxide nanoparticles (IONPs) have great potential for nano-
technology-based diagnosis and therapy, also known as theranostic
[66]. The IONPs have shown promising results in a pilot clinical
assay of patients with recurrent glioblastoma, an aggressive and
untreatable type of brain cancer [67, 68]. Nevertheless, in the
brains of female rats exposed to acute oral doses of IONPs, it has
been observed inhibition of Na+-K+, Mg2+, and Ca2+-ATPases that
may have deleterious effects over membrane potential and conduc-
tivity [69]. There is register in the literature that IONPs can accu-
mulate in brain tissue, by olfactory bulb translocation or by crossing
the BBB from systemic circulation to the central nervous system
(CNS), forming deposits in the striatum and hippocampus
[70]. Iron accumulation may induce oxidative stress and neuroin-
flammation, since the brain is rich in polyunsaturated lipids and has
a high iron content [71]. In addition, iron is known to be one of the
triggers for Alzheimer’s disease (AD) and Parkinson’s disease (PD),
both neurodegenerative disorders [72]. The hippocampus, in
charge of memory consolidation, is the brain subregion that is
mainly affected in AD, while PD is characterized for the
impairment of the function of the striatum, a cerebral nucleus
responsible for movement control and balance. Memory consoli-
dation is a process that depends on glutamatergic neurotransmis-
sion (which when excessive may lead to calcium excitotoxicity),
whereas dopamine (prone to oxidation in its free cytoplasm form)
regulates striatum neurons triggering [19]. In the hippocampus
and striatum of rats treated intraperitoneally for 28 days with
different concentrations/day of IONPs (1, low dose (LD),
20.3 mg/kg/; 2, moderate dose (MD), 40.6 mg/kg; and 3, high
dose (HD), 81.3 mg/kg), it was shown an increase in lipoperox-
idation at day 7. Also, a significant enhancement of superoxide
dismutase (SOD) activity was detected in MD and HD treated
animals at day 14, which was reduced by day 28 [71]. In addition,
in rats exposed to intranasal (i.n.) administration of IONPs, oxida-
tive stress was detected in striatum, but not in the hippocampus, as
an increase in hydrogen peroxide and a decrease in glutathione
(GSH) levels [73]. On the other hand, i.n. administration to mice
was shown to induce microglial proliferation and activation in the
striatum, hippocampus, and olfactory bulb [74]. Microglial recruit-
ment in the injured tissue is part of the host defense response and
the CNS repair; however, when microglia are overactivated, it may
cause an excess in the production of free radicals, impairing regional
neural cells and self-perpetuating neuronal death [75].
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3.1.2 Gold Nanoparticles There is scarce bibliography regarding nanoneurotoxicity of gold
nanoparticles (AuNPs); this is a concerning fact, since there are
several studies showing their potential for therapy and diagnoses
[59]. For example, it has been shown the potential advantages of
gold-based nanosystems for the enhancement of Aβ clearance
[76, 77] as well as for brain cancer treatment [78, 79], since they
bioaccumulate in the brain tissue, reaching through either the
olfactory nerve or by blood circulation [80, 81]. Nevertheless,
there is controversial evidence regarding nanoneurotoxicity, with
some studies showing no signs of toxicity upon acute administra-
tion to rats and mice of AuNPs [81, 82] or slight cytotoxicity
mediated by 3 nm AuNPs, but no the larger ones (5, 7, 10, 30,
and 60 nm) [83]; however, others have shown alterations in neural
cells’ homeostasis and viability as detailed in the following para-
graphs. It is important to mention that it has been pinpointed that
size, surface modifications, and geometry strongly affect gold-
based nanosystems’ toxicity [84, 85]. For instance, gold nano-
spheres (AuNS) have been shown to decrease to a greater extent
mitochondrial function than gold nanorods (AuNR) and gold
urchins (AuU) [84]. The three kinds of nanosystem were shown
to exert a transient activation of microglia after their nasal adminis-
tration to mice, along with the activation of the TLR2, related to
Aβ microglial uptake [86]. In addition, AuNS coated with cetyltri-
methylammonium bromide (CTAB, a cationic surfactant) were
shown to exert more cytotoxicity toward microglia, regarding
those coated with poly-ethylene-glycol (PEG, a nonionic surfac-
tant) [84]. This might be because of (1) CTAB potential toxicity
(data controversial in the literature) [87, 88]; (2) an increased
cellular uptake, inducing more bioaccumulation; and/or (3) the
positive charge of the AuNS. Nevertheless, AuNR showed slight
cytotoxic effects [84]; therefore, it also might be the result of
shape- and surface-related additive effects. Other kinds of AuNPs
alterations over brain homeostasis have been observed, such as an
augmentation of neuronal excitability in mice hippocampal brain
slices [89]; these authors did not analyze the mechanisms underly-
ing this effect, but it can be hypothesized that this may be due to
AuNPs effects over ionic channels, since it has been previously
observed that AuNPs are able to clog potassium and nicotinic
acetylcholine receptor [90, 91].

On the other hand, it has been shown that AuNPs can induce
astrogliosis (an over-increase in the number of reactive astrocytes)
[92]. Astrogliosis is a part of a global response to CNS insult, which
may potentially lead to a scar formation and permanent tissue
rearrangement [93]. Male albino rats that orally received
(by gastric tube) 400 μg/kg/day of AuNPs, during 8 weeks, exhib-
ited an increase in reactive astrocytes (augmentation in the number
of and length of foot process and the cell body diameter), which
was more marked in the hippocampus than in the cerebral cortex.
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In addition, they observed an augmentation in the number of
caspase-3 (an apoptosis mediator) positive choroidal epithelium
cells [92]. In general, in rat brain it has been observed that
AuNPs generate lipoperoxidation, decrease the levels of glutathi-
one peroxidase (GPx), as well as considerably increase the amounts
of 8-hydroxi-deoxy-guanosine (8-OHdG) [94], a widespread bio-
marker for carcinogenesis [95]. In addition, caspase-3 and heat
shock protein 70 (HsP70) levels were found augmented as well.
The HsP70 has shown to exert several protective effects over CNS,
such as against oxidative damage and Aβ aggregation [96, 97]. It
also has been shown that AuNPs accumulation into rat hippocam-
pus exerts cognitive impairment, on a size-dependent fashion [98].

3.1.3 Silver

Nanoparticles

Silver NPs (AgNPs) have been shown to exert sensitizer-like effects
in vitro and in vivo, over rat malignant glioma cells [99, 100]. For
instance, in vivo studies have strongly suggested that AgNPs treat-
ment is synergic to radiotherapy, since rats that received 10 Gy of
radiation post 10–20 μg of AgNPs administration exhibited an
augmentation on their life spans of approximately a 500%, while
~40% of rats showed no apparent disease after 200 days posttreat-
ment. Moreover, an enhancement in the antimitotic and proapop-
totic effects was observed when rats received AgNPs treatment after
radiotherapy [101]. Thus, AgNPs have high potential as coadjutant
treatment for the treatment of malignant glioma. Nevertheless, in
neural primary cultures, it has been observed that AgNPs exert
toxic effects, observing a diminution in cells’ viability
[102, 103]. Also, it has been observed that AgNPs can access to
mice brain and impair the BBB permeability, altering normal cere-
bral functions [104], by either translocating through the olfactory
nerve or by transcytosis across the cerebral endothelial cells
[105]. In human neuroblastoma SH-SY5Y cells, AgNPs have
shown to have the capacity of interacting with mitochondrial mem-
brane and producing free radicals. Then, these free radicals can
interact with the nitric oxide (NO) synthesized in response to the
oxidative stress, leading later to the formation of highly toxic
peroxynitrite species (RNS), with a potent capacity for lipoperox-
idation, DNA oxidation, and proteotoxic stress. This finally can
produce mitochondrial membrane permeabilization (MMP) and
reticulum stress [106], both processes deeply involved in neurode-
generation [15, 107]. In addition, it has been observed in rats’
primary mixed neural cell cultures (neurons and astrocytes) that the
first response upon exposure to AgNPs was an increase in calcium
signal (even before ROS generation) which may affect signal trans-
duction and synaptic transmission. Interestingly, in this study, they
found that astrocytes were more prone to the damage induced by
AgNPs than neurons [102]. In addition, Xu et al. observed that in
primary mixed cultures from rat cortex exposed to AgNPs, these
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exerted impairments in cell integrity and cell growth, as well as
neurites overlap, at early stages and in full-grown cultures
[103]. There were also observed vacuoles in the cytoplasm of
cultures at early stages of neural outgrowth, when exposed to
1 μg/mL of AgNPs, whereas their structure was severely compro-
mise at concentrations of 10 μg/mL, observing alterations in the
morphological integrity as well as a great extent of neurites’ degen-
eration. In addition, in mature cultures, neuronal branches’ overlap
was decreased (1 μg/mL), while at 10 μg/mL, cluster aggregation
of cell bodies was observed along with neurite disruption and
damage of glial cell layers [103]. All these effects appeared to be
the consequence of the observed concentration-dependent reduc-
tion of neuron and glial cells positively labeled for F-actin and
β-tubulin, which are cytoskeleton proteins essential for the correct
intracellular trafficking and cellular structure, as well as other func-
tions [108]. Interestingly, it has been observed that AgNPs may
alter autophagic flux [109], which can be potentially related to their
effects over cytoskeleton proteins, as well as for their effects over
lysosome pH and membrane potential [110]. In addition, Huang
et al. observed in mice cell lines that AgNPs could induce the
secretion of IL-1 while penetrating the cellular membrane in cell
lines of astrocytes (ALT), microglia (BV-2), and neuroblastoma
(N2a) [105]. Interestingly, they also observed the induction on
gene expression of the proteins CXCL13, MARCO, and glutathi-
one synthetase (GSS). The MARCO protein is a scavenger receptor
involved in the uptake of Aβ by microglia, while CXCL13 protein is
a chemokine that controls monocytes’ migration and adhesion;
both proteins are strongly related to AD [111, 112]. On the
other hand, the expression of the amyloid precursor protein
(APP) was increased, while the levels of the LDL receptor
(LDL-R) and the neutral endopeptidase (NEP) were decreased.
The LDL-R and NEP are involved in the uptake and degradation
of Aβ [113, 114]; thus, the exposure to AgNPs may induce an
accumulation of Aβ, which is involved in the pathogenesis of
AD [115].

In the case of in vivo research, it has been observed the induc-
tion of toxic effects in the brains of mice exposed to AgNPs, such as
augmentation of ROS levels [95]. In this study, it was shown that
brain’s glutathione peroxidase (GPx) activity was decreased, while
it was enhanced in kidneys and spleen. On the other hand, gluta-
thione transferase (GST) activity was increased in brain tissue and
diminished in kidneys and spleen, suggesting that the response
varies according to the different analyzed tissues. Changes were
more prominent when administrating 2 μM of AgNPs than with
1 μM [95]. It is noteworthy the fact that AgNPs have a high affinity
toward thiol groups, which are of great importance in protein
assembly and GSH function [116]. Thus, AgNPs may exert
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deleterious effects over cellular redox status and protein folding,
which are among the main mechanisms of neurodegeneration
[4]. Moreover, AgNPs are known for their ability for DNA bind-
ing, which, even if it may be advantageous in the case of cancer
treatment, also can contribute to genotoxicity, by forming adducts
of 8-hydroxi-2-deoxyguanosine (8-OHdG) [95], indicating DNA
oxidative damage.

3.1.4 Zinc Oxide

Nanoparticles

Zinc oxide NPs (ZnO-NPs) have gather plenty attention during
the last years, mainly because of their antibacterial and anticancer
properties [117, 118]. In addition, it has been recently suggested
the possibility to use ZnO nanocluster for the diagnoses of AD at
early stages [119].

However, there has been described for this kind of nanoparti-
cles reproductive and developmental toxicity; for example, it has
been shown that the ZnO-NPs oral administration of
400–500 mg/kg/day in pregnant rats exerted embryotoxic effects
as well as in rats’ offspring [120]. Xiaoli et al. [121] observed that
when pregnant rats were exposed during 18 days to ZnO-NPs at
500 mg/kg/day, their 2-day-old offspring exhibited significant
zinc brain accumulation. Their analysis of antioxidant status
showed augmentation in the concentration of ROS and malondial-
dialdehyde (MDA), as well as a decrease in the activity of SOD and
GPx and the presence of 8-OHdG-positive neurons in the brain of
pups exposed to ZnO-NPs. The augmentation of ROS correlates
with the increase of MDA (a marker for lipid peroxidation) and of
8-OhdG (indicating nucleic acids’ oxidative damage). The enzymes
that were shown to be affected play an important role in cells’
antioxidant capacity; SOD catalyzes the conversion of superoxide
radical to hydrogen peroxide (H2O2), while GSH-Px transforms
H2O2 to H2O (see Eq. 1). In addition to the oxidative damage of
nucleic acids observed, the fetal exposure to ZnO-NPs has shown
to alter the expression of genes related to cellular redox homeosta-
sis, such as the upregulation at postnatal day 21 of Gsst1 (subunit of
GSH-transferase) and Alox12b (lipid oxidation) [121].

M nþ1ð Þþ‐SODþO�
2 ! Mnþ‐SODþO2:

Mnþ‐SODþO�
2 þ 2Hþ ! M nþ1ð Þþ‐SODþH2O2:

2GSHþH2O2 ! GS‐SGþ 2H2O:

ð1Þ

where M ¼ Cu (n ¼ 1); Mn (n ¼ 2); Fe (n ¼ 2); and Ni (n ¼ 2).

Cell exposure to ZnO-NP has shown to induce alteration of
mitochondrial and cell membranes, resulting in an augmentation of
ROS production, followed by the destruction of mitochondria and
cell death. Toxicity exerted by ZnO-NPs is mainly determined by
their dissolution and zinc homeostatic interference [122]. Zinc can
be found as a structural component of proteins and, in its free form,
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as a neurotransmitter involved in the consolidation of long-term
memory, being released along with glutamate [123]. It has been
shown that excess of zinc in the synaptic cleft induces the upregula-
tion of the calcium AMPA/kainate channels, favoring the zinc
access into neurons, thus increasing its free form in the cytoplasm
(where in physiological conditions is kept inside vesicles). This
cytoplasmic zinc augmentation has shown to inhibit redox homeo-
stasis enzymes andmitochondrial respiration, inducing an energetic
depletion and ROS production [124].

Moreover, ZnO-NPs were observed to accumulate in the neu-
ral synapse of the pups from the pregnant rats exposed to
ZnO-NPs, meaning that they could be transported across the
blood-placental barrier, reaching to the fetus’ brain [121]. This
could lead to further brain damage, affecting brain function. This
is supported by the finding of autophagosomes in the cytoplasm of
the offspring neurons, which are structures that have been exten-
sively related to neurodegenerative diseases, as a defense mecha-
nism against oxidative stress and inflammation.

Nevertheless, it seems that ZnO-NPs effects are dose depen-
dent, since biphasic responses (hormesis) [125] have been
described in the brain tissue of O. nicotilus and T. zilli; at low levels
(500 μg/L), ZnO-NPs were shown to produce a significant anti-
oxidant response, reflected in the decrease of MDA, the augmenta-
tion of GSH levels, and the activity of antioxidant enzymes (catalase
(CAT); SOD; glutathione reductase (GR); GST; and GPx), con-
trary to what was observed at concentrations of 2000 μg/L [127].

3.1.5 Titanium Dioxide

Nanoparticles

It has been observed that titanium dioxide nanoparticles (TiO2-
NP) can be used as photosensitizers since, after their photocatalytic
activation, TiO2-NP have been observed to inhibit the in vitro
growth of malignant glioma cells [128, 129 ], as well as prolonging
the survival of glioma mice treated with TiO2-NP photodynamic
therapy [129] and inhibiting metastasis [130]. Nevertheless, it has
been shown that after the nasal exposure to TiO2-NPs, they accu-
mulate in the hippocampus [131], which is involved in the patho-
genesis of AD and Lewy body dementia [132]. It has also been
observed, in rats’ primary hippocampal neuronal culture and in
mice, that TiO2-NPs in a concentration-dependent manner may
induce augmentation of ROS and intracellular calcium levels, as
well as the loss of MMP, the downregulation of Bcl-2 (a protein
that inhibits apoptosis and autophagy, by sequestering Beclin-1),
and the upregulation of caspase-3 and Bax levels, both proapopto-
tic proteins [133–135]. Interestingly, Hong et al. observed in
primary hippocampal cultures that TiO2-NPs significantly increase
glutamate levels while decreasing glutamine, glutamine synthetase,
and ATP levels [136], thus altering excitatory synapsis cycle. These
alterations have been related to several CNS illnesses, such as AD
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and encephalopathy [137–139], and are potentially the cause of the
observed neurites’ development suppression and the synaptic plas-
ticity detriment induced by the TiO2-NPs [136]. In fact, in utero
exposure to TiO2-NPs was shown to exert alterations in the redox
homeostasis, inducing lipoperoxidation and nucleic acids’ oxidative
damage in the brain of rats’ offspring. Moreover, the rats exposed
toTiO2-NPs in their fetal stage, during their adulthood exhibited
depressive-like behavior and the impairment of learning and mem-
ory consolidation [140–142]. On the other hand, it has also been
observed that TiO2-NPs exposure induces a decrease in the expres-
sion of phosphorylated CREB in mice hippocampus, as well as for
their target genes, which are involved in the development of brain
synapsis and memory consolidation [143, 144]. It is noteworthy
that CREB phosphorylation has shown to be dependent on the
NMDA glutamate receptor [145, 146], a calcium ion channel
deeply involved in neuroplasticity processes related to learning
and memory, whose function has shown to be altered in chronic
stress, pain, and neurodegenerative disorders [147–150]. Finally,
TiO2-NPs also have shown to impair the Wnt canonical and non-
canonical signaling, involved in expression of microtubule cytoskel-
eton in the increase of dendritic arborization [151]; however, the
effects of however, the effects of however, the effects of TiO2-NPs
over Wnt signaling still need further analysis and evaluations, since
the results obtained by Hong et al. are controversial in light of
previous literature on the effects of the Wnt pathway over neuro-
development and neurodegeneration [152–155].

3.2 Carbon-Based

Nanosystems

Carbon atoms’ unique ability to establish covalent bonds with each
other in diverse hybridization states or with other non-metallic
elements allows them to form a wide variety of structures; thus,
they can be found in different arrangements in natural state such as
amorphous carbon, diamond, and graphite. Although these mate-
rials are all only carbon-based, their properties are totally different,
due to the way that carbon atoms are distributed: diamonds are the
hardest material known and work as an electric isolator, while
graphite is soft and has a high electroconductivity [156]. In the
age of engineered nanomaterials, new carbon-based systems have
emerged, such as fullerenes (being the C60 structure the most
studied), carbon nanotubes (CNTs), and graphene [156].

Data in the literature suggest that C60 derivates may have
neuroprotective effects in the case of AD and prion diseases, by
reducing the microglial-mediated inflammatory response [157]
and attenuating the effects of Aβ [158, 159]. In addition, C60
derivates also have shown to have anti-HIV effects, by inhibiting
the viral reverse-transcriptase and protease [160, 161]. Neverthe-
less, rats exposed to C60 (size �460 nm) were shown to have
spatial memory and learning impairments, potentially by a
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reduction in the brain-derived neurotrophic factor (BDNF) levels
[162]. The BDNF induces two survival pathways: one mediated by
the class I phosphatidylinositol triphosphate kinase (PI3K-I) and
the other by the mitogen-activated protein kinase (MAPK), Raf
[163]. The first one is associated with the mTORC1 complex,
which is mainly in charge of protein synthesis stimulation, inhibit-
ing autophagy [164, 165]. On the other hand, Raf induces the
survival signaling pathway of ERK/CREB/Bcl-2, previously men-
tioned (Subheading 3.1.4). It is noteworthy that both pathways are
essential for synaptic plasticity, since dendritic spines requires pro-
tein synthesis for their proper maturation and synapsis increase and
consolidation [166].

In turn, CNTs are considered one of the most promising
materials for cancer multimodal therapy, mainly because of their
physicochemical, electromagnetic, and optical characteristics. They
can be applied as (1) highly sensitive labeling agents in imaging;
(2) drug delivery systems; (3) and tissue engineering; and (4) nano-
surgical agents by thermal ablation [167, 168]; hence, they are
potential and strong candidates for multimodal anticancer agents,
aiming to an early diagnosis and a broad-spectrum treatment.
Moreover, it has been suggested that pegylated CNTs can enhance
neurites’ outgrowth and may reduce astrocytes’ glial scar
[169, 170]. However, they have asbestos similar properties (such
as extremely high length/diameter ratios and low solubility), while
CNTs’ in vitro toxicity has shown to be greater than asbestos’
[171, 172]; thus a cancerogenic CNTs’ effect could be associated.
Nevertheless, CNTs and asbestos differ in the mechanisms whereby
they enter into mesothelial cells, and no reports in the literature
have reported CNTs as carcinogenic [173, 174]. On the other
hand, single-walled CNTs (SWCNTs) have shown to inhibit the
proliferation of PC12 cells (rat pheochromocytoma), as well as
induce apoptosis at concentration between 100 and 400 μg/mL
and the MMP reduction, whereby ROS production and lipoperox-
idation were promoted along with a decrease in the activities of
SOD, GPx, and CAT enzymes and the content GSH, in a dose-
dependent manner [175]. Moreover, there are studies that have
shown multiwalled CNTs (MWCNTs) capacity to induce malig-
nant glioma cells (RG2) apoptosis and to improve the survival of
rats with intracerebral glioma, by the induction of mitochondrial
dysfunction [176]. Interestingly, Romano-Feinholz et al. [176]
also determined the effects of MWCNTs in healthy rats after their
intracerebral injection, observing neither inflammation nor diffu-
sion of MWCNTs into healthy tissue at the site of injection, con-
trasting with MWCNTs intratumoral injection. This was probably
by either tumor cells’ increased capacity for endocytosis or because
of the tumor infiltration by immune cells [176]. Interestingly, the
aforementioned cytotoxic effects mostly appear as advantages for
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brain cancer treatment. It is noteworthy to mention that CNTs’
impurities, such as iron (used as catalyzer during CNTs’ synthesis),
are able to be solubilized in biological systems, inducing toxic
effects, which are reduced when metallic impurities are properly
removed [167, 177].

Finally, graphene is the last carbon-based nanomaterial to
appear on the road, derived from graphite exfoliation [178];
hence, biomedical applications are not as abundant since graphene
research is still at early stages. Interestingly, in the recent years,
graphene has been tested for drug and gene delivery, as well as for
photothermal and photodynamic ablation and for the improve-
ment of biosensing and bioimaging [179]. Nevertheless, the
research about their toxic effects is still controversial, while long-
term toxicity is yet to be known, and some research have shown that
it may induce PD-like signs and symptoms in zebrafish larvae, such
as the formation of α-synuclein/ubiquitin aggregates (Lewy bod-
ies), massive dopaminergic neuron loss, mitochondrial damage,
and alterations of motor performance [180]. In addition, it has
been shown in PC12 cells graphene induction of apoptosis and cell
cycle arrestment, associated with ERK signaling pathway imbalance
[181]. Therefore, although graphene is a promising nanomaterial,
further studies are still required.

4 Conclusion and Future Perspectives

An increasing number of nanosystems have appear in the recent
years, providing promising drug delivery systems, as well as novel
probing diagnosis strategies. In this context, nanomedicine may
have a significant impact in the treatment of brain illnesses, due to
the ability of engineered nanosystems to cross the BBB. However,
the toxicity/therapeutic equilibrium is a critical concern to be
explored, since nanotoxic effects are mainly determined by the
dose applied and the physiological/pathological state of the organ-
ism analyzed; therefore, whether oxidative stress increase and trig-
gering and blocking autophagy are desirable effects or not will
depend on the specific pathology. For instance, in cancer treatment,
the aim is to be able to target cytotoxicity specifically toward cancer
cells, without affecting healthy ones. On the other hand, regarding
neurodegeneration, autophagy induction is suggested to be one of
the first lines of defense, exhibiting in patients the extensive pres-
ence of autophagosomes and autolysosomes accumulation
[182]. Therefore, in the case of other CNS diseases, such as depres-
sive states, autism, and infections, it must be carefully assessed their
individual pathological state for a proper analysis of the potential
toxic effects of the nanomaterial of interest.
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164. Fišar Z, Hroudová J (2010) Intracellular sig-
nalling pathways and mood disorders. Folia
Biol 56(4):135–148

165. Shen D-N, Zhang L-H, Wei E-Q, Yang Y
(2015) Autophagy in synaptic development,
function, and pathology. Neurosci Bull 31
(4):416–426

166. Duman RS, Aghajanian GK, Sanacora G,
Krystal JH (2016) Synaptic plasticity and
depression: new insights from stress and
rapid-acting antidepressants. Nat Med 22
(3):238–249

167. Cha C, Shin SR, Annabi N, Dokmeci MR,
Khademhosseini A (2013) Carbon-based
nanomaterials: multifunctional materials for
biomedical engineering. ACS Nano 7
(4):2891–2897

276 Johanna Catalan-Figueroa and Javier O. Morales

https://www.frontiersin.org/articles/10.3389/fnmol.2017.00244/full
https://www.frontiersin.org/articles/10.3389/fnmol.2017.00244/full
https://www.frontiersin.org/articles/10.3389/fnmol.2017.00244/full
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5626855/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5626855/


168. Singh R, Torti SV (2013) Carbon nanotubes
in hyperthermia therapy. Adv Drug Deliv Rev
65(15):2045–2060

169. McKenzie JL, Waid MC, Shi R, Webster TJ
(2004) Decreased functions of astrocytes on
carbon nanofiber materials. Biomaterials 25
(7–8):1309–1317

170. Roman JA, Niedzielko TL, Haddon RC,
Parpura V, Floyd CL (2011) Single-walled
carbon nanotubes chemically functionalized
with polyethylene glycol promote tissue repair
in a rat model of spinal cord injury. J Neuro-
trauma 28(11):2349–2362

171. Boyles MSP, Young L, Brown DM et al
(2015) Multi-walled carbon nanotube
induced frustrated phagocytosis, cytotoxicity
and pro-inflammatory conditions in macro-
phages are length dependent and greater
than that of asbestos. Toxicol In Vitro 29
(7):1513–1528

172. Rydman EM, Ilves M, Vanhala E et al (2015)
A single aspiration of rod-like carbon nano-
tubes induces Asbestos-like pulmonary
inflammation mediated in part by the IL-1
receptor. Toxicol Sci 147(1):140–155

173. Nagai H, Toyokuni S (2012) Differences and
similarities between carbon nanotubes and
asbestos fibers during mesothelial carcinogen-
esis: shedding light on fiber entry mechanism.
Cancer Sci 103(8):1378–1390

174. Toyokuni S (2013) Genotoxicity and carcino-
genicity risk of carbon nanotubes. Adv Drug
Deliv Rev 65(15):2098–2110

175. Wang J, Sun P, Bao Y, Liu J, An L (2011)
Cytotoxicity of single-walled carbon nano-
tubes on PC12 cells. Toxicol In Vitro 25
(1):242–250

176. Romano-Feinholz S, Salazar-Ramiro A,
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