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Preface

Nanotechnology had matured significantly during the last two decades as it has
transitioned from benchtop science to applied technology. Understanding how the
intrinsic properties of nanomaterials translate to complex biological responses is an
area of intensive research. The challenge for nanomedicine is to utilize nanotech-
nology and develop innovative biocompatible nanomaterials that mimic tissue
characteristics, cause minimal inflammation and cell loss, and have the abilities to
function for a relative long period of time. Nevertheless, the application of
nanomaterials to basic and clinical neuroscience is only at an early stage. This
book is to overview the current strategies to use nanomaterials for brain disease
and to introduce several novel nanomaterials that have excellent potentials in this
field. With multiple functionalized modifications, nanomaterials are easy to traverse
blood-brain barrier, and they are capable of diagnosing or treating brain diseases.
Among these nanomaterials, nanozymes reduce oxidative stress via their intrinsic
enzyme-like activation. Magnetic nanomaterials are vital contrast agents for MRI
with their excellent magnetic orientation ability. Biomacromolecule-based
nanomaterials greatly improve therapeutic efficiency through their self-assembly
ability. Carbon-based nanomaterials are capable of forming a variety of special
structures due to their strength and toughness, which makes them become feasible
carrier for traditional drugs. Polymeric nanomaterials possess various properties that
are widely used in diagnosing and treating brain disease. This book provides
researchers, graduate students, and clinic practitioners with a cutting-edge and
comprehensive summary of research on nanomedicine and their potential applica-
tions in clinic. I sincerely thank all the chapter authors for their great contribution to
the book.

Tianjin, China Xue Xue
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Chapter 1 ®)
Introduction: Nanomedicine in the Brain Check or

Tian-Qi Li, Li-Wen Huang, and Xue Xue

Abstract In recent years, as the incidence of brain diseases in the population has
gradually increased, the treatment of neuropsychiatric diseases cannot be ignored.
There are many pathogenesis of neuropsychiatric diseases, such as neuronal damage,
intercellular signaling disorder, and inflammatory reactions. On the other hand,
blood-brain barrier (BBB) as the protective layer of the brain, to some extent, hinders
the release and delivery of conventional drugs. Nanomedicines, with many excellent
physiochemical properties, such as multiple modifications and surface
functionalization, have attracted widespread attentions in the scientific community.
In this chapter, we provide a broad overview of brain diseases and summarize the
applications of nanomedicine in neuropsychiatric disorders, as well as challenges
and prospects for future research. We hope that this chapter will enable readers to
have a new understanding of brain diseases and nanomedicine and to promote the
developments of nanomedicine in brain diseases in clinic.

Keywords Nanomaterials - Nanomedicine - Neuropsychiatric disease -
Neurological disease - Psychiatric disease

1.1 Introduction

Neuropsychiatric disease is a heterogeneous mental disorder including neurological
disease and psychiatric disease, which induces serious personal suffering and eco-
nomic loss. Myriad genetic, immunological, and environmental factors may con-
tribute to individual’s susceptibility to neuropsychiatric disease [1]. The pathological
characteristics of neuropsychiatric disease contain abnormal protein aggregation,
cytokine imbalance, reactive oxygen species overproduction, neuronal degeneration,
structural plasticity alternation, etc. [2]. Neurological diseases, including
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Alzheimer’s disease (AD), Parkinson’s disease (PD), ischemia stroke, multiple
sclerosis (MS), and glioblastoma, are always accompanied by atrophy of the cortex
and hippocampus and lead to the feeling and movement abnormality in the patho-
genesis. In the courses of neurological diseases, dementia of AD patients develops
gradually along with the loss of neurons. Muscles of PD patients gradually stiffen
and vibrate involuntarily together with the increase of a-synuclein in intracellular
fibers. One side of limbs of stroke patient gradually loses exercise capacity with the
increase of thrombus. Psychiatric disease, including depression, schizophrenia, and
autism spectrum disorder, commonly shows a decrease in cortical thickness and
surface area and obvious anomaly in mental activities. In the process of psychiatric
diseases, the patients’ conditions gradually deteriorate accompanying with the
decrease of neurotransmitter level until death. Therefore, a large amount of time
and money has been put into the research and development of drugs, and many drugs
are being marketed for clinical application. However, there are still a number of
disadvantages of traditional drugs, which restrict the applications of them. For the
traditional treatment of neuropsychiatric disease, various drugs are limited by the
poor drug pharmacokinetic and side effects including nonspecific targeting (e.g.,
proteins, peptides, siRNAs, etc.) [3]. The ability of traditional drugs to interfere with
disease progression is still inefficient, and its exercise in the diagnosis of neuropsy-
chiatric disorders is not well developed. In general, drugs enter into patients by oral
administration, parenteral administration, intranasal administration, and transdermal
administration. Once drugs get into the body, they go through absorption, distribu-
tion, metabolism, and excretion stages. However, drugs taken by oral administration
are metabolized and inactivated in the gastrointestinal tract, intestinal mucosa, and
liver, reducing the effective drug doses entering into the systemic circulation. On the
other hand, traditional drugs are isolated from disease area in some ways owing to
the protection effect of BBB in preventing pathogen invasion and maintaining brain
homeostasis. After drugs enter the bloodstream, they combine with plasma proteins
to facilitate the transportation to tissues or organs. In this process, drugs that pass
through the BBB become active conditions to bind biomacromolecular targets such
as proteins and nucleic acids. Above all, traditional drugs playing therapeutic roles
nonspecifically not only decrease the drug dose of target site but inhibit the growth of
normal cells for the treatment of brain tumor. In depression, multiple-dose regimen
and side effects of drugs make the treatment effect of drugs greatly reduce [4, 5]. The
water solubility and drug resistance affect the efficacy of targeted therapeutic agent
that further limits the utilization of drugs in clinic. Except these disadvantages, the
biocompatibility and instability are also unsatisfactory for the clinical application.
Nanotechnology brings new opportunities by addressing the limitations of neu-
ropsychiatric drugs. Nanotechnology as a multidisciplinary research field, including
physics, chemistry, biology, and so on, involves the manipulation of materials at the
atomic and molecular level with at least one dimension within 100 nm [6]. Nano-
technology provides various nanomaterials with extraordinary features for diagnos-
tics and therapeutics of neuropsychiatric disease. The high stability, large payload,
and flexible design make nanomaterial become a powerful drug delivery carrier to
cross the BBB and work effectively [7]. Nanomaterials have higher cellular uptake
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compare to traditional drugs, which allows nanomaterials to target a wide range of
both cellular and intracellular targets. The in vivo pharmacokinetics and efficiently
specific target improve the efficacy, safety, sensitivity, and personalization of
nanomaterials for molecular diagnostics, in vivo imaging, and neuropsychiatric
disease therapy [8]. Among many kinds of nanomaterials, lipid-based nanoparticles,
carbon-based nanoparticles, and magnetic nanoparticles are developed to diagnose
and treat neuropsychiatric disease. Improved on these basic nanoparticles, the
addition of other contents, such as polyethylene glycol (PEG) and poly(lactic-co-
glycolic acid) (PLGA) [9], increases the circulation time and decreases the release
rate of drugs. As part of traditional medicine lacks the ability to traverse the BBB,
multi-modified nanomaterials are considered as promising medicine for brain dis-
ease. Moreover, other unique properties of nanomaterials have been developed, such
as the superior resolution of imaging accompanied with photothermal effects. The
development of nanotechnology offers a platform to combine diagnosis and therapy
close. Nanomaterials having dual ability to imaging and delivery are capable to track
the theranostics upon successful delivery. The advancements of nanotechnology
have promising applications toward the diagnosis and treatment of neuropsychiatric
disease. Understanding these functions of nanomedicine in neuropsychiatric disease
may lead us to have a comprehensive view of the applications of nanomedicine in the
brain. These books about nanomedicine in the brain will provide us new perspective
for understanding neuropsychiatric disease and innovating novel nanotherapeutics.

In this chapter, we overview nanomedicine research which has great progress in
recent years (Fig. 1.1). The appearance of nanomedicine brings deep insight to the
diagnosis and therapies of brain disease; thus, we introduce the characteristics,
pathologies, and mechanisms of neuropsychiatric disease in order to understand
the design and development of nanomaterials helpfully.

1.2 Application of Nanomedicine

Nanomaterial plays an important role in the diagnosis and therapeutic of neuropsy-
chiatric disease. Due to the size effect and multiple functionalization, nanomaterials
are able to traverse the BBB, reach the target site to accomplish the delivery, and
release of drugs accurately and efficiently. With the advantages of slow controlled
release, nanocarrier avoids the problems of free drugs that sometimes are difficult to
truly and effectively predict the efficacy in vivo and become a hot topic in the
research of new drug delivery systems. With the flexible design, nanocarriers with
various sizes, structures, and surface properties avoid the main problems faced by
traditional drug carriers, including nonspecific biodistribution, metabolism, and
excretion in the body, thus targeting diseased areas specifically [10]. Further, by
surface functionalization, nanocarriers are able to control their pharmacokinetics and
biodistribution properly.

On the other hand, nanomaterials also function as an agent of magnetic resonance
imaging (MRI) for imaging the factors associating with neuroinflammation, thus
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Fig. 1.1 Function of nanomedicine. Neurons will lose activity after the inflammation happens in
the brain, and then, various neuropsychiatric diseases appear. Nanomedicine will perform their
functions to protect neurons and improve the symptoms of patients at this moment

diagnosing neuropsychiatric disease. The attractive features of light collection and
optical amplification of nanomaterials make them apply in fluorescence imaging and
phototherapy widely [11]. Near-infrared quantum dots and magnetic nanoparticles
are two kinds of molecular probes that have been widely studied. As an agent of
MRI, the size of nanomedicine is an influence factor affecting photothermal therapy.
For large particles, long blood circulation is beneficial for enrichment at the target
site, while for small particles, strong diffusion ability is beneficial for penetrating
into target sites to get a homogeneous distribution. Hence, an applicable
nanomedicine should have dimensional variability, which is able to obtain high
enrichment in the form of large particles and then split into small particles to obtain
high permeability. The targeted nanoprobes with small diameter, stable structure,
good water solubility, good biocompatibility, and high affinity are used widely for
the diagnosis and therapy of neuropsychiatric disease.

Except for the above applications, nanomaterials are also applied as drugs or
enzymes on account of their intrinsic properties, for example, iron nanoparticles and
cerium nanoparticles are able to impact redox reaction. In order to give readers a
more comprehensive understanding of the application of nanomedicine in neurolog-
ical diseases, this chapter initially introduces several types of nanomaterials that play
an important role in neurological diseases.
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1.2.1 Magnetic-Based Nanomaterials

The visible absorption bands of most magnetic nanomaterials are able to be activated
by NIR, which enables magnetic nanoparticles to be imaging agents and photother-
apy agents for the diagnosis and treatment of neuropsychiatric disease [12]. On
account of the good tolerance of endogenous substances, iron oxide nanoparticles
are used frequently in bioimaging and phototherapy, such as Fe;O4 and yFe,O;
[13]. As a representative MRI developer, the superparamagnetic phenomenon of
magnetic nanoparticle occurs when the particle size is less than a certain critical
value. In addition to the action of an external magnetic field, magnetic nanoparticles
generate a strong local magnetic field that is able to affect hydrogen in the surround-
ing water molecules. The process of proton relaxation shortens the relaxation time of
transverse relaxation (T2), thus exhibits a negative enhancement effect as a T2
developer, which is a potential clinical diagnostic of magnetic nanoparticles.
SPIONS, as novel imaging agents providing safe and strong negative contrast
enhancement of the target lesion in MRI, are able to track and visualize in vivo
monocytes invading the brain. The magnetic moment and the targeted portion are
designed by regulating their size, composition, and surface functionalization to
further transfer various mechanical and chemical signals with high spatial and
temporal precision [14]. Since, magnetocaloric therapy is applied in stimulating
action potentials and controlling gene transcription remotely [15]. Antibody-
functionalized magnetic nanoparticles catch target bio-molecules sensitively by
immunomagnetic reduction, such as ultra-low concentration Af and tau protein in
human plasma, which makes them break through the poor low-detection limit of
enzyme-linked immunosorbent and be a potential method to differentiate PD from
pervasive developmental disorder [16]. Drug-embedded acoustic droplets incorpo-
rating SPIONs allow both magnetism-assisted targeting and MRI-guided acoustic
droplet vaporization, which is a potential theranostic strategy for tumor treatment.

1.2.2 Carbon-Based Nanomaterials

Carbon fiber is a one-dimensional carbon nanomaterial with high axial strength and
modulus, low density, high specific performance, high temperature resistance, and
good fatigue resistance. Due to the dielectric coefficient, the thermal expansion
coefficient and the anisotropy, carbon fibers have good electrical conductivity,
superior thermal conductivity and excellent electromagnetic shielding performance.
Carbon-fiber microelectrodes with minimal tissue response permit longitudinal
measurements of neurotransmission in single recording locations during behavior
[17]. Graphene is a two-dimensional carbon nanomaterial with a hexagonal honey-
comb lattice. On account of the high strength, large specific surface area, and
excellent conductivity, graphene is considered to be a revolutionary material in
biomedicine and drug delivery. Implantable graphene-based neural electrode
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interfaces provide reliable and precise validation for detecting functional changes of
neuronal activities by measuring the concentration of H,O, [18].

Carbon nanotubes (CNTs) are a special one-dimensional material, in which
carbon atoms are mainly sp? hybridized, and the central carbon atoms are connected
with three adjacent same carbon atoms to form a hexagonal network [19]. On one
hand, CNTs have higher thermal conductivity comparing to the other
one-dimensional materials. On the other hand, the manufacturing technique of
CNTs is relatively uncomplicated comparing to the other two-dimensional carbon
materials. In addition, CNTs have a series of attractive comprehensive properties,
such as high mechanical strength, large specific surface area, high conductivity,
strong interface effect, low thermal expansion coefficient, good chemical stability,
and corrosion resistance. These excellent thermal and mechanical properties indicate
that CNTs have the potential as superior heat conduction materials or fillers. CNTs
are suitable for the recording of single neuronal activity, thereby reducing inflam-
mation while stimulating neurons effectively [20]. Functional CNTs not only help to
immobilize the required biomolecules for sensing applications but also improve their
biocompatibility and dispersibility in biomolecular solutions. Functional single-
walled carbon nanotubes (SWCNTs) restore normal autophagy by reversing the
abnormal activation of mTOR signals and the defects of lysosomal protein hydro-
lysis, thereby protecting the nerves and treating AD [21]. Aggregated SWCNTSs have
proven effective in attenuating the behavioral and neurochemical effects of meth-
amphetamine by oxidizing extracellular dopamine that increased in the striatum [22].

1.2.3 Silicon-Based Nanomaterials

Silicon nanoparticle is a commonly used inorganic nanoparticle in MRI and
photothermal therapy. As an indirect gap semiconductor, the excited state time of
silicon is much longer than direct gap semiconductors such as CdS and CdSe.
Spherical silicon nanoparticles ranging from 100 to 200 nm show strong magnetic
dipole response in the visible spectrum [23]. Electrochemical etching of porous
silicon shows considerable potential in application with high biodegradability, low
toxicity, high drug-loading ratio, and inherent photoluminescence characteristics.
NIR luminescent nanoparticles made of porous silicon not only possess these
features but also are capable to be degraded into components cleared by the kidneys
[24]. Hyperpolarized silicon particles have shown long spin-lattice relaxation times
at room temperature, which makes them novel promising MRI probes [25]. The
multi-gold nanorods crystal-seeded magnetic mesoporous silica nanobeads with
multimodal imaging and excellent magnetic guidance are effective for tracking the
location of stem cells in the short term and monitoring the long-term fate for the
treatment of stroke [26]. Coaxial p-type/i-type/n-type silicon nanowires are sufficient
to control neuronal activities, such as cell membrane potential and excitability, in a
noninvasive, nongenetic, drug-like manner, and then treat neurological disease
[27]. Besides, hyaluronic acid functionalized porous silicon nanoparticle combines
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with enzyme-responsive hydrogel and pH-responsive polymer is able to overcome
the multiple obstacles for efficiently delivering drugs locally [28].

1.2.4 Lipid-Based Nanomaterials

Liposome is a particle containing a solid hydrophobic lipid core, whose size range
from 40 to 200 nm. The special structure makes it pass the liver and spleen filtration
easily and successful escape from the reticuloendothelial system to the brain
[29]. The ability of controlling drug release and improving drug stability and
biocompatibility make it a safe nose-to-brain delivery system. After encapsulating
neurotransmitters and growth factor, it are able to cure brain disease [30, 31]. The
relative low cytotoxicity of liposomes is one of the most promising drug delivery
systems [32]. The ability of adjustable size of lipid nanoparticles to enwrap hundreds
of polymers at a controlled density allows many liposome products to be success-
fully transformed into clinical [33]. The rivastigmine liposomes and cell-penetrating
peptide-modified liposomes are formulated for improving distribution and reducing
the side effect paralleled with enhanced pharmacodynamics [34]. C-Phycocyanin-
pertaining liposome and baicalin-loaded liposome have been approved to possess
neuroprotective effect to prevent the damages of ischemia-reperfusion
[35, 36]. Besides, the modification of PEG also brings high bioavailability for
lipid nanoparticles [37, 38]. Liposomes encapsulating bexarotene alter a-helical
conformation and inhibit y-secretase activity by binding to the amyloid precursor
protein transmembrane domain, thus achieving the purpose of interfering with Ap
metabolism [39].

1.2.5 Rare-Earth Elements-Based Nanomaterials

Cerium oxide nanoparticle has recently been considered a kind of biomedical agents
due to its potent regenerative and antioxidant properties. Cerium oxide nanoparticles
are internalized by cells and accumulated at mitochondria in neurons in vivo. The
oxidation of Ce** to Ce’" is able to cause oxygen vacancies and detoxify
peroxynitrite and protect neurons by redox reaction [40]. Ceria/polyoxometalates
hybrid with both proteolytic and superoxide dismutase activities not only is capable
to degrade AP aggregates and reduce intracellular reactive oxygen species but also
inhibit AB-induced BV2 microglial cell activation [41]. The triphenylphosphonium-
conjugated ceria nanoparticles possess the ability of mitigating reactive gliosis and
damaged mitochondria [42]. Ceria-containing hydroxyapatite has the ability to
upregulate oxidative stress markers and recover degenerated neurons in hippocam-
pal and cerebral tissues [43]. The intrinsic properties of cerium oxide nanoparticles
make them be internalized by cells and antioxidant easily without any modifications,
which results in their excellent biocompatibility comparing with other
PEG-modified nanomaterials.
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Except for cerium nanoparticles, rare-earth elements are often made into
upconversion nanoparticles (UCNPs), which possess single and variable absorption
and emission centers. UCNPs with lanthanum ions doped are able to convert two or
more low-energy photons into one high-energy photon because they have abundant
electron transition in the 4f electron shell [44]. The optical properties of transforming
near-infrared excitation into visible and ultraviolet radiation and converting
low-energy laser stimulation into high-energy and long-lasting visible emissions of
lanthanide-doped UCNPs make them superior in deep-tissue bioimaging [45]. The
accuracy and safety of lanthanide-doped UCNPs allow them interact with neural
tissue for a long time possibly [46]. For the therapy of brain disease, UCNPs are
designed as NIR indicators for photothermal therapy and wavelength converter for
photodynamic therapy [47]. On the other hand, molecularly tailored UCNPs are also
used as indicators and phototriggers for drug delivery. Combined with near-infrared
(NIR) light, NaYF4:Yb/Tm@SiO2 UCNPs cause a rapid increase in dopamine
release by noninvasive deep brain stimulation [46]. Similarly, upconversion core-
shell nanoparticles coated with mesoporous silica-incorporating dopamine produce a
pronounced photothermal effect when they are activated [48].

1.2.6 Quantum Dots

Quantum dots (QDs) represent the first generation of inorganic fluorescent
nanoparticles used for fluorescent labeling [49]. There are couple of ways to prepare
QDs. The first is depleting two-dimensional electronic gas locally by the nanometer
gate electrode. Another is to create a layer of QDs as the semiconductor grows layer
by layer [50]. As a semiconductor nanocrystal, QDs show superior fluorescence
properties, such as dimensional adjustable emission, narrow symmetrical
photoluminescence, wide and strong spectrum of excitation, strong luminescence,
and robust optical stability. They are thus good candidates for optical biosensing. For
example, QDs modified with transporter could pass through BBB and inhibit HIV-1
replication significantly in the brain. Thus, QDs are capable of integrating high-
resolution imaging capability and therapeutic modalities to preserve the brain
[51]. Superparamagnetic iron oxide nanoparticles (SPIONs) and quantum dots-
loaded cationic polymersomes not only utilize the advantages of quantum dots and
SPION but also facilitate a high payload capacity with the unique hollow structure.
The new design brings high signal to background ratio and strong signal for long-
term monitoring of stem cells via in vivo imaging for the treatment of stroke [52].

1.2.7 Metallic Organic Framework Compounds

Metallic organic framework compounds (MOFs) have potential applications in
biomedical diagnosis and drug delivery due to their pore size, central metal ions,
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and regulatory properties of organic ligands. In particular, enzyme and protein have
been conjugated or loaded into their pores to enhance the activity, recyclability, and
solvent compatibility by utilizing the three-dimensional structure, high specific
surface area, multiple inner porosity, and high crystalline of MOFs [53]. The
heterohybridization of MOFs is an effective multi-mode collaborative therapy
because it combines the advantages of different materials and endows hybrid
materials with new chemical and physiological characteristics. MOF with high
biocompability is the point direction according to recent studies; therefore the
constructed principle of MOFs is to produce the least toxic combination of inorganic
and organic metals. MOFs encapsulating enzyme like an enzymatic nanofactory
bring higher efficiency and longer intracellular activity compare to free enzyme
[54]. Dual-emission fluorescent MOFs are able to detect pH sensitively to auxiliary
diagnose brain cancer [55]. Besides, MOF-based nanoprobe inhibits A} aggregation
and reduces AP-induced cytotoxicity successfully [56].

1.2.8 Others

Polymeric nanoparticles include polymer-organic nanoparticles and polymer-
inorganic nanoparticles. The biodegradable and biocompatible polymeric
nanoparticles exhibit the superior physicochemical properties, such as enhanced
immune escape, controlled drug release, and increased drug payload [57]. In addi-
tion, plasmonic nanoparticles have numerous advantages, such as good optical
stability, tunable optical absorption and scattering, high electromagnetic field con-
centration, and high photothermal conversion efficiency [58]. Therefore, polymeric
nanoparticle as an optically and electronically active nanomaterial holds promise for
both biomedical imaging and drug delivery applications. Implantation of VEGF-
releasing PLGA nanoparticles stimulates angiogenesis in the de novo tissue of stroke
cavity, thereby promoting the recovery of stroke patients [59]. Poly-y-glutamic acid
nanoparticles and aluminum adjuvant are used as an adjuvant with a single dose of
Japanese encephalitis virus-like particles to provide effective protection from Japa-
nese encephalitis virus [60]. PEG-PLGA nanoparticles loaded with haloperidol
exhibit good physical stability, great occlusive effect, and low side effects associated
with antipsychotics [61]. Combined with magnetic nanomaterials, polymer-labeled
magnetic nanoparticles are able to track and control the cellular uptake of
nanomaterials with an external magnetic field [62] and then achieve real-time
diagnostics and timely treatment. Except for directly providing diagnostic signal,
polymeric nanoparticles are also involved in minimally invasive therapeutic tech-
nique: photothermal therapy. The addition of other abundant contents promotes
polymeric nanoparticles to be stimuli-responsive drug delivery system to have
diverse responses under different triggers, including pH, ATP, and ROS [63, 64].
With a host of unusual properties, including drug release modulation, light
harvesting and emitting enhancement, and effective expenses with regard to
manufacturing processes, nanomaterials with various structures have exhibited
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Fig. 1.2 Various nanomaterials applying in treating neuropsychiatric disease

tremendous potential for diagnostics and therapeutic applications (Fig. 1.2). With the
further understanding of nanomaterials, a series of nanomedicines possessing excel-
lent properties are designed and developed to diagnose and treat neuropsychiatric
disease. Numerous nanomedicines have so far shown striking therapeutic effects in
disease models and become persuasive platform for inhibiting the development of a
number of diseases. Despite the advancements described on above, in order to
explore other potential applications, the intrinsic superior properties of

nanomaterials are still a question worth devoting.

1.3 Overview of Neuropsychiatric Disease

The disruption of the early developmental processes of the neural circuit causes
neurocognitive and neuropsychiatric dysfunction [65]. With aging, neurons become
particularly vulnerable to disruption and then emerge a series of symptoms (Fig. 1.3)
[66]. Exploration of indicators reflecting disease status and development of effective
drugs in clinic are important for the treatment of neuropsychiatric disease [67]. We
will overview the mechanisms of neuropsychiatric disease in the following.
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Fig. 1.3 Schematic illustration of various nanomedicines in neuropsychiatric disease

1.3.1 Neurological Disease

Neurological disease occurs when the central system is broken [66], which leads to
the levels of ROS and protein nitration increase. Hence, antioxidants preventing
ROS overproduction have been proposed to counteract the development of neuro-
degenerative diseases. Especially for the glioblastoma with high infiltration,
nitroxide radicals-containing redox nanoparticles are able to fight with tumor and
prolong the life span of mice with an increased tendency for malignancy
[68]. Besides, the -electrophysiological approach is another useful tool for
nanomedicine to treat neurological disease. The commonly pathological mecha-
nisms of various neurodegenerative diseases include defective protein quality con-
trol and degradation pathway, dysfunctional mitochondrial homeostasis, stress
granules, and incompatible innate immune responses. Notably, neurodegenerative
diseases also show distinct pathologies and symptoms in different brain areas.

1.3.1.1 AD
AD is a chronic disease with long preclinical phases and an average clinical time of

8-10 years. Although there is evidence that AD is caused by a complex synergy such
as genetic susceptibility, aging, environment, occupation, overexposure to metals,
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and long-term cofactors, the exact mechanism of AD formation is not fully under-
stood [69]. As an age-related progressive disorder, the nerve damage of AD grad-
ually transits from mild mental retardation to dementia [70]. The prevalent
hypothesis regards that two significant pathological features of AD are extracellular
plaques formed by extracellular f-amyloid (AP) peptide and neurofibrillary tangles
formed by intracellular hyperphosphorylated tau protein [71]. The pathogenic forms
of AP and tau subsequently attenuate synaptic function and trigger a series of events
leading to neuronal death [72]. Since the pathogenesis understanding of AD is not
thorough, the current therapeutic strategy of AD is to clear Ap and tau in neurofi-
brillary tangles in neurons and prevent or interfere with Ap and tau aggregations to
reduce membrane injury, cell apoptosis, intracellular microtubule damage, and
reactive oxygen species production [73, 74]. The suitable stage to interfere AD
formation is the early stage with only AD biomarkers production, without symptoms
of neuronal death and dementia. Nanoparticles modified with A or tau peptide are
applied to target AP in the plasma or CSF and display abnormal deposition or
entanglement of them to boost diagnostic sensitivity and accuracy [75]. For the
strategies of AD, nanomedicine inhibiting superoxide dismutase and glutathione
peroxidase activity, increasing cortex and hippocampus neuronal densities, and
decreasing AP and y-secretase levels have achieved effective therapeutic effects
[34]. Solid lipid nanoparticles loaded with resveratrol are able to remodel soluble
oligomers, and fibrils form into nontoxic form of Af and promote clearance of Af
[29]. PLGA nanoparticles loaded with curcumin have the ability of reducing the
expression of cytokines and chemokines induced by AP and decreasing cognitive
deficits [76]. Lipid nanoparticles loaded with catechins are applied to increase
a-secretase activity and reduce [-secretase activity [77]. Tetrahedral DNA
nanostructures have potential of preventing the damage caused by AP deposition
by activating the ERK1/2 pathway [78]. Recently, chitosan nanoparticles combining
with AP peptide fragments have dual ability for capturing and clearing Af and rescue
memory deficits successfully (Fig. 1.4) [79, 80].

1.3.1.2 PD

PD is a long-term chronic disease that alters cortico-basal ganglia-thalamic circuitry.
It is reported that PD affects people over 65 years old by about 3% and ranks only
second to AD [69]. At early stage, P-oxidation deficiency causes long-chain
acylcarnitine decrease [80], and presynaptic protein a-synuclein in intracellular
fibers increases gradually [81]. Then, degeneration of dopamine neurons in the
midbrain substantia nigra leads to quiescent tremor, bradykinesia, and muscle
stiffness [82]. The current program is efforted to evaluate dopamine levels in the
brain and stimulate central dopamine receptors. However, there is little evidence to
show that dopamine prodrugs and levodopa would help to alleviate dopamine
neuron degeneration. In addition, such medical treatment has also been reported to
cause kinds of side effects including arrhythmia, gastrointestinal discomfort,
extreme emotional changes, etc. The neuroprotective tests to date have not clearly
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established a drug that is able to delay or prevent the progression of the disease. The
lack of effective biomarkers, the secondary hallucination and delusion effects of
drugs, and the resistance of BBB limit the diagnosis and treatment of PD. Therefore,
the monitor of a-synuclein and active dopamine neurons and the efficient vectors for
carrying therapeutic agents to target sites have been considered as three crucial
strategies of nanomedicines for diagnostic improvements. Concurrent strategies of
nanomedicine treatments, including targeting dopamine deficiency, caspase-3 acti-
vation, o-synuclein accumulation, oxidative stress, mitochondrial dysfunction,
inflammation, and growth factor supplementation, present a wide range of possibil-
ities for PD therapy. For dopamine deficiency, ZnO nanowire arrays provide great
clinical potential for PD diagnosis by selective dopamine detection [83]. Zn/Al
layered organic-inorganic nanocomposite incorporating levodopa prolongs the
half-life of levodopa and shows excellent sustained release performance [84]. For
caspase-3 activation, functional silicon dioxide nanoparticles combined with
electrochemiluminescence present a novel approach for the sensitive determination
of caspase-3 activity. Poly-L-lysine nanoparticles encapsulating sShRNAs are able to
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achieve anti-apoptotic and anti-inflammation synergistic therapeutic effects by
downregulating the expression and activation of caspase-3 [85]. For mitochondrial
dysfunction, ubiquinone-QD is able to simulate an electron-transfer system part of
the mitochondrial respiratory chain in the presence of NADH to monitor PD at early
stage [86]. Magnetic Fe;0,4 coated with N-isopropylacrylamide derivative is pre-
pared to interfere with the expression of a-synuclein in neurons effectively to avoid
synaptic transmission disruption and mitochondrial dysfunction [87].

1.3.1.3 Stroke

As the limitation of neuroregeneration in damaged brain area is difficult to over-
come, stroke is the leading cause of long-term disability [88]. With the development
of ischemia, accompanying the increasing immune response, angiogenesis and nerve
growth are severely restricted, resulting in ischemia cavity in the brain [89]. As to the
causes of stroke, about 87% are caused by ischemia, while the rest are caused by
hemorrhage [90]. Lack of blood in the brain causes damage to neurons and neural
circuits, forming ischemic stroke and behavioral disorders. The level of vascular
endothelial growth factor is associated with BBB disruption and brain edema
[89]. Therefore, the difficulty to form intracranial blood vessels is the main hurdle
in the treatment of stroke. At present, the main repair areas for stroke with tissue
repairing technology consist of the adjacent area of the stroke cavity, the area around
the infarction, and the area with strong nerve and vascular plasticity after stroke. The
conventional treatment for ischemic stroke is to clear the thrombus by mechanical
methods and intravenous inject tissue-type plasminogen activator. However, due to
safety concerns, for instance, the risk of cerebral hemorrhage after treatment, patients
using these two methods are much less than expected. Recently, nanomedicines are
applied to eliminate free radical scavengers, reduce free radical scavengers, dissolve
fibrin plaques, and provide neuroprotective factors. Retinoic acid, an active metab-
olite of vitamin A, plays an important role in immune tolerance that consists of
regulating the transcription of target genes, participating in the plasticity and regen-
eration of the nervous system, and regulating the formation of cognition and
behavior. Before permanent ischemic injury appears, retinoic acid-loaded polymeric
nanoparticles are able to normalize ischemia-altered NO and ROS produced by
human endothelial cells and enhance neurogenesis in vivo by promoting human
endothelial cell survival and proliferation [91]. In the process of thrombosis, PEG
nanoparticle conjugated recombinant tissue plasminogen activator (rtPA) prolongs
the half-life of rtPA and decreases infarct volume [92]. After the development of
ischemic stroke, ceria nanoparticles as antioxidant prevent free radical proliferating
in early stage of acute cerebral ischemia-reperfusion and then avoid the primary
injury from ischemic stroke [93]. Solid polymer nanoparticles packaged SOD as
nanozyme reduce the volume of infarct areas in rodent models of stroke by over 50%
compared with free enzyme [94]. The sensor consists of magnetic disks and
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swellable hydrogel with high sensitivity responded to pH has the ability of decreas-
ing the severity of ischemic stroke by brain tissue improvement, BBB protection,
and neurotoxicity reduction (Fig. 1.5) [95]. Platelet membrane-derived biomimetic
nanobubbles not only serve as a sensor to monitor the dynamic development of
stroke by real-time contrast-enhanced ultrasound imaging but also have the ability of
accurate targeting and microvascular bio-remodeling in the lesion [96].
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1.3.14 MS

MS is a classic tissue-specific chronic T cell-mediated autoimmune disease
[97]. Autoimmune diseases are characterized by loss of tolerance to autoantigens
in immune system, which leads to autoimmune cells attacking the body. T lympho-
cyte plays an important role in the pathogenesis of many autoimmune diseases,
which loses their self-tolerance and their ability to distinguish between self and
nonself when suffered autoimmune diseases, leading to organ and tissue damage. A
variety of factors are able to induce MS, including genetic predisposition and
environmental factors (e.g., viral infections) [98]. The formation of multifocal
plaques in CNS caused by the disruption of BBB is a typical pathologic feature of
MS [99], which results in the inflammatory injury of myelin and axon [100]. The
strategies of MS therapy mainly consist of two aspects, the first is to develop novel
drugs inducing T cell differentiates to regulatory T cells successfully and the second
is to protect BBB from being attacked [101, 102]. However, many current treatments
for MS are broad-spectrum immunosuppressive agents that target a variety of
immune cells or inflammatory mediators, which induce a wide range of severe
side effects, including lymphopenia, acute renal failure, and cancer [103]. It is
worth noting that nanotherapeutics to induce tolerance to myelin antigen is an
effective way to regulate the activity of effector T cells [104, 105]. Poly (lactic-co-
glycolic acid) nanoparticles as antigen carriers are capable of inducing robust
tolerance in the MS mouse model with minimal inflammatory cell infiltration,
inflammatory cytokine production, and demyelination [101]. For these two diagnos-
tic strategies of MS, CSF examination is limited by the risk of complicated operation
accompanying lumbar puncture, and MRI of the brain or spinal cord is limited by the
accuracy to differentiate MS and the other CNS disease. Nanomaterial-based sensors
array combined with artificial neural networks analyses are used to confirm MS by
detecting the level of sulfur dioxide [106]. Except for that, SPIONs combined with
MRI have the ability to demonstrate immune cells infiltration in MS lesions accu-
rately, thus detecting MS rapidly and efficiently [107].

1.3.1.5 Glioblastoma

Glioblastoma represents aggressive primary malignant brain tumor with poor prog-
nosis, high recurrence, and heavy mortality rate [108]. The vessels in tumors are
abnormal in structure and function, which results in a hostile microenvironment with
low oxygen tension and high interstitial fluid pressure [109]. Besides, the activity of
mitotic, microvascular, and tumor growth factor receptors also shows abnormal
condition in glioblastoma [110, 111]. Traditional surgical resection is the first-line
treatment of glioma patients. However, the strong invasiveness of glioma cells
makes patients require adjuvant chemotherapy after surgery, which limited the
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clinical improvement of glioblastoma. The limitations of BBB and the blood-tumor
barrier also hinder the efficacy of drugs [112]. Although immunotherapies are
developed to treat various tumors, the transformation to brain tumors is still a distinct
challenge [111]. Epidermal growth factor receptor (EGFR) is frequently
overexpressed in many gliomas and results in the aberrant activities of underlying
molecular signaling pathway [113]. EGFR and the mutant EGFRVIII are major focal
points in current concepts of glioblastoma therapy; nevertheless, a single target-
specific agent of EGFR- or EGFRVIII-specific treatment for glioma patients fre-
quently does not produce the desired results [114]. At present, MRI is a standard and
ossified method for diagnosis and monitoring of brain tumors. The photothermal
effect of magnetic nanoparticles accompanying with MRI affects the microenviron-
ment brain tumors positively. Except for the photothermal treatment of glioblastoma,
nanomedicine mainly aims at increasing cell uptake and autophagy activity to reduce
the migration and invasion of glioma cells [115]. The ability of magnetic absorption
makes SPIONs overcome the intracellular and extracellular barriers and increase the
concentration of drugs in glioma cells locally. The ability of targeting objective area
makes nanoparticles deliver drugs to glioma cell selectively to increase the thera-
peutic index and tumor retention of drugs and avoid drug resistance [116, 117]. Last
but not the least, the low intrinsic cytotoxicity and biodegradability of nanomaterials
further reduce the side effects of chemotherapy [118].

1.3.2 Psychiatric Disease

Psychiatric disease is associated with genetic variation and often accompanies with
the progress of neurological disease, for example, depression is often detected in PD
or AD patients [119]. The inducement of psychiatric disease is complicated, includ-
ing social pressure, personal stress, and psychological stress. The neurogenesis,
synaptic plasticity, and dendritic germination of dentate gyrus in the brain reduce
gradually accompanying with psychiatric disease. The harm of psychiatric disease is
the erosion of normal social function. The social burden of numerous patients
accounts for 7.1% of the total disease burden [120]. The main symptoms of
psychiatric disease include disturbance of consciousness, movement disorder, lan-
guage and speech disorders, cognitive dysfunction, and affective disorder. However,
the preferred orally dosed pharmacological treatment options available for psychi-
atric disease are often limited by factors such as low drug aqueous solubility, food
effects, high hepatic first-pass metabolism effects, and short drug half-lives.
Nanomedicines for psychiatric disease not only have the potential to solve these
problems but also enhance oral bioavailability of drugs. On the other hand,
nanomaterials are also able to diagnose psychiatric disease by neurotransmitter
detection (e.g., dopamine, epinephrine, and norepinephrine).
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1.3.2.1 Depression

Depression is a widespread and devastating multifactor relating emotional disorder,
which poses a serious physical and psychological burden on patients and their
families. The related genetic, endocrine, and environmental factors are reported to
impact on the progression of depression and lead to individual susceptibility
[121]. Research has shown that depression often correlates with inflammatory
reaction [122], accompanying with a decrease in norepinephrine activity, serotonin
activity, dopamine activity, and dopamine fB-hydroxylase activity [123]. Typical
antidepressants are mainly for neurotrophic factor regulation, monoamine neuro-
transmission, and neurologic disorders. Treatment takes weeks or months and even
years to relieve depressive symptoms, but severe side effects including acute nausea,
sexual dysfunction, and weight gain limit their clinic applications [124]. Hence, it is
urgently necessary to conduct kinds of nano-delivery systems for identifying novel
therapeutic targets to combine with drugs efficiently and then treat depression
effectively by the increasing enzymes and hormones. The immune system is a
potential target of nanomedicine. Nanomaterials loading biologics target individual
cytokines specifically and effectively in depressive symptoms without off-target
effects. For example, curcumin and dexanabinol-loaded solid lipid nanoparticles
prevent corticosterone-induced BDNF/NeuN expression reduction to exert
neuroprotective effects [125].

1.3.2.2 Schizophrenia

Schizophrenia is another psychiatric disease with high morbidity and mortality,
which characterized by hallucinations and confusion of thought at present. Schizo-
phrenia patients are inconsistent with the environment from the following aspects:
the language, perception, thinking, social activity disorder, and mental activity. The
substantial disability associated with this disease, coupled with its early onset and
chronicity, imposes a huge burden on patients. Owing to the positive symptoms of
schizophrenia may be related to hyperdopaminergic status, existing neuroinhibitors
mainly act on dopamine receptor 2, which is highly expressed in the basal ganglia
and is effective in reducing positive symptoms in many patients [126]. Therefore, the
key to treat schizophrenia is to identify abnormalities in the brain, such as the
decrease of apolipoprotein Al in peripheral tissues and the brain [117]. The turn-
on fluorescent dopamine sensing based on in situ synthesized polydopamine
nanoparticles is very promising for detection of dopamine-related diseases.
Aripiprazole, haloperidol, olanzapine, loxapine, remoxipride, risperidone, and
paliperidone have been demonstrated to be effective for the treatment of positive
and negative symptoms. However, these antipsychotics are insoluble in water, which
makes it very difficult to incorporate them in pharmaceutical products. Nanoparticles
encapsulated by antipsychotics have been demonstrated to be a successful produc-
tion avoiding food influences [61]. PEG-PLGA nanoparticles loaded with
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haloperidol and solid lipid nanoparticles encapsulated by olanzapine exhibit good
physical stability and great occlusive effect and reduce the side effects associated
with antipsychotics [127].

1.3.2.3 Other Psychiatric Disease

Except for above applications, there are also important advances of nanomedicine in
improving other psychiatric diseases. Electro-responsive hydrogel nanoparticles
facilitate the delivery of the antiepileptic drug and overcome drug resistance and
disease recurrence after reduction in medication comparing with traditional
antiepileptic drugs [128]. Superparamagnetic nanoparticles promote the resection
of epileptic foci by MRI, and the combination of interleukin-1 (IL-1p) makes it not
only an accurate brain mapping technique but an effective drug delivery system
[129, 130]. Mesoporous silica nanoparticles, liposomes, and polymer nanoparticles
coated with drugs enhance analgesic effects and increase the overall effectiveness of
the drug [131]. “Chemical-pain sensor” based on nanovesicle immobilized on
single-walled carbon nanotube is able to detect chemical pain stimuli, which over-
come poor sensitivity and selectivity of previous chemical pain stimuli sensors
[132]. It is so exciting that using gold nanoparticles to deliver CRISPR DNA into
the brain to edit the genes responsible for autism not only controls the release of
CRISPR DNA but decreases the off-targeted effects of CRISPR system (Fig. 1.6)
[133]. Although the experiment is carried out mainly in mice, the great development
makes it possible to replace the micromolecule drug and cure autism spectrum
disorder.

1.4 Conclusion and Perspective

This chapter introduces the advantages of nanomedicine in neuropsychiatric disor-
ders systematically, including (1) achieving precise targeting and delivery; (2) eval-
uating efficiently therapeutic effects; and (3) bypassing the limitation of biological
barriers. These advantages are particularly important in the treatment of brain
diseases. Further elaboration, the occurrence of inflammation and the damage of
neuron are two important factors in the development of brain diseases. The diversity,
controllability, and easy pass through of the blood-brain barrier of nanomedicine
have brought new opportunities for the treatment of brain diseases. Currently, many
nanomedicines have been tested in the treatment of brain diseases. The development
of nanomedicine makes the materials compatible and promotes nanotechnology
close to the clinical applications. Despite the advancements described in this chapter,
there are still some challenges to be addressed. The problems of target specificity,
instability, and dispersibility in the body of nanomedicine are still difficult to achieve
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Fig. 1.6 mGluR5-CRISPR successfully promotes mGluR5 gene editing in the striatum of wild-
type and Fmrl knockout mice. (a) Upper: schematic of the injection process for mGluR5-CRISPR
into the striatum of wild-type (WT) and Fmr1 knockout (KO) mice. Saline or mGluR5-CRISPR was
injected into the striatum (bregma: 0.26 mm, three injection sites per hemisphere are indicated as
blue dots, 0.4 mm interval) of WT or Fmrl KO mice. Lower: schematic of the target sequences of
Cas9 RNPs and the protospacer adjacent motif (PAM) for GrmS knockout. (b) RNA was extracted
from the saline-injected control side (control) or from the mGIuR5-CRISPR-injected side
(mGluRS5-CRISPR) of WT or Fmrl KO mice 11 weeks after stereotaxic injections. (c) Left:
immunostaining of mGIluR5 (cyan) 5 weeks after stereotaxic injection of saline (control) or
mGluR5-CRISPR into the striatum of WT or Fmr1 KO mice. Scale bar, 100 pm. Right: the number
of mGluR5+ cells in WT control, WT mGIuR5-CRISPR, Fmr1 KO control, and Fmrl KO mGluRS5-
CRISPR groups is counted and normalized to the number of DAPI+ cells. Copyright 2018 The
Author(s)

mGRS" cells (%)

Fimrl KO

optimal therapeutic effects in practical applications for treating brain diseases.
Serious studies are urgently needed in this area for the translation from preclinical
to specific clinical applications.

Although many nanomedicines have been studied for the treatment of neurolog-
ical diseases, there are still many challenges to be taken up for clinical treatments as
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follows: (1) the balance between toxicity and drug efficacy of nanomedicine; (2) the
precise targeting of nanomedicine in vivo and the effective diffusion at the site of
action requiring continued research; (3) the combined application of nanomaterials
between diagnosis and treatment; and (4) the intrinsic activities and accompanying
applications of nanomaterials that deserve further exploration. In view of the expo-
nential growth of nanomedicine in neuropsychiatric disease, other innovative tools
will emerge in the future to enable early diagnosis and efficient treatment of
neuropsychiatric diseases. These outcomes would further broaden the applications
of nanomaterials in neuropsychiatric disease. Under the guidance of innovative
multifunctional nanomaterials, the diagnosis and treatment of neuropsychiatric dis-
ease could be more effectively and accurately carried out.
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Chapter 2 ®)
The Strategies of Nanomaterials e
for Traversing Blood-Brain Barrier

Mohd Ahmar Rauf, Fawad Ur Rehman, Meng Zheng, and Bingyang Shi

Abstract Central nervous system (CNS) ailments establish an arrangement of
difficult neurotic conditions concerning identification and therapeutics. For the
more significant part of these clusters, there is an absence of an early determination,
biomarkers to permit legitimate follow-up of infection movement and powerful,
effective methodologies to permit a diligent fix.

The engraved prognosis and diagnosis of neurodegenerative disease at advanced
stages and in older people are recognized as serious health concern worldwide,
especially interminable age-related neurodegenerative malfunctions that are
reflected as general well-being issues.

The principal issue related to the management of CNS infections is owed, in any
event to some degree, to specific qualities of the brain and spinal cord, when
contrasted with peripheral organs. In such manner, the CNS is physically and
synthetically secured by the blood-brain barrier (BBB) that is responsible for the
maintenance of brain’s homeostasis and substantially limits the movement of most
therapeutics to the brain parenchyma. Different methodologies for the therapeutics
were developed and modified for transposing the BBB and expecting to treat brain
disorders, without meddling with the regular functioning of the brain.

In the present chapter, we will try to harness the most recent advances in neurode-
generative diseases amelioration approaches based on distinctive drug delivery systems
via nanoscale materials, exosomes, and RNAI (i.e., siRNA, etc.) based frameworks.

Key Points

1. The nanobiotechnology assumes an encouraging job while delivering the thera-
peutics across the blood-brain barrier (BBB) that is considered to be a noteworthy
snag to remedial delivery for CNS issue.

2. Attractive attributes of the perfect strategy for remedial delivery over the BBB are
depicted in this study. It should allow specific targated medication conveyance
without harming the BBB.

3. Polymeric NPs had shown the most positive results among the large number of
nanoparticles for the convergence of the BBB.
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4. Diffrent modes of drug delivery vehicles were employed for crossing the BBB,
like modifying NPs for improving specific targeting, viz., Trojan steed approach,
and employment of peptide-NP conjugates and also two industrial innovations:
LipoBridge™ and G-Technology®.

. Targeting of siRNA employing exosomes.

6. The important part of employing nanotechnology for the treatment of CNS
maladies is that in addition to the delivery of therapeutics to the brain, it also
allowed its trackings and empowers imaging and therapy of brain tumors.

7. In the coming age, there will be an improvement in the nanotechnology for CNS
issues.

9,1

Keywords Blood-brain barrier (BBB) - Central nervous system (CNS) -
Nanoparticles (NPs) - Alzheimer disease (AD) - Parkinson disease (PD) -
Polyethylene glycol (PEG) - siRNA

2.1 Introduction

The blood-brain barrier (BBB) is a dynamic limit that maintains the central nervous
system physiology and prevents undesired substances and pathogens [1]. It is
additionally the most important boundary hindering medication transport into the
cerebrum using the blood flow. In some pathologies of the brain (e.g., tumors, stroke,
and neurodegenerative disorders), the BBB is adjusted and turns out to be progres-
sively porous permitting the section of particles that can incite fiery reactions and
neuronal harm [2]. In spite of understanding the functional physiology and anatomic
structures, the insight of the cell receptors expressed continuous therapeutic innova-
tions and nanotechnology-based methodologies. Even after a development of good
innovations and methods, the treatments of a significant number of the CNS-related
ailments remains a challenge [3-5]. This is not because there is an absence of
effective therapeutics but rather the failure of numerous drug species to cross the
BBB, blood-cerebrospinal fluid barrier (BCSFB), or other particular CNS obstruc-
tions to achieve accumulation in the specific regions of the brain [6—8]. Predetermined
process in conveying therapeutics to the brain or CNS in understanding the physiol-
ogy of BBB, its porousness under various neurotic or malady conditions, and its
reaction to physical and synthetic stimuli, and the different transport receptors at the
BBB. Several approaches have been made to deliver therapeutic agents to the brain
across the BBB. However, none of them have yet been successful for clinical
translation [9—12]. In the present chapter, we have tried to explain different method-
ologies employed to achieve the effective delivery of the therapeutics to the brain
region by bypassing the BBB through different modes.

Nanoparticles (NPs) are viewed as a standout among the most favorable and
flexible mode of drug delivery that reaches to inaccessible regions of the brain and
effectively delivers the therapeutics into the damaged regions for a specific delivery.
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A few NPs have shown their viability in crossing the BBB when their surface is
improved with some ligands or surfactants. Considering this, it is imperative to
comprehend BBB adjustments in pathology to exploit these characteristics to grow
novel and inventive NPs that have the capability of effectively focusing on harmed
regions of the brain.
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2.2 BBB Structure and Passage Mechanism

The vasculature of the central nervous system (CNS) is described by the presence of
the BBB, which can be observed as both an anatomical and physiological phenom-
ena. The BBB is considered to be the essential protecting mechanisms of our
central nervous system (CNS). It selectively moderates the entry of substances into
the brain region and permits the entry of only particular molecules to pass through
the capillary endothelial membrane while constraining the movements of noxious
agents and thus allowed the precise control of the brain’s homeostasis. However, this
protection mechanism is also a substantial impediment for the duration of diseased
conditions because it dramatically blocks the conveyance of therapeutics to the brain
in different hazardous degenerative CNS pathologies like Alzheimer’s sickness,
Parkinson’s illness, cerebrum tumors, and other neurological disorders [13—16].
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Fig. 2.1A Composition and principle adjustments found in neurotic conditions of blood-brain
barrier (BBB). The BBB is chiefly made out of vascular endothelial cells, exceedingly associated by
adherents and tight intersections (TJs) and a meager layer of pericytes. The basement membrane and
a layer of astrocyte endfeet forms encompass the endothelium. Neurons and surveying microglia are
additionally imperative go-betweens of BBB integrity in pathophysiological conditions

The BBB is primarily made up of tightly associated endothelial cells of the brain
capillaries along with an intermittent layer of pericytes. The BBB cellular engineer-
ing and their adjustments in an orthodox manner are portrayed in Figs. 2.1A and
2.1B. The endothelium of the cerebrum has the unique property to keep the BBB
integrity, transendothelial cellular transport, and angiogenic capacity to permit
revascularization when required [13, 17]. The endothelial region of the brain cells
express categorical proteins, to be specific tight junctions (TJs) and adhering junctions
(AJs), which ensure the integral nature of BBB [1]. TJs are comprised of transmem-
brane and cytoplasmic proteins that incorporate claudins, occludin, junction adhesion
molecules (JAMs), zonula occludens (ZO), and auxiliary proteins. Although there is a
solid framework that keeps endothelial cells firmly associated, still the BBB can permit
entry of a specific cell type and molecules to the cerebrum [18, 19].

The module of access between endothelial cells exists as paracellular and is used
for particles and solutes that rely upon an inclination of fixation. The entry happen-
ing through endothelial cells is named transcellular, and the harmony between
paracellular and transcellular transport is definitive to characterize the level of
porousness in a solid BBB [20]. The transcellular pathway happens much of the
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Fig. 2.1B In pathological conditions, a few BBB adjustments happened that ended up in expanded
penetrability. Large network of metalloproteinase (MMP) action and higher reactive oxygen species
(ROS) and nitric oxide levels (got from endothelial cells, by means of endothelial nitric oxide
synthase (eNOS), or from microglia/macrophage cells, by means of inducible NOS (iNOS))
alongside arrival of cytokines and chemokines by initiated microglia/macrophages lead to basement
membrane disruption, and TJ disturbance (specifically in occludin, zonula occludens (ZO)-1, and
claudin 5 integrity) leads to an inflammatory reaction. Finally, these associated abruptions ended up
in neurodegeneration

time with aloof dissemination of lipophilic atoms, which happens through specific
receptors to transport molecules like CO2 [21-23]. Proteins and peptides that are
hydrophilic are transported through receptor molecules, for example, for glucose
uptake, there is glucose transporter-1 (GLUT-1) [24, 25].

Different types of transport take place using the arrangement of cell invaginations
known as caveolae. These structures frame vesicles around the atom permitting the
vehicle in or out of the brain cavity. As mentioned in the above segments,
transcytosis components happening at BBB endothelial cells which are in effect at
present are investigated as a route for transporting remedial medications into the
cerebrum (Figs. 2.1A and 2.1B). In any case, the conveyance of a few of these
medications to the brain parenchyma may likewise be diminished by ATP-binding
cassette transporters (ABCs), which are dynamic efflux pumps that transport the
neurotoxic lipid solvent particles or other pharmaceutic medications into the blood
[26, 27]. More profound learning in regard to the systems of entry over this
exceedingly specific obstruction will encourage the advancement of innovative
procedures for the conveyance of therapeutics.
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Table 2.1 Different nanoparticles employed to cross BBB
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Strategies employed

Advantages

Disadvantages

Brain permeability
enhancer

Transiently open BBB

Specific for few molecules

Delivery through perme-
able BBB under malig-
nancy or faulty conditions

Can cross BBB

Limited excess of specific
molecules, random, may lead
to erogenous delivery

Non-invasive techniques

Bypass BBB through nasal
administration, can open BBB and
decrease efflux transporters

Toxic and suitable for dosage
only

Nanoparticles

Active targeting, passive targeting,
SiRNA, specific receptors, load-
ing, imaging

Crossing the BBB and lim-
ited toxicity

Viral vectors

High gene transfection efficiency

Safety concerns

Exosomes

Gene delivery and specific
targeting with specific receptors

Donor cells, loading issues,
requirement of high dosage

2.3 Different Strategies for Targeting of Drugs to the Brain

The diffusion of medications from the blood into the brain cavity depends for the
most part upon the capacity of the biologically active molecule to traverse lipid
membranes. In this manner, various medications don’t have sufficient physicochem-
ical qualities, for example, high lipid dissolvability, small atomic size, and positive
charge which are essential to prevail with regard to the crossing of BBB. These
limitations lead to the motivation behind why numerous strategies have been
developed to cross the BBB, including intrusive and non-obtrusive methods
(Table 2.1).

2.4 Convection-Enhanced Delivery (CED)

Convection-enhanced delivery (CED) has been considered as an encouraging strat-
egy for delivering the therapeutics over BBB. It depends on the technique of positive
pressure and persistent implantation arrangement over hours to days to keep a
consistent pressure slope and advance interstitial liquid convection, as a supplement
to osmotic impacts. It improves the dispersion of small molecules, macromolecules,
macromolecular proteins, and different medications, making it a suitable drug
delivery mode to cross the BBB. It has been seen that nanoliposomal irinotecan
together with radiation therapy showed synergism with more prominent survival
rates than the irinotecan or radiation alone or radiotherapy with vascularly regulated
irinotecan. Several clinical trials and studies on model animals using this strategy
uncovered that it might need further improvement before it is used securely in people
[27-29].
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“Nose to brain delivery direct route”

Fig. 2.2 Delivery of the drug through the nasal cavity

2.5 Intranasal Delivery to Bypass BBB

Drug delivery through intranasal route is considered to be a positive one as it is
categorized with the quality of usability, rapid absorption, quick beginning, and
non-ruinous and non-intrusive method. This method has turned out to be a standout
among the most famous strategies in drug delivery. To bypass the BBB, the drugs can
be passed to the cerebral spinal liquid or the cerebrum through the olfactory mucosa,
along with the connective tissue around the olfactory nerve package or axons of
olfactory neurons (Fig. 2.2). A large number of peptides, proteins, and drug molecules
can be transported into the cerebrum using the intranasal mode of delivery. Amphi-
philic methacrylic copolymer-functionalized poly(epsilon-caprolactone) nanocapsules
were proposed by Fonseca et al. that comprise of a much-stick structure to pass on
olanzapine through the intranasal association. Studies revealed that these nanocapsules
could interface with mucin and nasal mucosa and augment the support of olanzapine
(about 40%) on the nasal mucosa after steady washing. The outcome demonstrates that
the nanocapsules improved the measure of olanzapine in the rodents’ brain (1.5 higher
fold comparing to the free form of the drug). Further, olanzapine nanoform did not
influence the nasal mucosa uprightness after rehashed portions. The above mentioned
information exhibited that the synthesized nanoformulation is a promising framework
for nose-to-cerebrum the drugs delivery [30-32].

Intranasal conveyance is restricted, be that as it may by medication portion and
physical and concoction properties. The surface zone of the olfactory area of the nasal
epithelium is about half in rat and just 5% in human. Along these lines, the intranasal
conveyance isn’t anticipated that would accomplish therapeutic medication levels in
brain regions. Kozlovskaya et al. broke down the accessible quantitative information
on intranasal conveyance to uncover the effectiveness of cerebrum tranquilize
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conveyance and focus on various sorts of nasally managed conveyance systems.
Results showed that proficiency of intranasal transport varies drastically between the
examinations and does not relate with the medication’s physicochemical properties.

2.6 Employment of NPs for Drug Delivery into the Brain

An alternative approach is the employment of nanotechnology to deliver therapeu-
tics to the brain. Nanomedicine has lately emerged as a promising field for innova-
tive and practical strategies to cross the BBB and target lethal diseases. The benefit
of developing nanoparticles for drug delivery results from their two fundamental
properties. Firstly, because of their miniature size, nanoparticles infiltrate into even
little vessels and are taken up inside cells, permitting a useful drug accretion at the
targeted sites, and the utilization of biodegradable materials for nanoparticle synthe-
sis supports sustained release of the chemotherapeutics at the targeting sites over a
more extended period.

A large variety of polymer-based nanoparticles can be synthesized like
polyethylenimine (PEI), poly(alkyl cyanoacrylates), polyamidoamine dendrimers
(PAMAM), poly(e-caprolactone) (PCL), polylactic-co-glycolic acid (PLGA), poly-
esters (polylactic acid) (PLA), or inorganic NPs from inorganic materials, for
instance, gold and silicon dioxide (silica), among others (Table 2.1) (Fig. 2.3).
These bearers can transport therapeutics to the affected organs either by ensnaring,
adsorbing, or covalently connecting to them [33-35]. The NPs having an inorganic
origin offer focal points over polymer-based NPs as they have authority over their
size and shape and straightforwardness of arranging and surface modifications.
Specifically, the metallic NPs are facile to track by conventional microscopy in
vogue (e.g., MRI, TEM, or ICP-MS). Even though the metallic NPs displayed positive
things, these NPs possess undesirable effects, viz., excretion through the kidneys or
their degradation, which may exhibit undesired noxious condition (e.g., carbon
nanotubes and fullerenes may provoke lipid peroxidation and oxygen radical
development).

The NPs acquired from regular sources like for proteins (gelatin and albumin) or
polysaccharides (chitosan and alginate), amino acids (poly(lysine), and poly(aspartic
acid) (PASA) have an edge over other NPs, as they provide biological signals to
interact with specific receptors/transporters expressed by endothelial cells.

The utilization of NPs to convey medications across BBB may give a preferred
critical standpoint over the conventional modalities. As opposed to techniques for
constrained drug delivery, NPs can be transported over the BBB via different
carriers, additionally alluded to as nanocarriers, without harming BBB [7]. The
essential favorable position of NP bearer innovation is that NPs make up for the
BBB-constraining attributes of the restorative medication atom. Moreover, this
framework may moderate medication discharge in the brain, consequently
diminishing peripheral lethality. Certain factors that influence the drug delivery
across the BBB are polymer conjugation or surfactant coating. Some NPs have



2 The Strategies of Nanomaterials for Traversing Blood-Brain Barrier 37

Liposomes Micelles Polymeric

A
) &

Exosomes

Hydrogel

Gold NPs

Fig. 2.3 Different kinds of nanoparticles to cross BBB

been utilized for drug delivery, which were coated with allogeneic components of
the body, i.e., cell membranes. However, their clinical applications for BBB amia-
bility remain a challenge. Doxorubicin, an anticancer drug, has been shown to be
effectively transported into the brain employing NP approach. A large portion of the
methodologies portrayed for the passage of medications through the BBB can be
improved by nanotechnology. The main features of nanoscale materials include:

1. NPs empower the drugs to enter the BBB through opening the tight intersections
between endothelial cells.

2. The NPs undergo transcyotosis and cross the BBB through endothelial cells layer.

3. Coatings employed for NPs, for example, polysorbates, hinder the transmem-
brane efflux frameworks (i.e., P-glycoprotein).

2.7 Aspects Affecting the Entry of NPs over the BBB

There are a couple of factors that influence the productivity of NP fundamental
course, BBB segment, and cell movement. A few examinations exhibited a steady
relationship between the penetration of BBB and the size of the NPs and BBB
(Fig. 2.3). In a precise manner, the NPs being in size range of 50 to 100 nm showed
maximum activity and uptake in tumor models, stroke, AD, or PD models. The
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movements and cellular uptake of the NPs showed a relationship with NP structure
and its surface variability [36—38]. Structure of Nanoparticles may vary from round,
cube, to rods, etc. (Fig. 2.3).

Most by far of the examinations have been performed with circular formed NPs
since they are commonly easy to synthesize. A number of in vitro investigations
have revealed that nanorod surface modified with specific proteins or antibodies has
a higher inclination than their round- or cube-shaped nanoparticles counterparts. In
particular, transferrin receptor-modified polystyrene NPs having a rod shape
(501 £ 43.6 x 123.6 £ 13.3 nm) had displayed seven times more efficacy when
contrasted with their round-shaped NP under in vivo conditions (200 £ 0.01 nm).

Additionally, one more factor that limits the entry of nanoformulations over BBB
is their zeta potential. Studies have shown that the NPs bearing higher zeta potential
cause brisk destructiveness to the BBB [39]. Along these lines, a vast segment of the
NP depicted that for brain transport, they should have moderate to high negative zeta
potential ((between —1 and —15 mV) [40-43] or (between —15 and —45 mV))
[36, 37]. However, in some cases, NPs bearing moderate (up to 15 mV) or high
positive zeta potential (more than 15 mV) have also shown the ability to cross the
BBB (Fig. 2.3) [37, 38].

A large number of NPs have been modified with various ligands to encourage
BBB entrance. These kinds can be assembled into four distinct groups (Fig. 2.3):
(1) ligands that intervene the adsorption of proteins from the circulatory system that
interface straightforwardly with BBB receptors or transporters [44], (ii) ligands that
have coordinate cooperation fundamentally with BBB receptors or transporters, (iii)
ligands that enhance charge and hydrophobicity [33, 34], and (iv) ligands that
enhance blood flow rate (e.g., PEG) [35, 45].

In the primary case, we can incorporate polysorbate 80 that helps in the adsorp-
tion of apolipoprotein E. The surfactant permits the anchoring of apolipoproteins
whose connection with lipoprotein receptors empowers the intersection of the BBB.
In the second case, we can incorporate a few ligands, like transferrin receptor
(transferrin peptide, transferrin protein, or mAb against transferrin) [41, 42], insulin
receptor [44, 46], GLUT [8, 47], etc. In the third case, NPs modified with amphi-
philic peptide help in the uptake of BBB endothelial cells.

The density of ligand over the NPs depends upon both the NP surface area and the
ligand size. Regularly, the ligand proclivity to its receptor is reduced when conju-
gated to NPs. NP vitality and effectiveness enhanced when a variable amount of
ligands are attached. In any case, NP specificity must be balanced for suitable BBB
transcytosis. It has been exhibited that when high concentrations of transferrin
(100-200 particles of transferrin for every NP) are attached to gold NPs, they remain
attached to brain endothelial cells. Whereas when there is a low concentration of
transferrin (20-30 molecules of transferrin per NP), they can relate efficiently with
the receptor, experience transcytosis, and get moved easily into the parenchymal
region of the brain [34, 41, 42].

At the point when NPs enter a physiological situation, there is quick adsorption of
proteins from the circulatory system to the NP surface framing a protein covering—
the “protein corona” [48, 49]. More than 70 distinct serum proteins have been
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accounted for to adsorb to the surface of gold NPs [50, 51]. The protein corona may
adjust the surface science of the NPs alongside its accumulation state. All the time, it
likewise quickens the blood of the NPs through the reticuloendothelial framework
generally restricted in the spleen and liver [39, 43], which may diminish the NP dose
accessible for brain accumulation.

The most widely recognized approach to address this issue is to utilize particles
with the ability to limit surface fouling to keep up execution and well-being of
materials. In this sense, antifouling properties can be improved by using
PEG-modified NPs. PEGylated NPs present insignificant surface charge prompting
lower NP opsonization and lower reticuloendothelial framework uptake
[52, 53]. Combining NPs with PEG (5 kDa; somewhere in the range of 0.16 and
0.64 PEG particles per nm?) diminishes protein adsorption and backs off the
clearance of the nanomaterials [54, 55]. Additionally, because of its enhanced
blood flow rate, PEGylated NPs gather more effectively in the brain [56, 57]. For
example, polystyrene NPs (200 nm) covered with PEG (5§ kDa; 9 PEG atoms for
each 100 nm2) can cross the BBB. Furthermore, PEG-modified PLGA NPs are
likewise ready to quickly enter the rodent brain ex vivo, compared to bare NPs.

As a whole, a number of factors impact the delivery of NPs through the BBB at
various degrees. The presentation of the NP is a very important factor, and a few
viewpoints, for example, the density of ligand and its effect in NPs transport
through the BBB, are not all around examined. Up until now, NPs conjugated
with ligands ready to interface with BBB receptors at a moderately low thickness
(less avidity) have the best execution. However, take note that the best definitions
directed intravenously convey up to 5% of the underlying portion viably over the
brain. NPs based delivery in brain conveyance enhancement may require frame-
works that objective and cross all the more effectively the BBB yet additionally,
frameworks that are gradually obvious from the circulatory system. As to the last
issue, the surface chemistry and the morphology of the NP have an essential impact
on freedom. It has been shown that in animal trials after IV administration, NPs
bearing zwitterionic charge have a more extended dissemination time, rather than
contrarily and emphatically charged NPs. Also, the small-size NPs are primarily
held in the liver and present a fast leeway rate, comparing to the large-size NPs that
moved to the spleen and have a slow flow rate [43] (Fig. 2.4).

2.8 Different Types of Nanoparticles Employed
to Cross BBB

2.8.1 Liposomes

The second class of drug delivery termed as liposomal Trojan horses involves
liposomal-based delivery of therapeutics. Liposome properties differ significantly
with lipid structure, estimate, surface charge, and the technique for planning.
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Fig. 2.4 Primary highlights of the nanoparticles are impacting the systemic delivery and helping in
intersecting blood-brain barrier (BBB). At the point when atoms, for example, proteins (egg
whites), polysaccharides, chitosan, among others, are utilized for the combination of NPs, these
are known as common polymers. Manufactured NPs can be blended from polymers, for example,
polylactic-co-glycolic acid (PLGA), polyethylenimine (PEI), and polyesters (polylactic acid)
(PLA), or from inorganic materials like gold, silica, silver, and so on. NPs may differ in size
(1-1000 nm) and can convey drugs into cells by either capturing, adsorbing, or covalently holding
them. NPs can expect diverse shapes (circular, cubic, and rod-like) and charges (negative, zwitter-
ionic, and positive)

Miniature liposomes, nanoliposomes, measure 25—-50 nm in breadth. Liposomes are
biocompatible, yet generation costs are high. Liposomes can be utilized in systems
for effective delivery of therapeutics over the BBB. Functionalization of liposomes
with ApoE-determined peptides encourages cell uptake and tranquilizer transport
over a model of the BBB [56, 58, 59]. These vehicles have an exceedingly lipophilic
character and are hence increasingly effective at infiltrating the BBB. The liposomes
might be utilized to convey specialists that can’t cross the BBB to their
intraparenchymal targets and help keep up a controlled arrival of chemotherapy or
quality treatment operators. Liposomal Trojan horse-intervened section over the
BBB was first portrayed in 1980, and from that point forward, it has been broadly
examined for pharmaceutical conveyance. The liposomal Trojan steed’s way to deal
with testing the adequacy of conveyance in treating GBM has been connected in
numerous creature models, for example, canine, rodent, and nonhuman primate
models. Two clinical preliminaries with liposome-stacked doxorubicin for the treat-
ment of strong tumor metastasis and threatening glioma revealed more effective
results than in control treatment, even though, in the glioma trials, the middle in
general survival with the standard of consideration surpassed that of the liposome-
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stacked methodology. We additionally note that a great part of the ongoing exam-
ination into liposomal vehicles has concentrated on its application in siRNNA-based
therapy.

2.8.2 Lipid-Based NPs

Lipid NPs are spherical structures having a size range in nanometers, comprised of a
lipid bilayer and installed with conformationally flawless necessary film proteins. The
lipophilic part of their structure helps in traversing the BBB to enter the cerebrum. A
few potential medications have been employed with solid lipid NPs (SLNs), for the
treatment of CNS ailments [60—62]. SLNs have some limits; however, they have
some advantages over traditional delivery modes: unlike classical bilayer liposomes,
there is no irregular combination between the drug moieties or with different layers.

Surface chemistry can be effortlessly modified with the multivalent ligands for
effective controlled drug delivery. SLNs, around a size of 33—63 nm, and stacked
with the chemotherapeutic idebenone, have been seemed to cross an in vitro model
of the BBB utilizing a transcellular pathway [63, 64]. Molecular Trojan horses, the
antibodies that encourage transcytosis of carrier molecules have been utilized for
imaging in a nonhuman primate demonstrate protein transport was dynamic for
translocating antibodies over the BBB. An investigation by Farrington et al. [57]
included a remedial neutralizer having a recently depicted BBB-transcytosing arm
called FC and a bivalent helpful arm intertwined with the human Fc protein. This
remedial agent expanded the exchange of 2 locally impermeable particles, neuro-
peptide Y and neuropeptide dalargin, 30-overlap over the BBB. The FC5
counteracting agent focuses on the epitopes of the BBB-advanced transporter, and
this focusing encourages receptor-interceded transcytosis. The low-thickness lipo-
protein receptor-related protein-1 was the objective in Phase I clinical preliminary
for intermittent dangerous GBM in which GRN1005, a peptide medicate conjugate
with paclitaxel, yielded adequate outcomes to warrant further examination in Phase
II preliminaries. Different targets likewise have been utilized in atomic Trojan steed
approaches, for example, the transferrin, glutathione, and insulin receptors [65, 66].

However, these technologies are not as specific and, in this manner, less success-
ful at upgrading BBB penetrability. The Trojan horse-based strategy was late
explored for RNA interference through the transferrin receptor focusing on gliomas,
and this approach empowers target-specific treatment.

2.8.3 Polymer-Based Nanocarriers Across the BBB

Polymeric nanoparticles are comprised of natural polymers (e.g., chitosan, gelatin, or
polysaccharides) or engineered polymers (e.g., polyethyleneimine, polycaprolactone).
Some engineered polymers are polyglycolic acid, polylactic acid or their copolymer
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polylactic-co-glycolic acid, etc. It is favorable that the concoction polymer structure
can be effortlessly changed, permitting nanoparticle refinement. At the point when
orchestrated as tediously stretched particles, polymers can likewise frame symmetric,
circular mixes called dendrimers. The cationic polymers due to their ability to asso-
ciate with oligonucleotides electrostatically are considered to be most reliable for
siRNA delivery. A few classes have been proposed concerning nanoparticle-mediated
siRNA delivery, for instance, poly-L-lysine, polyamidoamine dendrimers (PAMAM),
polypropylenimine dendrimers, and polyethyleneimine (PEI) and also more explicitly
structured polymers like poly(p-amino esters) and cationized cyclodextrins. Addition-
ally, in light of anti-amyloidogenic potential, they have likewise been utilized for the
handling of different neurological disorders, for example, AD, PD, and prion infec-
tions [67-72].

The polymeric NPs to be employed for crossing should be biocompatible,
nontoxic, and non-immunogenic. For example, polysorbate 80 covering on the
outside of PBCAs adsorbs ApoB and E, which support their uptake by endothe-
lial cells utilizing receptor-interceded endocytosis and segment over the BBB.
Polymeric NPs have been seemed to ensure transporters for CNS-based medica-
tion conveyance due to their potential both in various loading drugs, thus
protecting them from release and absorption and an appropriation. Polymeric
NPs empower focused delivery of drugs at a precise rate and help in the transport
over the BBB [68, 71].

A couple of polymer-based frameworks for conveying therapeutics over the
BBB using NPs have been examined. For example, leptin sequence, 12-32
(g21) modification on the PLGA NPs, supports their movement over the BBB
into the cerebrum following intravenous organization in mice models, demon-
strating their drug delivery potential [72-74]. These peptides were altered with
the fluorescent labels with the objective that their entrance over the BBB can be
tracked with confocal microscopy in rodent models following intravenous
infusion. As shown by the eventual outcomes of PLGA NPs that were unfit to
cross the BBB at first, they could do like this after the peptide modification.
Nanotechnology-based frameworks for medication development over the BBB
combine two showcased progressions, LipoBridge™ (Genzyme Pharmaceuti-
cals, MA, USA) and G-Technology® (to BBB, Leiden, the Netherlands)
[75, 76].

Another polymer from natural source shrimp shells, chitin, has a couple of
therapeutic applications. Adjustment of chitosan with a particular ligand has a
proclivity for cell surface receptors and permits its uptake into cells through
receptor-mediated endocytosis. Chitosan NPs are known for their ability to support
the transportation of different prescriptions, for instance, insulin, antigens, and
plasmid DNA. For the dynamic conveyance of a medication crosswise over BBB,
chitosan NPs can be adjusted with an assortment of peptides. Their surface can be
changed with PEG to upgrade the plasma circulation time through preventing NP
uptake by the reticuloendothelial system. Monoclonal antibodies (mAbs) against the
Tf receptor were conjugated to NP surface utilizing biotin-streptavidin bonds. The
activation of Tf receptors by the NP-mAb complex affects transcytosis and initiates
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Table 2.2 Characteristics of NPs employed under the in vivo condition

Nature of Size In vivo Pathway
Nanoparticles | material (in nm) | application involved Biocompatibility
Natural Collagen ~15 Drug delivery IV and IA | Non-toxic and
polymers hydrogels biodegradable
Chitosan Antigenic
carrier
Lipid-based Liposomes ~100 Drug delivery Non-toxic
NPs modified with
PEG
Cationic lipids ~100 Genetic v Low toxicity
materials
Solid lipid NPs | ~50-
200
Dendrimers PAMAM G4 5-20 Drug delivery v Non-toxic and
biodegradable
5-20 Genetic 1P
materials
PPIL
glycodendrimers
Synthetic PLGA ~100- | Drug delivery v
polymers 200 and genetic
materials
PBCA ~200
PEI ~50- Genetic 1P Non-toxic and
200 materials biodegradable
Quantum CdSe/ZnS 2-10 Imaging Stereotactic | ROS
dots
Iron and gold | SPIONS <10 Imaging SiRNA | IV Non-toxic
NPs loading
AuNPs

the caspase framework in this manner prompting enactment of caspase-3 inhibitor
to the brain to limit ischemia-induced caspase-3 development and provide
neuroprotection [41, 77] (Table 2.2).

2.9 Employment of Different siRNA-Based Deliveries

In the field of cancer therapeutics, nanomedicine has opened new doors because of
the likelihood of adjusting pharmacokinetics of existing medications and also taking
into consideration the conveyance of drug molecules that are generally not reason-
able as therapeutics. These include several small interfering RNAs because of their
ability for interference in the genome structure and affect the changes at the cellular
level (RNAI) (Fig. 2.5). Since their arrangement explicitness allows the focusing on
specific targets, they offer the possibility to a great extent upgrade effective
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Fig. 2.5 Delivery of siRNA to treat brain diseases. (Image courtesy: Zheng et al. 2018)

alternatives. siRNAs are an essential part of the RNAIi pathway to deal with a few
maladies, and some clinical trials are in advancement; however, still, none of these
include conveyance to the brain.

Nonetheless, because of their chemical nature, siRNAs are inclined to quick
enzymatic (RNAses) and nonenzymatic degradation, and because of their compara-
bly large size and charge, they can’t be promptly taken up by cells and, thus, presents
significant restrictions as to entering the BBB. All in all, the system for siRNA
delivery in the cellular network requires the utilization of potent and methodologies
of protection and distribution, including synthetic adjustments and the usage of
nanoparticle frameworks. For example, an 29-amino acid peptide (RVG) empowers
the trans-vascular delivery of siRNA to the cerebrum. After IV administration into
mice, RVG-9R delivered siRNA to the neuronal cells, bringing about particular
quality quieting inside the brain. Moreover, intravenous treatment with RVG-9R-
bound antiviral siRNA managed vigorous protection against lethal viral encephalitis
in mice. Also, some chemical modifications in the siRNA include incorporating
adjustments and changes of the backbone phosphates (e.g., phosphorothioate), and
nucleotides (e.g., LNA, UNA, 2-OMe) also allowed effective delivery of the siRNA
[78-82].

Beyond these factors, another essential query is the selection of relevant targets,
therefore requiring a more profound comprehension of the biology of the brain
tumor. Further, this may also incorporate the combinational therapies for consoli-
dating siRNA-mediated knockdown with known chemotherapeutic agents for
improved efficacy or for investigating twofold knockdown procedures.

2.9.1 Exosome-Based Delivery

Exosomes are nanovesicles of 40-100 nm size range that have been directed
intravenously for the transport of siRNA into the brain region. This system for
transport avoids uptake by various tissues outside the brain and any ensuing immune
reaction. There is no loss of capability following the reiterated organization of
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centered exosomes. The exosome-based methodology for siRNA conveyance was
given of an impression of being feasible for knockdown of the BACEI gene in mice
models [83, 84].

2.9.2 Employment of Cell-Penetrating Peptides (CPPs)

Cell-penetrating peptides (CPPs) are a general term given for small-size peptides
having cell-entering potential; they are commonly under 30 amino acids, made
transcendently out of the basic amino acids. CPPs help in the entry of small
molecules into the cell, as well as in the macromolecules (multiple times higher
than their subatomic weight, e.g., protein, plasmid, nucleic acids, siRNA,
nanoparticles, liposome, etc.) [85-87]. In the expansion, CPPs have the upsides of
high organic security and minimal effect on normal cells. These highlights of CPPs
make them viable transporters for drug delivery and give another incredible asset
over other treatment regimes. Inferable from the distinctions in the arrangement,
hydrophobicity, and extremity, CPPs can be characterized into three groups: cat-
ionic, antibacterial, and chimeric peptides. When the nanoparticles are associated
with the CPPs, their efficacy can be significantly progressed. Recent studies on
CPP-modified PLGA by Lu et al. revealed that the PLGA NPs modified with CPP
may convey insulin into the brain through the nasal course, showing an aggregate
brain conveyance productivity of 6%. Chaudhary et al. showed that a surface
modification of NPs with CPPs could advance active translocation of drug load
into the cell [88-90].

2.9.3 Other Types of NPs

The different variety of nanoparticle frameworks that have been produced for
systemic or local delivery for in vivo models comprise inorganic nanoparticles,
SNALPS, etc. [12, 91].

SNALPs (stable nucleic acid-lipid nanoparticles) containing a blend of cationic
and fusogenic lipids, covered with diffusible polyethylene glycol, are one case of
nanoparticles mainly intended for the conveyance of siRNAs. Solid lipid
nanoparticles involve a strong lipid center that is stabilized by emulsifiers.

Similarly to that of liposomal nitrogen horse-based delivery, the viral
nanoparticles can also be employed for drug delivery, except the technique for
BBB circumvention includes a simple diffusion from a convection-upgraded con-
veyance, intraventricular or intrathecal source. Analyses in creature models have
demonstrated that nanoparticles improved in vivo dealing of chemotherapy special-
ists, for example, camptothecin, TMZ, doxorubicin, irinotecan, and vincristine, and
furthermore of quality treatment agents.
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Nanoparticle-based methodologies can remarkably serve in focused
thermotherapy, for instance, through stereotactically infusing attractive
nanoparticles and initiating molecule vibration using MRI. This field speaks in a
novel way to deal with the effective delivery of chemotherapy with a guarantee for
future research and clinical preliminaries. The nanoparticle-based has now extended
to incorporate quality treatment as a load. Current investigation has demonstrated
that adenovirus, adeno-related infection, vesicular stomatitis infection, retrovirus,
herpes simplex infection, liposomal Trojan steeds, Semliki Forest infection, and
manufactured nanoparticles would all be able to be utilized as vehicles for BBB
transit. Expansion of quality treatment and variety of diffrent ways to deal and treat
neurological malady has incorporated the utilization of viral vectors for GBM
treatment. Nonetheless, popular vectors, albeit proficient and adaptable by tropism
and replication strategy, are tricky because they may represent a hazard for disas-
trous immunogenic reactions and may not adequately achieve tumor cells that have
dispersed all through the cerebrum parenchyma [92, 93].

The reactions of viral vectors have prompted more noteworthy appropriation of
manufactured delivery systems, as depicted above, for example, liposomal Trojan
gene delivery and nanoparticle-mediated delivery of genes for quality treatment. The
benefits of these engineered delivery systems are that they target tumor cells and can
convey expansive gene loads. Also, a significant number of these conveyance
techniques evoke almost no insusceptible reaction, making them perfect vehicles
for DNA and siRNA delivery [78, 94].

Inorganic nanoparticles are derived from metals, metal oxides/metal sulfides, and
silica. Because of their high surface area to volume proportion, they take into
consideration proficient siRNA stacking by noncovalent epitome or direct conjuga-
tion, and their surface science can be effortlessly altered. Given their exceptional
physical and optical properties, various inorganic nanoparticles can be utilized for
drug delivery and imaging purposes, consequently making them valuable for indic-
ative and remedial purposes. Issues for the long-haul application may incorporate
moderate suspension and nonbiodegradability. On account of siRNA, the extracel-
lular and intracellular (endosomes, lysosomes) security of the payload is of specific
significance, before discharging the siRNA in the right intracellular compartment.
Directed delivery of nanoparticles may enhance the specificity and efficacy of tumor
cells and can be especially critical in glioma treatment as to intersection to the BBB.
The in vitro estimation of nanoparticle properties should consequently be taken with
caution since they may contrast from the real circumstance in vivo, accordingly.
Carbon nanotubes are generally carbon-based nanoparticles for drug delivery com-
prising of at least one layer of graphite tubes (single or multiwalled tubes). As a
result of the enlistment of oxidative pressure and lipid peroxidation, toxicity remains
an issue [94-97].

Hybrid nanomaterials are a mix of inorganic and natural nanomaterials, with the
end goal that they do not just display the profitable properties of the two materials
included, however, can likewise show extra preferences of their own. These hybrid
nanomaterials incorporate advancements, for example, nanoscale metal-organic
frameworks (MOFs), functionalized nanotubes, and nanogels. Lin and collaborators
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Fig. 2.6 Flexible nanoparticles to cross the blood-brain barrier (BBB)

utilized a mesoporous silica-based nanoparticle framework and cadmium sulfide
nanocrystals as removable caps for controlled release of medications and neuro-
transmitters. This molecule framework was observed to be biocompatible and was
utilized to explore neurochemical communications in astrocytes (Fig. 2.6).

2.10 Mechanism of Nanoparticle Route to BBB

The mode of BBB entering framework can be portrayed in dynamic or active and
passive transport courses. The passive system involves the transport of substance
without the use of energy, for instance, straightforward and simple diffusion. The
medications move in tumor cells through the EPR effect [98]. Oppositely, the
dynamic transport involves the carrier intervened transport, which all require the
hydrolysis of adenosine triphosphate (ATP) [99-101].

Additionally, the medication transported inside the cells varies in different NPs
and cellular mechanisms. For example, the small and stereospecific pores in the
active targeting framework confine the delivery of extensive subatomic medications.
Furthermore, the drug transported inside the cells changes in various NPs and cell
instruments. For instance, the little and stereospecific pores in the dynamic focusing
on system limit conveyance of broad subnuclear medications. Rather, most carbon
dots (CDs) have an ultra-little size (1-10 nm) and adaptable surface functionalities
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[59], which would be supportive of the conveyance of substantial drug molecules
using the carrier-mediated transport by covalently conjugating with medications.

The targeted delivery of drug has been intensely grown late, particularly for
disease drugs for brain tumors, including neuroglioma (astrocytoma,
oligodendroglioma, and ependymoma) and meningioma situated outside the BBB
and metastatic injuries (for the most part from lung malignant growth, bosom
malignant growth, dangerous melanoma, renal carcinoma, colon malignant growth,
and different malignancies). A standout among the most encouraging regions of
nanoparticle-mediated delivery is the treatment of brain tumors, utilizing the
improved penetrability and maintenance (EPR) impact. This impact happens in
numerous kinds of tumors that are described by inadequate hyper-vasculature and
a deficient lymphatic seepage system. The size of a nanoparticle is a principal
trademark that decides the detached focusing on medications and biodistribution
inside brain tumors.

Nanoparticles having a size range of 10-100 nm and a hydrophilic surface can
escape from phagocytosis of the reticuloendothelial framework in vivo. They can
course in the veins for a more drawn out time, in this way expanding their shot of
achieving the tumor tissues. The remarkable qualities of tumor tissues additionally
empower nanoparticles to be focused on specifically on the target. The quick
multiplication of tumor cells requires oxygen and supplements provided by
existing and fresh recruit vessels, while the confused development of tumor cells
makes a profoundly sporadic age of tumor angiogenesis. This prompts an
expanding hole between tumor vascular endothelial cells and lymphatic vessels,
called the EPR impact. The quickly developing tumor cells demonstrate a high
metabolic state and need unquestionably more oxygen and supplements than the
tumor itself can give. In this manner, tumor cells create extra vitality by glycolysis,
which can cause fermentation around tumor cells. One of the imperative research
headings of nano-sedate conveyance frameworks is to create nanoparticle-stacked
medications dependent on the acid-base awkwardness of the smaller-scale condi-
tion. Under ordinary nonpartisan pH esteems, nanospheres are steady; however,
when they enter the acidic condition of the tumor tissue, the microspheres will
quicken the crumbling and in this manner rapidly discharge its inward stacked
medications to accomplish a high medication focus in the objective area. Ruan
et al. built up a shrinkable nanocarrier, G-AuNPs-DOX-PEG. In this stage, DOX
and PEG anchors were fastened to the surface of gold nanoparticles using Au-S
bonds. The medication-stacked gold nanoparticles were then covered with gelatin
nanoparticles. The arrival of DOX from G-AuNPs-DOX-PEG happened in a pH-
and time-subordinate way. At pH 5.0, the arrival of DOX was quicker than at high
pH esteem, with the discharge rate of DOX from G-AuNPs-DOX-PEG about
90.9% [85, 102-104].

Receptor-mediated endocytosis is one of the important mechanisms by which
endogenous macromolecules traverse the BBB. Few macromolecular polypeptides
like insulin and transferrin in the blood cross the BBB specifically by the receptor-
mediated transport system. A number of endogenous substances, for example,
ligands, consolidate with specific receptors communicated on the BBB cavity surface
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to shape corpuscles through endocytosis and at that point discharge the ligand by
exocytosis and navigate the BBB to enter the brain tissue. Accordingly, different
relating ligands of receptors are structured and utilized as a transporter to convey
drugs into the brain using the receptor-mediated transport pathway [86, 87, 91].

Similarly one other protein receptor for instance Transferrin receptor (TfR),
which is responsible for the transport of iron, is expressed in the brain vessels and
enables iron transport into the brain by the TfR-mediated transport pathway.
Peptidomimetic mAbs OX26 (to the transferrin receptor) was structured and inter-
faces with the TfR epitope at a non-characteristic TF restricting site, which evades
the opposition of focusing on TF stacked medications with normal ligands; along
these lines it can help distinctive medication atoms through the BBB into the brain.
Studies have demonstrated that intravenous administration of OX26-BDNF causes a
65-70% decrease in stroke volume in mice models [105-107].

Likewise, low-density lipoprotein receptor-related protein-1 (LRP1) and LRP2
ligands are also utilized for drug delivery. The LDL receptor family is also expressed
in BBB and may intervene a progression of substances over BBB through endocy-
tosis, for example, lactoferrin, melanotransferrin, receptor-related protein, and so
on. In the meantime, low-thickness lipoproteins additionally show high articulation
in glioma cells. Angiopep-2, an explicit ligand of LRPI, can intervene in the
framework to infiltrate the BBB and target glioma cells. A large number of studies
have shown that the ANG-conjugated NPs displayed biocompatibility for normal
cells with better cell uptake in U87 cells [108—111].

2.11 Neurotoxicity of the Nanoparticles

A limited knowledge is accessible on the well-being effects of NPs within the size
range of 20 nm as they are discharged from the body, and the concern point is the
effect of NPs of size 50 nm, but they are nontargeted and come in contact with
healthy cells. There are as yet numerous unanswered inquiries regarding the destiny
of NPs in the living body. Given the wide going sizes of NPs and the decent variety
of materials utilized, some of which might be nontoxic, these impacts will shift
incredibly. Modification of NPs with PEG showed potential danger as it can
anticipate communication with body tissues and is utilized securely in a few
pharmaceutical arrangements of NPs with possible poisonous quality which can
counteract connection with body tissues. Some nanomaterials, for example, ceria
NPs and water-dissolvable subordinates of buckminsterfullerene C60, are one of a
kind class of NP with strong cancer prevention properties [112, 113].

However, currently, there is no downright proclamation on the well-being of NPs
(i.e., one can’t state that NPs are safe for human trials). Further examinations need to
be elaborated before getting any convincing information about their neurotoxicity,
albeit no convincing information is accessible.
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2.12 A Future Point of View

In the context of the noteworthy headway in nanomedicine, both research and clinical
applications in various diseases and improvement of protected and convincing tech-
niques for nanobiotechnology-based CNS therapeutics are anticipated in the accompa-
nying 5-10 years. Security and risk issues will be settled, and there will be an improved
appreciation of the part of prescription transport through the BBB. Future examinations
will move the currently limited data of changes in the BBB that occur in various
neurological issues, and these will be contemplated when organizing medications that
are to be passed on over the BBB. A couple of clinical primers will be coordinated to set
up the practicality of current and furthermore new drugs for neurological disperses,
including natural medicines, for instance, quality treatment and siRNAs.

The future accentuation will be on creating drug conveyance frameworks for the
mind that can convey sufficient measures of medications in a controlled way in the light
of requirements. A portion of these will be incorporated with implantable gadgets, for
example, biochips for medication conveyance. Multifunctional NPs will be created as
flexible apparatuses; a few NP definitions will serve both symptomatic and helpful
capacities. These improvements will add to the movement of customized medication.

2.13 Conclusion

The BBB constrains the delivery of medications in the CNS malfunctions. NPs allow
the best vision for the delivery of medications and encourage conveyance through
the BBB without harming it. NPs proposed the likelihood of consolidating findins
with therapeutics. The point of NP details isn’t just the uncontrolled entry of
medications through the BBB yet controlled and focused on conveyance. A large
number of methodologies utilizing nanobiotechnology areas however trial and a
couple has been used in human patients, especially in the management of malignant
tumors. Due to varieties in the cerebral bloodstream and BBB with age and sickness,
any comprehensive strategy for medication conveyance to the cerebrum is probably
not going to be appropriate for all cases.

The benefits of employing nanosize-based delivery of regular medications to treat
CNS illnesses lies in the unending scope of conceivable outcomes to control surface
and auxiliary properties of these nanosystems so as to (i) make them skillful to target
infected cells, saving the solid ones; (ii) convey vast heaps of various kinds of
particles, giving them assurance against degradation and counteracting early deliv-
ery; (iii) furnish drugs with long flow lifetimes; and (iv) permit tranquilizer-
controlled and -supported discharge at the ideal target site. Natural organic mole-
cules based nanocarriers and cell-got exosomes advantage from the additional
preferred standpoint of having the capacity to convey hydrophobic and hydrophilic
atoms in independent compartments inside a similar molecule and to embody or
complex nucleic acids with helpful potential.



2 The Strategies of Nanomaterials for Traversing Blood-Brain Barrier 51

Problem
Solving to cross BBB

Fig. 2.7 Achieving BBB

With regard to neurodegeneration disorders, the high lipid substance and specific
lipid arrangement of brain cells, just as the prerequisite for lipid go-betweens, make
them the most loved focus for bioactive materials containing nanosystems, in which
lipid-based nanosystems addressing CNS disease lipids, other than comprising
exceptionally adaptable bearer segments, can assume a job as useful gatherings
and bioactive atoms. Clinical preliminaries intended to assess the viability of
liposomal introductions of the anticancer medications doxorubicin and cytarabine
to handle brain tumors underline the capability of lipid-based nanoparticles as
medication transporters to CNS. In a rundown, the writing in this part indicates
considerable advances in the study of nanosized carriers for drug molecules/siRNAs,
supporting the conviction that cutting-edge pharmaceutical will be accessible in a
not so distant future, opening new roads toward the clinical trials of a substantial
range of CNS maladies. However, there are still a few impediments, and further
examinations are presently in advancement (Fig. 2.7).
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Chapter 3 )
The Strategies of Nanomaterials for Drug s
Delivery and Release

Jinjin Wang, Qiangian Huang, and Xing-Jie Liang

Abstract Various strategies have sprung to explore appropriate solutions for deliv-
ering therapeutic agents into the brain. Recently, breakthroughs of nanomedicines
provide an excellent window for brain targeting and thus can be effectively used to
treat a wide variety of brain diseases. This chapter comprehensively depicts various
types of nanoformulations and novel drug delivery and release approaches of
nanotechnology-based drug delivery systems in brain disease. Moreover, the short-
ages of advanced nanotechnology-based drug delivery system are also discussed in
the last part to broaden the understanding of the design of nanomedicines for brain
drug delivery and release.

Keywords Brain diseases - Nanotechnology-based drug delivery system - Response
release - Target

3.1 Introduction

Brain diseases are a serious hazard to human health. Millions of people in the world
suffer from complicated kinds of brain diseases, including brain tumors, cerebro-
vascular disease, bacterial infection of the brain, and Parkinson’s disease
(PD) [1]. The effect of pharmaceuticals is unsatisfactory due to its poor efficiency
of directly delivering active pharmaceutical ingredient to target organs, tissues, cells,
and organelles. The lack of specificity at treatment sites and accumulation of drug in
other tissues not only impose more therapeutic doses but also spread therapeutic
agents randomly in brains tissues, causing undesirable side effects [2]. When deliv-
ering drug through different administration, there remain some challenges (Fig. 3.1).
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Routes of Administration Delivery Obstacles
. General
1. Systemic 2. Local + Enzymatic drug degradation

= Off-target effects
* Immune activation

1. Systemic
* Renal/hepatic clearance
+ Vascular heterogeneity
+ Access to tissue/cells

2. Local
+ Anatomical barriers
« Material-induced tissue damage
« Burst release/toxicity
3. Oral
= Variations in pH/enzymes
* Mucosal/epithelial barriers
+ < 30 h residence time

Fig. 3.1 The obstacles that systemic, local, and oral administration may meet. (Adapted permission
from [108]. Copyright 2016 American Chemical Society)

By controlling drug delivery systems, the behavior of drugs in vivo can be regulated
in temporal, spatial, and dose, thereby increasing their utilization and therapeutic
effect and reducing costs and adverse reactions. Unfavorable factors, such as renal
excretion, enzymatic degradation, short circulation lifetime, insufficient tissue pen-
etration, and different pathological conditions, may dilute greatly therapeutic index.
Therefore, the source underlying challenge of drug delivery and release for brain-
associated diseases after administration mainly is how to control the behavior of drug
delivery and release in vivo aiming to those unfavorable factors.

Inspiringly, nanotechnology brings great hope to treatment of brain diseases. In
1959, Richard Feynman first discussed the idea of nanotechnology, and later he put
forward the concept of medical applications of nanomaterials [3]. Owing to its
special size, nanomaterials offer a series of particular properties including high
drug loading and physical and chemical stability. Nanomaterials have applications
in various aspects from diagnostics and monitoring to treatments [4]. Compared with
conventional preparations, nanotechnology-based preparations have advantages in
enhancing the solubility of poorly soluble drugs, reducing the side effects of drugs,
thereby improving bioavailability. It can provide a new window of improving drug
therapeutic index and realizing drug-controlled release. According to their unique
properties including small size and customizable surface and the molecular patho-
genesis of brain diseases that has been elucidated gradually at the same time,
nanotechnology-based delivery systems have emerged as promising methods for
potential drug delivery systems to various parts of body (Fig. 3.2). Nanodrug
delivery systems can address brain drug delivery problems by improving therapeutic
index of drugs.
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Fig. 3.2 The history of the development of nanodrug delivery systems. (Adapted permission from
[109]. Copyright 2010 American Chemical Society)

To date, various types of nanoformulations have been extensively developed to
support different types of brain drug delivery and release. It has been widely
exploited that different types of nanoformulations support different kinds of brain
drug delivery system like liposomes, micelles, nanoparticles, and nanoemulsions.
Hence, the purpose of this article is to demonstrate various types of nanotechnology-
based drug delivery systems and highlight advances in drug delivery and release
methods for brain diseases. Lastly, we discuss the shortage of advanced
nanotechnology-based drug delivery systems in the future.

3.2 Nanopreparations for Brain Diseases

3.2.1 Construction of Nanocarriers

Nanocarriers can act like macromolecules in certain circumstances in virtue of its
small size and easily tailored feature. Moreover, they could carry a wide range of
drugs to control drug release. These characteristics make nanocarriers become an
attractive tool for transporting drugs into the brain.

Ideal properties of nanocarriers for drug delivery to the brain can be summarized
as follows [5-7]:

(a) Safe, nontoxic, non-immunogenic, noninflammatory, can be degraded or elim-
inated, high biocompatibility

(b) Stability in vivo/vitro

(c) Controlled circulation time
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(d) Particle size should be <200 nm and should have a narrow particle size
distribution.

(e) Can target special site

(f) Packing drugs in an appropriate manner, with a high drug loading capacity,
capable of achieving an effective concentration for diagnosis or therapy

(g) Controlled drug release

(h) Should be applicable to carry antibodies, peptides, proteins, nucleic acids,
sugars, or small molecules

3.2.2 Types of Nanopreparations for Brain Disease

Recently, a spurt of progress has witnessed in nanotechnology-based medicine for
delivery and release of therapeutic for diseases [8]. Multiple nanopreparations, such
as micelles, liposomes, dendrimers, solid lipid nanoparticles, nanogels, and
nanoemulsions, have been designed to target brain or brain diseased tissues/cells
via appropriate administration routes, and most of them are made of natural or
synthetic polymeric materials. Besides, great efforts have been utilized in the
fabrication and modification of multifunctional, target-specific nanopreparations
with good stability. There are some different types of nanopreparations used to
treat brain disease listed in Table 3.1.

Table 3.1 Different types of nanoformations used to treat brain diseases

Nanoformations Materials Drugs Administration | References

Nanoparticle Chitosan, Pluronic B-galactosidase Intravenous 9]
Chitosan, PEG siRNA [10]
PLGA, chitosan Huperzine A Intranasal [11]
P85, PBCA Phenytoin Intravenous [12]
PEI MicroRNA Intravenous [13]

Solid nanoparticle | DOPE Coumarin-6 Intravenous [14]

Magnetic PEG, Fe;04 DOX Intravenous [15]

nanoparticle Fe;0, Gd,05 Pt Intravenous [16]
BSA, Fe;0,4 Intravenous [17]

Dendrimer PAMAM DNA Intravenous [18]

Micelle PEG, PCL siRNA Intranasal [19]
Stearic acid, chitosan | Doxorubicin Intravenous [20]

Liposome Mal-PEG2000-DSPE | Dopamine Intravenous [21]

derivative

Nanoemulsion Capmul MCM, QTP Intranasal [22]
Tween 80

Nanogel Deacetylated gellan Resveratrol Intranasal [23]
gum

Nanocrystal Tween80, TPGS Baicalin Intravenous [24]




3 The Strategies of Nanomaterials for Drug Delivery and Release 63

3.2.2.1 Nanoparticles

Nanoparticles are a type of nanodrug delivery systems which have compact struc-
tures formed by encapsulating drugs in a skeleton of carrier material or modifying
drugs on the surface of a carrier material by covalent linkage or absorption. The
materials of carrier are generally composed of polymers, lipid, or a mixed system.
Chitosan, poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), poly(butyl
-cyanoacrylate) (PBCA), and poly(ethylene imine) (PEI) are often used materials in
nanomedicine.

Chitosan is obtained by deacetylation of chitin which is widely found in nature.
Its structural unit is glucosamine monomer. As a drug carrier material, chitosan has
high biocompatibility, good stability, biodegradability, low toxicity, and low immu-
nogenicity and can be easily prepared [25]. It has been widely used in in vivo/vitro
delivery of oral drugs, gene drugs, protein drugs, and vaccines. Adopting a certain
brain-targeted modification strategy, chitosan could be used for brain drug delivery
and release.

PLA is a polymer with biodegradable function mainly obtained by polymeriza-
tion of lactic acid monomers. PLA also has excellent properties such as high
biocompatibility, good stability, and low toxicity. Chen et al. [26] developed
noninvasive drug delivery systems for brain disease. In their study, PEG-co-PCL
nanoparticles modified by lactoferrin have an ability to enhance delivering peptide
into the brain following intranasal administration.

PLGA is a kind of pharmaceutical excipient. It is a random polymerization of
lactic acid and glycolic acid. It is similar to PLA, with good biocompatibility, safety,
and non-toxicity. As a mature carrier, PLGA has many applications in drug delivery.
For example, in order to deliver iA f 5 into the brain for AD treatment, Joana
A.L. et al. [27] designed functionalized PLGA nanoparticles loading iAf5, whose
surface was modified by two types of specific antibodies, anti-transferrin receptor
monoclonal antibody (OX26) against transferrin receptors and anti-Ap-(DE2B4)
recognizing the AP peptide. The functionalized PLGA NPs have good properties
such as homogeneous distribution (PDI<0.1) and spherical shape with diameters
ranging approximately about 150-170 nm.

PBCA is a potential drug carrier with rapid degradation in vivo and has good
clinical applications. Fang Z et al. [12] developed new and efficient poly(butyl
-cyanoacrylate) nanoparticles to increase drug concentrations in the brain for over-
coming drug-resistant epilepsy. Besides, cholesterol-polyethylene glycol (PEG)-
modified poly(N-butyl) cyanoacrylate nanoparticles were designed by Hu X et al.
for brain drug delivery [28].

PEIL a cationic polymer that combines with gene compression, is a highly
efficient gene drug delivery system with a proton sponge effect and strong cytotox-
icity. Chertok B et al. [29] developed PEI-modified iron oxide nanoparticles (GPEI)
for brain tumor drug delivery. Besides, with high cell penetration ability and low cell
toxicity, GPEI can be applied in magnetic targeting for targeting brain tumor in the
near future.
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Solid lipid nanoparticles (SLNs) are nanodrug delivery systems prepared by using
a solid or synthetic lipid such as lecithin, triacylglycerol, or the like as a carrier to
encapsulate or clamp the drug into lipid nucleus, which has the advantage of
controlling drug release and protecting the drug from degradation or leakage. It
can also be applied to the study of drug delivery and release in the brain through
certain brain-targeting strategies [30].

3.2.2.2 Dendrimer

The dendrimer is a polymer with a highly branched structure and a monodisperse
spherical molecule formed by continuously adding repeating units to a central core.
Dendrimers can target the brain through structural modifications, and the drug can be
trapped in space present in dendrimer to protect the drug from the external environ-
ment. The most commonly used material at present is polyamidoamine (PAMAM).
Dendrimers have the ability to carry a specific DNA/gene or drug to cells. Avinash
Gothwal et al. [31] successfully designed PAMAM dendrimers with lactoferrin in
order to deliver RIV to the brain. Furthermore, serine-arginine-leucine (SRL)-
modified PAMAM dendrimers are a great brain-targeted gene delivery system to
target DNA to the brain [18]. The G4PAMAM dendrimers and the SRL peptide are
linked by a bifunctional polyethylene glycol to form the carrier PAMAM-PEG-SRL.
In addition, the biodistribution of nanoparticles was investigated after administra-
tion. In vitro studies showed that SRL-modified nanoparticles have better transfec-
tion efficiency and lower toxicity than unmodified nanoparticles.

3.2.2.3 Micelle

The micelle is a drug carrier having a core-shell structure formed by self-assembly of
amphiphilic molecules. The hydrophobic core of micelle can entrap hydrophobic or
insoluble drugs, and hydrophilic fragments of micelles help to reduce the RCES
(reticuloendothelial system). Therefore, micelle can also be frequently used in the
drug delivery and release in brain disease. Various types of nanomicelles recently
have been developed, and many kinds of research indicated that the polymer
micelles delivery system can improve the delivery efficiency of drugs in the body.
In order to realize delivering siRNA to the brain, Kanazawa T et al. [19] designed
nanomicelles modified with a cell-penetrating peptide via nasal route administration.
In their study, the result showed that CPP-modified nanomicelles-loaded dextran
(model siRNA) via intranasal administration can effectively accumulate in the brain.
Xie et al. [20] designed micelles containing doxorubicin composed of stearic acid
and chitosan for the delivery of brain drugs. The results showed that doxorubicin
could reach the brain 15 min after administration, while the free drug did not appear
in the brain; in addition to the brain, the micelles were mainly distributed in the
lungs, liver, and spleen, thereby reducing the cardiac toxicity of its own. In addition,
Shao et al. [32] used polymer micelles for CNS infection treatment. In their job,



3 The Strategies of Nanomaterials for Drug Delivery and Release 65

PE-PEG were used as a carrier material to encapsulate the antifungal drug
amphotericin B, and angiopeptin-2 was used as a targeting molecule to modify
and construct brain-targeting systems. The studies demonstrated that angiopeptin-2
could effectively increase the distribution of polymer micelles in the brain of mice
and significantly reduce the number of bacteria in the brain of model mice.

3.2.2.4 Liposome

Liposomes can load different forms of drugs with a hydrophilic core and lipophilic
bilayer structure. As a classic pharmaceutical carrier, liposomes are closed vesicles
of phospholipids dispersed in water and encapsulating a part of the aqueous phase.
Its particle size is at least about 20 nm. Usually, it contains one or more phospholipid
membranes, which can be used as drug carriers for hydrophobic, hydrophilic, and
amphiphilic drugs. Liposomes are highly lipophilic that can enter into the brain
parenchyma by passive transport, membrane fusion with cerebral vascular endothe-
lial cells, or endocytic pathways. At present, liposomes have received extensive
research as carriers for drug delivery in the brain. For example, Tanifum et al. [33]
designed PEG-modified liposomes, the surface of which modified targeting mole-
cules recognizing amyloid-precipitating in AD. After administration in AD trans-
genic model mice, the modified liposome that can cross the blood-brain barrier and
also recognize and bind amyloid plaque realized the diagnosis of AD in vivo.
RVG-modified liposomes also represent a very promising method for brain-targeted
treatment of PD. In order to further improve the effectiveness of performance of a
dopamine derivative N-3,4-bis(pivaloyloxy)-dopamine (BPD), Qu M et al. devel-
oped RVG-modified liposomes [21]. In vivo and in vitro distribution studies have
shown modified liposomes are selectively distributed in the brain, striatum, and
substantia nigra. With improving therapeutic effect in the PD, the modified lipo-
somes showed significantly clinical value.

3.2.2.5 Others

The research of nanopreparations including nanogels, nanoemulsions, and
nanocrystals also developed rapidly. Nanoemulsions improve drug bioavailability
in the brain by extending its blood circulate times. The size of the nanoemulsion is
between 20 and 200 nm. The oil-in-water formulation consists of an oil phase that
disperses the droplets and also contains a surfactant that stabilizes it and a
co-surfactant. Dordevic SM et al. [34] prepared nanoemulsions and successfully
enhanced the delivery efficiency of the antipsychotic drug risperidone. Nanogels are
polymers of a cross-linked network that can carry biomolecular drugs and small-
molecule drugs. Hap J. et al. [23] developed ionic-sensitive in situ gels to improve
brain treatment efficiency by enhancing nasal mucosal permeability and increase
nasal residence time.
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3.3 Advances in Drug Delivery and Release Approaches
for Brain Diseases

3.3.1 Controlled Nano Drug Delivery Systems

Drug delivery systems are often designed to improve the pharmacological and
therapeutic properties of drug molecules. The superior delivery system requires
slow and sustained drug release into the CNS for sustainable treatment with low
side effects. Several studies have shown advances that can effectively control the
process of drug release aiming to brain disease, including sustained controlled drug
release and multistaged controlled release.

There are so many promising drugs that have unsatisfied therapeutic concentra-
tions due to its poor water solubility and rapid serum clearance. In order to solve this
problem, Chen et al. designed small-sized mPEG-PLGA nanoparticles that can
sustain control drug release. It intended to strengthen brain uptake through sustained
release of anti-Parkinsonism natural product schisantherin A for treating PD, which
will improve oral bioavailability of Biopharmaceutics Classification System (BCS)
Class II compound [35]. Elena Sanchez-Lépez et al. developed nanospheres loading
dexibuprofen for AD prevention. Compared with free drug, drug-loaded
nanospheres present sustained and slower release in vitro and avoid damage from
degradable factor in vivo, thereby improving the efficiency of treatment [36]. Shi
et al. designed nanoparticles that can trace drug delivery and multistaged controlled
release drug in neurons to solve problem of delivery and release of sulfydryl-
containing drugs. This multifunctional nanoparticles coated fluorescent nanogel
and loaded gold and captopril. Au nanoparticles were combined with silica
nanoparticles through electrostatic interaction and the chemical interaction between
Au and amino group, and it combined with drugs through strong binding interaction.
The result showed that there are two different stages of drug release: most drugs
release with degradation of coating gels in the first stage, and the remaining drugs
release via competitive adsorption in the second stage [37].

3.3.2 Targeted Nano Drug Delivery Systems
3.3.2.1 Passive Targeting

Passive targeting is beneficial accumulation of drugs in diseased tissues due to
different physiological conditions. A promising area of nanoparticle-mediated
brain tumor therapy is the use of enhanced permeability and retention (EPR) effect.
In many types of tumors, the EPR effect occurs with a defective vascular system and
incomplete lymphatic drainage system [38]. This unique tumor vasculature along
with macromolecules-prolonged half-life period makes nanoparticles accumulate in
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tumor and inflammatory tissues, which promotes more selective extravasation of
macromolecular drugs in tumor sites. Nanomedicines which can selectively and
efficiently target the tumor tissues have been extensively developed [39].

Feng et al. [40] designed a simple method via cross-linking gold nanospheres
with dithiol-polyethylene glycol (HS-PEG-SH) to prepare self-assembled gold
nanoclusters to treat brain tumor. The nano-components take advantage of EPR
effects of brain tumor, successfully increasing nanoparticle retention in tumor tissues
by passive targeting strategy. Further, functionalized nanospheres with epidermal
growth factor peptides greatly enhance tumor targeting efficiency. Moreover, the
study shows that in the tumor microenvironment, the release of anticancer drugs is
controllable due to high-permeability, acidic, and redox conditions, presenting an
effective and feasible brain-targeted delivery and release system.

In addition to the osmotic effect of the tumor itself, the additional use of a
hypertonic solution can also increase brain drug accumulation. The BBB can be
disrupted by infusing a hypertonic solution. The osmotic opening is one of the most
general ways to deliver the drug into the brain. It is usually the hyperosmotic agent
infused into the carotid artery. The vascular endothelial cells are dehydrated during
this process of inducing a high osmotic pressure by hyperosmotic materials, thereby
causing shrinkage and destruction of the tight junctions. Osmotic disruption allows
large molecules along with the infusion of drugs to enter the CNS, which is helpful in
the treatment of brain disease.

However, harmful substances may also enter the brain during this process which
may harm the physiological functions of the brain. And the also brain will be
damaged due to the excessive concentration of hypertonic solution [41]. To avoid
those problems, convection-enhanced delivery (CED) has been exploited as a
hopeful strategy to deliver therapeutic drugs. CED enhances the diffusion ability
of macromolecules and drugs by positive pressure and continuous infusion of
solutions [42]. In the mouse model of intracranial glioblastoma, the combination
of systemic administrating liposome loading irinotecan and radiation therapy has a
higher antitumor activity and longer survival time than using each of them alone.
Either systemic administration or CED administration of irinotecan liposomes has no
significant influence on the therapeutic effect.[43].

3.3.2.2 Active Targeting

Active targeting refers to the use of biological specificity, including special antigen,
antibody binding, or ligand and receptor binding, to achieve the targeting of drug
delivery and release. The drug delivery system that utilizes active targeting molec-
ular modification can mimic the process that receptors or transporters mediate the
transport of the corresponding endogenous ligands or substrates, commonly referred
to as a “Trojan horse” strategy.
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3.3.2.2.1 Receptors-Related Endocytosis

NPs modified with specific ligands or antibodies will be more likely to target the
lesion sites than unmodified NPs. Additionally, the BBB membrane is negatively
charged, so it exhibits high affinity with positively charged substances due to
electrostatic interaction, which also triggers active cellular internalization. The
receptors overexpressed on the BBB mainly include the transferrin (Tf) receptor,
insulin receptor, acetylcholine receptor, low-density lipoprotein receptor, and diph-
theria toxin receptor [44—46]. The contact of either natural ligands or artificial
antibodies on NPs with those specific receptors overexpressed on the BBB sur-
face/diseased brain cells could induce endocytosis of NPs into an intracellular
transport vesicle; the modified NPs cross BBB/diseased brain cells and release the
ligands to play a biological role [47].

The transferrin receptor containing two approximately 90 kDa subunits is highly
expressed on brain capillary endothelial cells. Brain iron balance is maintained by a
transferrin-mediated transport pathway, which is widely used for brain-targeted
delivery [48]. Mahajan et al. [49] used fluorescent quantum dots modified with Tf
as a drug carrier and further encased anti-HIV-1 drug amprenavir to successfully
construct multifunctional NPs for brain imaging and disease treatment. In fact, the
endogenous transferrin may bind with the brain-targeting Tf receptors. So direct use
of Tf as a targeted modification is often interfered by endogenous ligands, greatly
affecting delivery efficiency. To avoid this problem, NPs with specific antibody are
good alternatives to endogenous transferrin. Murine OX26, a common MAD, has
been shown to induce receptors-related endocytosis. As reported by Bao et al. [50],
PLGA nanoparticles modified with OX26 antibody produced a very efficient anal-
gesic effect on animal models of chronic nerve damage. Anti-Tf receptor antibodies
like RI7217 and single-chain fragment also reported as commendable NP modifica-
tions to improve brain drug delivery via receptors-related endocytosis
[51, 52]. Lactoferrin (Lf) receptor has a certain level of expression on the BBB.
Research showed that the brain uptake of Lf-modified PEG-PLGA nanoparticle is
three times higher than that of unmodified NPs [53], indicating that receptor Lf is the
potential targeting ligand for brain drug delivery.

In addition to the two receptors mentioned above, several other receptors, like
low-density lipoprotein receptor [54], insulin receptor [55], diphtheria toxin receptor
[56], and nicotinic acetylcholine receptor [57], have been developed for brain-
targeting drug delivery. Currently, the method of receptor-mediated drug-targeted
delivery systems becomes more hopeful in the field of brain drug delivery. A
diphtheria toxin mutant covalently bound to transferrin (Tf-CRM107) was used to
treat glioblastoma, whose performance was excellent with low toxicity and tumor
response in patients with recurrent high-grade brain tumors in clinical trials [58].

Moreover, some receptors are overexpressed on diseased cells, so directly
targeted brain tumor cells or other diseased brain cells can be regarded as a trying
way for activating brain drug delivery. When cancer cells invade neighboring
healthy cerebral tissues in the brain tumor, tumor neovasculature forms and the
permeability is altered. As a tumor grows further, BBTB integrity is compromised
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along with the formation of inter-endothelial gaps between CECs [59]. Therefore,
NPs can directly target brain tumor, especially malignant brain tumor, through blood
circulation due to the compromised BBB. Owing to its target integrin receptor avf3
that is overexpressed on brain tumor cells, RGD peptide (Arg-Gly-Asp) is widely
used in brain tumor drug delivery [60, 61]. Wang F et al. designed RGD peptide-
modified functionalized gold nanorods (RDG) for the delivery of small hairpin
(sh) RNA. The RGD-modified gold nanorods triggered rapid cytoplasm shRNAs
release in brain tumors and have better tumor gene silencing efficiency in U87
tumor-bearing BALB/c mice than non-RGD-grafted particles. [62]. Gao et al. [63]
developed a DTX-incorporated albumin-lipid nanoparticles (DNPs) using bovine
serum albumin (BSA) in combination with DTX and egg yolk lecithin (EYL). The
DNPs could directly target brain tumors and prolong the median survival time of
glioma-bearing mice, exhibiting good tolerance and antitumor effect. In some brain
disorders, other diseased brain cells can also be potential targets for direct brain drug
delivery. Astrocytes play a crucial role in the brain [64]. Astrocyte proliferation
exists in pathological damages of the brain, accompanied by the changes of cellular
components and functional activities [65]. Astrocytes are potential drug delivery
targets for neurological disorder treatment. One study reported that targeting
ephedrine-AS5 on astrocytes potentiated the recovery process in stroke [66]. Amyloid
B (AP) is deposited in the brain of AD patients, which caused associated neurofi-
brillary pathological changes in the brain; therefore, NPs can directly target Ap
through blood circulation to achieve targeted therapeutic effects [67]. Agyare et al.
demonstrated that cyclophosphamide-loaded theranostic NPs modified with anti-
amyloid antibody, IgG4.1, could target cerebrovascular amyloid and inhibit the
secretion of cytokines triggered by the AP40 exposure [68].

3.3.2.2.2 Transporters-Mediated Active Targeting

Most of the nutrients that our brain requires are provided by blood. There are several
systems on the BBB for nutrients transportation, including amino acid transporters,
glutathione transporters, and choline transporters. Those transporters are often used
as brain-targeted drug carriers. Rip J et al. [69] demonstrated that glutathione-grafted
liposomes could achieve four times higher accumulation in brain microdialysis study
in rats after intravenous injection. In in vitro uptake study, the more fluorescent
tracer was found in brain endothelial cells homogenates incubated with GSH-PEG
liposomes than unmodified liposomes by using a fluorescent probe. Glutathione
transporter-based brain delivery systems are extremely attractive because of bio-
safety, ease of large-scale production, and controllable drug release of liposomes.
Several drugs have been delivered into the brain using liposomes modified with
glutathione transporters [70]. Nevertheless, transporters-mediated active targeting
system must have a molecular structure mimicking the endogenous nutrients, and
because it may interfere with the transport of nutrients, this approach is generally less
favored.
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3.3.2.2.3 Cell-Penetrating Peptides-Mediated Active Targeting

CPPs are a class of short polypeptides, typically about 5-30 amino acids, which are
positively charged and rich in basic amino acid residues like arginine and lysine
[71]. CPPs, also known as protein transduction domains, can deliver not only small
molecules but also macromolecules such as proteins, NPs, siRNA, and nucleic acids
into cells [72]. As positively charged peptides, CPPs show high affinity with the
BBB. In addition, CPPs have remarkable advantages in high biosafety and low
cytotoxicity, making them one of the most promising and effective tools for active
targeting brain drug delivery.

Wang et al. [73] used Tat peptide and tumor targeting molecule RGD peptide
together to modify NPs for diagnosis and treatment of gliomas across the BBB. After
in vivo administration, targeted NPs can effectively inhibit the growth of glioma.
Other penetrating polypeptides, such as polyarginine, low molecular weight prot-
amine, and octaarginine, were also used in the study of brain-targeted drug delivery
systems [74-76].

3.3.2.2.4 Adsorptive-Mediated Active Targeting

Under physiological conditions, the positively charged carriers achieve transship-
ment by endocytosis and polar transport after binding to the surface of the negatively
charged BCEC membranes, so the basic principle of adsorptive-mediated active
targeting is electrostatic interaction.

Cationized bovine serum albumin (CBSA), obtained from bovine serum albumin
through cationization, can commonly be used for brain-targeted drug delivery via
AMT [77]. CBSA could significantly improve cellular uptake by BCECs. Lu et al.
used CBSA-based drug carrier to modify the surface of PEG for cationic albumin
NPs preparing. The modified NPs inhibited the growth of gliomas dramatically
[78]. Other adsorptive-mediated particles, such as cationized immunoglobulin G
and mono antibodies, also significantly increase BBB penetration [79].

However, most biofilms are negatively charged, during in vivo circulation, and
cationic NPs may also bind to cell membranes of other tissues, causing non-specific
uptake. This, undoubtedly, poses a challenge to limit the concentration of drugs in
nontarget organs and achieve a desired therapeutic concentration in the brain.

3.3.2.3 Magnetic Targeting

The magnetic targeting method mainly uses the external magnetic field to attract
magnetic materials in NP-based drug delivery systems. When exposing the magnetic
NPs to the alternating magnetic field, NPs will release heat during magnetic hyster-
esis vanishment and disturb the brain locally, namely, magnetic field-induced
hyperthermia [80]. Based on this method, Seyed et al. designed a novel brain-
targeting drug delivery system. They founded that the thermal energy generated by
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magnetic nanoparticles (MNPs) in rat brain capillaries through magnetic heating can
increase the BBB permeability. When hyperthermia was applied, the BBB displayed
a substantial but reversible opening [81].

This targeting method is usually combined with focused ultrasound (FUS) to
further improve the brain accumulation of magic NPs [82], increasing the brain
deposition of drug-load MNPs synergistically. FUS techniques concentrate acoustic
energy at a focal point deep in the body. This allows to induce local biological effects
noninvasively, leading to selective BBB disruption without surgical intervention
[83]. FUS has been investigated since 1940s [84, 85]. Over the past 10 years, the
viable and popular FUS has been developed to disturb the BBB noninvasively and
transiently in a targeted manner. A study showed that a noninvasive targeted
neuroregulation via FUS controlled drug release from nanoemulsions. These bio-
compatible nanoparticles are activated by sonication which are easily got by current
clinical transcranial FUS systems [86]. Studies have shown promise both in vitro and
in vivo for the combination of magnetic targeting and FUS to improve treatment
delivery to brain tumors. Fan et al. presented a multifunctional circulating
microbubbles-loaded  therapeutic ~ (doxorubicin) and  conjugated to
superparamagnetic iron oxide (SPIO) nanoparticles, which are proved to simulta-
neously open the BBB and deliver drugs under FUS exposure. These NPs act as dual
magnetic resonance imaging and ultrasound contrast agents, allowing magnetic
targeting for enhanced drug delivery. They are stable and provide significant
superparamagnetic properties for both imaging and enhanced drug delivery, which
could be an excellent theranostic tool for future image-guided brain drug
delivery [87].

3.3.2.4 Dual Targeting

The brain is more sensitive to toxic agents compared with other organs of our body.
In order to achieve an optimal therapeutic effect, the NP-based brain-targeting
delivery systems should not only penetrate the BBB or bypass the BBB effectively
but also selectively target pathological region to minimize the distribution of normal
cells. To address this issue, dual-targeting brain drug delivery systems were devel-
oped. NPs were decorated with multiple targeting motifs, displaying better BBB
penetrating and higher drug accumulation. These strategies hold promise for the
treatment of brain diseases with improved therapeutic efficacy and reduced side
effects.

According to different target sites, dual targeting can generally be categorized
into three applications: targeting BBB and diseased brain cells using different
ligands [88], dual targeting with one ligand [89], and targeting two cell types in
brain disease [90]. Research reported dual-functional gold nanoparticles (AuNP-
A&C-R) could improve drug accumulation in glioblastoma. AuNP-A&C-R
(Fig. 3.3), which is composed of two functional particles, could target the integrin
avp3 receptor actively, which mediates NP transcytosis, and then those NPs targeted
the receptors on glioblastoma cells. Further investigation of the AuNP-A&C-R



72 J. Wang et al.
A 300 C2
— —=— AUNPsS-A&C-R . AuNPs-A&C-R + Legu-0 h
E —— AuNPs-ABC i
= —a— AuNPs-R 'y
o —v— AUNPs-P " 15 ':‘-_
N J ] e
» ani § A LR A .*a
o .0 * e o -
£ %' 104 =
g i |— :
%! 100+ E
2 51
°
>
I
[ T T T T T T T T 0 T r T T
6 2 8 0.1 1 10 100 1000 10000
Size (d. nm)
. 20
= o AUNPs-A3C-R + Legu-8 h
) & I
e’ 7 { “adat £ y o 13" 15
g -
s, - ; e, ®
? ; o
AuNPSAK-R AUNPS-CABTR J* e |
= 1. Tegu-cuting —— g
L,- e LA | E
W Y
DAG
LJ PGS
e e V\' / efick 3 |
f dean Lo
| . % 0.1 100 1000 0000

Slze (d. nm)

Fig. 3.3 Characterization of the dual-functional gold nanoparticles. (a) The hydrodynamic size of
different groups after incubation with legumain for different time intervals. (b) Scheme of mech-
anism of the aggregation process of the dual-functional gold nanoparticles. (¢) The images of DLS
and TEM showed the characterization of particle size and intensity distribution of dual-functional
gold nanoparticles after incubation with legumain at 0 and 8 h. (Adapted permission from
[91]. Copyright 2017 American Chemical Society)

loaded with doxorubicin revealed a smart therapeutic effect to C6 glioblastoma-
bearing mice. These dual-targeting NPs are promising for brain tumor therapy
[91]. A novel approach by fusing an aptamer that binds to cancer cells to an
aptamer-targeting transferrin receptor has been proved for treatment of brain dis-
eases. This bifunctional aptamer can overcome BBB and specifically target brain.
The fusion of the bifunctional sequences not only enhances the binding affinity of
the two aptamers but also maintains specificity [92]. Normally, dual-targeting
delivery systems are superior to single-targeted strategies, but for better clinical
translation, these systems still need to be further optimized [93].

3.3.3 Smart Response Nano Drug Delivery and Release
Systems

It is clear that the drug needs to be transported into the location of the response so
that the drug can be released after the effective response to characteristic environ-
ment. In most cases, the current types of responsive drug release drugs are mainly
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divided into directly release and gradually release. Based on different pathological
environments to brain diseases and the advantages of nanodrug delivery systems,
there are currently a large number of environmentally responsive drug delivery
systems that respond to physiological and external stimuli, which can be achieved
by manufacturing a spatiotemporal release system, a multimodal system, or a dual/
multiple stimuli response delivery system loaded with one or more bioactive
components.

3.3.3.1 PH-Sensitive Nanopreparations

The clinical treatment effect of epirubicin (Epi) is largely limited by its poor
penetration through BBB/BBTB. Inspiringly, based on the research of Epi-loaded
micelles progressed into human clinical trials, S. Quader et al. reported
RGD-modified pH-sensitive polymeric micelles against glioblastoma multiforme
by improving the efficiency of drug delivery and release. Epi and their analogues
were conjugated to a poly(aspartic acid) segment of PEG-b-poly(aspartic acid)
copolymers. The results showed that the penetration depth of drug release from
cRGD-Epi/m was improved in the U§7MG 3D spheroid compared to Epi-loaded
micelles and free Epi [94]. In addition, Gao et al. designed acid-responsive loaded
DOX nanodrug delivery systems to avoid trapping drug within BBB endothelium
via escaping from endo-/lysosomes. This drug delivery system specially recognized
transferrin receptor on BBB endothelium cells and entered into cells via transcytosis.
After acid-responsive cleavage of Tf, detached nanodrug delivery system releases
into the cytoplasm and then enters into the brain parenchyma via exocytosis and then
targeted brain tumor [95].

3.3.3.2 ROS-Sensitive Nanopreparations

Oxidative stress sometimes triggers in neurodegenerative diseases and nerve dam-
age. Yang et al. designed ROS-responsive PLA-coated mesoporous silica
nanoparticles loading resveratrol that can eliminate excess reactive oxygen species
(ROS). PLA prevent the resveratrol from burst release on the journey of drug
delivery and enhanced the process of releasing resveratrol under high oxidative
stress [96]. In order to improve the self-repairing function of neurons in AD through
a proliferation of neural stem cells, Zhang et al. designed positively charged
ROS-sensitive prodrug with tracking function (Fig. 3.4). Combined with the char-
acteristics of poly(carboxybetaine) (PCB) that can maintain the stability of NPs and
escape from endosomal/lysosomal with ROS-response bond (-Se-Se-) that act as a
linker, they synthesized positively charged multi-amphiphile PCB-Se-Se-Sim that
were loaded with SPIONs and let-absorbed 7b antisense oligonucleotide. Once the
self-assembled NPs entered into cells, it entered into endosomal/lysosomal through
internalization and escaped from endosomal/lysosomal through protonation of PCB,
thereby releasing the let-absorbed 7b antisense oligonucleotide to the cytoplasm.
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Chemical Society)

With the cleavage of ROS-response bond (-Se-Se-), simvastatin was released into
the nucleus. MRI was used to track the migration of transplant sites and exogenous
NSCs in real time through SPIONs [97].

3.3.3.3 Temperature-Sensitive Nanopreparations

Polymers containing a low critical solution temperature (LCST) undergo a dramatic
phase transition at temperatures approaching LCST, while LCST can be regulated by
the ratio of hydrophilic and hydrophobic components in the polymer. When the
LCST is between room temperature and body temperature, the polymer is sensitive
to physiological temperatures. Compared with traditional nasal or oral preparations,
nasal thermosensitive gels can largely be used to settle the problem of high first-pass
metabolism and low oral bioavailability, which have good drug release characteris-
tics and therapeutic potential in brain disease. Tamer M. Sakr et al. developed
thermosensitive gels loading rivastigmine tartrate (RV) for treatment of AD through
enhancement of acetylcholine in the brain. In their study, the PluronicF127 (PF127)
that acts as a thermogelling agent and the characters of sol-gel temperature, gel
strength, and adhesion work were optimized by different prescriptions. A significant
proportion of RV can be transported directly to the brain after RV in situ gel nasal
delivery [98]. Sridhar V et al. designed Poloxamer 407-chitosan thermosensitive gels
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loading anti-Parkinson’s agent selegiline hydrochloride (SL), which significantly
increased levels of dopamine and decreased levels of monoamine oxidase B in the
brain after treatment with SNT gels [99].

3.3.3.4 Others

Specific enzymes in different pathological environments, chemical environment, and
external stimuli factors such as light, ultrasound, and other specific responses can be
used for stimuli-responsive release drugs. Due to the important role of enzymes in
different biological processes, disease-related enzymes can also be a targeted target
of medicine. Infrared (NIR) light-responsive nanodrug delivery systems provide
noninvasive spatially and temporally controlled drug release process without affect-
ing healthy tissue. For instance, Airan R et al. designed focused ultrasound-gated
drug release nanoemulsion [86]. Besides, Qu et al. designed smart near-infrared-
responsive nanodrug delivery systems to control drug release to eradicating amyloid
aggregates through the changeable intensity of near-infrared light. This NIR cage
drug delivery system not only removed Cu ** but also clean excess ROS. When the
system was irradiated with a low-intensity NIR laser, metal chelating agent was first
released to remove free metal ions that can reduce the efficacy of drugs. Subse-
quently, the trapped drugs were released as the intensity of NIR light increases [100].

3.3.4 Intranasal Drug Delivery Systems

Intranasal delivery allows direct access to a wide range of therapeutics to the brain
from the nasal cavity. It offers a noninvasive treatment with enhanced pharmaco-
logical effects for topical brain drug delivery safely and effectively; thus, it is
regarded as a promising strategy for brain-targeting drug delivery.

Intranasal transportation directly delivers the drugs to the brain without systemic
absorption. It has the advantages of low side effects and easy to use [101]; thus,
intranasal drug delivery has become a way in brain drug prescription. After admin-
istration, drugs can transport across nasal mucosa either transcellularly or
paracellularly [102]. Due to the unique connection between the olfactory and
trigeminal nerves [103], drugs and NPs can be directly transported to the cerebral
spinal fluid or brain with minimal systemic exposure and metabolism. Therefore,
direct intranasal delivery offers tremendous potential to bypass peripheral clearance,
reduce systemic toxicity, and lower the required dose.

Intranasal delivery of olanzapine is a promising mucoadhesive for intranasal
delivery. Scientific research shows that one amphiphilic nanocapsule could interact
with nasal mucosa. After continuous wash, the accumulation of drug on the nasal
mucosa increased by about 40%. The drug in the rat brains is 1.5-fold higher, and the
mucosa integrity wasn’t affected after drug administration [104]. Other nose-to-brain
drug delivery systems of therapeutic NPs also show amazing management of brain
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diseases [105]. NP-based nose-to-brain drug system provides a practical, noninvasive
approach for delivering therapeutics to the brain and potentially enhance the efficacy
of neurotherapeutics. Intranasal delivery is limited, however, due to the capability to
deliver concentrated drugs only in a limited volume. In most brain region, the drug
dose of an intranasal delivery is restricted. Some quantitative studies of drug delivery
efficiency by nasal route even show significant variation between different studies
[106, 107]. Therefore, to deeply understand the mechanism of intranasal delivery,
more attention should be paid on reliable quantification methodologies.

3.4 Conclusion

Nanotechnology-based drug delivery strategies offer great potential in allowing var-
ious types of drugs to overcome many existing barriers on the journey and achieve
therapeutic effects in the brain. Although the results published are numerous, there are
rarely commercialized products. The nanopreparations for brain diseases still face
several significant challenges. To date, the first challenge is that the efficiency of drug
delivery is still too low to meet the requirements of clinical trials. Second, it is not clear
that the mechanism of brain disease and specific biomarkers is associated with brain
diseases. Third, the drug behavior in vivo/vitro of nanopreparations does not achieve
complete precision and control. In response to external stimuli, such as
thermoresponsive, the stimulating factors can be manually controlled. Conversely,
nanodrug delivery systems sensitive to internal stimuli are affected by inconsistent
biological parameters between different patients. Finally, disease models may be
unreliable, and good animal models of brain disease are still lacking. Thus, we should
have a better understanding of other challenges as mentioned above to deploy a new
and smart drug delivery nanopreparations for brain diseases.
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Chapter 4 )
The Strategies of Nanomaterials e
for Therapy

Yang Du, Shuying Wang, Fangyuan Li, and Daishun Ling

Abstract Brain diseases, including brain tumor, Alzheimer’s and Parkinson’s dis-
eases, and stroke, are becoming increasingly widespread in the aging population.
However, due to our limited knowledge of the pathogenesis of these diseases and
inefficient drug delivery system, the treatments for these disorders are still major
challenges in modern medicine. Nanomaterials have recently emerged as an effec-
tive tool in biomedical fields, which have unique properties and structures conferring
improved efficacy, safety, sensitivity, and the potential to be personalized. With
these advantages, nanomaterial-based therapies are rapidly progressing and show
promise to revolutionize the way we treat brain diseases. In this chapter, the state of
the art of current nanomaterials in the treatment of brain diseases will be described,
with discussions on the prospects and ongoing challenges that must be overcome.

Keywords Brain diseases - Neurosciences - Nanomaterials - Nanotechnology -
Therapeutics

4.1 Introduction

With the aging of the population becoming a global issue, the incidence of central
nervous system (CNS) diseases has been growing over the years. Some brain
diseases are particularly notorious for the high mortality rate and/or low life quality
of the patients. For example, cerebrovascular diseases such as stroke are the world’s
second leading cause of mortality. Neurodegenerative diseases, like Alzheimer’s
diseases (AD) and Parkinson’s diseases (PD), are closely related to movement and
memory disorder, as well as dementia attributable to the gradual loss of neurons,
affecting the quality of life in the middle-aged and elderly population. In addition,
brain tumor remains a severe clinical problem that accounts for a big part of cancer-
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related death worldwide. All these brain diseases severely threaten the public health
of modern society and have become an increasingly serious medical burden and
social problem [1].

Although brain diseases have been investigated for many years, thus far, effective
clinical treatment strategies are still highly limited due to the pathophysiological
environment of CNS, where the most known one is the blood-brain barrier (BBB)
which restricts access of most therapeutic agents to the brain [2]. Besides, the
heterogeneity of cellular and molecular environments and the complexity of the
anatomy and information processing of the brain all pose challenges for the suc-
cessful treatment of brain diseases [3]. To solve these problems and achieve better
therapeutic effect, novel strategies are urgently needed.

In recent years, nanomaterials have played an important role in the diagnosis and
treatment of various brain disorders. Engineered nanomaterials can not only be used
as carriers for the effective delivery of therapeutic agents into the brain but also
exhibit therapeutic effect via the inherent antioxidant properties of themselves for
neuron protection [3]. In this chapter, we summarize the recent nanomaterial-based
strategies for the treatment of brain disease.

4.2 Nanomaterials for Brain Tumor Treatment

Brain tumors are highly aggressive with very high mortality rates. However, effec-
tive treatments for brain tumors are still very limited as aforementioned. Up to date,
surgical resection, radiotherapy, and chemotherapy are three common methods for
the treatment of brain tumor in clinic, such as the typical gliomas [4]. Compared with
other categories of tumors, the shield of the BBB imposes additional restrictions on
the treatment of gliomas. Moreover, because of the strong infiltration of glioma and
indistinct tumor boundaries, the cancer cells are difficult to be completely resected
by surgery, increasing the risk of tumor recurrence [5]. Nowadays, nanotechnology
has been extensively investigated for drug delivery, gene delivery, hyperthermia
therapy, and photodynamic therapy in brain tumor therapy, which has provided
compelling evidence for that therapeutic strategies taking advantages of unique
properties of nanomaterials are promising to achieve more accurate and effective
treatments of brain tumors.

4.2.1 Nanomaterial-Based Chemotherapy

It is well known that the severe side effect of chemotherapy seriously affects the life
quality of patients [6]. Therefore, it is critical to improve the therapeutic effect and
reduce the side effect of chemotherapy after the operation. However, the BBB acts as
a fortress to protect the pivotal position such as CNS from potentially detrimental
foreign materials [7, 8]. Thus, almost all large-molecule drugs and a majority of
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small molecules cannot pass it [9]. Moreover, the success penetration is not enough
for chemotherapy. For example, the use of temozolomide, the first-line chemother-
apy drug, is significantly limited due to the non-specific distribution in the brain
despite of a certain degree of brain penetration capability [10]. What’s more, the
high-dose injection may further promote the drug resistance of tumors. Given the
above, current chemotherapeutic strategies are undesirable when applied to gliomas
compared with other malignancies.

Fortunately, with the development of the nanotechnology, a variety of
nanoparticles have been constructed with rational surface engineering and precise
size control, enabling the delivery of therapeutic agents pass through the BBB
[11]. Normally, small molecular chemotherapy drugs are integrated with
nanoparticles via a variety of physicochemical methods, such as encapsulation,
adsorption, or covalent linkage within biocompatible materials. Then, some special
proteins or other artificial macromolecules can be conjugated to the surface of
nanoparticles to promote the specific targeting. For example, Gao et al. constructed
a kind of dual-targeting doxorubicin (DOX) liposome that conjugated with both
folate and transferrin [12]. These hybrid liposomes significantly improved the
transport of DOX across the BBB as well as to the brain glioma for treatment
(Fig. 4.1a). Similarly, Ying et al. also reported a type of dual-targeting DOX-loaded
liposome which combined p-aminophenyl-a-D-mannopyranoside (MAN) and trans-
ferrin for the drug transportation across the BBB and further brain glioma targeting
[13]. The ligand MAN played a key role for liposomes to overcome the BBB, and
the transferrin was important for targeting glioma cells after entering the brain. The
inhibitory rate to glioma cells after these dual-targeting liposomes crossing the BBB
was significantly enhanced up to 64.0%, suggesting that dual-targeting DOX-loaded
liposomes were available to improve the therapeutic outcome of brain glioma both
in vitro and in vivo.

To sum up, nanoparticle-loading chemotherapy drugs are preferable to cross the
BBB and could be efficiently internalized by the tumor tissues. Hence, the
nanoparticle-based delivery strategy is promising to considerably improve the intra-
cerebral delivery efficiency of chemotherapy drugs with minimal side effects for the
treatment of glioma.

4.2.2 Nanomaterial-Based Gene Therapy

The conventional surgical resection assisted with chemotherapy of glioma can
improve the clinical prognosis of patients. However, the complete elimination of
the tumor is quite difficult because of the existence of cancer cells tolerance and the
insufficient drug concentration in the tumor site. Thus, new strategies to treat glioma
are urgently demanded. Gene therapy, as emerging means of cancer treatment, has
shown great potential in curing the glioma [14, 15]. In principle, gene therapy is to
put the corrective genetic material into specific cells to alleviate the symptoms of
disease [16]. For example, cytosine deaminase/5-fluorocytosine (CD/5-FC) can
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translate the antifungal drug to 5-fluorouracil (5-FU) which is able to irreversibly
inhibit the thymidine synthase and DNA synthesis, and further resist the cancer cells
[17]. Polyethyleneimine (PEI) is a widely used gene delivery carrier [18]. However,
PEI is incapable of delivery of genes to the brain for the treatment of glioma as it
cannot penetrate the BBB. Therefore, novel alternatives urgently await development.
To this regard, nanotechnology provides various opportunities to enhance the
transportation of therapeutic genes into the brain. For example, Jung et al.
constructed a nano-delivery system of multifunctional siRNA-quantum dots (QDs)
for selectively inhibiting the expression of epidermal growth factor receptor variant
III (EGFR vIII) in glioma cells and further downregulating signaling pathway with
high efficiency [19]. In vitro analysis revealed that the EGFR vIlI-overexpressed
cancer cells (U87-EGFRVII) decreased when increasing the siRNA-QDs
co-incubation time. In addition, Li et al. established a gene delivery system for
brain tumor targeting by the conjugation of myristic acid (MC) with a low-
molecular-weight PEI [20]. This delivery system (MC-PEI) exhibited an efficient
antitumor ability on the intracranial glioblastoma model. Compared with the control
group, MC-PEI significantly prolonged the survival time from 22 to 28 days.
Recently, the gene therapy method has achieved some initial results, but most of
these researches are the exploratory tests and unable to be translated in the clinic
immediately. Thus, how to manipulate the gene therapy for clinical applications and
develop more efficient gene therapy agents should be the focus in the future.

4.2.3 Nanomaterial-Based Thermotherapy

Thermotherapy is a therapeutic method that facilitates the increment of body tissue
temperature to cause cell dysfunction, including apoptosis induction [21], cellular
structure alteration [22], and DNA conformational change [23]. The mechanism is
based on the fact that temperature increment (~ 41-42 °C) could induce severe cell
damages as tumor cells are more susceptible to sudden temperature increases than
normal counterparts [24]. Thermotherapy has been extensively used for cancer
treatment and is particularly attractive for treating brain tumor which is stubborn
for current treatments [25]. Meanwhile, more and more nanomaterials were discov-
ered to possess extraordinary optical and magnetic properties, such as gold
nanoparticles and iron oxide nanoparticles, which could be investigated for
thermotherapy. Here, we briefly introduce the nanomaterial-based thermotherapy
induced by laser and magnetic field and their great potential for brain tumor
treatment.

Stereotactic injection of magnetically active nanomaterials into the tumor site
followed by exposure to an alternating magnetic field (AMF) could produce sub-
stantial heat within the tumor, thereby achieving thermotherapy. The feasibility of
this strategy has been demonstrated both in preclinical [26] and clinical studies
[27]. Klaus et al. [28] investigated the efficacy of iron oxide nanoparticles-mediated
thermotherapy combining with radiotherapy on treating recurrent glioblastoma
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multiforme. The approach showed moderate side effect with the absence of serious
complications, demonstrating the conjunction of thermotherapy and radiotherapy
was safer and more effective than conventional therapy.

Apart from magnetic hyperthermia, photothermal therapy can also be utilized for
brain tumor treatment. Accordingly, Wang et al. [29] designed a multifunctional
magnetic graphene-based mesoporous silica with the payload of DOX. Based on the
intrinsic thermal property of graphene nanosheets, the magnetic property of
superparamagnetic iron oxide nanoparticles, and the surface modification of
targeting ligands, this nanoplatform integrated dual targeting (active targeting and
magnetic targeting), high biocompatibility, magnetic resonance (MR) imaging, and
chemo-photothermal therapy to realize the MRI-monitored synergistic therapy of
glioma. Notably, the heat produced by the nanosystem could promote not only
photothermal therapy but also enhanced the release of DOX.

4.2.4 Nanomaterial-Based Photodynamic Therapy

Photodynamic therapy (PDT) is a noninvasive therapeutic method using photosen-
sitizers activated by light to generate reactive oxygen species (ROS) and eventually
inducing tumor cell death [30]. PDT is a promising way to improve cancer treatment
and reduce side effects by localized light activation [31, 32]. However, there exist
some intrinsic challenges when using PDT for brain tumors. For example, due to
their poor solubility, it is hard to deliver PDT agents into the brain and to be used for
systemic administration [33]. Besides, traditional PDT drugs remain to be restricted
by the multidrug resistance (MDR) of tumor cells [34].

Nanomaterial-based photodynamic therapy possesses both selective delivery of
PDT drugs into the tumor tissue and effective improvement of PDT efficacy. Ross
et al. described a new kind of photodynamic nanoparticle for brain tumor treatment
by coating the polyacrylamide (PAA) core with PEG and molecular targeting groups
[35]. The photosensitizers and MRI contrast agents are encapsulated in the core,
which enable the simultaneous cancer diagnosis, therapy, and real-time monitoring.
This multifunctional platform provides a promising and versatile approach to treat
the brain tumor. Basilion et al. [36] have designed a novel drug delivery platform
which was composed of epidermal growth factor-targeted Au NPs (EGFpep-Au
NPs) for PDT of the brain tumor. They used PEGylated Au NPs to encage photo-
sensitizer (Pc 4) and transported it to the target tissue. The PEG ligands in this
platform provide excellent water solubility, biocompatibility, and long blood circu-
lation time. EGF peptides conjugated to the PEG layer could achieve tumor targeting
by recognizing EGFRs on the surface of the glioma tumor cell. Besides, the proper
size of Au NPs (5 nm in diameter) was able to be excreted by renal at the same time.
This strategy was proved to significantly improve the brain tumor targeting effi-
ciency. Further, they found that this platform led to decreased uptake of Au NPs by
the reticuloendothelial system (RES) and increased the uptake in cancer cells which
result in an enhanced therapeutic outcome in brain cancer (Fig. 4.1b) [37].



4 The Strategies of Nanomaterials for Therapy 89
4.2.5 Nanomaterial-Based Immunotherapy

Tumor immunotherapy has been an attractive strategy for cancer treatments
[38]. Immunotherapy could induce tumor death with minimal damage to normal
tissue and target to both primary and secondary metastases by systemically trigger-
ing antitumor immune responses. More importantly, it can produce immunological
memory that helps prevent tumor recurrences [39—41]. Nanotechnology may open a
new chapter in cancer immunotherapy and vigorously promote the transformation of
cancer immunotherapy to clinical practice.

The previous work [42] has shown that multi-walled carbon nanotubes could
carry DNA and siRNA and be used as a novel, nontoxic, and biodegradable
nanoplatform for immunogenetic therapy of brain tumors. This study suggests
nanoparticles are promising candidates in immunotherapy of brain tumors. Further-
more, antigen-modified nanoparticles could be internalized by antigen-presenting
cells to initiate a strong immunostimulatory cascade against cancer cells [43].

Zhang et al. designed an iRGD-modified nanoparticle for delivering both che-
motherapeutic agents and immune checkpoint inhibitor into glioma [44]. This
nanoplatform could overcome the BBB and accumulate in orthotopic brain glioma
sites effectively. Moreover, the robust antitumor immune response against glioma
was triggered by this platform. Overall, this novel synergistic platform provided a
new chemo-immunotherapy strategy for the treatment of brain tumor.

In another example, Sabel et al. [45] used polybutylcyanoacrylate nanoparticles
to delivery of transforming growth factor-f (TGF-f) antisense oligonucleotides to
block the TGF-f production and virus-infected tumor cells to produce active specific
immunization for an upregulation in the immune system activation. This “double-
punch” method combined immunization and gene delivery together, showing a
promising way for brain tumor immunotherapy.

4.3 Nanomaterials for Alzheimer’s Disease Treatment

Alzheimer’s disease (AD), a kind of progressive neurodegenerative brain disorder,
accounts for 60—80% of dementia, and the clinical manifestations of AD are memory
loss, aphasia, cognitive decline, etc. Since Alois Alzheimer’s description of Auguste
D.’s brain in 1907, scientists around the world have paid tremendous attention to
search for the underlying mechanism of AD [46]. Some investigators proposed the
amyloid hypothesis that the pathological aggregation of amyloid protein  (Ap) may
contribute to the induction of AD [47]. As developed from amyloid precursor protein
(APP) via two-step proteolysis reaction, AP further self-assembles into neurotoxic
fibrils, and the depositing fibrils in the hippocampus and other regions of the brain
are defined as an iconic plaque of AD [48]. In addition, neurofibrillary tangles
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(NFTs), formulated with hyperphosphorylated tau protein, are widely reported to
play unneglected role in the development of AD [49]. Generally, microtube forming
by the combination of tau protein and tubulin is responsible for the transport of
nutrient in the brain. As an important component, tau protein is unfolded under the
normal physiological state while experiences hyperphosphorylation once the PKN, a
serine/threonine kinase, is activated. Consequently, the stability of microtube may be
affected by generated NTFs, leading to neurodegeneration and neurotoxicity.
Besides, there are other factors that may increase the risk of AD, including oxidative
stress [50], neuroinflammation [51], genic mutation [52], etc.

Enormous efforts have been devoted to the drug discovery for AD, but the results
are far from expected. There only exist four small molecule drugs approved by FDA
for the treatment of AD, including donepezil, galantamine, rivastigmine, and
memantine [48]. All of them either act on CNS cholinergic pathways or target the
N-methyl-D-aspartate (NMDA) receptor and glutaminergic pathways, providing
symptomatic relief but failing to reverse the pathological process of AD patients.
In addition, lots of therapeutic agents are undergoing the preclinical phases but the
proceeding seems to be blocked. For example, the famous pharmaceutical company
Eli Lilly has recently regrettably announced that the Phase III clinical trial of the new
drug research for AD had failed [53]. As the age structure of society is getting old,
the increasing prevalence of AD forces us to find an efficient way to cure AD. So far,
some nanomaterial-based therapy strategies, which mainly benefit from their better
biocompatibility, penetrability, and versatility, have shown certain peculiarity in the
treatment of AD [54, 55]. With the in-depth study of the mechanism of Alzheimer’s
disease, nanotechnology may bring light to the treatment of AD.

4.3.1 Nanomaterials for Drug Delivery
4.3.1.1 Cholinesterase Inhibitors and Acetylcholine Nanocarriers

Small-molecule drugs for the treatment of AD are limited not just in the inability to
reverse the pathological process but also in the drug concentration reaching the
lesion. It was reported that single-walled carbon nanotubes (SWCNTSs) could be
excellent carriers for acetylcholine, a kind of cholinesterase inhibitor, to relieve the
symptoms of AD [56]. Especially, SWCNTSs can deliver the drug precisely and
efficiently to the lesions via nerve axons; meanwhile, it can target the lysosomes of
the neurons to minimize the toxicity to other normal tissues. In addition, BBB is
another obstacle for the treatment of AD, but some investigated that using poly
(n-butylcyanoacrylate) nanoparticles as carriers could penetrate the BBB and
enhance the concentration of rivastigmine in the brain [57]. Hence, nanomaterials
loaded with cholinesterase inhibitors can improve the therapeutic effect of AD.
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4.3.1.2 Hormone Nanocarrier

Recently, it is found that estradiol may reduce the risk of AD by degenerating
cerebral amyloid deposition. Unfortunately, estradiol has poor bioavailability due
to the first-pass effect, resulting in limited dose and high toxicity. G. Mittal et al.
designed a nano-delivery system to improve the oral bioavailability of estradiol
[58]. Interestingly, the drug release can be controlled subtly through adjusting
molecular weight and composition of polymers.

4.3.1.3 Curcuminoids Nanocarrier

Curcumin, a kind of polyphenol, can reduce the oxidative stress induced by amyloid.
However, its terrible photostability and low bioavailability impose the tighter
restriction on its application for the therapy of diseases relevant to oxidative stress,
including AD. Rohit S. Mulik et al. concluded that poly(butyl)cyanoacrylate
nanoparticles mediated with apolipoprotein E (ApoE3) can deliver curcumin to the
brain without damaging the structure of curcumin [59]. They believed that this drug
delivery system mediated by nanoparticles presented a great opportunity for the
treatment of neurodegenerative disorders.

4.3.1.4 Polyphenol Nanocarrier

Restraining and reversing the forming process of amyloid may be a promising way
to cure or mitigate AD. Epigallocatechin-3-gallate (EGCG) is known as an antiox-
idant agent and can deviate the APP cleavage process from A production. However,
when EGCG was injected alone into the body, it would be cleared quickly by the
immune organs such as the liver. Adam Smith et al. [60] found that oral bioavail-
ability could be significantly enhanced by forming nanolipidic EGCG particles, and
satisfying results were achieved by this way.

In conclusion, nanomaterials provide an excellent approach to improve the
application of small-molecule drug candidates in AD.

4.3.2 Nanomaterial-Based Metal Chelation Strategy

Trace metal ions in the brain (such as Cu®*, Zn>*, Mn**, Fe>*) are balanced in the
body under normal circumstances and play a vital role in physiology. When the trace
elements in the brain are metabolically imbalanced, the ion concentration will
increase or decrease, causing disorder of lipid metabolism in the body, eventually
producing ROS. For example, certain metal ions (Cu®* and Fe**) may interact with
AP to produce hydrogen peroxide, which would cause damage to the brain
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[61]. Meanwhile, AP, as a metalloprotein, can be affected by some metal ions,
ultimately resulting in its self-aggregation. In addition, Cu®* and Zn** can increase
the interaction between Af and the cell membrane, resulting in the neurotoxicity of
AP [62].

Some studies demonstrated that metal chelation can effectively reduce the for-
mation of precipitates and slow the progression of AD. In other words, the metal
chelation method to remove excess metal ions in brain tissue can not only delay the
accumulation of AP but also effectively decrease extracellular oxidative stress,
thereby controlling the development of AD.

4.3.2.1 Iron Chelators

Liu et al. designed a chelating agent nanoparticle system that could effectively cross
the BBB by combining the FDA-approved metal chelating agent, deferoxamine,
with nanoparticles [63]. The nanosystem could adsorb apolipoprotein E and apoli-
poprotein Al, helping to enter or leave the brain by transporting low-density
lipoproteins. This approach was employed to overcome the BBB permeability
limitation of traditional chelation therapy and thereby provided highly effective
and safe chelation therapy of AD. Subsequently, the group designed a chelator-
conjugated nanoparticle that reduced cytotoxicity to human cortical neurons by
inhibiting AP aggregation [64]. In addition, the chelator-conjugated nanoparticle
could also reduce the lipophilicity of the chelate and further reduce toxicity. There-
fore, this chelator-conjugated nanoparticle could provide a new strategy for the
treatment of AD.

4.3.2.2 Copper Chelators

Cui et al. attached D-penicillamine, a copper ion chelating agent, to nanoparticles
through a thioether bond or a disulfide bond. The reducing agent in the body can
cleave the disulfide bond to release D-penicillamine. The released D-penicillamine
can chelate cuprous ion and effectively dissolve AP,_4,, thereby preventing aggre-
gation of A [62]. Therefore, this method can effectively reverse the protein precip-
itation which is caused by copper ions. Bu et al. combined an upconversion
nanoparticle (UCNP) with a copper ion chelating agent, 8-hydroxyquinoline-2-
carboxylic acid (HQC), to prepare an intelligent nanoprobe [65]. The nanoprobes
can achieve upconversion luminescence imaging, as well as chelate copper ions to
inhibit the aggregation of Af.

4.3.2.3 Zinc Chelators

Maluta et al. modified different chelating agents (e.g., EDTA, histidine, ZnAc, etc.)
on the surface of nanoliposomes [66]. The modified nanoliposome can induce
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depolymerization of AP aggregates caused by zinc ions. In addition, the
nanoliposomes have a certain protective effect on PC12 neuronal cells.

4.3.3 Nanomaterials for Antioxidant

Another strategy for the treatment of AD is directed toward delivering antioxidant
species to the brain, because of their antioxidant sponge’s effect to quench the
reactivity of ROS in AD. Recently, many nanomaterials with the excellent ROS
scavenging ability are promising to achieve the antioxidant therapy of AD.

4.3.3.1 Fullerenes

Fullerene, a common nanomaterial with strong antioxidant and free radical scaveng-
ing effects, can, therefore, be used as a neuroprotective agent to treat AD. A variety
of functionalized fullerenes have been shown neuroprotective effects in vitro
[67, 68]. Its protective mechanism is attributed to the fact that fullerenes can
effectively reduce free radical levels and inhibit the neurotoxicity of calcium ions
[68, 69]. Xie et al. found that the firm interaction between fullerenes and Ap hindered
the fibrillation of AP [70]. Therefore, various multifunctional fullerene-based
nanomaterials have great application potential in the treatment of AD.

4.3.3.2 Nanoceria

Among various kinds of antioxidants, ceria is the most representative one with the
pronounced antioxidant property. With a unique atomic structure and the 4f elec-
tronic configuration, nanocrystalline ceria possesses special luminescent, magnetic,
and electronic properties [71]. Up to now, ceria nanomaterials have been extensively
investigated in many different fields of technology and engineering, such as solid-
oxide fuel cells, nano-catalysis, solar cells, oxidative coupling of methane, and the
water-gas shift reaction. Furthermore, the high redox ability and low toxicity of ceria
nanomaterials enable them to be pharmacological antioxidant agents [71]. By means
of the redox potential of cerium(Ill) and cerium(IV), ceria exhibits a flexible
circulation between these two states. Cerium(IV) is metastable in water and easily
converts to cerium(Ill) under surrounding conditions [72]. In recent years, it is
demonstrated that ceria nanocrystals can react with hydrogen peroxide and serve
as antioxidant agents for eliminating excess ROS in living systems [72]. In addition,
ceria nanoparticles could protect neurons from the Af-induced toxicity [73]. Barbara
et al. found that neuroblastoma cells incubated with ceria nanoparticles were suc-
cessfully protected from Ap damage and maintained their original cell viability, thus
confirming that ceria nanoparticles can act as a regulator of signaling pathways for
neuronal survival [74]. Cimini et al. modified polyethylene glycol on the surface of
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Fig. 4.2 Nanomaterials for the treatment of AD. (a) Schematic diagram of the synthetic process of
multifunctional nanocomposite (CeNC/IONC/MSN-T807-MB). (b) Schematic illustration of the
tau-targeted synergistic treatment of CeNC/IONC/MSN-T807-MB. (c¢) Specific tau targeting ability
of CeNC/IONC/MSN-T807-MB confirmed by T;-weighted MR imaging. (d) Water maze test of
CeNC/IONC/MSN-T807-MB therapy. (From Ref. [77])

ceria nanoparticles and linked anti-Afp antibodies to specifically target Ap plaques
[75]. The nanocomposite can change the signaling pathway of nerve influence
factors in the brain and increase the survival rate of neurons. Kwon et al. designed
a triphenylphosphine-modified ceria nanoparticle [76]. It can effectively localize to
mitochondria and scavenge ROS, which could relieve mitochondrial damage and
neuronal death. Moreover, Chen et al. developed a nanocomposite (CeNC/IONC/
MSN-T807) loaded with methylene blue for tau-targeted combinational therapy of
AD [77]. This nanocomposite can effectively alleviate mitochondrial oxidative
stress and cooperate with methylene blue to inhibit tau hyperphosphorylation
(Fig. 4.2). In addition, the nanomaterial was also effective in preventing neuronal
death and cell apoptosis. All these results suggest ceria nanoparticles have invaluable
potential in the treatment of AD.

4.3.4 Nanomaterial-Based Gene Therapy

Nowadays, gene therapy has been widely applied in genetic disease by altering the
behavior of genes. Gene therapy is also a promising strategy for the treatment of
AD. Gene delivery is a very important part in gene therapy. A qualified gene carrier
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should not only deliver the gene to target cells but also protect it from degradation.
The commonly used viral vector may lead to safety problems like the immune
response, and insufficient specificity hinders its application. Nanomaterials, as a
new kind of non-viral vector, have attached much attention due to its high loading
capacity and stability for gene transport. Amino-functionalized organically modified
silica (ORMOSIL) nanoparticles have been reported, enabling the efficient delivery
of gene to CNS. ORMOSIL nanoparticles with positively charged amino groups can
bind with the negatively charged gene and protect its activity. The transfection
efficiency of these nanoparticles was comparable to a viral vector. The experiment
data showed that ORMOSIL nanoparticles were safe and efficient gene carriers for
the therapy of brain disease like AD. Besides, they also showed the potential to
regulate neural stem cells [78].

4.3.5 Nanomaterial-Based Immunotherapy

Recently, most immunotherapies for AD are based on targeting Af_4, peptide, by
which A antibodies bind and remove amyloid deposits in brain vascular, reducing
the toxicity of AP. However, challenges come along as this strategy needs the
antibodies to cross the BBB to recognize AP. To this end, rationally designed
nanomaterials with the functionalized surface were employed to overcome biolog-
ical obstacles to a certain extent and improve the cellular uptake. Kristen et al.
reported a kind of immune-nanovehicle for targeted AD therapy. Polylactic-co-
glycolic was selected as the core followed by coating with chitosan. These
nanovehicle exhibited a cubed shape, and the zeta potential after coating with
chitosan and conjugating with anti-amyloid antibody IgG4.1 was 8.0 £ 1.45 mV
and 16.80 4+ 6.09 mV, respectively, which had access to electrostatically interact
with the negatively charged cell surface and thus promote cellular uptake. Moreover,
chitosan could act as a cryoprotectant like mannitol, trehalose, and sucrose to protect
the nanocore and antibody conjugated on the surface of nanovehicles as well as
increase the water dispersibility. Meanwhile, chitosan coating facilitates the
nanovehicles to form cube or rodlike shape, which enhances the cellular penetration.
In vitro BBB model constructed by MDCK cell monolayer verified that chitosan-
absorbed and IgG4.1-conjugated immune-nanovehicles showed obvious
transcytosis across cell monolayer compared to all control groups. After treating
the cell with A, proteins, improved cellular uptake of immune-nanovehicles was
observed, thereby demonstrating their ability to target cerebrovascular amyloid for
AD diagnosis and treatment [79]. Another study designed a smart nanovehicle
(SNV) to treat AD and cerebral amyloid angiopathy. The core of SNVs consisted
of the biocompatible and biodegradable chitosan, which improves cellular absorp-
tion due to its positive charge. Polyamine-modified IgG4.1 fragment was conjugated
on the surface of chitosan core to enable the travel of BBB and target amyloid
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deposits and amyloid plaques, which had higher binding affinity than the whole
antibody or unmodified fragment. Therefore, SNVs had a better permeability both
in vitro and in vivo than the control nanoparticles and modified antibody fragment
alone and accumulated much more in the brain, indicating the great potential for AD
treatment [80].

4.4 Nanomaterials for Parkinson’s Disease Treatment

PD is a progressive degenerative disorder in the CNS, which affects 2-3% of people
over 65 years of old [81]. It is characterized by both motor manifestations, including
rigidity, bradykinesia, postural instability, and rest tremor, and non-motor symp-
toms, like depression, cognitive impairment, autonomic features, hallucinations, and
sleep problems [82]. Based on current knowledge, the direct cause of PD is the
deficiency of dopaminergic cells in the substantia nigra along with the accumulation
of intraneuronal a-synuclein aggregates in Lewy neurites and Lewy bodies (namely,
Lewy pathology) [82, 83]. However, what triggers the initiation of this pathology
and how it spreads across the brain remain unclear. It is originally thought that PD
was caused by the exposure to environmental factors. In recent years, a more widely
accepted opinion is that PD is caused by the intricate interactions between environ-
mental and genetic factors that impact many fundamental cellular processes
[84]. Currently, PD treatment is clinically challenging because of the lack of
effective approaches for definitive diagnosis of the disease at the earliest stage and
for symptom management at later stages. In fact, there is no disease-modifying but
merely symptomatic treatments for PD, which is attributed to the yet elusive etiology
of this disease. Available pharmacological therapies for PD can be categorized into
five classes, including dopamine agonists, levodopa, catechol-O-methyltransferase
inhibitors, monoamine oxidase type B inhibitors, and anticholinergics [85]. These
drugs, though to different extents, are effective in controlling the symptoms at initial
usage, which largely improve the life quality of early-stage PD patients. However,
because of the low selectivity of those drugs and the pathological complexity of PD
itself, considerable adverse effects and unsatisfying responses are often seen
[82, 84]. In this regard, targeting specific pathways in specific regions and, if
necessary, targeting several dysfunctional pathways simultaneously may represent
a plausible strategy for better PD treatment. Besides, gene therapies that target
genetic factors of PD are on the horizon and hold an optimistic future for PD
treatments. To conclude, the final goal of PD research is to develop drugs that
slow or reverse the neurodegeneration, but before we excavate deeper into the
underlying mechanisms of PD onset, perhaps the best option is to optimize current
therapeutics through rational designing. As described below, nanomaterials that can
achieve controlled release, targeted therapy, and diverse cargo delivery may hold the
key for the treatment of PD.
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4.4.1 Nanomaterials for Dopamine Replacement

In PD treatment, one major challenge when using dopamine (DA) as the therapeutic
agent is the drug penetration through the BBB into the desired tissue. As we know,
the BBB is a rate-determining factor for the transport of drugs or agents to the CNS,
which results in many treatment failures. Therefore, enhancing the BBB-crossing
efficiency of DA is regarded as a promising strategy. The hydrophilic feature and
hydrogen bonding potential of DA also limit the delivery of DA into the brain.
Levodopa (LD) and bromocriptine 74 (BRC) have been widely used for the treat-
ment of PD. However, the amount of BRC that can cross BBB is limited and largely
determined by the efflux system of BBB [86].

One elegant approach to deliver DA and its derivates through BBB is using
colloidal carriers, especially nanoparticles (Fig. 4.3a) [87, 88]. Nanoparticles made
up of natural lipids, polymers, and some biopolymer materials hold optimistic
potential for brain delivery and targeting, since these nanoparticles can be taken up
by the brain rapidly with good biodegradability and bioavailability but fewer side
effects. There are many nanomaterials that have been reported for dopamine replace-
ment, which have been demonstrated to be useful in PD treatment.

Chitosan (CS) is a cationic polysaccharide applied for DA delivery. Giglio et al.
prepared the DA-loaded CS nanoparticles (CSNPsDA) with QCM-D technique; the
swelling behavior of nanoparticles and the interaction between DA and nanoparticles
were investigated. CSNPsDA was confirmed to be biological available for brain
application [89]. Trapani et al. also used chitosan as the vehicle to deliver DA to the
brain. The DA-loaded CS nanoparticles exhibited enhanced cellular uptake and
reduced ROS production. The nanoparticles can induce the time-dependent increase
of DA delivery to the brain and showed low neurotoxicity (Fig. 4.3b, c) [90]. Fur-
thermore, Yang et al. developed levodopa methyl ester (LDME)/benserazide-loaded
nanoparticles with poly(lactic-co-glycolic acid) and polylactic acid. Compared with
LDME plus benserazide, the nanoparticle significantly reduced the abnormal invol-
untary movements of PD model mice. The levels of cyclic adenosine
monophosphate-regulated phosphoprotein and phosphorylated dopamine, which
reflects the PD conditions, were also reduced by using the nanoparticle [91]. In
summary, the nanoparticle manifests as a promising platform for engineering DA
replacement therapy that performs better than conventional medicine.

4.4.2 Nanomaterials for Dopaminergic Agonist Delivery

Though the levodopa has been widely used for PD as the most effective symptomatic
treatment for 30 years, long-term usage always results in dyskinesias. Therefore, it is
important to minimize the dosage of levodopa and to delay the initiation of dyski-
nesias. The dopamine agonists have drawn attention for continuous dopaminergic
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Fig. 4.3 Nanomaterials applied in PD treatments. (a) Illustrations of trans-BBB delivery of
DA-loaded nanoparticles (from Ref. [88]). (b) Representative immunofluorescence imaging of
cellular uptake of unloaded FITC-CSNP (left) and cell entry dynamics of FITC-DA/CSNPs into
MDCKII-MDRI cells determined by flow cytometry (right) (from Ref. [90]). (¢) IC50 of free DA,
unloaded CSNPs, and DA-loaded NPs in MDCKII-MDRI1 cells treated for indicated times.
DA/CSNPs showed very low neurotoxicity with a p value <0.001 (from Ref. [90]). (d) The release
curves of bromocriptine form the indicated SLNs (from Ref. [95]). (e—f) Effects of indicated drug
formulations on horizontal activity (e) and vertical activity (f) in male C57B1/6 mice tested for 2 min
in the open field, 90 min, 24 h, and 7 and 21 days after administration of MPTP (from Ref. [101]).
(g) Behavioral changes of rats in line crossing in indicated groups exposed to rotenone for different
times. Treatment in different groups are as follows: group 1, oil; group 2, GFP-loaded lactoferrin
(Lf)-modified NPs; group 3, hGDNF-loaded Lf-modified NPs; and group 4, hGDNF-loaded
Lf-modified NPs (multiple injections) (from Ref. [108])

stimulation. It can stimulate striatal dopamine receptors to induce the production of
dopamine for further PD treatment and shows less potential to induce dyskinesia
risk [92].
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However, most of the dopamine agonists, such as ropinirole and rotigotine, have
low bioavailability and short half-life, which are inconvenient for PD patients
[93]. Nanomedicine can resolve these problems effectively, as many kinds of
nanomaterials have been shown able to significantly prolong the half-life.

Solid lipid nanoparticles (SLNs) are made up of physiological compounds with
superior biosafety. More importantly, due to the lipophilic nature, SLNs are consid-
ered as useful vehicles for lipophilic drugs [94]. Esposit et al. loaded the dopamine
agonist, bromocriptine, into SLN nanoparticles based on tristearin/tricaprin mixture.
The SLNs showed up to 6-month long-term stability. Compared with bromocriptine
alone, the bromocriptine-loaded SLNs prolonged the drug release duration from 5 h
to 48 h and realized better-controlled drug release (Fig. 4.3d) [95]. Tsai et al. utilized
SLNs to encapsulate apomorphine and applied them to oral administration. The
SLNs showed 12- to 13-fold higher bioavailability, offering an applaudable method
for apomorphine delivery by oral routine [96]. Nanomaterials are also investigated
for the transdermal delivery. Azeem et al. prepared nanoemulsion gel and observed a
7.5-fold increase in skin permeation rate compared with traditional hydrogel to
enhance permeation of ropinirole [97].

4.4.3 Nanomaterials for Growth Factor and Peptides Delivery

As mentioned above, current treatments for PD are mainly dependent on dopamine
and dopamine-like drugs, anticholinergic drugs, or their combinations. However,
none of them can prevent the loss of neurons. Moreover, these treatments can
potentially cause long-term motor complications such as idiosyncratic reactions,
on/off effects, and overmedication side effects [98]. Thus, new strategies that can
ensure the human body to tolerate a longer treatment cycle or effectively reverse the
degeneration are demanded.

4.4.3.1 Growth Factor

It is well known that PD is related to a decreased level of nerve growth factor (NGF)
in the substantia nigra and the blood [99]. However, the survival of both and central
cholinergic neurons and peripheral ganglion cells in the basal forebrain affects by
NGF. Therefore, administration of NGF may reverse the PD progression [100].

The nanoparticle is a promising strategy to deliver NGF across the BBB into the
brain. Kurakhmaeva et al. used poly(butylcyanoacrylate) (PBCA) nanoparticles
coated with polysorbate 80 as vehicles to transport NGF to the brain. The
NGF-loaded PBCA nanoparticles can significantly reduce primary PD symptoms
such as rigidity, oligokinesia, and tremor (Fig. 4.3e, f) [101]. In another example,
Xie et al. utilized magnetic nanotubes as vehicles for NGF delivery. The magnetic
nanotubes with NGF incorporation enabled the differentiation of PC12 cells into
neurons exhibiting growth cones and neurite outgrowth [102].
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4.4.3.2 Peptides

Peptides have been investigated for the treatment of PD for several years. However,
the delivery of these therapeutic peptides is facing many obstacles due to the high
enzymatic metabolism, instability, rapid renal elimination, low gastrointestinal
absorption, and potential immunogenicity. Recent nanomaterials show the potential
possibility to resolve these problems effectively. The nanomaterial-based strategies
to delivery of therapeutic peptides are developed.

Urocortin (UCN), a corticotrophin-releasing hormone-related peptide, has been
used as a cytoprotectant for GABAergic neurons, cerebellar granule cells, and
cultured hippocampal neurons [103, 104]. Hu et al. loaded UCN into lactoferrin
(Lf)-conjugated polyethylene glycol polylactide-polyglycolide (PEG-PLGA)
nanoparticles (Lf-NPs). The Lf-NPs showed a near threefold higher bioavailability,
offering a promising strategy for urocortin delivery for the application in intravenous
administration. The administration of urocortin-loaded Lf-NPs effectively relieved
the striatum lesion induced by 6-hydroxydopamine [105]. Nanomaterials are also
investigated for the intranasal administration. Wen et al. loaded UCN into
odorranalectin (OL)-connected PEG-PLGA nanoparticles. The modification of OL
improved the delivery of nanoparticles in the brain, thus enhancing the therapeutic
effect on PD treatment [106].

4.4.4 Nanomaterial-Based Gene Therapy

Gene therapy has greatly attracted researchers’ attention and has been implicated as a
disease-modifying strategy directly targeting the etiology of neurodegenerative
diseases [107]. Gene therapy transports therapeutic genes to the lesion area, and
the expression of genic products maintains the health of neurons or repair-
degenerated ones [108]. This strategy might ideally slow or reverse the degenerative
process of PD fundamentally.

Currently, most of the therapeutic genes were delivered to the diseased region via
the injection of viral vectors [109]. However, this administration approach is not
only highly invasive and unsafe but also inconvenient for repetitive or continuous
treatments [15].

Nanomaterials, potential non-viral vectors, are efficient gene therapy carriers to
cross the BBB and can be used for long-lasting treatments. Huang et al. used
Lf-conjected PAMAM/PEG nanoparticles (Lf-NPs) as vehicles to carry the
hGDNF gene to the brain via intravenous injection. Multiple injections of Lf-NPs
could significantly reduce dopaminergic neuronal loss, enhance monoamine neuro-
transmitter levels, and improve locomotor activity (Fig. 4.3g) [108, 110]. Huang
et al. also used angiopep-conjugated nanoparticles as carriers to transport the hDNF
gene to the brain. The improved apparent dopaminergic neuron recovery and
locomotor activity could be observed after intravenous injections of nanoparticles
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for five times [111]. What’s more, Zhang et al. loaded glial-derived neurotrophic
factor (GDNF) plasmid DNA into Trojan horse liposomes. Nearly complete abro-
gation of the neurotoxic effect was achieved by multiple intravenous dosing of
GDNF plasmid DNA [112].

Overall, nanomaterials provide a powerful toolkit allowing us to maximize the
utility of currently available PD therapies. With future advances in better materials,
smarter engineering, and, most importantly, the etiology of PD, we may finally
beat PD.

4.5 Nanomaterials for Stroke Treatment

Stroke, defined as a neurological deficit due to the poor blood flow to the brain
results in cell death, is the third leading cause of potential life loss worldwide [113],
with a severe morbidity in patients suffering from high blood pressure and diabetes
mellitus [114]. It is an acute cerebrovascular disease caused by either the sudden
vascular rupture in the brain or the vascular occlusion resulting in poor blood flow to
the brain. The insufficient blood supply results in a battery of pathophysiological
reactions including the overproduction of free radicals, inflammation, the
overexpression of related genes, the degradation of enzymes, and the eventual cell
death [115]. Accordingly, it can be divided to two main types of stroke, i.e., ischemic
and hemorrhagic stroke, in which ischemia dominated the cause of stroke.
[116, 117].

The neuroprotection and thrombolysis (early recanalization) are two major strat-
egies developed for treating acute ischemic stroke. However, brain herniation or
intracranial hemorrhage may happen after thrombolysis, and ischemia-reperfusion
can be aggravated by recanalization [118, 119]. Many clinical trials of
neuroprotectors are carrying on evaluating their therapeutic effects but achieve
negligible progresses. [120]. Some reasons responsible for the failure of these
drugs are listed as follows. First and foremost, the obstruction of BBB and the
complexity of human brain structure are formidable. Second, the effect of drugs
would be decreased by the existence of concomitant diseases. Third, the type of drug
and dosage depends on the location and the degree of cerebral ischemia-reperfusion
process, and the misuse of the drug may cause potential side effects. For example,
although tissue plasminogen activator (tPA) has been approved by FDA, few people
use it due to the possibility of cerebral hemorrhage [121]. Thus, there is an urgent
demand to find treatment strategies to enhance the delivery efficiency and safety.

Nanotechnology has shown great promise in biomedical applications, particularly
for enhancing the effectiveness of diagnosis and therapy [122]. In addition to the
universal benefits, nanomaterials can achieve dynamic changes in vivo, play a role in
a fixed time and place, and thus are extremely suitable for the treatment of such kind
of disease that needs to monitor the disease process and respond accordingly
[123, 124]. In conclusion, the multifunctional and highly specific nanoparticles
provide hope to make significant progress in the stroke treatment.
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4.5.1 Nanomaterials for Thrombolysis

Thrombolysis is the decomposition of blood clots by pharmacological methods,
commonly known as broken pieces. Clearing the cross-linked fibrin network pro-
motes the dissolution of clots and subsequent proteolysis by enzymes to restore
blood flow in the blocked blood vessels. Nanomaterials have been investigated in the
treatment of stroke thrombolytic therapy for several years. Nanoparticles have been
successfully applied in the treatment of acute ischemic stroke by transportation of
tissue plasminogen activator to thrombi. They exhibit preferential position in throm-
bosis, effective thrombolysis, and increased safety due to a significant reduction in
the dose of fibrinolytic agents and reduced downstream adverse effects [125-127].

4.5.1.1 Tissue Plasminogen Activator (tPA) Delivery

Although there are many thrombolytic agents available, tissue plasminogen activator
(tPA) is the only FDA-approved drug for the treatment of fibrinolytic clots in
ischemic stroke. tPA is a serine protease which transforms proenzyme plasminogen
to plasminogen, initiating the cleavage process of fibrin clots. Since the half-life of
tPA in plasma is very short (=5 min), long-term high dose would be used in the
thrombolytic treatment to maintain a sufficient drug level, leading to clotting factor
degradation and bleeding. Therefore, it will be highly desirable if the nanoparticles
were able to target the thrombus and release thrombolytic agents. Bi et al. [128]
developed urokinase (UK)-conjugated magnetic nanoparticles (UK/MNP) for
targeted thrombolysis. The treatment showed a reduction in thrombus size compared
to control group. The thrombolytic efficacy of magnetic field-mediated UK/MNP
was 5.0 times than that of the UK alone and 2.6 times than that of the UK/MNP
alone. Moreover, by detecting the residual fibrinogen and counting the number of
bleedings, it showed that the magnetic targeting-mediated nanoparticles significantly
reduced the systemic activation of plasminogen, thus significantly reducing the
number of bleedings [129]. Another effect of nanoparticles is to reduce bleeding,
which is the most destructive and severe side effect of thrombolytic drugs. Ma et al.
studied the thrombolytic effect of magnetic nanoparticles binding with rtPA and
coated by polyacrylic acid [130]. They used magnetic nanoparticles to increase the
retention in target site and reduce cerebral hemorrhage. The nanoparticles have the
similar fibrinolytic activity and amylolytic effect compared with free rtPA in vitro.
The nanoparticles exhibited a fivefold enhancement in thrombolytic activity com-
pared to that without magnetic targeting in the hind limb ischemia model rats.
Uesugi Y et al. developed a novel tPA agent delivery nanosystem, which had a
suppressed thrombolytic activity of tPA at normal conditions and recovered activity
when exposed to ultrasound. The results showed that the responsive nanosystem is a
promising tPA delivery system that increases therapeutic activity by localized
ultrasound exposure [131].
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4.5.1.2 Heparin Delivery

Heparin has been demonstrated to have important and significant effects on the
treatment of thrombosis in decades of clinical practice. Heparin prevents new
thrombosis and promotes the activation of the patient’s own fibrinolytic system to
eliminate thrombosis. Tang et al. reported the heparin-modified chitosan (CS)/poly
(glutamic acid) (g-PGA) nanoparticles (HP-CS/g-PGA) for the delivery of basic
fibroblast growth factor (bFGF) and heparin. The nanoparticles may be a potential
therapeutic agent to enhance the regeneration of ischemic tissue and prevent vascular
thrombosis [132] (Fig. 4.4). Bai et al. demonstrated that PEG-modified dendritic
micelles could extend the half-life of low-molecular-weight heparin (LMWH) and
enhance the pulmonary accumulation. It is concluded that PEG-modified PAMAM
dendritic micelles are promising to delivery of LMWH into the lung for long-term
therapy of deep vein thrombosis [133].

4.5.2 Nanomaterials for Neuroprotection
4.5.2.1 Antioxidant and Anti-inflammatory Agents Delivery

Neuroprotection can lead to the rescue, recovery, or regeneration of the nervous
system. Reducing oxidative stress is a promising neuroprotective strategy, because
oxidative stress is known as a vital neuropathological process that causes central
nervous system ischemia. Therefore, recent researches have centered on the use of
nanomaterials with antioxidant ability to scavenge ROS in CNS [134]. For instance,
nanomaterials consisting of cerium or yttrium oxide can serve as antioxidants to
inhibit the production of ROS. The remarkable neuroprotective activity of these
nanomaterials was proven in the HT22 hippocampal neuronal cells [135]. What’s
more, the fullerenes exhibit high reactivity against ROS and show antioxidative
activity and ROS scavenging effect. Particularly, polyhydroxylated Cg( fullerenol
inhibited glutamate receptors, resulting in intracellular calcium elevation and
reduced neuronal toxicity [136]. In addition, water-soluble carboxyl fullerenes,
Ceo derivatives of malonate, suppressed the excitotoxicity and apoptosis of cortical
neurons, showing the neuroprotective effects in vivo [137]. In another research, the
core of fullerene Cqy was modified by a malonate dendrimer layer to increase the
water solubility and the surface area of reaction on the nanoparticles. The modified
nanoparticles showed much more antioxidant activity than fullerenes [138].

4.5.2.2 Antioxidant Enzymes Delivery
Antioxidant enzymes are demonstrated to be promising treatments for pathologic

conditions accompanied with increased ROS production. However, their efficiency
in combating ROS relies on the ability to obtain sufficient levels of active enzymes
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Fig. 4.4 Nanomaterials for stroke treatment. (a) Illustrations of self-assembled HP-CS/g-PGA
nanoparticles. (b) Illustrations of the mechanism of pH-mediated release of bFGF and heparin from
HP-CS/g-PGA nanoparticles. (c) Fluorescence microscopy images of FA-HP or FA-HP-CS/g-PGA
nanoparticles in HFF cells. (d) The cumulative released curve of heparin from HP-CS/g-PGA
nanoparticles at different pH values. (e) TEM images of HP-CS/g-PGA nanoparticles after storage
at different pH values: (A) 2 h at pH 6.0, (B) 10 min at pH 7.4, (C) 30 min at pH 7.4, and (D) 2 h at
pH 7.4. (From Ref. [132])

for treatment at injury site. Therefore, the administration of antioxidant enzyme
treatment demands a carrier that can not only deliver the drug to the target but also
effectively protect the activities of enzymes. Therefore, Chorny et al. developed
magnetically sensitive nanoparticles (MNPs) as a novel platform for targeted deliv-
ery of antioxidant enzymes. The nanoparticles protect the endothelial cells from
ROS-mediated cell death [139]. Klyachko et al. utilize superoxide dismutase 1 and



4 The Strategies of Nanomaterials for Therapy 105

catalase conjugating with cationic block copolymer, PEI-PEG, or poly(l-lysine)-
PEG to form antioxidant enzymes nanoplatform. The potential of these
nanoplatforms to deliver antioxidant enzymes to CNS to reduce ROS level was
demonstrated [140].

4.5.2.3 Nanomaterial-Based Stem Cell Therapy

Recently, stem cells, such as mesenchymal stem cells (MSCs), neural stem cells
(NSCs), embryonic stem cells (ESCs), and inducible pluripotent stem cells (iPSCs),
exhibit great potential for stroke treatment, due to their extraordinary abilities of self-
renewal, proliferation, as well as multipotent differentiation [141-144]. Among
them, MSCs are widely investigated in stroke management. On the one hand,
there are no serious ethical issues with MSCs. On the other hand, MSCs possess a
wide range of sources, which could be obtained from bone marrow, adipose tissues,
umbilical cord, and so on [145].

The use of nanomaterials in stem cell therapy offers promising future perspectives
for stroke management. The noninvasive tracking of stem cells in vivo is crucial for
monitoring the homing ability and therapeutic effect of stem cells after transplanta-
tion. Several nanoparticles, such as quantum dots and iron oxide nanoparticles
(IONPs), have been reported to label stem cells and track their fate in vivo, but
only IONPs detected by magnetic resonance imaging (MRI) are suitable in human
medicine [146—-148]. Kim et al. [149] transplanted human mesenchymal stem cells
(hMSCs) labeled with IONPs into the middle cerebral artery occlusion model. Then,
MRI techniques were employed to monitor cells in vivo and found that hMSCs
possessed the ability to transplant to the infarcted area extensively in both ipsilateral
and contralateral injections. Except for tracking the fate of stem cells in vivo, IONPs
also have the potential for improving cell homing efficiency. Huang et al. [150]
found that iron-based magnetic nanoparticles actively augmented homing-related
chemokine receptor CXCR4 expression of MSCs and consequently improved the
homing ability of MSCs to the injured brain.

4.5.3 Nanomaterial-Based Gene Therapy

Gene therapy is a potential therapeutic strategy for stroke in the future. It has been
demonstrated that transplantation of stem cells modified with overexpressing
neurotrophic factors for stroke treatment, such as VEGF, BDNF, GDNF, PIGF,
ANG-1, HGF, NGF, EPO, and noggin, significantly improved the therapeutic effect
compared to stem cells only [144]. In addition, there are many kinds of
nanomaterials that served as non-viral vectors for delivering genetic materials into
stem cells, such as liposomes, dendrimers, and IONPs [151, 152].
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4.6 Conclusion

Nanomaterial-based strategies have been demonstrated to be the revolutionary
therapeutic methods for the treatment of various brain diseases. Nanomaterials
make it possible for the delivery of many therapeutic agents across the BBB in
brain tumors and neurodegenerative diseases, which is one of the most formidable
barriers faced by existing treatments. Moreover, the versatile functionalities of
nanomaterials could be achieved by manipulating the physicochemical properties
and surface engineering, leading to the personalized treatment of brain diseases.
Although promising, the applications of nanomaterials in clinical neuroscience are
only in the infancy stage, and there are still many significant issues need us to settle
down. Indeed, engineered nanomaterials have shown enhanced penetration into the
brain, but how to specifically target lesion locations inside brain? What is the
biological fate of nanomaterials remaining in the brain? How about their long-term
toxicity problems in CNS? More basic research is urgently needed to fully answer
these questions. In addition, the translation from fundamental research to concrete
clinical applications also needs much more efforts. Cooperation between pharma-
ceutical companies, researchers, technologists, and doctors is highly encouraged to
facilitate the development of nanomaterial-based strategies for CNS disorders. It is
expected that innovative nanomaterials will bring hope for better management of
brain diseases and make therapies far more effective.
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Nanoprobes-Mediated Intracranial Glioma
Imaging
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Abstract Malignant glioma is characterized by active angiogenesis, high invasive-
ness and infiltration, and extremely rapid growth. Accurate visualization of glioma is
crucial to the early diagnosis, preoperative localization, intraoperative guidance, and
therapeutic evaluation and thus facilitates the clinical decision-making and improves
the clinical outcomes of patients. However, conventional contrast agents directed
toward intracranial glioma remain challenging, largely attributed to the existence of
physiopathologic barriers unique to brain tumors. Remarkable advancements in
nanotechnology and nanomedicine open a multidisciplinary field to design various
nanoprobes for overcoming the physiopathologic barriers and for improved glioma
imaging. This chapter starts with the critical biological challenges facing intracranial
glioma. The innovative approaches for enhancing blood-brain barrier permeability
and improved glioma targeting ability are presented. It then provides an overview of
the unique advantages of nanomaterials for glioma imaging. The advanced applica-
tions of nanoprobes in intracranial glioma imaging are reviewed in detail, including
magnetic resonance imaging, photoacoustic imaging, fluorescence imaging,
multimodality imaging, and intraoperative glioma margin delineation. Finally, the
current challenges and perspectives of this field are also discussed.
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5.1 Introduction

Malignant glioma, characterized by active angiogenesis, high invasiveness and
infiltration, and extremely rapid growth, remains one of the most daunting intracra-
nial malignancies in clinic. Currently, there have been extensive and unprecedented
efforts in conventional antitumor therapeutic modalities including advanced neuro-
surgery techniques, improved adjuvant chemoradiation regimens, and sometimes
innovative therapeutic strategies (e.g., gene therapy, immunotherapy, phototherapy,
magnetic hyperthermia, and tumor-treating field). Unfortunately, the prognosis
remains extremely poor for patients undergoing glioblastoma multiforme, the most
frequently occurring primary malignant brain tumor in adults [1]. The median
survival and 5-year survival rate after diagnosis are less than 14 months and 10%,
respectively [2, 3]. Early and accurate visualization of malignant glioma is crucial to
facilitate the clinical decision-making and improve the clinical outcomes of patients.
Currently, gadolinium-based contrast agent (GBCA)-enhanced T';-weighted mag-
netic resonance examination is the preferred option for early diagnosis, preoperative
localization, intraoperative guidance, and therapeutic evaluation of intracranial gli-
oma in clinic. The small molecular GBCAs can diffuse into the tumor extravascular
space through the disrupted blood-brain barrier (BBB) and induce positive contrast
on T;-weighted MR images. In clinical practice, more than 10% glioblastoma
multiforme and 30% anaplastic astrocytoma exhibit no obvious signal enhancement
due to the uncompromised and heterogeneous BBB [4]. Moreover, commercially
available GBCAs encounter short circulation lifetime, transient imaging time win-
dow, non-targeting specificity, and rapid renal elimination. These drawbacks greatly
impede the accurate tumor boundary delineation and tumor volume quantification
owing to the inherent tumor infiltration, extensive peritumoral edema, and contrast
agents’ leakage. The lack of definite image margins inevitably results in incomplete
surgical resection and consequent tumor recurrence. Concerns with GBCAs also
happen in evaluating the therapeutic responses, such as pseudo-progression and
pseudo-response. Moreover, despite believed to be exceedingly safe, GBCAs have
the possibility to cause rare but serious adverse events such as nephrogenic systemic
fibrosis and brain deposition [5, 6]. Therefore, there is an urgent demand to develop
novel safe and efficient contrast agents for improved glioma visualization.
Remarkable advancements in nanotechnology and nanomedicine open a
multidisciplinary field to design various nanoprobes for neuroimaging, such as
magnetic nanoparticles, quantum nanodots, upconversion nanoparticles, and hybrid
nanomaterials. Compared with GBCAs, these nanoprobes own unique advantages
including tunable physicochemical characteristics, easy functionalization, prolonged
circulation time, favorable safety profile, and satisfactory biocompatibility and
biodegradability [7]. The properties of nanoprobes can be well tailored by manipu-
lating the fabrication procedures and parameters, such as shape, size, surface charge,
surface functional group, coating layer, and surface area-volume ratio. Following
appropriate surface engineering, systemically administered nanoprobes with suitable
size can exhibit enhanced penetration across the BBB and improved accumulation
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within the tumor region, mediated by the well-known enhanced permeability and
retention (EPR) effect or active targeting. The nanoprobes can provide improved
tumor delineation owing to the elevated cellular internalization behavior by tumor
cells as well as reactive phagocytic cells and more durable retention at the tumor
sites. These distinct features make biotechnology-based nanoprobes as ideal candi-
dates alternative to GBCAs for improved glioma visualization.

This chapter starts with the critical biological challenges facing intracranial
glioma. The innovative approaches for enhancing blood-brain barrier permeability
and improved glioma targeting ability are presented. It then provides an overview of
the unique advantages of nanomaterials for glioma imaging. The advanced applica-
tions of nanoprobes in intracranial glioma imaging are reviewed in detail, including
magnetic resonance imaging, photoacoustic imaging, fluorescence imaging,
multimodality imaging, and intraoperative glioma margin delineation. Finally, the
current challenges and perspectives of this field are also discussed.

5.2 Ciritical Biological Challenges Facing Intracranial
Glioma

Imaging and therapy strategies directed toward intracranial glioma remain challeng-
ing, largely attributed to the existence of two critical physiopathologic barriers that
are unique to the brain tumors: blood-brain barrier (BBB) and blood-brain tumor
barrier (BBTB). The BBB complex is characterized by continuous tight junction
structures coordinated by cerebral endothelium, basement membrane, astrocytic foot
processes, and pericytes (Fig. 5.1) [8, 9]. It isolates the systemic blood circulation
from the brain parenchyma and creates a physiological barrier for maintaining the
brain homeostasis. The pinocytotic vesicles and mitochondria in the endothelial cells
and efflux transporters (e.g., P-glycoprotein and various multidrug resistance-
associated proteins) together contribute to the controlled BBB permeability,
allowing the entry of biologically essential substances into the brain [10]. The
BBB strictly excludes hydrophobic compounds and toxic substances from the
circulatory system, and it also prevents the effective entry of the vast majority of
small molecule drugs against malignant gliomas [11]. Actually, only lipophilic small
molecules (<500 Da) and required nutrients can readily pass across the BBB in
normal condition, driven by passive diffusion, facilitated diffusion transporters, or
active transporters [12, 13].

The rapid growth of malignant glioma makes the BBB integrity compromised.
The tumor causes a local and heterogeneous disruption of the selective BBB and
creates possible approaches for enhanced delivering various imaging and therapeutic
agents. The immature angiogenesis induces abnormal structures of the endothelial
lining, contributing to the relative hyperpermeability and leakiness of tumor vascu-
lature [14]. In general, the glioma vasculature permeability dynamically changes at
different phases of tumor development [15]. At an early stage, the tumor cells grow
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Fig. 5.1 Illustration of the BBB components. BM basement membrane, AFP astrocytic foot
processes, DET drug efflux transporters, ECs endothelial cells, 7J tight junctions. (Adapted with
permission from Ref. [9])

without inducing pathological angiogenesis, suggesting the intact BBB within the
tumor. When the tumor volume increases larger than 0.2 mm [3], the BBB integrity
becomes damaged and the BBTB is formed. The fenestrated microvessels compos-
ing BBTB prevents effective transvascular delivery of theranostic agents to the brain
tumors. After these two barriers are both impaired, the EPR effect comes into action,
benefiting from increased vascular permeability along with compromised lymphatic
drainage induced by various mediators [16].

5.3 Strategies for Bypassing and Crossing BBB

The fundamental pathophysiologic characteristics of the BBB provide possibilities
for improved delivery efficacy of imaging and therapeutic components into the
brain. To date, various approaches have been exploited, aimed at overcoming this
physiopathologic barrier, including circumventing the BBB by local invasive
approaches, targeting the BBB by physiological approaches, and manipulating the
BBB integrity by modifying the BBB physiology.

To bypass the BBB, local invasive approaches are utilized with the assistance of
catheters, pumps, or implantable devices, such as intracerebroventricular injection,
intraparenchymal injection, convection-enhanced delivery, intrathecal injection, and
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intranasal delivery. The invasive approaches have several advantages over intrave-
nous administration, including minimized systemic toxicity, no hepatic first-pass
metabolism, and no protein opsonization effect. However, the passive diffusion
pattern often induces insufficient penetration distance from the injection site,
resulting in inadequate and uneven intratumoral distribution. And the associated
risks (e.g., tissue injury, infection, and increased intracranial pressure) need to be
considered due to the invasive feature.

The mechanisms of physiological approaches for transporting various imaging
and therapeutic components across the BBB mainly include receptor-mediated
transcytosis, adsorption-mediated transcytosis, carrier-mediated transcytosis, and
transcellular lipophilic diffusion, in which the receptor-mediated transcytosis is the
most representative [15]. The dynamically changing vascular features offer possi-
bilities for a myriad of targeting strategies aimed at glioma with different develop-
ment stages. By incorporating certain tumor-targeting modules (e.g., aptamers,
peptides, peptidomimetic agents, recombinant proteins and protein domains of target
ligands, and antibodies) aimed at corresponding receptors overexpressed within the
tumor, specific tumor targeting and subsequently improved brain penetration can be
achieved. Such potential receptors include the transporters localized on the BBB and
the biomarkers overexpressed on tumor vasculatures, tumor cells, tumor stroma, and
tumor metabolic processes. Cell-penetrating peptides (CPPs), which have been well-
recognized to facilitate the penetration into the anionic cell membrane likely medi-
ated by direct electrostatic interactions, is another feasible strategy for crossing the
BBB. The CPPs typically contain different sequences with less than 30 amino acids,
deriving from natural proteins such as trans-activator of transcription, penetratin, the
Syn-B vectors, and engineered peptides.

Besides bypassing and crossing BBB, the BBB permeability can be manipulated
through two different approaches: by temporarily opening the tight junctions and by
inhibiting the efflux pumps [17]. The former can be achieved by several pharmaco-
logical and physical methods such as hyperosmotic agents, zonula occludens toxin,
biological and chemical stimuli, high-intensity focused ultrasound, microwave field,
and electromagnetic field. The latter can be realized by using various efflux inhib-
itors (e.g., endothelin-1, verapamil, tariquidar, elacridar, quinine, and quinidine) and
siRNA silence technique. Despite promising, manipulation of the BBB may induce
the upregulated influx of other undesired components and exacerbate the
BBB-associated complications.

5.4 Advantages of Nanomaterials for Glioma Imaging

Remarkable advancements in nanomedicine and nanotechnology have created
seductive possibilities for engineering various nanoprobes with distinct properties
for glioma imaging. The engineered nanoprobes have significant advantages over
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the available small molecular contrast agents including the following: (i) The size,
shape, surface charge, and other physicochemical characteristics of the nanoprobes
can be readily modulated by manipulating the fabrication procedures and design
parameters. Following appropriate surface engineering, nanoprobes with suitable
size can exhibit enhanced penetration across the BBB and improved accumulation
within the tumor even without excess modification, mediated by the well-known
EPR effect. (ii) Given the distinct pathophysiological biomarkers of brain tumors at
different stages, specific tumor targeting can be achieved by conjugating certain
tumor-targeting modules onto the nanoprobes or using environment stimulation-
responsive guidance (e.g., chemical, thermal, optical, electrical, and magnetic). This
will contribute to sufficient accumulation of the nanoprobes at the tumor sites and
significantly decrease the background interference. (iii) Multimodal imaging can be
realized by integrating different imaging modalities into one nanostructure. It pro-
vides complementary information that allows for early and accurate delineation of
the tumor molecular and metabolic features. (iv) Compared with GBCAs,
nanoprobes own more favorable safety profile and biodegradability by adopting
biocompatible and degradable precursor components. This will minimize potential
side effects to the living body. (v) Benefiting from abundant active groups on the
nanoprobes and physical absorption effect, nanoprobes can represent optimal drug
delivery systems for versatile drug loading, achieving diagnosis and therapy simul-
taneously (theranostics). The loading capacity of therapeutic compounds can be
considerably high, preserving their therapeutic potency and improving their bio-
availability. The drug distribution and release within the tumor can be modulated in a
controlled and effective manner. By co-loading multiple therapeutic agents onto a
single nanoplatform, combination therapy can be achieved following administration
only once.

5.5 Applications of Nanoprobes for Intracranial Glioma
Imaging

Noninvasive neuroimaging techniques can provide detailed anatomical, functional,
and metabolic information of brain tumors. Different imaging modalities differ in
terms of sensitivity and specificity, spatiotemporal resolution, soft tissue contrast,
imaging penetration depth, background noise, and data acquisition time. Systemi-
cally administered nanomaterials are vulnerable to the opsonization processes and
elimination by the reticuloendothelial system, restricting their targeting ability
toward intracranial glioma. To realize precise diagnosis, the efficacy of nanoprobes
overcoming the BBB must be taken into consideration. Converging progresses in
biotechnology-based nanoprobes and improved understanding of the tumor molec-
ular biology urge the emergence of numerous novel nanoprobes for improved
diagnostic sensitivity, specificity, and accuracy toward glioma.
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5.5.1 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is the most prominent and powerful neuroim-
aging modality owning excellent soft tissue contrast, high spatiotemporal resolution,
and unlimited penetration depth. MR contrast agents can remarkably promote the
imaging sensitivity and diagnostic accuracy by shortening the longitudinal or trans-
verse relaxation time of neighboring water protons. Iron oxide nanoparticles
(IONPs) have represented promising MR contrast agents alternative to GBCA:s,
benefiting from their tunable magnetic properties, easy modification, and excellent
biocompatibility. However, IONPs often encounter insufficient accumulation at the
glioma site via passive targeting and thus lead to an unconspicuous contrast effect for
glioma imaging. To address this, Liu et al. [18] reported recombinant epidermal
growth factor-like domain-1 (EGF1)-decorated IONPs for tissue factor-targeted MR
visualization of glioma, with EGF1 serving as the targeting module and IONPs as the
imaging compound, respectively. The as-designed EGF1-EGFP-IONPs exhibited
efficient and persistent MR contrast enhancement with high targeting specificity up
to 12 h for tissue factor-positive US§7MG glioma in vivo (Fig. 5.2). Similarly,
numerous tumor-specific IONPs have been strategically designed for more accurate
delineation of glioma through attaching tumor-specific recognition moieties onto the

Pre-T1WI Pre-T2WI Post- 10 min Post-1 h Post-12 h

ju+]

EGFP-IONPs

EGF1-EGFP
-IONPs

mm Tumor mm Tumor
= 1004 mm Healthy tissue = mm Healthy tissue
= =
o o
£ o] £
S 5
® ®
& 604 3
2 ®
& &
40 .
Pre 10 min 1h 12h Pre 10 min ih 12h
Time Time
EGF1-EGFP-IONPs EGFP-IONPs

Fig. 5.2 Recombinant EGF1 domain VII-functionalized IONPs for targeted MR imaging of
glioma. Representative in vivo T,-weighted images (a) and normalized 7, relaxation time (b) of
U87MG glioma-bearing mouse before and at different time points postinjection of magnetic
nanoprobes. (Adapted with permission from Ref. [18])
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surface of IONPs (Table 5.1). All these nanoprobes demonstrated high imaging
specificity and contrast enhancement in intracranial glioma mouse models.

Developing novel nanoprobes derived from natural components in organisms is
of great interest for biomedical imaging, as they can undergo disintegration into
nontoxic metabolites and thus possess minimal biological side effects [19]. This is
crucial to guarantee their biosafety in vivo. Cao et al. reported a ferritin-based
nanoprobe for targeted MRI of microscopic glioma in vivo [20]. The recombinant
human heavy-chain ferritin protein nanocages were first expressed in Escherichia
coli cells and purified, and then the magnetite cores were loaded in the cavity to
obtain magnetoferritin (M-HFn). Neither additional surface coating nor targeted
ligand modification was performed. The as-prepared M-HFn exhibited an extremely
high r, relaxivity up to 224 mM's™. After intravenous injection for 2 h, obvious
focal hypointensity was observed on T,-weighted MR images in an orthotopic
xenografted model and maintained up to 24 h. The tissue TEM analysis showed
that the M-HFn could cross multiple barriers including the endothelium, the epithe-
lium, and the BBB layer. The specific and ultrasensitive detection of M-HFn for
microscopic brain glioma was attributed to the transferrin receptor 1-mediated
accumulation and internalization into tumor cells.

Although various IONP-based 7, contrast agents have demonstrated satisfactory
results for glioma imaging, the high magnetic inhomogeneity and magnetic suscep-
tibility artifacts may lead to poor imaging performance. Moreover, the hemorrhage,
calcification, and iron deposition in the brain may lead to false errors and image
interference. In contrast, T contrast agents can produce bright positive contrast
images, providing better visual contrast and imaging performance. Recently, Chen
et al. developed folic acid-decorated manganese oxide nanoparticles (MnO-TETT-
FA NPs) as glioma-specific T contrast agents [21]. The MnO-TETT-FA NPs could
efficiently enhance the 7' contrast and showed clearer tumor margin in a tiny glioma
model, owing to the folic acid-mediated active targeting effect. Notably, manganese
is an essential element for metabolism, without long-term retention and toxicity
concerns referred to gadolinium.

Despite being promising, single-targeting IONPs suffer from insufficient
targeting specificity and efficacy for accurate delineation of glioma, due to the
receptor saturation effect, high tumor heterogeneity, and dynamic molecular char-
acteristics at different developmental stages. Considering multiple types of receptors
overexpressed concomitantly in the tumor, multi-targeting strategy is an effective
approach to improve the delivery specificity to the targeted sites. Yan et al. first
explored the feasibility of two-order targeted imaging strategy for improved glioma
visualization, by enhancing the BBB permeability and targeting specificity [22]. In
the Den-RGD-Angio nanoprobes, a fifth-generation PAMAM dendrimer served as
the nanoscaffold, paramagnetic Gd**-DOTA served as the imaging component, and
BBB-permeable angiopep-2 peptide and cyclic [RGDyK] peptide served as the
targeting modules, respectively. The nanoprobes first targeted the a3 integrin on
the tumor neovasculature. After interaction with adjacent LRP receptors, the
nanoprobes could cross the BBB via LRPR-mediated endocytosis and then targeted
both o p3 integrin and LRP receptors on tumor cells. In vivo studies revealed that
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the two-order targeted nanoprobes not only could efficiently pass through the intact
BBB in normal condition but also could realize specific intratumoral accumulation
and precise boundary delineation with high-contrast capacity in a mouse glioma
model. In another study, folic acid and c(RGDyK) peptide co-modified dual-
targeting magnetite nanoparticles (Fe;04-PEG-RGD-FA,) were reported [23]. Com-
pared with the non-targeted and single-targeted nanoprobes, the synergistic targeting
nanoprobes enabled more effective penetration across the BBB, increased internal-
ization by glioma cells, and enhanced MR contrast effect. Furthermore, it was found
that the density of dual-target molecules on nanoprobes was critical for controlling
the targeting specificity.

5.5.2 Photoacoustic Imaging

Photoacoustic imaging (PAI) is a burgeoning noninvasive imaging modality based
on the light-thermal energy conversion. It integrates the merits of conventional
optical imaging and acoustic imaging, possessing high sensitivity and specificity,
high spatial resolution to micrometers, and increased tissue penetration to centime-
ters. As the generated thermal energy is related to the light energy absorbed by
specific molecules, the PA signal strength is determined by the optical absorbance at
specific wavelengths. For intracranial tumors, the dense skull can severely slash the
light energy and decreased the imaging depth. And endogenous molecules such as
hemoglobin may make imaging interference in the NIR-I region. To achieve longer
imaging depth and minimize the background interference by biological tissues, PA
contrast agents with higher absorption coefficient and longer absorption wavelength
are urgently demanded. Lu et al. first explored the feasibility of c(KRGDf) peptide-
functionalized hollow gold nanospheres (c(KRGDf)-PEG-HAuNS) for integrin-
targeted photoacoustic tomography (PAT) imaging of orthotopic glioma [39]. The
absorption peak of HAuNS was about at 800 nm. After intravenous injection of ¢
(KRGDf)-PEG-HAuNS into US7MG glioma for 24 h, PAT images showed that the
PA signal intensity ratio of tumor-to-contralateral healthy brain tissue was twice
higher than that prior to injection. And no change of the PA signal ratio was
observed in the non-targeted nanoprobe group. Micro-positron emission tomogra-
phy results verified that the enhanced PAT contrast of U§7MG glioma was attributed
to selective accumulation of the nanoprobes mediated by the c(KRGDf) peptide.
Chen et al. fabricated single, few, and multilayer molybdenum disulfide (MoS,)
nanosheets via albumin-assisted layer-by-layer exfoliation method [40]. The
as-prepared MoS, nanosheets demonstrated layer number-dependent PA effect. As
the layer number decreased, significantly amplified imaging sensitivity was
observed, attributed to the enhanced NIR absorption and the improved elastic
property. The single-layered MoS, nanosheets exhibited excellent biocompatibility
and satisfactory tumor-targeting ability. In situ glioma sitting at 1.8 mm below the
scalp could be clearly visualized by using monolayer MoS, nanoprobe-enhanced PA
imaging. To realize greater imaging depth, this group subsequently covalently
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Fig. 5.3 MoS,-ICG hybrid for highly sensitive PA imaging of orthotopic glioma at deep site.
(a) Absorbance spectra and (b) PA signal comparison of MoS,-ICG and MoS, solutions. (¢) B-scan
ultrasound (US), PA, and the merged images of U887MG glioma-bearing mice before and at
different time points postinjection of MoS,-ICG. (Adapted with permission from Ref. [41])

conjugated ICG-Sulfo-NHS onto the monolayer MoS, nanosheets by facile mixing,
obtaining MoS,-ICG hybrid. The conjugation strategy produced strong and broad
NIR absorption spectrum and red shifting of the MoS, absorption peak
(800 nm vs. 675 nm), enabling greater PA imaging performance. The MoS,-ICG
hybrid demonstrated high PA imaging sensitivity of U§7MG orthotopic glioma at
3.5 mm below the mouse scalp, nearly twofold deeper than MoS, nanosheets only
(Fig. 5.3) [41]. The remarkably improved imaging depth warrants this covalent
conjugation strategy promising for PA imaging of deep-sitting glioma.

Besides  aforementioned  inorganic = materials, conjugated  polymer
(CP) nanoparticles have also been developed as PA contrast agents, benefiting
from their large extinction coefficient and good photostability. Fan et al. fabricated
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DSPE-mPEG5000 micelle-enveloped perylene-3,4,9,10-tetracarboxylic diimide
(PDI) organic nanoparticles with water solubility and NIR absorptivity [42]. The
tertiary amine group and diimide group in the perylene bisimide molecule could
serve as the electron donor and electron acceptor, respectively, forming an effective
donor-m-acceptor structure. The PDI NPs exhibited an absorption peak at 675 nm
and high PAI contrast capacity. After intravenous injection into C6 glioma mice for
2 days, obvious PA signal was detected within the tumor region with a 4.0 mm depth
while negligible signal in the control mice group. It indicated the excellent EPR
effect of PDI NPs for penetrating the disrupted BBB and the satisfactory imaging
performance.

Although promising, most reported PA nanoprobes for glioma are based on NIR-I
(700-900 nm) PAI with low signal-background ratio. Developing NIR-II (1000-
1700 nm) absorptive nanoprobes is of great potential for glioma diagnosis with
higher sensitivity and deeper penetration. More recently, Guo et al. [43] reported
cyclic c-RGD peptide-decorated conjugated polymer nanoparticles (PIRGD NPs)
with strong NIR-II absorption for integrin-targeted glioma PA imaging. The planar
backbone structure and high donor-acceptor strength of this conjugated polymer
resulted in a broad and strong absorption peak centered at 1064 nm. The baseline
images prior to injection showed no obvious PA background signal, because of the
negligible absorption of biological tissues at 1064 nm. After intravenous injection of
P1RGD NPs, the PA signal gradually increased within the tumor region. At 24 h
postinjection, a high PA signal-background ratio up to 90 was detected, which was
about 1.5-fold higher than that in the non-targeted NPs group, attributed to the active
targeting effect for the former. The prominent PA imaging sensitivity of PIRGD
NPs through the scalp and skull makes them promising for deep tumor imaging and
therapy guidance.

5.5.3 Fluorescence Imaging

Fluorescence imaging modality owns significant advantages including high sensi-
tivity and high contrast, real-time monitoring, rapid acquisition, and fast feedback.
Unfortunately, currently available small molecular fluorescent organic dyes encoun-
ter extremely poor water solubility, susceptible to photobleaching, and short fluo-
rescence lifetime. To address these limitations, various fluorescent nanoprobes have
been extensively investigated for sensitive and durable bioimaging. Compared with
fluorescent organic dyes, they possess many prominent advantages, including excel-
lent water solubility, superior photo- and chemical stability, high quantum fluores-
cence yield, broad optical absorption with narrow emission, and long
photoluminescence lifetime. Quantum dots (QDs) are emerging semiconductor
nanocrystals with sizes ranging from 2 to 10 nm and possess unique optical
properties [44]. Tang et al. constructed biotin-aptamer-conjugated streptavidin-
PEG-CdSe/ZnS QDs (QD-Apt) for targeted fluorescence imaging of U§7MG glioma
overexpressing epidermal growth factor receptor variant III [45]. In vivo
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fluorescence imaging results demonstrated that QD-Apt could effectively penetrate
the BBB and accumulate within the tumor, due to the aptamer-mediated active
targeting effect, realizing the clear glioma margin visualization. Similarly, this
group engineered NGR peptide-decorated PEGylated CdSe/ZnS QDs (NGR-PEG-
QDs) and verified their effectiveness for penetrating across the BBB and targeted
fluorescence imaging toward both glioma tissue and tumor vasculature [46].
Although promising, the intrinsic safety concerns of QDs limit their practical
applications, due to the involvement of toxic heavy metal precursor molecules.
Recently, photoluminescent carbon nanodots (CNDs) have been recognized as
optimal substitutes to QDs, owing to their favorable biocompatibility. Using
1-methyl-2-pyrrolidinone serving as the solvent, carbon source and nitrogen source
simultaneously, Wang et al. synthesized polymer-coated and nitrogen-doped carbon
nanodots (pN-CNDs) with good water dispersibility by a simple “direct solvent-
derived” method [47]. The resultant pN-CNDs exhibited stable blue fluorescence
and a quantum yield up to 8.4%. The in vivo study showed glioma fluorescence
imaging with high contrast, owing to the small hydrodynamic size of pN-CNDs and
the EPR effect. Similarly, Zheng et al. reported novel photoluminescent carbon
nanodots (CD-Asp) via a simple and facile pyrolysis approach by using L-aspartic
acid and D-glucose as the precursor molecules (Fig. 5.4) [48]. The as-obtained
CD-Asp exhibited excellent biocompatibility, continuous full-color emission, and
self-targeting capacity toward C6 glioma cells. After intravenous injection into a C6
glioma model, intensive fluorescent signal was observed within the tumor region
rather than in normal brain tissues, indicating their capacity of penetrating across the

Hippocampus Cortex

CD-Glu

Fig. 5.4 Self-targeting fluorescent CD-Asp carbon dots for glioma imaging. (a) In vivo
fluorescence images of glioma-bearing mice before and at different time points postinjection of
CD-Asp. (b) Ex vivo fluorescence images of brain at 24 h postinjection of CD-Asp and its
counterparts CD-A, CD-G, and CD-Glu. (c¢) Fluorescent distribution of CD-Asp in the brain at
24 h postinjection of CD-Asp (green). Blue represents the cell nucleus. (Adapted with permission
from Ref. [48])
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BBB and glioma targeting. In comparison, any other counterpart of the CD-Asp
(CD-A, CD-G, and CD-Glu) showed scarcely any selectivity toward glioma. It
indicated that CD-Asp held great potential as self-targeting contrast agents for
precise fluorescence imaging of glioma.

Rare-earth upconversion nanoparticles (UCNPs), absorbing NIR light energy and
emit fluorescent in the visible region, have recently been highly attractive for
fluorescent bioimaging. Upconversion luminescence (UCL) possesses advantages
including superior photostability without blinking, deep tissue penetration, long
fluorescence lifetime, and minimal tissue autofluorescence [49]. By covalently
conjugating angiopep-2 onto PEGylated UCNPs, UCNP-based nanoprobes
(ANG/PEG-UCNPs) were constructed [50]. Both cellular and animal experiments
revealed that the as-prepared ANG/PEG-UCNPs could efficiently cross the BBB and
subsequently accumulated within the tumor. The UCL imaging in vivo results
demonstrated better contrast performance compared with the frequently used fluo-
rescent dye five-aminolevulinic acid in clinic. Considering the high atomic number
of elements in UCNPs, they hold great potential as radiosensitizers for effective
tumor theranostics.

Similar with PA contrast agents, NIR-II fluorescence nanoprobes can provide
deeper penetration and higher spatial resolution than that in the NIR-I region, owing
to the significantly decreased photon attenuation and negligible tissue
autofluorescence for the former. Very recently, Sheng et al. designed a new donor-
acceptor-tailored NIR-II fluorescent molecule (TB1) with aggregation-induced
emission features for targeted imaging toward orthotopic glioma [51]. The TBI
dots exhibited a high-fluorescence quantum yield up to 6.2%, much higher than most
reported NIR-II contrast agents with quantum yields in the range of 0.3-2%. The
dots exhibited a strong absorption peak around 740 nm and a fluorescence emission
peak centered at 975 nm, with high NIR-II fluorescence sensitivity and high
photostability in various media. After functionalization with c-RGD peptide, the
as-obtained TB1-RGD dots demonstrated specific tumor accumulation, with a high
signal-background ratio up to 4.4 and high spatial resolution up to 38 pm. It
suggested that the TB1-RGD dots could penetrate the BBB and selectively accumu-
late within the tumor region. The NIR-II dots with excellent imaging performance
represented the ideal candidates for precise glioma diagnosis.

5.5.4 Multimodal Imaging

Although remarkable advances have been made in developing numerous nanoprobes
for glioma diagnosis, conventional single-imaging modality cannot offer adequate
information, owing to their inherent limitations. With the rapid development of
advanced biomedical imaging techniques, multimodal imaging nanoprobes have
attracted intensive interest. They can provide comprehensive and complementary
diagnostic information through integrating the advantages of different imaging
modalities into one multifunctional nanoplatform [52]. This allows for early, precise,
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Table 5.2 Examples of multifunctional nanoprobes for multimodal imaging of intracranial glioma

Targeting Intracranial glioma Imaging
Nanoprobes moiety model modality Ref.
PEG-GdIO NPs Rats, C6 T,-T> MRI [60]
Feg ¢Mng 4O NFs SCID mice, US7MG T,-T>, MRI [62]
CS-DX-SPIONs Rats, C6 T,-T>, MRI [61]
NaGdF,@PLL NDs Rats T) MRI, CEST | [63]
MRI
Cy5.5-Lf-MPNA nanogels | Lactoferrin Rats, C6 MRI, FLI [53]
(L)
ANG/PEG-UCNPs Angiopep-2 Nude mice, US7MG MRI, UCL [50]
UCNPs@SiO,-CX-Lf Chlorotoxin, Rats, C6 MRI, UCL [64]
Lf
MnO-PEG-Cy5.5 NPs Nude mice, C6-GFP MRI, FLI [56]
NCD-DTPA-Gd Nude mice, US7MG MRI, FLI [54]
Gd-G5-DL680 Nude mice, US7MG MRI, FLI [55]
Gold/SPION micelles Nude mice, U251 MRI, CT [57]
(GSMs)
Au-AZ/Au-AK mixture Angiopep-2 Nude mice, U§7MG MRI, SERRS [65]
[64]Cu-c(KRGDf)-PEG- ¢(KRGDf) Nude mice, U87TMG- PAT, PET [39]
HAuNS peptide TGL
TB1-RGD dots ¢-RGD Nude mice, US7MG FLI, PAI [51]
peptide
SapC-DOPS nanovesicles Nude mice, PET, FLI [58]
U87AEGFR-Luc
SERRS-MSOT-nanostars Transgenic mice SERRS, MSOT | [66]
MPRs Nude mice, US7TMG- MRI, PAI, [67]
eGFP Raman
Au@MIL-88(Fe) Nude mice, US7TMG MRI, CT, PAI [59]

Abbreviations: FLI fluorescence imaging, UCL upconversion luminescence, SERRS surface-
enhanced resonance Raman scattering, PAT photoacoustic tomography, PET positron emission
tomography, MSOT multispectral optoacoustic tomography

and consolidated characterization of the tumor molecular and metabolic features.
Examples of nanoprobes for multimodal visualization of glioma are shown in
Table 5.2.

Among the currently available dual-modal contrast agents, multifunctional
nanoprobes combining MRI with fluorescence imaging capacities have received
the most extensive attention for glioma imaging, due to the integrated advantages
of high spatial resolution and high imaging sensitivity. These nanoprobes mainly
include Cy5.5-labled and lactoferrin-conjugated magnetic nanogels (Cy5.5-Lf-
MPNA nanogels) [53], angiopep-2-conjugated PEGylated upconversion
nanoparticles (ANG/PEG-UCNPs) [50], Gd>*-doped polymer-coated carbon
nanodots (NCD-DTPA-Gd) [54], Gd-DOTA and Dylight680-incorporated G5
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dendrimers (Gd-G5-DL680) [55], and PEG-Cy5.5-modified MnO nanoparticles
(MnO-PEG-Cy5.5 NPs) [56]. Other dual-modal imaging nanoprobes toward glioma
include gold and SPION-loaded micelles (GSMs) for MRI/CT [57], SapC-DOPS
nanovesicles for PET/FLI [58], cRGD peptide-decorated aggregation-induced emis-
sion dots (TB1-RGD dots) for FLI/PAI [51], and 64Cu-labeled and ¢(KRGDf)-
functionalized hollow gold nanospheres for PAT/PET [39]. All these nanoprobes
were able to penetrate the BBB, resulting in clear tumor visualization in orthotopic
glioma models. And good co-registration images were acquired by using the com-
bination of different imaging modalities.

To obtain more abundant and synergetic information, several triple-modal imag-
ing nanoprobes have also been developed for glioma imaging. For example, Shang
et al. synthesized PEGylated core-shell-structured  Au@MIL-88(Fe)
nanocomposites with starlike morphology via a simple and robust microemulsion
method, through controllable growth of metal-organic framework (MOF) shell layer
onto gold nanorod core in N,N-dimethylformamide phase [59]. The as-designed
Au@MIL-88(Fe) possess PA and CT contrast properties from the Au core and
MR-negative contrast property from the MOF shell simultaneously. After intrave-
nous injection for 12 h, the nanoprobes showed high-contrast performance for
CT/PAI/MRI triple-modality imaging in orthotopic U87 MG glioma-bearing mice.
The mild synthetic condition and compositional tunability of the nanocomposites
make them great potential in clinical settings.

Inevitably, each imaging technique aforementioned must be realized on separated
equipment, owing to the default of integrated multimodal imaging machines. The
impossible image fusion and complicated practical operation greatly hamper their
further application. One feasible solution is to develop MRI-based dual-modal
contrast agents and perform sequential scanning on a single MR scanner, which is
highly attractive and remains challenging. To overcome the IONP-induced negative
contrast limitations and obtain synergetic information, PEGylated gadolinium-doped
iron oxide nanoparticles (PEG-GdIO NPs) [60], chitosan-dextran superparamagnetic
nanoparticles (CS-DXSPIONs) [61], and ferromagnetic Fey ¢Mng 4O nanoflowers
(FIMO-NFs) [62] have been designed. These hybrid nanoprobes possessed suitable
longitudinal relaxivity and transverse relaxivity, indicating their applicability as 7'—
T, dual-modal MR contrast agents. Compared with the baseline images, in vivo
studies showed positive contrast on 7j-weighted MR images and simultaneous
negative contrast on 7,-weighted MR images within the tumor region. Recently,
MR contrast agents integrating anatomic and functional imaging capability have
gained extensive interest as they can acquire abundant complementary information
and facilitate the understanding of pathological processes. For instance, ultrasmall
core-shell-structured NaGdF,@PLL nanodots were designed as novel T,/chemical
exchange saturation transfer (CEST) dual-modal MR contrast agents (Fig. 5.5)
[63]. The Gd core and the poly-L-lysine shell contributed to high r; relaxivity
(6.42 mM~'s™") and sensitive CEST effect at +3.7 ppm, respectively. In vivo
MRI studies verified the effectivity and specificity of NaGdF,@PLL nanodots for
glioma imaging and pH mapping.
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Fig. 5.5 Ultrasmall core-shell-structured NaGdF4 @PLL nanodots for 7,/CEST dual-modal
imaging of glioma. (a) CEST phantom images of NaGdF4 @PLL nanodots solution with different
pH. (b) ry relaxivity of NaGdF4 @PLL nanodots based on gadolinium concentrations. (¢) In vivo
T,-weighted MR images of glioma after intravenous injection of NaGdF4@PLL nanodots. (d)
CEST ST difference map between pre- and postinjection at 3.0 pT. (e) The merged image of
Figure (c¢) and Figure (d). (Adapted with permission from Ref. [63])

5.5.5 Intraoperative Glioma Margin Delineation

Difficulty in intraoperative visualization of infiltrating glioma margins remains a
crucial challenge in achieving precise complete surgical resection and thus improved
clinical outcomes. Raman imaging holds great potential in guiding tumor resection
owing to its ultrahigh-sensitivity, high-resolution, and fingerprint-like spectra. To
date, several Raman imaging-incorporated hybrid nanoprobes have been developed
for glioma margin delineation and guiding tumor resection. Kircher and coworkers
first designed gold-silica-based SERS nanoparticles modified with DOTA-Gd>*
(MPRs) as an ultrasensitive PA/MR/Raman triple-modal imaging nanoprobe
[67]. After intravenous injection into glioma-bearing mice, the as-developed
MPRs led to efficient accumulation and retention within the tumor, enabling nonin-
vasive and accurate delineation of brain glioma margins by these three modalities
with picomolar sensitivity. Notably, the histological analysis confirmed that the clear
tumor margins delineated by Raman imaging realized precise intraoperative tumor
resection (Fig. 5.6). Subsequently, this group developed novel gold-silica nanostars
as surface-enhanced resonance Raman scattering (SERRS) and multispectral
optoacoustic tomography (MSOT) dual-modal contrast agents for intraoperative
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Fig. 5.6 Triple-modality MRI-Photoacoustic-Raman nanoparticles (MPRs) for delineating
brain tumor margins. (a) 3D-rendering of MR, PA, and overlay images of glioma. (b) Quarters of
the tumor tissue were removed sequentially, and intraoperative Raman imaging was performed after
each resection step, until the entire tumor was removed via visual inspection. Several tiny foci of
Raman signals were detected in the resection bed (white dashed box). (¢) Histological analysis of
these foci showed an infiltrative pattern, appearing as fingerlike protrusions into surrounding
tissues. The Raman signal within these protrusions suggests the specific and selective localization
of MPRs. (Adapted with permission from Ref. [67])

tumor delineation in a transgenic mouse glioma model [66]. After intravenous
injection of nanostars, MSOT could accurately delineated the extent of infiltrating
tumor with high specificity, which correlated well with the SERRS signals. Simi-
larly, Gao et al. designed a pair of gold nanoprobes modified with BBB-permeable
angiopep-2 peptide, Au-AZ, and Au-AK [65]. After the nanoprobes enter the tumor
interstitium via LRP1-involved receptor-mediated transcytosis, the acidic tumor
environment etches the outer shielding layer to expose the azide and alkyne groups,
triggers the self-assembly into spherical nanoclusters, and induces remarkable acti-
vation of both SERRS and MR signals. They could not only define glioma via MRI
with high sensitivity preoperatively but also could guide tumor excision
intraoperatively using a handheld Raman scanner, confirmed by histological
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analysis. Considering the satisfactory excretion behavior of the nanoprobes and the
universal extracellular acidification of the tumor environment, these acidic
environment-responsive nanoprobes hold a great promise in guiding glioma surgical
resection with high specificity and high safety.

5.6 Challenges and Perspectives

Conventional contrast agents directed toward intracranial glioma remain challeng-
ing, largely attributed to the existence of two critical physiopathologic barriers
unique to the brain tumors. In addition, systemic-administrated nanomaterials are
always susceptible to the non-specific opsonization processes and elimination by the
reticuloendothelial system. In this chapter, the strategies for overcoming the phys-
iopathologic barriers and the applications of versatile nanoprobes for improved
glioma visualization are systematically summarized. Despite tremendous efforts
and considerable progresses in nanoprobes-mediated glioma imaging, the uncon-
trollable pharmacokinetic profiles, dissatisfactory BBB penetration efficacy, and
intratumoral distribution restrict their translation from bench to bedside. The con-
cerns about long-term biodistribution, possible systemic adverse events and immu-
nological response, exact degradation and metabolic routes, and the elimination
mechanisms remain unclear. Much detailed investigations are required in order to
push the field forward.

Currently, one major technological challenge on multifunctional nanoprobes is
large-scale production with fine stability and good reproducibility in a well-
controlled manner. To this end, novel green synthesis approaches with biocompat-
ible precursors, mild synthetic conditions, and less procedures are urgently needed.
Multifunctional nanoprobes need to be carefully optimized because multifarious
modification may change their physicochemical properties and pharmacokinetic
profiles. In-depth understanding of the interactions between different components
on one nanostructure is gaining increasing interests in the design of multifunctional
nanoprobes. For nanoprobes with multimodal imaging abilities, the impact of one
component on the contrast performance of another should be carefully investigated
in the integrated design. Moreover, the imaging sensitivity and detection thresholds
for each imaging modality should be taken into consideration to ensure their imaging
performance.

Ideal nanoprobes should be effective enough to cross or bypass the physiopath-
ologic barriers and target glioma. Both glioma and the physiological barriers are
highly heterogeneous in nature, preventing the homogeneous and widespread
intratumoral distribution of nanoprobes. Exclusively targeting tumor-specific bio-
markers remains challenging since these tumor cell-associated markers may be
present on normal cells to some extent as well. Going forward, more potent targeting
modules should be routinely incorporated based on the continuously changing
molecular characteristics of glioma. A new generation of high-throughput microar-
ray-based tumor gene and protein expression profiles will facilitate the identification
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of novel whole-process overexpressed biomarkers toward glioma. Stimulus-
responsive nanoprobes with multi-targeting and multimodal imaging capacities
will realize more personalized glioma delineation and more accurate therapeutic
assessment. Further evaluation and standardization through interdisciplinary collab-
orations are required before being translated into clinical practice. Despite in its
infancy, nanoprobes-mediated neuroimaging hold immense potential in making
exciting breakthroughs for early and precise visualization of intracranial glioma.
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Chapter 6 )
The Advances of Nanozyme in Brain s
Disease

Ruofei Zhang, Xiyun Yan, and Kelong Fan

Abstract Reactive oxygen species (ROS), a class of metabolites produced in
biological aerobic metabolism, play a key role in conducting cellular signals and
maintaining normal nerve functions in central nerve system. However, under some
pathological conditions, oxidative stress caused by excessive ROS may become an
important factor in the occurrence and deterioration of neurological disease. There-
fore, it is crucial to control the level of ROS in the central nervous system in time.
Traditional ROS regulators, such as some natural enzymes and assemblies based on
them, have not been well applied in brain diseases due to their instability and limited
ability to cross the blood-brain barrier (BBB). Nanozymes, stable inorganic
nanomaterials that possess intrinsic enzyme-mimic activities, have attracted wide
attention in the scientific community in recent years attributed to their efficient
ability to alleviate oxidative stress in the central nervous system. This chapter
reviews the advances in the application of nanozymes in the treatment of neurolog-
ical diseases and discusses the challenges and perspectives of nanozymes for their
clinical translations. We hope that this chapter will arouse readers’ interest in
nanozymes and promote the research and application of nanozymes in brain
diseases.

Keywords Nanozyme - Central nervous system disease - Neurological disorders -
Antioxidative therapy

6.1 Introduction

Inflammation induced by oxidative stress and oxidative damage has been considered
as the key factor in the occurrence and development of brain injury, aging, or chronic
neurodegeneration including Alzheimer’s disease (AD), Parkinson’s disease (PD),
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Huntington’s disease (HD), multiple sclerosis (MS), amyotrophic lateral sclerosis
(ALS), and cerebral ischemia (CI) [1, 2]. Oxidative stress has been defined as “an
imbalance in pro-oxidants and antioxidants with associated disruption of redox
circuitry and macromolecular damage” [3], in which reactive oxygen species
(ROS) play central roles. ROS in cells, mainly including superoxide anion (O, ),
hydrogen peroxide (H,0,), hydroxyl radical (*OH), and singlet oxygen (‘O,), are
usually produced by both exogenous and endogenous sources [4]. The sources of
exogenous ROS include ultraviolet (UV), ionizing radiation, pollution, smoke, and
other factors [5], while endogenous ROS are mainly produced by mitochondrial
electron transport chain (ETC) and NADPH oxidase (NOX) system [2]. Although
oxygen is lethal to many life forms and almost all cell macromolecules (e.g., protein,
lipid, and nucleic acid) may undergo oxidative damage, aerobic organisms have
evolved the ability to use ROS derived from oxygen for efficient energy transfer. In
aerobic organisms, appropriate ROS such as H,O, can be used as cell signal
transduction messenger to regulate the body’s function based on their fast-created
and short-lived characteristics, while redundant ROS can be removed by antioxidant
systems in a timely and effective manner [6]. However, under some pathological
conditions, oxidative stress produced by high-level ROS exceeds the threshold that
the antioxidant system could withstand; then these aerobic cells will be damaged. In
addition, because of its high frequency of aerobic metabolism, the brain is most
sensitive to oxidative stress-induced damage in all organs [2]. Therefore, the use of
appropriate antioxidants to alleviate oxidative stress in time is essential for the
treatment of brain diseases.

Currently, many antioxidants, such as some natural enzymes, small biomolecules,
and the synthetic composites based on them, have been used in brain disease-related
research. Most of these antioxidants are difficult to be used in clinical research
mainly because of their low ROS-scavenging efficiency, instability, toxicity, or
inadequate penetration of blood-brain barrier (BBB). Besides, although a few
antioxidative drugs (e.g., edaravone, idebenone, dimethyl fumarate) have been
approved for treating human neurological disease, most if not all of them have not
achieved ideal therapeutic effect [2]. Consequently, new kinds of antioxidants are
urgently needed for the treatment of neurological diseases.

Unlike traditional antioxidants, which are mainly composed of organic compo-
nents, nanozymes are a class of inorganic nanomaterials with intrinsic enzyme-like
activities. Fe;O,4 nanoparticles are the first nanozymes found to possess enzyme-like
activity, which have the ability to catalyze the oxidation of the substrates of
horseradish peroxidase (HRP) in the presence of H,O,, and their catalytic mecha-
nism and efficiency are all similar to those of HRP [7]. Since then, a series of
inorganic nanomaterials have been found to possess intrinsic enzyme-like activities.
These nanomaterials perform efficient valence conversion and electron transfer on
their surfaces, which determines that the reactions catalyzed by them are most redox-
related. That is to say, these nanozymes mainly mimic some redox-related enzymes,
such as superoxide dismutase (SOD), catalase, peroxidase, and oxidase [8]. Because
SOD and catalase play important/vital roles in scavenging ROS in the brain [2, 9],
the nanozymes which possess SOD-like or catalase-like activities (e.g., CeO,,



6 The Advances of Nanozyme in Brain Disease 141

fullerene, Mn;0y4, Fe;0y, etc.) have stimulated researchers’ interest in using them to
treat ROS-related brain disorders. Compared with traditional antioxidants, these
nanozymes own the advantages of stable structure, adjustable activity, and diverse
functions. At present, many nanozymes have been found to effectively protect nerve
cells from oxidative damage and alleviate neurological disorders [8, 10, 11], indi-
cating that nanozymes have great potential in the treatment of ROS-related brain
diseases.

In order to give readers a deeper understanding of the role of nanozymes in the
treatment of neurological diseases, this chapter first introduces the relationship
between ROS and neurological disorders and the mechanism of nanozymes in
clearing ROS. Then, the research and application of nanozymes in the treatment of
neurological diseases are systematically reviewed. Finally, the challenges and per-
spectives are discussed.

6.2 ROS-Mediated Oxidative Stress and Its Role
in Neurological Diseases

Regardless of external sources, ROS in brain is mostly produced by ETC and NOX
family. ETC consists of four complexes, including NADH-CoQ reductase (complex
I), succinate dehydrogenase (complex II), CoQH,-cytochrome c reductase (complex
III), and cytochrome c oxidase (complex IV). The generation of various ROS mostly
begins with the production of O, ", which are mainly produced by complex I and
complex III [6]. Chance et al. demonstrated for the first time that ETC can produce
ROS by detecting H,O, in isolated mitochondria in 1966 [12]. Later, it was found
that H,O, in mitochondria was mainly produced from the dismutation of O,
catalyzed by SOD [13, 14]. In addition, studies have shown that complex I plays a
more important role in the production of O," in the brain than complex III
[2, 15]. Under the normal function of mitochondria, only a small amount of O,
is produced. In this case, NADH passes through complex I, CoQ, complex III,
cytochrome ¢, and complex IV to transfer electrons to oxygen, and the protons are
discharged into the mitochondrial membrane space to form ATP through ATP
synthase (Fig. 6.1 MODE3) [6]. However, when there is a high NADH/NAD™"
ratio (Fig. 6.1 MODE]1) or a high-proton motive force (Ap) and a reduced CoQ
pool (Fig. 6.1 MODE2) in the mitochondria, significant O,"~ production will be
observed. In many acute or chronic neuronal disorders, notable amounts of O," ™ are
also produced through the NOX family [2]. The NOX family is a transmembrane
complex composed of six subunits, including seven homologs (NOX1, NOX2,
NOX3, NOX4, NOX5, DUOXI1, and DUOX2), of which the NOX2 complex has
been reported to be expressed in the corpus callosum, hippocampus, spinal cord, and
medulla of human [16]. Activated NOX complex transfer electrons from the
NADPH in the cytoplasm to extracellular space to form O, [17]. The NOX family
maintains a certain activity at ordinary times, and when the extracellular stimulus
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Fig. 6.1 Modes of mitochondrial operation that lead to O, ™ production [6]. There are three modes
of mitochondrial operation that are associated with O,"~ production. In mode 1, the NADH pool is
reduced, for example, by damage to the respiratory chain, loss of cytochrome ¢ during apoptosis, or
low ATP demand. This leads to a rate of O, ~ formation at the flavin mononucleotide (FMN) of
complex I that is determined by the extent of FMN reduction which is in turn set by the NADH/
NAD" ratio. Other sites such as «KGDH may also contribute. In mode 2, there is no ATP
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signal is sensed, the O, level can rapidly increase, resulting in high concentration
of ROS in cells. In addition to the two main ROS sources mentioned above, ROS can
also be generated by other enzymes in the central nervous system, such as xanthine
oxidase/xanthine dehydrogenase (XD/XDH), myeloperoxidase (MPO), nitric oxide
synthases (NOSs), cyclooxygenase (COX), xanthine oxidase (Xox), nitric oxide
synthase (NOS), phospholipase A,, and cytochrome P450s [1, 2, 18].

In addition to these ROS producers, there is also an antioxidant system in the
body that can scavenge ROS. The intracellular antioxidant system consists of
antioxidants enzymes (e.g., SOD, catalase, glutathione peroxidase (GPx),
hemeoxygenase-1 (HO-1), and thioredoxin) and some nonenzymatic antioxidants
(e.g., vitamin C (VC), vitamin E (VE), lipoic acid, and uric acid). Under physiolog-
ical conditions, the production and removal of ROS are maintained at the level of
steady-state equilibrium. When ROS is generated faster than the body’s clearance
ability, the balance of redox will be disturbed, which will lead to oxidative stress,
resulting in the damage of many macromolecules (e.g., DNA, protein, and lipid),
causing inflammation, and then lead to the occurrence and development of many
neurological diseases (Fig. 6.2) [1].

Although the brain weighs only 2% of the body’s weight, it consumes 20% of the
body’s oxygen [2]. Oxygen metabolism in the brain is very vigorous, so even low
levels of oxidative stress in the brain can lead to serious consequences [1]. Oxidative
stress and related inflammation have been proved to be closely related to a variety of
neurodegenerative diseases (e.g., AD, PD) and cerebrovascular disorders (e.g.,
stroke, CI). In these diseases, excessive ROS can directly cause oxidative damage
to intracellular components or mediate inflammation by activating some signaling
pathways. Postmortem tissues of patients with AD and PD have been reported to
show oxidative and related inflammatory reactions [19]. The damaged brain areas
showed activation of astrocytes and microglia, and high expression of
pro-inflammatory cytokines such as TNF-a or IL-1B, IL-6, and IL-8, suggesting
the importance of oxidation and related inflammatory reactions in these diseases. In
the process of inflammation, the main signal pathways mediated by ROS are receptor
tyrosine kinases (RTKSs), phosphoinositide-3’-kinase (PI3K)/Akt cascade, transcrip-
tion factors (e.g., activator protein-1 (AP-1), nuclear factor-kB (NF-kB)), and
mitogen-activated protein kinases (MAPKs) [1]. Because the content of
ROS-related signaling pathway is sophisticated and does not belong to the main
content of this chapter, we will not introduce further information here. There are
some related reviews for interested readers to refer to [1, 4, 16, 20]. The relationship
between oxidative stress and some major related neurological diseases will be
introduced separately in Sect. 6.4.

<
«

Fig. 6.1 (continued) production and there is a high Ap and a reduced CoQ pool which leads to RET
through complex I, producing large amounts of O, . In mode 3, mitochondria are actively making
ATP and consequently have a lower Ap than in mode 2 and a more oxidized NADH pool than in
mode 1. Under these conditions, the flux of O, ~ within mitochondria is far lower than in modes
1 and 2, and the O,"~ sources are unclear. (Copyright 2009 The Author(s))
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Inflammation Anti-inflammation

Fig. 6.2 Oxidative stress and antioxidants imbalance in inflammation [1]. In inflammation, the
balance appears to be tipped in favor of increased oxidative stress by various specialized enzymes,
including NOX, Xox, P450, COX, or NOS, because of either excessive ROS release or inflamma-
tory mediators leading to the amplification of the pro-inflammatory effects. In contrast, induction of
several antioxidants, such as SOD, catalase, GPx, thioredoxin, or HO-1, may reduce ROS gener-
ation and attenuate the inflammatory response (anti-inflammation). NOX NADPH oxidase, Xox
xanthine oxidase, P450 P450 enzyme, COX cyclooxygenase, NOS nitric oxide synthase, SOD
superoxide dismutase, GPx glutathione peroxidase, HO-1 heme oxygenase-1. (Copyright 2013 The
Author(s))

6.3 Nanozymes with Antioxidant Activity

As we mentioned earlier, many natural enzymes and natural biomolecules play
important roles in the antioxidant system. Some of these natural organic molecules
and some artificial synthetic complex based on these molecules have been used in
the treatment of brain diseases. For example, in some studies, catalase and Cu/Zn-
SOD have been encapsulated or coupled with some chemical polymers for the
treatment of neurological diseases such as PD and CI [21-27]. Although these
synthesized enzyme-mimetics have been reported to be effective in alleviating
oxidative stress in the brain, they still have many shortcomings, such as poor
operational stability, high environmental requirements for catalytic activity, complex
preparation process, and high preparation cost [28]. In recent years, some inorganic
nanomaterials have been found to have intrinsic enzyme-like catalytic activity
without coupling natural enzymes. These nanomaterials have been widely called
as nanozymes, which have high catalytic activity and can make up for the defects of
traditional mimetic enzymes [8, 28, 29]. In this section, we will introduce the
catalytic mechanisms of some typical nanozymes, focusing on their antioxidant
ability to scavenge ROS. Although those natural enzyme-based nanoformulations
are also called as nanozymes in some studies, they are not within the scope of our
discussion in this chapter.
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6.3.1 Nanozymes with SOD-Like Activity

Superoxide dismutase (SOD) is a kind of metal-containing enzyme widely existing
in animals, plants, and microorganisms, which consecutively catalyzes the
dismutation of the superoxide free radicals (O, ) to produce ordinary molecular
oxygen (O,) or hydrogen peroxide (H,O,). Superoxide free radicals are by-products
of cellular aerobic metabolism, causing serious oxidative damage if not removed in
time. Therefore, SOD plays a significant antioxidant role in organisms. There are
three kinds of SOD enzymes in the human body: SOD1, SOD2, and SOD3. SOD1
and SOD3 contain copper and zinc, while SOD2 contains manganese [30]. The
reaction catalyzed by copper-containing SOD is as follows [31]:

0, +2H" + (Cu™) — SOD — H,0, + (Cu*") — SOD (6.1)
0, 4 (Cu*") — SOD — 0, + (Cu*) — SOD (6.2)
0, + 0y +2H" — H,0; + O, (overall reaction) (6.3)

Inspired by the catalytic mechanism of natural SOD enzymes, a series of
SOD-like nanozymes with similar catalytic abilities have been found, including
cerium dioxide (CeO, or nanoceria) nanoparticles, platinum (Pt) nanoparticles,
carbon clusters, fullerenes (Cgg), and their derivatives.

6.3.1.1 Nanoceria with SOD-Like Activity

Nanoceria have fluorite structure and variable Ce**/Ce>* valence pairs on its surface,
which can easily and reversibly form a series of nonstoichiometric oxides (CeO,_y,
0 < x < 0.5) in reducing atmosphere [32]. These unique physical properties make
nanoceria an efficient oxygen storage agent and catalyst. In industry, nanoceria has
been used as one of the main components of three-way catalysts in automobile
exhaust treatment [33]. Self et al. reported for the first time the SOD-like activity of
nanoceria through a comparative experiment between nanoceria and cytochrome c
[34]. Before that, the catalytic activity of nanoceria has been reported to be closely
related to the oxygen vacancies and the Ce**/Ce** ratio on its surface [35, 36]. Based
on previous studies, Self et al. synthesized two kinds of nanoceria with different
Ce**/Ce™" ratios and pointed out that the nanoceria with high Ce**/Ce** has higher
SOD-like activity [34]. In this study, the ability of nanoceria to scavenge O,"~ was
confirmed by electron paramagnetic resonance (EPR) measurements. The produc-
tion of H,O, was also observed, which is a product of SOD enzymatic reaction. In
addition, the reaction kinetics experiments showed that the catalytic rate of nanoceria
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Fig. 6.3 A model of the reaction mechanism for the oxidation of H,O, by nanoceria and the
regeneration via reduction by superoxide [37]. An oxygen vacancy site on the nanoceria surface (/)
presents a 2 Ce** binding site for H,O,. (2) After the release of protons and two-electron transfer to
the two cerium ions, (3) oxygen is released from the now fully reduced oxygen vacancy site (4).
Subsequently, superoxide can bind to this site (5), and after the transfer of a single electron from one
Ce™, and uptake of two protons from the solution, H,O, is formed (6) and can be released. After
repeating this reaction with a second superoxide molecule (7), the oxygen vacancy site returns to the
initial 2 Ce** state (/). It is also possible that the third Ce** indicated, which gives rise to the oxygen
vacancy, could participate directly in the reaction mechanism. The square Ce—O matrix is shown

here only to illustrate the model and does not correspond to the actual spatial arrangement of the
atoms in the crystal structure. (Copyright 2011 RSC Pub)

with particle size of 3-5 nm was higher than that of natural Cu-Zn SOD (3.6 x 10°
M s vs. (1.3-2.8) x 10° M~ 's7h. Referring to the catalytic mechanism of
natural SOD, a SOD-like reaction mechanism of nanoceria was proposed [34]:

0, + Ce*™ + 2H" — H,0, + Ce*" (6.4)
0, 4+ Ce*" — 0, 4 Ce* (6.5)

In addition, Celardo et al. proposed a more specific catalytic reaction model for
the SOD-like activity of nanoceria (Fig. 6.3) [37]. However, these reaction mecha-
nisms are all hypotheses based on the existing experimental phenomena, and the
detailed reaction process of the SOD-like activity of nanoceria still needs further
study.
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6.3.1.2 Fullerene and Its Derivatives with SOD-Like Activity

Fullerene is a hollow carbon isotope composed entirely of carbon, which is spher-
ical, ellipsoidal, cylindrical, or tubular in shape. Fullerenes have unique ability to
absorb free radicals attributed to their delocalized & double bond system and have
been called as free radical “sponge” [38]. Nevertheless, unmodified fullerenes are
difficult to be directly used as antioxidants because of their poor water solubility,
which makes it difficult for them to interact directly with biological molecules. A
series of water-soluble fullerene derivatives can be obtained by chemical modifica-
tion, and much evidences showed that water-soluble fullerene derivatives could play
a neuroprotective role in some cell or animal models, including degeneration of
dopaminergic neurons in Parkinson’s disease [39—41] and central nervous system
ischemia [42, 43].

Duan et al. have done many works in studying the role of buckminsterfullerenes
(Ce0) and their derivatives in neuroprotection. Cg is a kind of spherical fullerenes
which composed of 60 carbon atoms, shaped like a football [44]. In their initial
studies, two water-soluble Cgq derivatives (Cgo(OH) 5, and Cgo(OH) g_2005_7) were
found to reduce both excitotoxic and apoptotic neuronal death induced by oxidative
stress [45]. Through EPR experiments, these water-soluble Cgo derivatives were
found to be able to effectively scavenge *OH produced by the decomposition of
H,0,, which explained their neuroprotective ability to some extent [45]. Later,
similar to the two Cgg derivatives mentioned above, two isomers of water-soluble
malonic acid Cg derivatives (Cgo[C(COOH),]3) with C5 or D3 symmetry have also
been proved to be effective in scavenging free radicals and protecting cultured
cortical neurons from oxidative damage [46]. Moreover, interestingly, the C; deriv-
ative reduced death and functional degradation of transgenic mice carrying human
mutation (G93A) SOD gene, which is associated with familial amyotrophic lateral
sclerosis (FALS), suggesting that it may play a similar role as SOD [46].

Although in some studies [41] the C; derivative has been found to eliminate both
O,"~ and *OH, it was not proposed that they possess SOD-like activity at that time.
Some hypotheses suggested that the antioxidant ability of the water-soluble Cg,
derivatives may be due to the direct transfer of electrons from O, to these fullerene
derivatives, but no Cgg radical intermediates have been found in subsequent studies
[47, 48]. Until 2004, Duan et al. found that the C5 derivative is capable of removing
the O, through catalytic dismutation of O, like a natural SOD enzyme rather
than via stoichiometric scavenging [49]. Without the change of the C;’s structure,
the regeneration of oxygen, production of H,O,, and absence of radical products
were all observed, which indicates that C; plays a SOD-like catalytic role in the
O,  -removing reaction. Besides, by a competitive experiment with cytochrome c
for O,"~ dismutation, the rate constant of C3 (K¢3) to scavenge O, was tested to be
2.2 (+0.1) x 10° M~ " s7!, which is approximately 1/100 of that of the SOD. The
effect of pH on the reaction between C; and O,” was also measured. The results
showed that the K3 decreases with the increase of pH. This phenomenon may be
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attributed to the fact that the negative charge of carboxyl groups on C; increases with
the increase of pH, which prevents the contact of O, with the main part of the
derivatives, thereby decreasing the Kc3 [49].

In order to elucidate the specific mechanism of the SOD-like activity of Cs, these
researchers used semiempirical quantum mechanical calculations to determine the
electron distribution on C; surface. A mechanism model of O,” dismutation by C;
was proposed as a result (Fig. 6.4). In this model, the susceptibility of C3 surface
sites to be attacked by O, is shown in the form of color maps. As can be seen from
this map, the malonic acid group is located in the region with the most serious
electron defects, which makes it easier to attract O," (Fig. 6.4b). When O, exists
in the environment, it binds to the protons of malonic acid group on C; by hydrogen
bond driven by potential difference. Later, with the second O,” approaches, these
two radicals are dismutated into O,, H>O,, or *OH with the help of protons in the
malonic acid group or in the local water molecules (Fig. 6.4a) [49]. To verify the
effect of carboxyl groups on the SOD-like activity and neuroprotective function of
Ceo derivatives, Duan et al. selected six carboxyfullerenes with different quantity
and distribution of carboxyl groups. The results showed that the more the amount of
carboxyl groups on the surface of the fullerene derivatives and the closer the
distribution of carboxyl groups, the stronger the SOD-like activity and the stronger
the neuroprotective ability of these derivatives [50]. In addition, Gozin et al. found
that when C; binds to human serum albumin, the original SOD-like activity remains
unchanged, indicating that this kind of nanozyme can simultaneously carry SOD
mimic activity and biocompatibility, which provides a possibility for its medical
application [51].

6.3.1.3 Carbon Clusters with SOD-Like Activity

In addition to fullerenes, another carbon-based nanomaterial, a kind of hydrophilic
polyethylene glycol (PEG)-coated carbon clusters (PEG-HCCs), has also been
reported to have SOD-like activity [52]. The carbon cores of PEG-HCCs is about
3 nm wide and 30-40 nm long, containing about 2000—5000 carbon atoms in each of
them. The results showed that PEG-HCCs specifically eliminate O, ", while it is
inert to peroxynitrite radical (ONOQO™) and NOe. X-ray photoelectron spectroscopy
(XPS) showed that covalent binding with ROS was not the main mechanism of
PEG-HCCs scavenging O, . EPR experiments showed that PEG-HCCs act as a
catalyst which promoted the transition of O,” to O,, rather than as an ROS
adsorbent. Besides, the production of O, and H,O, was also detected during the
reaction. These experimental evidences indicate that PEG-HCCs are specific
SOD-like nanozymes catalyzing the decomposition of O, . The state kinetic test
showed that the turnover number of O, to O, catalyzed by PEG-HCCs was more
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Fig. 6.4 Proposed SOD-like mechanism of O,"~ dismutation by C3 [49]. (a) Schematic represen-
tation of the catalytic interaction of C3 and O, . Chemical bonds colored in red are associated with
electron-deficient areas and predicted through semiempirical quantum calculations (compare with
b). Incoming superoxide ions and oxygen atoms derived from them are colored in purple to
facilitate visualization of the suggested mechanism. Broken lines represent hydrogen bonding
between oxygen and hydrogen atoms, and hyphenated lines are used to represent electrostatic
attraction between negatively charged oxygen atoms and electron-deficient areas on the Cgo moiety.
In the proposed mechanism, C; is suggested to electrostatically drive superoxide anions toward
electron-deficient areas on its surface until a second O,"~ arrives to undergo dismutation with the
help of protons from carboxyl groups and/or surrounding water molecules. (b) Map of the electron
density reflecting nucleophilic superdelocalizability. On the resulting isosurface, locations that are
susceptible to attack by superoxide are designated by a color scale showing decreasing suscepti-
bility, in the order white through cyan (legend). (Copyright 2004 Elsevier)
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Fig. 6.5 Preparation of apoferritin-encapsulated platinum nanoparticles (Pt-apo) [55]. (Copyright
2010 American Chemical Society)

than 20,000 s~ ', which was equivalent to the catalytic activity of Cu/Zn SOD
enzyme. Together, the dismutation process that PEG-HCCs catalyze the conversion
of O," was given as follows [52]:

PEG — HCC' + Oy~ — PEG — HCC™ + 0, (6.6)
PEG — HCC™ + Oy~ + 2H,0 — PEG — HCC® + H,0, + 2HO~  (6.7)

6.3.1.4 Platinum Nanoparticles with SOD-Like Activity

Some studies found that platinum nanoparticles could also effectively clear O, ~ and
H,0, [53, 54]. Later on, Knez et al. encapsulated platinum nanoparticles within
apoferritin (Fig. 6.5), a cage-like protein, and found that the protein—platinum
nanoparticles (Pt-apo) showed good SOD-like activity and long-term stability
in vitro [55]. In addition, platinum nanoparticles can effectively eliminate the
oxidative stress caused by external H,O, and improve the survival rate of human
intestinal Caco-2 cells after being internalized into cells mediated by apoferritin via
its receptor. In addition, a study mentioned that the SOD-like activity of polyacrylic
acid-modified platinum nanoparticles (Pt-PAA) was slightly lower than that of ceria
nanoparticles in the same mass [56]. No detailed mechanism has been proposed to
explain the SOD-like behavior of platinum nanoparticles.

6.3.2 Nanozymes with Catalase-Like Activity

As mentioned above, O, ~ can be dismutated by SOD into H,O, or O, (Sect. 6.3.1).
Compared with other active ROS, H,O, is a relatively stable molecule and plays
physiological roles in signal transduction in cells. However, although H,O, is
relatively stable, it can generate damaging *OH through Fenton reaction or other
similar processes. Therefore, removal of excessive cellular H,O, in a timely manner
is crucial to protect cells from oxidative damage. In the body, the most effective way
to remove H,O, is to decompose it into water and oxygen by catalase. Catalase is an
enzyme that exists in almost all aerobic organisms. Although the detailed
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mechanism has not been thoroughly explained, the reaction process of catalase
catalyzing the decomposition of H,O, is believed to be as follows [57, 58]:

H,0, + Fe (III) — OH — H,0 -+ Fe (IlI) — OOH (.+) (6.8)
H,0, -+ Fe (IlI) — OOH (.+) — H,O + Fe (I) —OH+ 0,  (6.9)
2H,0, — 2H,0 + O, (overall reaction) (6.10)

The Fe(IIl)-OH in these formulations represents the iron in the heme of the
catalase active center, while the (.+) of the Fe(III)-OOH (.+) represents that iron is
not completely oxidized to +4 but only accepts some electron density from the heme
ligand. When H,0, enters the active site, it interacts with the amino acid of catalase,
leading to proton transfer between oxygen atoms. Free oxygen atoms coordinate
with iron in the active center (Fe(III)-OH) to release newly formed water molecules
and Fe(Il[)-OOH (.+). The active site coordinated with oxygen reacts with the
second H,O, molecule, reforming Fe(Ill)-OH and generating water and oxygen.
Finally, the two molecules of H,O, are decomposed into two molecules of water and
one molecule of oxygen.

Like SOD, catalase is essential in protecting nerve cells from oxidative damage.
Similar as SOD-like nanozymes, many inorganic nanomaterials (e.g., CeO,, Fe30y,
Co30,, Pt, etc.) have been found to be catalase-like catalysts for H,O, decomposi-
tion. In this section, some major catalase-like nanozymes and their catalytic mech-
anisms will be introduced.

6.3.2.1 Nanoceria with Catalase-Like Activity

Section 6.3.1.1 mentions that Self et al. first discovered that nanoceria exhibits
SOD-like activity, and the catalase-like activity of nanoceria was also reported by
them for the first time [59]. The ability of nanoceria to decompose H,O, was
confirmed by measuring changes in dissolved oxygen production in this study.
Besides, the catalase-like activity of nanoceria was also found to be closely related
to its surface redox state. However, unlike nanoceria with SOD-like activity, which
has a relatively high Ce®*/Ce** ratio on their surface, results from the Amplex Red
assay showed that nanoceria with a lower proportion of Ce®*/Ce** exhibited a
significant catalase-like activity [59]. Although the specific mechanism has not
been clarified, the reaction equation for the decomposition of H,O, catalyzed by
nanoceria is generally assumed to be as follows [60, 61]:

H,0, + 2Ce*t +20H™ — 2H,0 + 0, + 2Ce*" (6.11)
The regeneration of Ce** to Ce** can also be accomplished with the participation

of H,O,, which involves the formation of cerium monoperoxy trihydroxide (Ce
(OH),00H) intermediates [60]:
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Fig. 6.6 A model of the reaction mechanism for the complete dismutation of H,O, [37]. The
oxidative half-reaction is identical to the sequence shown in Fig. 6.3 (1)—(4). The reductive half
involves binding of H,O, to the 2 Ce>* site (5), uptake of two protons and homolysis of the O—O
bond with transfer of electrons to the two Ce>* (6), and release of the water molecules to regenerate
the initial Ce** site (1). This reaction sequence would be analogous to the one found in catalases.
(Copyright 2011 RSC Pub)

Ce(OH), 4+ H,0, — Ce(OH),00H + H,0 (6.12)
3 Ce(OH),00H + H,0 — 2 Ce(OH),00H + Ce(OH), (6.13)
2 Ce(OH),00H — 2 Ce(OH), + O, (6.14)

2 Ce(OH), + 3H,0, — 2 Ce(OH), + O,
+ 2H,0 (overall regeneration reaction) (6.15)

Although Ce®* can be regenerated into Ce** while H,O, is decomposed, this
process is limited by many rate-limiting factors (e.g., pH and concentration of
H,0,), so the concentration of Ce* is not decisive for the catalase-like activity of
nanoceria [60]. To better reflect the effect of the redox state and the oxygen vacancy
on the catalase-like activity of nanoceria, Celardo et al. have proposed an intuitive
reaction mechanism model (Fig. 6.6) [37]. Unlike natural catalase, which has no
complete valence transition of iron in its active center, the complete valence transi-
tion between Ce** and Ce** occurs in all these abovementioned mechanisms. This
may explain the difference in catalytic efficiency between nanoceria and natural
enzymes, but the detailed mechanism still needs further study.
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In addition, although nanoceria can exhibit SOD-like or catalase-like activity
under different conditions, it is still unknown whether nanoceria can possess both of
these enzyme-like activities under same conditions [34, 59].

6.3.2.2 Iron Oxide Nanoparticles with Catalase-Like Activity

It has been reported that iron oxide nanoparticles (INOPs) can directly catalyze H,O,
to produce water and oxygen in neutral pH environment, which indicates that INOPs
possess catalase activity [62]. Interestingly, in this study, Gu et al. found that INOPs
exhibited a pH-dependent double enzyme-like activity. In neutral conditions (pH =
7.4), iron oxide nanoparticles exhibited catalase-like activity, while in acidic condi-
tions (pH = 4.8), they exhibited peroxidase-like activity, which catalyzes oxidation
of peroxidase substrates in the presence of H,O,. They compared the dual enzyme-
like activity of two kind of INOPs (Fe;O, and y-Fe,O3;) with similar size. By
measuring the content of soluble oxygen in the reaction environment, they found
that the catalase-like activity of Fe;0, in neutral conditions was higher than that of
v-Fe>O3. Moreover, the peroxidase-like activity of Fe;Oy4 in acidic conditions was
also higher than that of y-Fe,O3 by observing the color change of substrates. Based
on the results of Electron Spin Resonance (ESR) spectroscopy measurements, they
proposed a mechanism model to explain the activity of the pH-dependent dual
enzyme-like behaviors of INOPs. Under acidic conditions, INOPs can catalyze a
Fenton-like reaction of H,O,. The process is likely to be as follows [62]:

Fe*™ 4+ H,0, — FeOOH>" + H' (6.16)
FeOOH*" — Fe*™ + HO,- (6.17)
Fe*™ + H,0, — Fe*™ 4+ OH™ + OH- (6.18)

However, under neutral conditions, because of the low concentration of H*, the
reaction rate in formula (6.16) is faster and excessive FeOOH>* and HO,- is
produced. Then, HO,- can be protonated to form O,"~ (Formula 6.19), and HO,-
or O," can further react with OH- to produce oxygen and water (Formula 6.20).
Thus, after a series of reactions, H,O, is finally decomposed into oxygen, which
means that INOP exhibits catalase activity.

HO, +H" — Oy~ (6.19)

OH- +HO,- /O,”” — H,0 + 0, (6.20)

Because catalase can protect cells by scavenging H,O,, peroxidase can catalyze
the production of *OH and damage cells. Therefore, these INOPs may play a

protective role in neutral cell environment (e.g., in cytoplasm) and a lethal role in
acidic cell environment (e.g., in lysosome) (Fig. 6.7) [62]. This characteristic may be
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Fig. 6.7 Schematic illustration of peroxidase-like activity-induced cytotoxicity by IONPs
[62]. IONPs are trapped in acidic lysosomes when internalized into cells, so they catalyze H,O,
to produce hydroxyl radicals through peroxidase-like activity; however, in neutral cytosol, IONPs
would decompose H,O, through catalase-like activity. (Copyright 2012 American Chemical
Society)

used to regulate the ROS level in cells, hence protecting normal cells or killing
diseased cells.

6.3.2.3 Co304 Nanozymes with Catalase-Like Activity

Similar to INOPs, Co3;0O,4 nanoparticles have also been reported to have both
peroxidase-like and catalase-like activities [63]. Co3;0, nanoparticles can exert
peroxidase mimic activity by promoting electron transfer between H,O, and reduc-
tive substrates rather than producing *OH like INOPs. This study suggested that
Co304 nanoparticles do not produce *OH, so far as to reduce it (Fig. 6.8a), probably
because it catalyzes the decomposition of H,O, in a concentration-dependent man-
ner like catalase. After that, the concentration of soluble oxygen in the reaction
system was determined to prove that oxygen was produced in the reaction
(Fig. 6.8b), which indicated that Co;04 nanoparticles did have catalase-like activity,
but the reaction mechanism was not studied in depth [63].

6.3.2.4 Platinum Nanoparticles with Catalase-Like Activity
As mentioned in Sect. 6.3.1.4, platinum nanoparticles have been reported to effec-

tively scavenge O," and H,O, [53, 54], and studies have confirmed that apoferritin-
coated platinum nanoparticles (Pt-apo) possess SOD-like activity [55]. Using a
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Fig. 6.8 (A) The effect of the Co;04 NPs on the formation of hydroxyl radical with terephthalic
acid as a fluorescence probe [63]. a—f; 0, 10, 15, 20, 25, 30 pg/mLfl. 10 mM H,0,, 0.5 mM
terephthalic acid, and different concentrations of the Co3;04 NPs were first incubated in 100 mM
acetate buffer (pH 5.0) exposed to UV light at 365 nm for 20 min. (B) Effect of the Co3;0, NPs
concentration on the generation of O, by decomposition of H,O,. Reaction conditions: 50 mM
H,0, and different concentrations of Co304 NPs in 100 mM NaAc buffer (pH 5.0). (Copyright
2012 Royal Society of Chemistry)

similar method, Nie et al. synthesized platinum nanoparticles with a diameter of
1-2 nm in an apoferritin nanoreactor (Pt-Ft) and found that the Pt-Ft nanoparticles
exhibited both catalase-like and peroxidase-like activities [64]. In this study, the
formation of oxygen bubbles confirmed that Pt-Ft nanoparticles could catalyze the
decomposition of H,O, like catalase. In addition, the change of distinctive product
color confirmed that Pt-Ft nanoparticles had peroxidase-like activity at the same
time. In addition, like natural enzymes, the catalytic activity of Pt-Ft nanozyme is
also affected by pH and temperature. The optimum reaction conditions of the
peroxidase-like activity of Pt-Ft nanozyme are similar to those of HRP (pH =
4, temperature = 37 °C), but the catalase-like activity of Pt-Ft nanozyme increased
gradually with the increase of pH and temperature, which is different from that of
catalase (Fig. 6.9) [64]. Although the apoferritin-coated platinum nanoparticles
(Pt-apo or Pt-Ft) have been separately reported to have SOD-like or catalase-like
activities, whether these nanoparticles can simultaneously display these two
enzyme-like activities has not been reported, and further research is needed [55, 64].

6.3.3 Nanozymes with Multiple Antioxidant Enzyme-Like
Activities

In the preceding 6.3.1 and 6.3.2 sections, we have introduced the nanozymes with
SOD-like or catalase-like activities, respectively. Although some other enzymes
(e.g., HO-1, GPx, glutathione reductase, etc.) also play important roles in the
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Fig. 6.9 The catalase-like activity of Pt-Ft is pH and temperature dependent (a and b) [64]. (a)
Catalase shows a pH optimum of 8-9, and the activity of Pt-Ft gradually increases as the pH
increases. (b) Catalase shows a temperature optimum of around 25-35 °C, and the activity of Pt-Ft
gradually increases as the temperature increases. HRP-like activity of Pt-Ft is pH and temperature
dependent (¢ and d). (¢) The optimal pH values of HRP and Pt-Ft were both at pH 4. (d) The optimal
temperatures of HRP and Pt-Ft were 37 and 25 °C, respectively. The maximum activity of enzymes
in each curve was set as 100%. (Copyright 2011 Elsevier)

body’s antioxidant system, there are few studies on their related nanozymes [1, 8]. In
addition, some nanozymes (e.g., nanoceria, Pt-apo, or Pt-Ft) have been reported to
exhibit SOD-like or catalase-like activities under different conditions or in different
studies, but few researches have been done on whether these nanozymes can
simultaneously possess both enzyme-like activities under the same condition
[34, 55, 59, 64]. However, in addition to the nanozymes mentioned above, in fact,
some nanozymes have been reported to possess multiple antioxidative enzyme-like
activities under the same condition and show effective neuroprotective effects.

6.3.3.1 Mnz;04 Nanozyme

Mugesh et al. have synthesized a flowerlike Mn3O,4 nanoparticles (Mnf), which
simultaneously showed multiple enzyme-like activities of catalase, GPx, and SOD
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Fig. 6.10 (a) SEM and TEM image of Mnf. (b—d) The catalase, GPx, and SOD-like activity of
Mnf, O-Mnf, and R-Mnf, respectively. The assay conditions remained same as mentioned previ-
ously [65]. (Copyright 2017 John Wiley and Sons)

(Fig. 6.10a) [65]. By monitoring the decrease in H,O, absorbance at 240 nm and the
formation of oxygen by a gas chromatography experiments, the catalase-like activity
of Mnf was determined and found to be accorded with Michaelis—Menten kinetics.
GPx-like activity of Mnf was studied by classical GR coupling method, in which the
concentration of NADPH was monitored by spectrophotometry at 340 nm. In
addition, Mnf can also reduce the formation of formzan, a reduction product of
WST-1 (a cell proliferation assay kit) in the presence of O, ", indicating that Mnf
also has SOD-like activity. These researchers believed that multienzyme-like activ-
ity of Mnf is mainly related to its rapid valence transition between Mn>* and Mn**.
In order to study the effect of two oxidized states on the activity, they synthesized
two kinds of Mnf with different ratios of Mn>*/Mn**, namely, oxidized Mnf
(O-Mnf) and reduced Mnf (R-Mnf). X-ray photoelectron spectroscopy (XPS) anal-
ysis showed that Mnf with higher Mn**/Mn** ratio (O-Mnf) exhibited enhanced
catalase-like and GPx-like activities as compared to Mnf, while the SOD-like
activities of O-Mnf and R-Mnf were both slightly higher than that of Mnf
(Fig. 6.10b—d). Besides, the effect of morphology on the activity of Mn3Oy4
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nanoparticles was also studied. In addition to Mnf, the flakes, cubes, polyhedron, and
hexagonal plates also exhibited significant SOD-like activity, but none of them
showed the activity of catalase-like or GPx-like comparable to that of Mnf [65].

In addition to the antioxidative nanozymes mentioned above, some other
nanozymes have also been reported to have the potential to scavenge ROS and
have been studied in the treatment of diabetes, cardiovascular diseases, cancer, and
some non-nervous system inflammation. However, due to the lack of research
related to the central nervous system diseases, they are not introduced here. If
interested, readers can get more comprehensive knowledge from some other excel-
lent reviews [8, 11, 66, 67].

6.4 Nanozymes Used for the Treatment of Neurological
Diseases

Although nanozymes as a new type of antioxidants have not yet been approved for
clinical treatment, many nanozymes have been studied in some oxidative stress-
related disease models (e.g., AD, CI, PD, and MS). In this section, based on the
existing research, according to the different types of diseases, we will introduce the
progress of nanozymes in the treatment of neurological diseases.

6.4.1 Application of Nanozymes in Neuroprotection

The damage and loss of neurons are the key links in the occurrence and deterioration
of various types of the central nervous system diseases, including Alzheimer’s
disease (AD), Parkinson’s disease (PD), multiple sclerosis (MS), cerebral ischemia
(CI), and so on. Oxidative damage, mitochondrial dysfunction, chronic inflamma-
tion and degradation, and misfolding of damaged proteins mediate neuronal damage
and loss in neurological diseases [68]. Among them, it is believed that oxidative
stress and its mediated inflammatory response in the central nervous system are the
main causes of neuron loss [1]. Therefore, timely removal of harmful ROS is
essential for neuron protection. At present, some antioxidative nanozymes (e.g.,
Cgo derivatives, graphene oxide, etc.) have been found to protect nerve cells from
oxidative damage. This section mainly introduces the research progress of
nanozymes in nerve cell protection.

Antioxidative nanozymes based on buckminsterfullerene (Cgo) have been shown
to be effective in protecting neurons from toxic-induced damage. Duan et al. found
that two polyhydroxylated Cg, derivatives, Fullerenol-1 (Cgy(OH);5.003.7) and
Fullerenol-2 (Cgo(OH);5), can alleviate the excitotoxic neuronal death of mouse
neocortical neurons induced by exposing to NMDA (by 80%), AMPA (by 65%), or
kainate (by 50%), which can kill cells through their receptors on neurons
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Fig. 6.11 Neuroprotection by fullerenols in excitotoxic injury [45]. Neurotoxicity produced by
exposure to NMDA, AMPA, or kainate (KA) is reduced by coapplication of the fullerenols.
(Copyright 1996 Elsevier)

[45]. Among these two fullerenols, Fullerenol-1 with better water solubility
exhibited more steady and renewable neuroprotective effects (Fig. 6.11). In addition,
electrophysiological and *>Ca®*-flux experiments showed that the nerve currents and
Ca** uptake induced by NMDA or AMPA were not affected, suggesting that these
fullerenols did not act by antagonizing glutamate receptors. These fullerenols can
also alleviate the apoptosis of cortical neurons cultured in the absence of serum and
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glial cells, which normally occurs within 24—48 h. Based on the results of mass
spectrometry and EPR, these researchers speculated that the antioxidant mechanism
of these two Cg( derivatives may be attributed to their ability to absorb a variety of
free radicals without producing paramagnetic (radical) adducts [45].

However, contrary to the above studies, Wu et al. showed that polyhydroxylated Cg,
derivatives could antagonize glutamate receptors and protect cells but had no effect on
H,0,/Fe**-induced neurotoxicity [69]. The results of this paradox still need further
verification. Later, two other water-soluble carboxylic acid Cgy derivatives (Cgo[C
(COOH),]3) with C3 or D3 symmetry synthesized by Duan et al. were suggested to
have similar neuroprotective functions [46]. These derivatives were also found to
effectively alleviate the serum-deprivation or AP_4,-mediated cell apoptosis and the
NMDA- or AMPA-mediated cell necrosis without affecting the related receptors. Fur-
thermore, compared with D5 derivatives, C5 derivatives exhibit stronger neuroprotective
effects due to its excellent ability to cross cell membranes. Moreover, chronic infusion of
C; derivatives delayed the deterioration of familial amyotrophic lateral sclerosis (FALS)
in a transgenic mouse model carrying the human mutant (G93A) SOD gene [46].

As we mentioned in Sect. 6.3.1.2, the neuroprotective effect of C; derivatives is
mainly attributable to their ROS-scavenging ability based on the SOD-like activity
[49]. Besides, Xu et al. found that Cgp-methionine derivatives (FMD) could reduce
Pb-induced oxidative damage in human neuroblastoma SH-SYSY cells, showed by
increasing GSH level, reducing malondialdehyde content, and reducing DNA dam-
age without obvious toxicity [70]. They also found that the protective effect of FMD
was mainly based on its ability to remove ROS and that the protective effect of FMD
was stronger than that of b-alanine Cg, derivatives and cystine Cgq derivatives.

In addition to fullerenes, recently, another carbon-based nanozyme has been reported
by Zheng et al. to be used for neuroprotection [71]. Compared with large graphene oxide
(GO) nanosheets, GO quantum dots (GOQDs) as catalase-like nanozymes can effec-
tively reduce ROS in PC12 cells induced by 1-methyl-4-phenylpyridine ion (MPP").
GOQDs can also effectively reduce ROS, apoptosis, and mitochondrial damage in
zebrafish treated with MPP*. Meanwhile, zebrafish sprayed with GOQD showed
increased motor activity and Nissl bodies in the brain compared with GO nanotablets,
confirming that GOQD alleviated MPP*-induced neurotoxicity (Fig. 6.12. GOQDs can
be translocated into zebrafish brain and mimic the activity of catalase to resist the
oxidation of intracellular environment. GOQD improves neurotoxicity by increasing
amino acid metabolism, reducing cycling activity of tricarboxylic acid, and reducing
steroid biosynthesis, fatty acid biosynthesis, and galactose metabolic pathway activity
related to antioxidation and nerve transmission [71].

The conversion between Ce®* and Ce** provides nanoceria with an efficient
ROS-scavenging capability, which has been found to protect rat nerves from oxidative
damage caused by H,O, in a serum-free cell culture model of adult rat spinal cord
[72]. Also, nanoceria showed good biocompatibility in this model. Compared with the
control group, single dose of 10 nM of nanoceria at the time of cell plating can effectively
improve cell survival within 30 days, regardless of whether the cells were stimulated by
H,0, or not (Fig. 6.13) [72]. Nanoceria could also protect HT22 cells from oxidative
damage induced by glutamic acid as reported in another study [73].
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Fig. 6.14 Remodeling the immuno-environment in brain disorders [74]. A bespoke ceria nano-
particle that can simultaneously eradicate diverse ROS with high efficiency and velocity was
developed. It shifted microglial polarization from a pro-inflammatory M1 phenotype to an anti-
inflammatory M2 phenotype after stress stimuli, which remodels the immuno-environment from
detrimental to protective for the neuronal cells by blocking the pro-inflammatory signaling pathway.
(Copyright 2018 John Wiley and Sons)

Recently, Li et al. suggested that the removal of ROS by nanoceria not only
directly protects neurons from oxidative damage but also indirectly protects neurons
by regulating the phenotypic polarization of microglia in the brain [74]. Microglia
are resident immune cells in the brain, whose morphology is highly plasticity. When
stimulated, the resting microglia (MO0) will be polarized into the pro-inflammatory
phenotype (M1) or the anti-inflammatory phenotype (M2). In most cases, microglia
with M2 phenotype are recruited in large numbers because they can reconstruct
tissue homeostasis and heal wounds [75]. However, in many CNS diseases, these
anti-inflammatory M2 phenotype cells may shift to pro-inflammatory M1 pheno-
type, which aggravates the diseases [76]. Although the mechanism of M2 shift to M1
has not been fully studied, many studies have shown that ROS plays an important
role in this process, and the cellular level of ROS in M1 is also higher than that in M2
as a result of the upregulated anaerobic glycolysis [77-79]. In the work done by Li
et al., a PEG-coated nanoceria (CeNP-PEG) was synthesized and used to reverse the
transformation from M2 to M1 in BV-2 cells and reconstruct cell homeostasis
(Fig. 6.14) [74]. After hypoxia and glucose deprivation treatment, ROS in BV-2
cells increased significantly, while pretreatment with CeNP-PEG effectively
inhibited the ROS level. Additionally, immunofluorescence tests using both CD16/
32 as a M1 marker and CD206 as a M2 marker showed that the BV-2 cells pretreated
with CeNP-PEG significantly upregulated CD206 and inhibited CD16/32 expres-
sion. Moreover, RT-PCR assay showed that the expression of pro-inflammatory
factors (e.g., IL-1pB, IL-6, and TNF-a) was downregulated in cells pretreated with
CeNP-PEG, while the expression of anti-inflammatory factors (IL-4, IL-10, and
TGF-p) was upregulated. Further study showed that the mechanism of CeNP-PEG
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regulating microglia phenotype transition is mainly due to its ability to block the
ROS-induced inflammatory NF-xB signaling pathway, whose activation triggers a
series of inflammatory activities [74, 80, 81].

6.4.2 Application of Nanozymes in Alzheimer’s Disease

Oxidative stress events may exacerbate inflammatory-related pathological changes
in Alzheimer’s disease (AD) [82, 83]. Recent reports have shown that oxidative
stress-mediated binding of advanced glycation end products (AGE) to their receptors
(RAGE) can exacerbate the inflammatory response and cytokine release of
microglia, resulting in the loss of AD neurons [84]. In AD patients, activation of
both reactive astrocytes and microglia involves oxidative stress and inflammation
mediated by f-amyloid protein (A), as well as immune response to brain damage
[85, 86]. AP can induce the production of NOX2-derived ROS and become the
initiator of inflammatory cascade reaction [87]. Toll-like receptors (TLR2 and
TLR4) as biomarkers to characterize the pathophysiology of AD play an important
role in AD and have been fully studied [88]. The toxicity of AP or the increased lipid
peroxidation product, 4-hydroxynonenal (HNE), significantly increased the expres-
sion of TLR4 in neurons, suggesting that oxidative stress did promote the loss of AD
neurons [89].

Some water-soluble Cgo derivatives have been reported to be helpful in the
treatment of AD in cell or animal models. As introduced in Sect. 6.3.1.2, the tris-
malonic acid Cg, derivative (C3) can alleviate Af;_4,-mediated nerve damage by
clearing ROS [46]. Along with inhibiting ROS produced by AP aggregation, some
Ceo derivatives have also been found to directly inhibit AP aggregation. Lee et al.
have suggested that a kind of Cgo derivatives (1,2-dimethoxymethano-Cgg) could
inhibit the aggregation of A by binding to the central hydrophobic motif (KLVFF)
of AP peptide (Fig. 6.15) [90]. Compared with melatonin, a reported Af inhibitor,
the inhibit constant (ICsg) value of this Cg( derivative is at least 4 times higher for
APi_40 and 15 times higher for AB;;_»5 [90].

Wei et al. used replication-exchange molecular dynamics (REMD) simulation to
show that water-miscible Cgo can significantly prevent the formation of p-sheet of
APi6-22 peptides (with a molar ratio of Cgq to peptides greater than 1:8) [91]. The
inhibitory effect of Cgy on AP6_» fibrillation was also confirmed by atomic force
microscopy (AFM) experiments. Besides, using REMD simulation, these
researchers found that fullerene C;go, which has the same number of carbon atoms
as three Cgy molecules (3Cgp) but smaller surface area than 3Cg, exhibits a surpris-
ingly stronger inhibitory effect on the f-sheet formation of APi¢_o, peptides
(Fig. 6.16). Further analysis of the fullerene—peptide interaction shows that the
strong interaction between fullerene and APi¢_> peptide remarkably blocks the
APi6.2> peptide—peptide interaction, which is significant for the formation of
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Fig. 6.16 Structural analysis and potential of mean force (PMF) for AP;¢ > octamers in aqueous
solution in the presence of Cg, 3Cgp, and C;go nanoparticles [91]. Representative structures for the
top six most-populated clusters of Af;4_»> octamers in AR+ Cgg (a), AP + 3Cg (b), and AP + Cig9
(c) systems. The PMF (in kcal mol™!) of APBi6_0o octamers plotted as a function of the number of
intermolecular H-bonds and Rg of the Af;4_5> octamers in AP + Cgq (d), AP + 3Cq (e), and AP +
Cigo (f) systems. (Copyright 2014 RSC Pub)

[B-sheet, thus delaying the fibrillation of A4 . As for the stronger inhibition of
Cigo on P-sheet formation than 3Cgy, the stronger hydrophobic and aromatic
stacking interaction between C;go’s hexagonal rings and the Phe rings as compared
to the pentagonal rings of Cg is proposed to be the main reason [91].
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Because of its reliable ability to remove ROS based on their SOD-like or catalase-
like activity, nanoceria has been widely studied for its potential in the treatment of
AD. Cimini et al. treated human neuroblastoma cell line SH-SYSY stimulated by
aggregated Af,s_35 fibers with nanoceria and studied in detail the mechanism of
nanoceria in protecting nerve cells [92]. They showed that nanoceria not only
reduced the upregulation of ROS induced by Af,s_35 but also positively regulated
neurodifferentiation markers (e.g., p-tubulin III, GAP-43), antioxidant enzymes
(e.g., SOD, catalase), and signal pathways (e.g., PPARP, BDNF, TrkB) related to
neuro-survival to alleviate the neurological damage caused by Af,s_35. Unmodified
nanoceria has no specific recognition ability for Ap and poor biocompatibility
in vivo. To directly target nanoceria to brain Ap-aggregated pathological tissues
in vivo, Cimini et al. further coupled nanoceria with antibodies targeting Af, and
modified the surface of nanoceria with PEG, which can reduce the phagocytosis of
immune system and increase the biocompatibility of nanoceria [93]. The protective
effects of this polyethylene glycol (PEG)-coated and antibody-conjugated nanoceria
on the human AD cell models were all similar to that of the unmodified nanoceria
used in the previous-mentioned study [92]. The activation of BDNF/TrkB/ERKS, a
neuronal survival pathway, was observed to be an essential factor in the process of
nanoceria inhibiting Af-induced cell damage. Also, due to the coupling of PEG,
nanoceria showed little toxicity to cells and exhibited more lasting neuroprotective
effects. Antibody coupling enables nanoceria to target sites containing Af aggre-
gates, but this study is only a proof of concept study in vitro, and there is no enough
evidence to support this concept in vivo as yet [93]. These works imply that
antioxidative nanozymes may interact directly or indirectly with many cellular
components while scavenging ROS, thus exerting positive or negative effects on
cells [92, 93].

In addition to affecting intracellular signaling pathways, the localization of
antioxidative nanozymes in cells is also important. By modifying the surface of
nanoceria with triphenylphosphonium (TPP), Jung et al. synthesized an
antioxidative nanozyme (TPP-ceria) targeting to mitochondria (Fig. 6.17) [94]. Mito-
chondria is a major source of ROS production, and ROS-mediated mitochondrial
dysfunction has been reported to accelerate the buildup of AP plaques in the brain
[95]. Therefore, specific elimination of ROS in mitochondria may improve the
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Fig. 6.17 Mitochondria-targeting ceria nanoparticles as antioxidants for Alzheimer’s disease
[94]. (Copyright 2016 American Chemical Society)
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therapeutic effect of AD. Generally, unmodified nanoceria mostly enters lysosomes
in cells through endocytosis. However, in the research of Jung et al., because of the
strong interaction between lipophilic cationic TPP and mitochondrial membrane,
TPP modification makes it possible to localize nanoceria into mitochondria [94]. As
well, by comparing different TPP-ceria, they found that the TPP-ceria with the
highest efficiency of entering mitochondria should have the following properties:
small core size (3 nm), small hydrodynamic diameter (22 nm), positive {-potential
(+45 mv), good colloidal stability, and hydrophobicity. The antioxidative ability of
TPP-ceria based on the SOD-like or catalase-like activities of nanoceria was also
verified in SH-SYS5Y cell model. Afterward, the researchers injected FITC-
conjugated TPP-ceria into the subicula of SXFAD mice, a recognized AD model
with neuronal cell death and aggregation of AP plaque in subiculum, and found that
TPP-ceria could effectively inhibit the activation of inflammatory-related microglia
and the death of neurons. However, TPP-ceria showed no significant effects on the
aggregation of AP, indicating that the neuroprotective effect of TPP-ceria on AD
mice was mainly based on the ability of nanoceria to scavenge ROS [94].

Although nanoceria cannot directly block the aggregation of AP, it can combine
with another nanozyme, polyoxometalates (POMs) with the proteinase-like activity
for the hydrolysis of AP, to achieve this goal. Qu et al. synthesized a hybrid of
nanoceria and POMs (CeONP@POMs) and found that this hybrid could protect
nerve cells by scavenging ROS and degrading Ap at the same time [29]. Moreover, it
is noteworthy that this nanozyme hybrid has also been demonstrated to traverse BBB
in vitro and in vivo models. Although the mechanism is still unclear, the researchers
believe that these materials may be transported through BBB by macrophages
[29]. POMs are a class of metal-oxygen clusters formed by oxygen bonding of
pre-transition metal ions mainly including V, Nb, Ta, Mo, and W, which have the
ability to form metal-oxygen cluster anions [96, 97]. POMs have been studied in AD
for its interesting proteinase-like ability to hydrolyze AP, even if it is not an
antioxidative nanozyme. Qu et al. have designed a kind of POMs with a Wells—
Dawson structure (POM-Dawson) and found that it could effectively inhibit the
peroxidase activity the aggregation of AP [98]. Then, in order to improve the specific
affinity of POM-Dawson with A, they synthesized a series of POM-Dawson
derivatives (POMds) with defined histidine-chelating metal (e.g., Ni, Co, Cu, Fe,
and Mn) binding site by high-throughput screening method and found that these
POMds specifically bound to the histidine,3—histidine—glutamine-lysine;s (HHQK)
cationic cluster of A [99]. Interestingly, these POMds are negatively charged under
physiological conditions and can attack peptide bonds in a similar way like the
electronegative hydroxyl groups of Ser amino acids in natural serine proteases.

By using gold nanoparticles as scaffolds, Qu et al. combined this protease-like
POMds with a His-rich hepta-peptide (N-His-Sar-His-Sar-His-Sar-His, Sar =
sarcosine), which have been reported to possess excellent SOD-like activity, to
obtain a bifunctional nanozyme (AuNPs@POMD-8pep) capable of simultaneously
degrading AP and eliminating ROS (Fig. 6.18a) [100]. With N-a-benzoyl-DL-
arginine-4-nitroanilide (BAPNA) as substrate, the protease activity of
AuNPs@POMD-8pep (keu/ Kni= (8.26 + 0.63) x 10° L-g~'-min~") has been proved
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Fig. 6.18 AP pathways influenced by AuNPs@POMD-8pep [100]. (a) Synthetic route of the
nanozyme. (b) AuNPs@POMD-8pep acted as a multifunctional nanozyme to modulate multiple
facets of Alzheimer’s disease. (Copyright 2016 Springer Nature)

to be higher than that of commercialized trypsin (ke./Ky = (2.86 £ 0.31) x 10° L-g~
" min™"). With pyrogallol as substrate, the SOD-like activity of AuNPs@POMD-
8pep was also confirmed, and its SOD-like activity was found to be enhanced in the
presence of copper ions. Copper ions in cells can form Ap/Cu complex with Af to
induce cytotoxicity [101], while AuNPs @POMD-8pep was found to release Cu ions
in AP/Cu complex and chelate with free Cu ions, and the chelated Cu can further
enhance the SOD-like activity of AuNPs@POMD-8pep (Fig. 6.18b). Therefore,
AuNPs@POMD-8pep could alleviate the symptoms of AD not only through
degrading AP and eliminating ROS but also through regulating the metal homeo-
stasis in nerves [100].

Fe;0,4 nanoparticles exhibit pH-dependent enzymatic activity, peroxidase-like
activity in acidic conditions (pH = 4.8), and catalase activity in neutral conditions
(pH = 7.4) (Fig. 6.7) [62]. The peroxidase-like activity of Fe;O, nanozyme has been
widely used in antimicrobial and cancer treatment, but its catalase-like activity has
not received much attention as yet. Song et al. have tested the protective effect of
Fe;0,4 nanozyme on a Drosophila AD model [102]. They found that dietary Fe;0,
nanozyme prolonged the life of aged Drosophila and inhibited the
neurodegeneration of a Drosophila AD model. Although this study showed that
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Fe;0, retains catalase-like activity in vivo, the safety of Fe;O, in vivo needs careful
consideration because it may produce destructive free radicals catalyzed by its
peroxidase-like activity under acidic conditions.

6.4.3 Application of Nanozymes in Cerebral Ischemia

In cerebral ischemia (CI), the activation of microglia and astrocytes triggered by
oxidative stress can significantly increase the levels of inflammatory mediators such
as cytokines, chemokines, and matrix metalloproteinases [103]. Then, upregulation
of cell adhesion molecules leads to neutrophil infiltration, which destroys the
integrity of brain endothelial cells. In addition, it may cause secondary inflammation
and ultimately permanent brain cell damage. The increase of free radicals after
cerebral ischemia can also lead to the upregulation of several NF-kB-mediated
pro-inflammatory genes [103]. Besides, although innate immunity activated by
Toll-like receptors seems to promote regeneration in CI [104], ROS-induced
TLR-mediated inflammatory response could still lead to neuronal loss [105].

Erlichman et al. found that nanoceria reduced ischemic cell death by about 50%
in a mouse hippocampal brain slice model of cerebral ischemia [106]. In this study,
nanoceria reduced about 15% of O,"~ and NO in ischemic models. In addition,
nanoceria was also observed to significantly reduce the level of 3-nitrotyrosine by
about 70%. Because 3-nitrotyrosine is a stable metabolite produced by the nitration
of protein tyrosine residues induced by ONOO™, researchers believed that the
effective removal of ONOO™ by nanoceria may be the main reason for nanoceria’s
neuroprotective effect [106]. Later, Hyeon et al. studied the therapeutic effect of
nanoceria on ischemic stroke in vivo [107]. They synthesized a kind of PEG-coated
nanoceria (PEG-ceria) and confirmed the ROS-scavenging ability of PEG-ceria
in vitro. Then, using an induced rat model of ischemic stroke, they found that
intravenously injected PEG-ceria effectively crossed BBB to the location of brain
lesions, while PEG-ceria could hardly cross BBB in normal rats. Moreover, 0.5 and
0.7 mg kg~ ' of PEG-ceria could effectively reduce the infarct volume by 50%
compared with the control group, while lower (0.1 and 0.3 mg kg~ ') or higher
doses (1.0 and 1.5 mg kg ') of PEG-ceria showed little therapeutic effect
(Fig. 6.19) [107].

As a new type of antioxidant with SOD-like or catalase-like activity, platinum
nanozyme has also been shown to alleviate the symptoms of ischemic stroke. Abe
et al. studied the therapeutic effect of Pt nanoparticles (nPt) on cerebral infarction in
a mice model which subjected to transient middle cerebral artery occlusion
(tMCAO) for 60 min [108]. They found that nPt significantly reduced infarct size,
protected the components of neuro-endothelial vessels (collagen IV), and inhibited
the activation of pro-inflammatory factors (MMP-9). In a follow-up study, Abe et al.
used thrombolytic tissue plasminogen activator (tPA) as a negative control, which
deteriorated motor function and cerebral infarction, further confirming the therapeu-
tic effect of nPt on ischemic stroke by exerting SOD-like activity [109].
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Fig. 6.19 Infarct volume in vivo [107]. (a) Low-dose ceria nanoparticles (0.1 and 0.3 mg kg~") do
not decrease infarct volumes, whereas 0.5 and 0.7 mg kg™ ceria nanoparticles considerably reduce
infarct volumes, to as little as 50% of those of the control group (*, p<0.05). Higher doses of ceria
nanoparticles (1.0 and 1.5 mg kg™") do not exhibit protective effects against stroke (n = 12 for each
group, except 0.1 and 1.5 mg kg~ ', where n = 6). (b) Brain slices from anterior (top) to posterior
(bottom), with intervals of 2 mm. On Nissl-stained brains, infarcts are shown as pale blue-colored
lesions, while undamaged region are stained as deep blue. Infarct areas maximally decreased at 0.5
and 0.7 mg kg™ ceria nanoparticles. (c) Representative slices, clearly showing that 0.5 and 0.7 mg
kg~ ceria nanoparticles can significantly reduce infarct volumes. (Copyright 2012 John Wiley and
Sons)

One third of stroke patients show hyperglycemia, which is closely related to ROS.
Based on the SOD-like of PEG-conjugated carbon clusters (PEG-HCCs), Kent et al.
tested the therapeutic potential of PEG-HCCs in a severe model of reversible middle
cerebral artery stroke in acutely hyperglycemic rats [110]. In vitro experiments
showed that PEG-HCCs could effectively relieve the damage of H,O, in the
neuro-endothelial cell line bEnd.3, which is an important target of hyperglycemia
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in stroke. After that, in a rat model of transient middle cerebral artery occlusion
(tMCAO) complicated by acute hyperglycemia, PEG-HCCs alleviated the symp-
toms of reperfusion injury, such as infarct volume, hemorrhage conversion rate, and
hemispheric swelling. Because vascular dysfunction caused by hyperglycemia has
an important impact on stroke, based on experimental evidence in vitro and in vivo,
researchers believed that the improvement of worsened vascular outcomes may be
the main way for PEG-HCCs to play a therapeutic role in stroke [110]. Besides,
some studies have also shown that PEG-HCCs alleviated cerebrovascular dysfunc-
tion in traumatic brain injury [111, 112]. Although PEG-HCCs have shown thera-
peutic potential in animal models of stroke, its ability to cross BBB, mechanism of
action, and its safety in vivo still need further study.

6.4.4 Application of Nanozymes in Parkinson’s Disease

In Parkinson’s disease (PD), there is considerable evidence of degeneration of both
dopaminergic and non-dopaminergic cells [113, 114]. Loss of key dopaminergic
neurons involves oxidative stress and neuroinflammation. Increased levels of induc-
ible nitric oxide synthase (iNOS) lead to microglia activation, T-cell infiltration,
astrocyte proliferation, and ultimately accumulation of O,"~ and NO free radicals
[114]. The higher levels of myeloperoxidase produced by astrocyte reaction can also
increase the levels of *OH and NO," free radicals, which may subsequently lead to
the loss of neurons in PD [114]. In addition, overexpression of cyclooxygenase-2
(COX-2) can cause the loss of dopaminergic neurons through oxidative stress-
mediated inflammation [114]. Similarly, in PD, NADPH oxidase is upregulated,
which is associated with ROS production and inflammation [115]. It also activates
microglia and subsequently causes the loss of dopaminergic neurons. Because
neuroglial cell activation is an important event in the pathogenesis of PD, altered
levels of cytokines and ROS in neuroglial cells and accumulation of ROS derived
from NADPH can cause neurotoxicity to PD [116, 117].

As mentioned above, PD is closely related to ROS. In addition, studies have
shown that iron is enriched in the substantia nigra of Parkinson’s patients [118, 119],
and iron may produce a large number of ROS through the Fenton reaction, thus
aggravating Parkinson’s disease. Therefore, the effective removal of iron-induced
ROS may be helpful for the treatment of PD. Ho et al. studied the protective effect of
carboxyfullerenes (a water-soluble carboxylic acid derivative of fullerene, C
regioisomer) on iron-induced neuro-oxidative damage in vitro and in vivo
[120]. They found that carboxyfullerenes inhibited the autoxidation of brain homog-
enate (excluding iron) and the increase of iron-induced lipid peroxidation in a dose-
dependent manner in vitro. Intracerebral perfusion of specific carboxyfullerenes did
not increase lipid peroxidation in substantia nigra or depletion of dopamine in
striatum. Co-infusion of carboxyfullerenes prevented oxidative damage induced by
iron, which is manifested by reduced lipid peroxidation in substantia nigra, inhibi-
tion of Kl-induced dopamine spillover, and maintenance of striatal dopamine
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content in vivo [120]. These studies suggest that carboxyfullerenes may be used as a
potential antioxidant in the treatment of PD.

Mugesh et al. found that flower-shaped Mn;O, nanozymes (Mnf) exhibited
SOD-like, catalase-like, and GPx-like activities and that the redox regulation func-
tion of Mnf could effectively protect Parkinson’s disease-related cell models (SHSY-
5Y) from MPP*-induced cytotoxicity [65]. Therefore, Mnf may be used as a
potential therapeutic drug for Parkinson’s disease caused by oxidative damage, but
there is no evidence in vivo and further research is needed.

6.4.5 Application of Nanozymes in Multiple Sclerosis

In multiple sclerosis (MS), demyelination and axonal injury caused by oxidative
stress and inflammation are widely reported [121]. NOX2-derived ROS in microglia
is essential for the phagocytosis of myelin sheath cells, but overexpression of ROS
can also damage myelin sheath cells [122]. Subsequent peroxynitrite molecules can
cause serious damage to brain cells, especially neurons. Recently, ROS compounds
have been considered as early pathogenic factors of MS-related inflammation and
subsequently lead to a large loss of oligodendrocytes and axons [123]. In addition,
oxidative stress-induced early mitochondrial damage plays an important role in
subsequent inflammatory response and neuron loss in MS [124].

Erlichman et al. reported the in vivo properties of nanoceria nanozyme in a mice
model with MS, experimental autoimmune encephalomyelitis (EAE), induced by
ROS-mediated oxidative damage [125]. They synthesized a kind of nanoceria with a
diameter of 2.9 nm and coated with citrate/EDTA, which remained monodispersed
in high-ionic-strength saline for a long time. The half-life of nanoceria in vivo was
about 4.0 h, and when injected intravenously into mice, nanoceria was well tolerated
by mice and absorbed by liver and spleen. In addition, nanoceria can penetrate the
brain, reduce the level of ROS, and alleviate the clinical symptoms and motor
deficits of mice. In conclusion, this kind of nanoceria may help to alleviate MS
caused by free radical accumulation in biological system.

6.5 Challenges and Perspectives

This chapter introduces a new type of antioxidants, inorganic nanozymes with
intrinsic enzyme-like activity, and their research progress in the treatment of brain
diseases. Abnormally elevated ROS plays an important role in the occurrence and
deterioration of many brain diseases. Specific elimination of excessive ROS in the
lesions and restoring homeostasis to normal levels are considered as the key to the
treatment of brain diseases related to oxidative stress. At present, many antioxidants
have been tested in the treatment of brain diseases. Although some antioxidants have
been clinically approved, their efficacy is far from satisfactory. With the increasing
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incidence of brain-related diseases, it is urgent to develop new and effective antiox-
idant drugs. Traditional antioxidants are mostly organic natural molecules, including
antioxidant enzymes and small organic molecules. Most of these antioxidants are
inherent components of the body’s antioxidant system, so they can effectively
regulate the level of ROS. However, because of the poor stability of the biogenic
molecules, the high requirement of reaction environment, and the short time to
maintain curative effect, it is difficult to achieve ideal therapeutic effect in the
practical application of treating brain diseases. Nanozymes are a new type of
nanomaterials reported in recent years which have enzymatic activities such as
SOD, catalase, peroxidase, oxidase, and so on. Because of its stable structure,
long-term preservation of enzymatic activity, and easy preparation in large quanti-
ties, these materials have the advantages that bioorganic molecules do not possess,
which attracts researchers to select nanozymes with antioxidant capacity for the
treatment of neurological diseases. As mentioned earlier, nanozymes used in neuro-
logical diseases mainly contain SOD-like or catalase-like activities, which can
effectively remove ROS accumulated in the body.

Although many antioxidative nanozymes have been studied for the treatment of
neurological diseases, there is still a long way to go before they can be used in
clinical treatment. The challenges of nanozymes in brain diseases are mainly as
follows:

1. The catalytic efficiency of nanozymes is far from the level of natural enzymes,
and the research on their substrate selectivity is also very limited. The substrate
selectivity of nanozymes is so deficient that there are few one-substrate
nanozymes being reported, which, on the one hand, may limit their catalytic
efficiency and, on the other hand, make the in vivo behavior of nanozymes more
complex. At present, most of the nanozymes contain more than one enzyme-like
activities, which enable them to catalyze a variety of ROS at the same time, but
nanozymes containing both SOD-like and catalase-like activities under the same
conditions are rarely reported. In addition, although nanozymes have obvious
catalytic activity in vitro, they may be affected by various biological components
in vivo, which may affect their catalytic activity. Most of the nanozymes enter the
liver, kidney, and other metabolic organs once injected in vivo, thus being a
residual in the organs or being excreted out of the body. Besides, nanozymes may
also bind to various cell components, such as proteins, lipids, ATP, and so on,
thus blocking their active sites. Moreover, different localization of nanozymes in
cells may also have an important impact on their enzymatic activity. How to use
appropriate methods to avoid the negative effects of the in vivo environment on
the activity of nanozymes and how to accurately measure the catalytic behavior of
nanozymes in vivo is one of the biggest challenges in the future research of
nanozymes.

2. The safety of nanozymes in vivo should not be neglected. Although nanozymes
with stable structure may maintain a sustained catalytic efficiency in vivo com-
pared with natural enzymes, they may also bring long-term chronic toxicity. The
nanozymes currently used as antioxidants may become prooxidants under certain



6 The Advances of Nanozyme in Brain Disease 173

conditions. For example, Fe;0,4 has catalase-like activity in neutral condition but
can catalyze the production of *OH once in acidic condition. Besides, as exog-
enous inorganic substances with poor biocompatibility, nanozymes can easily
activate the immune system, which may lead to inflammation and brain damage.
Because it is difficult to excrete nanozymes through physiological pathways once
they are retained in brain tissues, the long-term effects of nanozymes on the body
need to be further studied.

3. The penetration efficiency of nanozymes to BBB has not been deeply studied.
BBB is a difficult obstacle in the treatment of brain diseases, because most foreign
molecules cannot effectively cross BBB. Although nanozymes have been
reported to alleviate symptoms of brain diseases in some animal models, their
ability and mechanism to penetrate BBB has rarely been thoroughly studied.
Some studies used macrophages as carriers to deliver antioxidants to the brain,
but this strategy has not been tried on nanozymes. Nevertheless, because
nanozymes are ideal nanocarriers, their BBB traversal ability may be achieved
by coupling a variety of functional molecules.

Therefore, exploring novel nanozymes with high efficiency and good biosafety
and applying them to brain diseases related to oxidative stress will be a hot research
topic in the future. With the efforts of researchers, more and more new nanozyme
antioxidants have been found and have shown good performance in the treatment of
brain diseases. It is expected that nanozymes can be used from bench to bedside in
the treatment of brain diseases in the future.
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The Advances of Biomacromolecule-based <o
Nanomedicine in Brain Disease

Yuhua Weng and Yuanyu Huang

Abstract Brain diseases affect a sizable portion of people in the world. Various
treatment modalities have been pursued to control, alleviate, or cure these disorders.
Biomacromolecules, e.g., antibody, peptide, enzyme, cytokine, nucleic acid, etc., are
one kind of important and promising therapeutic regimens that have forced
researchers to make great efforts to realize their clinical applications. However,
effective and safe systemic delivery of biomacromolecules into the brain faces
diverse challenges such as insufficient drug administration, degradation in the
blood, first pass clearance, physical brain barriers, off-target accumulation, immune
response, and toxicity to normal tissues. Nanotechnology offers advanced strategies
to address these problems through rational design and fabrication of
biomacromolecule-loaded nanomedicine. In this chapter, we summarized the admin-
istration strategies to the brain and design concepts of various biomacromolecular
nanomedicines, highlighted their recent advances in preclinical and clinical studies,
and discussed the existing challenges and our perspectives on this field.

Keywords Biomacromolecule - Nanomedicine - Antibody - Peptide - Enzyme -
Nucleic acid

7.1 Introduction

The brain is the master organ in the body. It controls most of physical and psycho-
logical behaviors of human beings. Although there are physical barriers in the brain,
such as the blood-brain barrier (BBB), it is also susceptible to a variety of infections
and other disorders of varying intensity, such as brain cancer, tumors, Alzheimer’s
disease, alcoholism, amnesia, altitude sickness, autism, epilepsy, etc. The incidence
and mortality of global brain diseases, in particular the brain tumors and
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neurodegenerative diseases, are growing at an alarming rate. In future, brain diseases
will become one of the most deadly and expensive medical expenses in the world
[1]. Unfortunately, most of current treatments do not yield satisfactory results. Many
biomacromolecules such as antibodies, polypeptides, enzymes, cytokines, nucleic
acids, other proteins, etc. are effective drugs for brain disease therapy. However, due
to the unique structure of brain, drugs always face diverse obstacles to develop
efficiency. These obstacles include drug administration route, degradation in the
blood, physical brain barriers, first pass clearance, off-target accumulation, immune
response, and toxicity to normal tissues. Biomacromolecules generally have large
molecular weights and bioactive properties. They are less likely to overcome these
barriers, let alone enter into the brain compared with other small molecule drugs,
making them more challenging in treating brain diseases.

Nanomedicine, which is explained as the medical application of nanotechnology,
is an important field in basic research and pharmaceutical industry. It has become a
hot spot in brain-targeting therapy and imaging with its unique characteristics.
Studies have shown that nanocarriers can carry drugs through the blood-brain barrier
(BBB) and produce therapeutic effects [2, 3]. Moreover, the degradation, clearance,
and limited concentration of drugs in the brain can be significantly improved after
rational design and fabrication of nanocarrier. Promising nanocarriers applied in the
brain are mainly including liposomes, [4] micelles, [5] dendrimers, [6] nanogels, [7]
polymeric, [8] inorganic, [9] and organic-inorganic hybrid nanoparticles [10]. These
excellent nanocarriers have provided advanced strategies for biomacromolecules
delivery in the brain.

In this chapter, we focused on the problems around biomacromolecules delivery
in the brain and outlined the delivery strategies of biomacromolecules. We summa-
rized the various types and design concepts of nanotechnology-assisted
biomacromolecule-based nanomedicines, highlighted their recent advances in pre-
clinical and clinical research, and discussed the existing challenges and our prospec-
tive on this exciting field toward more effective brain disease therapy.

7.2 Key Constraint Factors for Biomacromolecule Delivery
into the Brain

7.2.1 Blood-Brain Barrier (BBB)

The consistent delivery of drugs to the central nervous system (CNS) is a challenge
in the biopharmaceutical industry due to the multiple barriers in the brain, especially
when delivering larger molecular weight biomacromolecules. The BBB mainly
consists of brain microvascular endothelial cells, astrocyte foot ends, pericytes, the
tight junctions between these cells, and the basement membranes. It is reported that
the BBB could prevent access of almost all the large molecule drugs and most of
small molecule drugs from systemic circulation. Only small molecules such as lipids
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with molecular weight < 400 Daltons (Da) can cross the normal BBB [11, 12]. Few
peptides and peptide analogues can transport across BBB according to limited
reports [13]. In addition to cellular factors, various influx/efflux transport proteins,
ion channels, and receptors that expressed on the BBB also display as a metabolic
barrier that regulates the permeability of pharmacological agents [11, 12].

7.2.2 Blood Cerebrospinal Fluid Barrier (BCFB) and Blood
Tumor Barrier (BTB)

The BCFB also plays a significant role in maintaining the homeostasis in the brain
[14]. Tt is composed of choroid plexuses and outer arachnoid membrane epithelial
cells. The monolayer of epithelial cells is joined together by tight junctional proteins,
restricting permeability of nutrients and drugs. The main function of these epithelial
cells is to secrete and maintain the homeostatic composition of the cerebrospinal
fluid (CSF). The CSF is a transparent liquid filled in the subarachnoid space and
ventricles, supporting and surrounding the entire brain and spinal cord, changing
four to five times a day. It provides the brain with a drainage system called the sink
effect, where metabolic products and inflammatory exudates are diluted and subse-
quently removed [15-17]. The large molecular weight and hydrophilic substances
have a greater sink effect [18].

For the treatment of malignant brain tumors such as glioblastoma, a major
obstacle for drug delivery to the tumor is the blood tumor barrier (BTB). BTB
mainly consists of endothelial cells and their tight junctions, basement membranes
and glioma cells foot ends, etc. [19] Penetrating across the BTB is needed to open the
tight junctions in the paracellular route or increase transcellular transportation;
[12, 20] both tasks are very challenging.

7.2.3 Drug Diffusion in the Brain

Even if biomacromolecules overcome all the barriers along with the brain and enter
into the CNS, they still need to diffuse long distance through the narrow extracellular
spaces of the brain microenvironment to produce therapeutic effects. Many factors
associated with brain microenvironment affect the diffusion and distribution of
biomacromolecules, such as the geometry, volume fraction, viscosity of extracellular
space, interactions with cell surfaces, components of interstitial fluid, as well as
extracellular matrix [21]. Therefore, rational modification of biomacromolecule for
brain application is particularly important. There are several developmental ways to
achieve this goal. One commonly used method is to reduce the size of drug molecule
[22]. It is known that small size particles can penetrate and distribute easily in the
brain compared with larger particles. In terms of antibody, for example, selection of
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smaller fragments of antigen-binding domain will not only ensure the targeting
characteristic of antibody but also reduce its size [23, 24]. It is reported that this
method may increase the permeability and diffusion ability of some antibody drugs
in the brain [25]. However, in most cases, reducing the size of drug molecule is
difficult and inefficient for many drugs. Other choices for enhancing drug distribu-
tion and transportation in the brain include conjugating a helper molecule to the drug
and using an efficient drug carrier, both of which have been studied extensively. For
example, cell-penetrating peptides and adeno-associated virus (AAV) vectors have
yielded exciting drug delivery efficiencies in various animal models [26-
29]. Another point to note is that some growth factor-based biomacromolecule
drugs tend to bind to heparin in the extracellular matrix, which limits drug distribu-
tion in the CNS. This problem can be solved by co-injection of exogenous heparin
and growth factors such as the glial cell-derived neurotrophic factor (GDNF)
[30, 31]. The exogenous heparin will block the heparin-binding site in the extracel-
lular matrix, resulting in significantly enhanced distribution of GDNF in brain tissue.

Efflux transporter is another key restriction for distribution of therapeutics in the
brain. Inhibition of efflux transporter such as P-glycoprotein (P-gp) and breast cancer
resistance protein (BCRP) has proven to be an efficient method for increasing
therapeutic doses in the brain and achieving a better therapy [32-35]. Transporter
inhibitors, by combining with nanocarriers, can effectively exert their inhibitory
effects and reduce systemic toxicity and pharmacokinetic interactions. Applying this
method, significant accumulation of multidrug resistance 1 (MDRI1) substrates in the
brain and positive outcomes toward to chemoresistant cancer treatment were
achieved [36]. This strategy may provide some insights for the treatment of brain
tumors.

7.3 Strategies for Biomacromolecular Nanomedicine
Delivery into the Brain

7.3.1 Direct Injections

At present, direct injection of drug intracranial, intracerebral implants, intraventric-
ular infusion, as well as convection-enhanced delivery (CED) are common local
administration strategies for treating CNS diseases. Upon direct injection, the BBB,
BCFB, BTB, efflux pumps, and receptors that present to block the action of drugs are
all bypassed. Drugs can reach the lesion directly, avoiding the toxicity caused by the
first-pass effect and off-target effect [37]. However, these methods are extremely
invasive and are more likely to cause permanent brain damage, especially when
repeated injections are needed [21, 37-40].
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7.3.2 Convection-Enhanced Delivery (CED)

Among various local delivery methods, CED is a widely applied invasive method
that directly delivered drugs into intracerebral tissues. It allows for constant drug
delivery through fenestrated catheters placed at the time of surgery and is driven by a
hydrostatic pressure gradient from a prolonged slow infusion in the brain paren-
chyma, which prompt drugs to distribute into intracerebral tissues via convective
flow [41, 42]. The CED has been extensively applied for delivery of
biomacromolecules such as proteins, oligonucleotides, liposomes, nanoparticles, as
well as viral carriers [30, 43, 44]. Some fusion proteins and antisense oligonucleo-
tides being delivered by CED have even entered into clinical status but at last failed,
for example, IL4-PE (PRX32), IL13-PE38QQR, and trabedersen (AP-12009), etc.
Drawbacks such as high dependence on technical expertise, limited volume of drugs
distributed in the brain, etc. restrict the efficacy of CED [45].

7.3.3 Intranasal Administration

One of the noninvasive and convenient brain delivery routes is intranasal adminis-
tration. After intranasal administration, drug molecules will reach the cerebrospinal
fluid through the neural pathway of the olfactory mucosa, thus bypassing the brain
physical barriers. Due to the large surface area of the nasal mucosa and abundant
blood capillaries, the drug molecules are rapidly absorbed into the systemic circu-
lation during intranasal administration. Compared with oral drugs, intranasal drugs
avoid degradation in gastrointestinal fluids and liver first-pass effects [41]. Generally,
the intranasal bioavailability of small molecule drugs is close to intravenous injec-
tion, while intranasal biomacromolecular drugs considerably have less bioavailabil-
ity than intravenous injection due to enzymatic degradation, mucociliary clearance,
and poor mucosal permeability [46, 47]. This situation can be improved after the
introduction of nanocarriers to promote large molecule penetration [48]. The leu-
cine’-enkephalin-loaded chitosan nanoparticles and neurotoxin II peptide-loaded,
polysorbate 80-coated nanoparticles are two successful examples of intranasal
delivery, both of which have resulted in enhanced antinociceptive effect compared
with administration of free drugs [49, 50]. Since intranasal administration has many
superior advantages, this strategy has been applied widely. The biggest problem of
intranasal administration is the toxicity of drugs and their excipient to nasal
mucociliary and the poor penetration of large molecular drugs [51, 52]. Reducing
or eliminating the toxicity and selecting potent absorption enhancers are important
tasks for nanocarrier assisted intranasal delivery.
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7.3.4 Oral Administration

Intravenous injection, oral administration, as well as BBB disruption are important
systemic administration routes of brain delivery. Only large dosage of systemic
administration drug can achieve a therapeutic concentration in the brain. There are
many limiting factors in the blood stream that blocking the effect of nanomedicine
upon systemic administration. For example, enzymes and proteins in the blood will
combine with nanomedicine, causing drug degradation and clearance.

Oral administration is a noninvasive strategy for brain delivery but is less perused
by researchers. For biomacromolecule drug delivery, oral absorption is limited by a
high molecular weight (> 50 Da) and low gastrointestinal permeability, which
restricts adequate drugs transporting across BBB to reach an adequate therapeutic
concentration and thus results in a low bioavailability of biomacromolecule drug
[21, 53, 54]. These problems may be overcome by nanotechnology-based strategies,
which are reported to have the ability to protect oral drugs from the harsh environ-
ment of the gastrointestinal tract, enhance drug absorption by the gastrointestinal
mucosa, and prolong the circulation half-life in the blood stream. As reported by
several researchers, quaternary ammonium palmitoyl glycol chitosan (GCPQ)
nanoparticles facilitated brain delivery of peptides such as leucine ’-enkephalin
through oral administration [53, 54]. Although most of the GCPQ nanoparticles
(85-90%) were not absorbed by the gastrointestinal tract, the residual dosage
appeared to deliver their payloads to the systemic circulation, enabling the
nanoparticle-stabilized peptides to reach the brain [55].

7.3.5 BBB Disruption

BBB disruption strategy represents a promising approach for effective and nonin-
vasive brain disease therapy. High concentration osmotic agents, bradykinin ana-
logues, as well as efflux pump inhibitors are classical regents used for temporary
disruption of BBB [56-59]. The most commonly used hyperosmolar disruptor for
BBB disruption purpose is mannitol. Mannitol can cause osmotic efflux of water
from brain microvascular endothelial cells, resulting in shrinkage of cells and tight
junction dysfunction [59]. The bradykinin analogues are known to have the ability to
enhance BBB penetration. Combination administration of RMP-7 (lobradimil) with
chemotherapeutic drug carboplatin has increased the BBB permeability for
carboplatin in a bradykinin B2 receptor-mediated manner and has reached clinical
trials [60]. However, the clinical trial was failed at last. The bradykinin receptors,
which distributed uniformly in the brain and worked very transient, are capable of
limiting drug distribution in the brain.
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7.3.6 Ultrasound and Microbubble with Nanoparticles

It has been reported that focused ultrasound in combination with microbubbles can
increase the BBB and BBTB permeability with no or minimal damage to the normal
brain tissues [61-63]. The microbubbles consist of a gas core and a semirigid lipid or
albumin shell with less than 50 pm in diameter. When exposed to focus ultrasound,
the microbubbles will convert the acoustic energy into mechanical power, which
disrupts the BBB temporarily and allow the drug permeating into the brain [64]. In
recent years, magnetic resonance imaging (MRI)-guided focused ultrasound with
microbubbles has been applied in delivery of chemotherapeutic drugs and antibodies
into the brain and received promising results. Liu et al. reported that focused
ultrasound combined with magnetic nanoparticles improved the delivery of antican-
cer drugs into the brain. A better delivery and therapeutic outcome of the combina-
tion therapy was achieved compared with focused ultrasound and magnetic
nanoparticles alone [65]. In another study, focused ultrasound combined with
intranasal administration of fluorescently labeled dextran showed higher intracranial
concentration of dextran compared to intranasal administration alone [47, 66]. These
results further expand the application feasibility of focused ultrasound in brain
administration.

7.3.7 Targeted Brain Delivery

In general, nanomedicines can overcome the brain’s physiological barriers to some
extent, but this effect is not strong enough. In order to achieve effective and practical
brain-targeted therapy, choosing an efficient and viable targeting strategy is very
important. Several directions are being developed and straightforward, including
(i) trans-BBB targeted delivery; (ii) trans-BBTB targeted delivery; (iii) combined
trans-BBB/BBTB targeted delivery; (iv) enhanced permeability and retention
(EPR)-based delivery; and (v) whole process targeted delivery. For options i-iii,
the conjugation of reliable transport ligands to drug-loaded nanostructures is a viable
strategy for delivery of biomacromolecules such as peptides, proteins, and oligonu-
cleotides to the brain. Those ligands are specific for putative receptors or transporters
expressed on the brain barrier and can be efficiently uptake by brain cells. It is worth
noting that the endogenous expression level of ligands should also be considered, as
the large amount of endogenous ligands would compete with the conjugated ligands
for receptor occupancy [67, 68]. The most studied receptors and transporters in brain
barriers are transferrin, leptin, insulin and diphtheria toxin receptors and low density
lipoprotein (LDL) receptor related protein 1 and 2 [69, 70]. Another approach to
improve the targeting ability is camouflaging the nanocomplexes with erythrocytes,
leukocytes membranes, as well as exosomes [71, 72]. This biomimetic strategy
greatly reduced the immune response caused by nanocomplexes and improved
their safety.
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The EPR effect is an excellent feature of nanoparticles for treatment of solid
tumors. Brain tumors such as gliomas contain variable regions of BBB and BBTB
disruption. The tumor vasculature is heterogeneous, and its permeability increases in
most part of tumor. This microenvironment could be used by nanoparticles and
nanoformulations which can increase the systemic circulation time and prolong
tumor retention time of drugs [73]. The EPR effect is thought to relate to the size
of nanoparticles. Some studies showed that the disrupted BBTB can accumulate
particles around 100 nm upon the EPR effect, while others considered that only
particles as small as 20 nm can penetrate the BBTB [72, 74]. Besides, it is feasible to
develop a whole process brain-targeted nano-delivery system that takes full advan-
tages of the physical properties of nanoparticles, such as their small size, surface
coating and modification, and combination with appropriate administration route.

7.4 Preclinical and Clinical Advances
of Biomacromolecular Nanomedicines for Brain Disease
Treatment

7.4.1 Protein-Based Nanomedicine

Many brain diseases are associated with loss of function in a protein. The efficacy of
protein-based therapies for treating CNS diseases is limited by insufficient amounts
of free therapeutics in the brain and their short half-lives. Moreover, proteins are
unlikely to overcome blood circulation and cellular uptake while remaining active.
These dilemmas have forced researchers to find ways for improving their delivery.
One of the most classic attempts to increase protein delivery to the brain is to modify
proteins with either hydrophobic fatty acid residues or amphiphilic block copoly-
mers, such as N-(2-hydroxypropyl)-methacrylamide (HPMA), poly(2-oxazoline)s
(POx), and poly(ethylene) glycol (PEG) [75-77]. This strategy is developed based
on the fact that amphiphilic molecules can transport across the cell membrane more
easily. Until now, modification with PEG may be one of the most successful
approaches to improve protein bioavailability, known as “PEGylation.” Several
PEGylated proteins are approved for clinical use, such as pegfilgrastim,
peginterferon o-2a, pegaptanib sodium, etc. PEGylated nanoparticles such as lipo-
somes and albumin nanoparticles are also very attractive vehicles for brain delivery.

As an excellent biocompatible carrier, albumin has received extensive attention.
A number of studies have been carried out to verify its effectiveness [75, 78—
80]. Albumin is the most abundant plasma protein in the blood. Many tumor cells
overexpress albumin-binding proteins for transportation of albumin as a nutrition
and energy source for fast-growing cancer cells [78]. Since albumin has a long
circulation time in vivo, it is an attractive attempt to conjugate anticancer molecules
or cytokines with albumin to improve the pharmacokinetic profile of drugs. Clini-
cally, methotrexate-albumin conjugate, doxorubicin derivate-albumin conjugate,
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and Levemir, a myristic acid derivative of insulin that binds to the fatty acid binding
sites of albumin, have been tested [78]. Levemir has even been approved for the
treatment of diabetes. In 2005, the first human serum albumin-bound paclitaxel
(Abraxane™) was approved by the FDA for treatment of breast cancer. Then, the
approved applications were expanded to include treatment of NSCLC and pancreatic
cancer in 2012 and 2013, respectively. It has been reported that the new nanoparticle
formulation improves solubility of paclitaxel and reduces toxicity compared to the
conventional paclitaxel formulation [81]. For brain tumor treatment, albumin
nanoparticles loaded with dual drugs or tagged with brain-targeting ligands facilitate
BBB penetration of therapeutics and therefore improve the treatment. Based on the
fact that glioma cells overexpress albumin-binding proteins, researchers constructed
paclitaxel and fenretinide (4-HPR)-loaded albumin nanoparticles, with modification
of cell-penetrating peptides on their surface. The nanoparticles effectively promoted
BBB penetration of the drugs and significantly improved the anti-glioma effect
[82]. Another polysorbate 80-coated albumin nanoparticles resulted in a threefold
increase of drug concentration in the brain and a significant reduction in convulsion
compared to the free drug [79]. Furthermore, pharmaceutical enterprises have
developed the albumin fusion technology that could generate albumin protein
conjugates via gene engineering. For example, the Human Genome Sciences Com-
pany has produced a fusion protein of albumin and interferon a-2b named Albuferon
using this technology. Albuferon is used for chronic hepatitis B and chronic hepatitis
C treatment. Several phase II stages of clinical trials have been completed or
terminated around 2009. It is reported that conjugation to albumin prolongs the
half-life of interferon a-2b ~ 6 days, which has exceeded several other
interferon-a-regents [83, 84]. Meanwhile, the administration times and immunoge-
nicity have been reduced drastically.

7.4.2 Enzyme-Based Nanomedicine

The brain is a very complicated and special organ. Many brain diseases are resulted
from a missing or deficient enzyme. The chemical and biological flexibility of
nanoparticles make them suitable to load larger cargo like enzymes for brain
delivery. Although there are abundant researches focusing on preparation, charac-
terization, and therapeutic efficacy of enzyme-loaded nanoparticles, few have been
designed specifically for brain application. In a proof of concept study, different
nanoparticle delivery systems including liposome, poly(butyl cyanoacrylate)
(PBCA), and PLGA nanoparticle were evaluated for superoxide dismutase (SOD)
enzyme delivery to the brain. These SOD enzyme-loaded nanoparticles were tagged
or untagged with specific antibodies. It is showed that the tagged nanoparticles
protected primary neurons in vitro from oxygen-glucose deprivation and showed
protection against ischemia and reperfusion injury in vivo [85]. Some other typical
enzyme-based nanomedicines for brain delivery are showed in Table 7.1.
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Table 7.1 Protein- and enzyme-based nanomedicines
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Drug name

Formulation

Developmental
stage

Therapeutic
advantages

Reference

bFGF

Liposome

Preclinical

Intranasal adminis-
tration of bFGF-
loaded liposomes
improved bFGF
accumulation in the
brain and showed
effective
neuroprotective
effects in rats for
21 days

[86]

BSA, DT

Lipidoid-
telodendrimer
hybrid
nanoparticle

Preclinical

The 100 nm sized
nanoparticles showed
improved
intratumoral
biodistribution of
proteins and effective
glioblastoma inhibi-
tion activity in vivo

[87]

PTX and 4-HPR

Albumin
nanoparticle

Preclinical

The dual drug-loaded
albumin
nanoparticles facili-
tated BBB penetra-
tion of drugs via
interaction with
albumin-binding pro-
teins in glioma cells.
Cell-penetrating pep-
tide modification of
albumin
nanoparticles signifi-
cantly improved
treatment of glioma

[82]

Loperamide

Albumin
nanoparticle

Preclinical

The albumin nano-
particle formulation
produced obvious
antinociceptive
effect, while the
loperamide solution
did not

[88]

BSA, anti-VEGF
antibody

Fe;O4nanoparticle

Preclinical

The BSA-coated and
antibody-targeted
nanoparticles pro-
moted their binding
to glioma cells

in vitro and showed
effective MRI visual-
ization of glioma

[89]

(continued)
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Drug name

Formulation

Developmental
stage

Therapeutic
advantages

Reference

Gabapentin

Albumin nanopar-
ticle coated with
polysorbate 80

Preclinical

Polysorbate
80-coated albumin
nanoparticles signifi-
cantly reduced con-
vulsion and increased
the concentration of
gabapentin in the
brain by threefold
compared to free
drug

[79]

a-Synuclein anti-
body, apolipopro-
tein B domain

Fusion protein

Preclinical

The fusion protein-
degraded a-synuclein
aggregates in a Lewy
bodies/Parkinson’s
disease mouse model

[90]

Metalloproteinases-
I

Polysorbate
80-coated PLGA
nanoparticle

Preclinical

The coated
nanoparticles showed
BBB penetration
both in vitro and

in vivo

[91]

SOD enzyme

Polymer nanopar-
ticle tagged with
antibody

Preclinical

The targeted
nanoparticles
protected primary
neurons in vitro and
showed protection
against ischemia and
reperfusion injury

in vivo

[85]

NAP

Lactoferrin-conju-
gated PEG-PCL
nanoparticle

Preclinical

The nanomedicine
exhibited
neuroprotective and
memory improve-
ment effect in vivo at
low dosage by intra-
nasal administration

[92]

p-Galactosidase

Iron oxide
nanoparticle

Preclinical

The nanomedicine
increased
B-galactosidase’s
activity by tenfold in
tumor lesions com-
pared to normal brain
tissue in
gliosarcoma-bearing
rats

[93]

bFGF fibroblast growth factor, DT7390 a truncated diphtheria toxin, PTX paclitaxel, 4-HPR
fenretinide, SOD superoxide dismutase, NAP a neuroprotective peptide
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Although the versatility of nanoparticles increases the half-life, tissue targeting,
and delivery efficiency of therapeutic proteins and enzymes in the brain, it still does
not create a complete system in which all brain delivery characteristics are combined
[40]. These shortcomings drastically limit the number of clinical trials and successful
treatments that have entered the market.

7.4.3 Peptide-Based Nanomedicine

Peptides are excellent therapeutics that been developed over 40 years. According to
database in www.peptidetherapeutics.org in 2018, there are 64 therapeutic peptides
approved in the USA and Europe, and 163 peptides are now in active development.
Several peptides are being investigated in treating brain disorders, such as brain
tumors, neurodegeneration, stroke, psychiatric disorders, and pain. In addition to the
excellent pharmacological properties, many peptides have poor physical and meta-
bolic stability. Moreover, due to their hydrophilicity and relatively high molecular
weight (>500 Da), some peptides have difficulty penetrating biological membranes,
especially the physical barriers in the brain. The nanotechnologies have shown
promise in delivering peptide to the brain. Nanoparticles exhibit specific features
such as small size, controllable shape, easy to be decorated, etc., making them ideal
carriers to deliver therapeutic drugs to the target tissue. Such evidences are abundant
in preclinical cancer therapy. Those strategies have also been applied in delivering
peptides across the BBB. For example, when a synthetic opioid peptide DAMGO
was loaded into glutathione (GSH)-PEG liposomes and injected intravenously, the
liposome formulation prolonged the half-life of DAMGO by 4.5-fold compared to
free DAMGO [94]. Another interesting targeted delivery of peptide is macrophage-
mediated delivery of catalase, an anti-inflammatory peptide, to the brain. Catalase
was first packaged into a block copolymer poly(ethylenimine)-poly(ethylene glycol)
(PEI-PEG) to form the “nanozyme” and was then loaded into bone marrow-derived
macrophages (BMM). The BMM served as a “depot” for “nanozyme” and slowly
released it in active form. This cell-mediated formulation increased the bioavailabil-
ity of catalase in the brain significantly and attenuated neuroinflammation and
produced neuro protection effect in rodent models of Parkinson’s disease
(PD) [95]. In addition to being a drug candidate, peptide is also widely used as
targeting ligand or carrier for other biomacromolecules’ delivery. The cell-
penetrating peptide (CPP) is a typical representative targeting ligand. CPP is a
short peptide of heterogeneous in size (10-27 amino acid residues) and sequence,
possessing multiple positive charges at physiological pH. They can deliver
biomacromolecules into cells by an adsorptive-mediated transcytosis pathway [96—
98]. The most widely used CPP includes the transactivator of transcription (TAT),
penetratin, and the SynB vectors [67]. There is also a class of peptide ligands work
through the receptor-mediated transcytosis. Taking a viral coat peptide rabies virus
glycoprotein (RVG) as an example, a 29-amino acid RVG peptide (RVG29) exhibits
excellent brain-targeting ability. It can accumulate in the brain efficiently after
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intravenous administration in mice [99]. RVG29-modified nanomedicines are
widely employed in preclinical stage for treating brain diseases such as PD, AD,
and brain injury [100-102]. Demeule et al. reported a 19-amino acid peptide-based
carrier called Angiopeps for brain delivery. It has e-targeting affinity to glioblastoma
cells after brain entry and belongs to a family of Kunitz domain-derived peptides
[103]. Evidences showed that the Angiopeps facilitated more transcytosis and
parenchymal accumulation of drugs in the brain than other targeting moieties such
as avidin and lactoferrin by interaction with the low-density lipoprotein receptor-
related protein 1 (LRP-1) [103, 104]. Angiopep peptides developed by Angiochem
Inc. are promising techniques, and one Angiopep conjugate ANGI1005
(an Angiopep-2-paclitaxel conjugate) has entered into several clinical trials
[105, 106]. Preclinical studies using Angiopep-2-conjugated dendrimer delivery
system, as well as organic-inorganic hybrid nanocomposites, have shown positive
results in brain delivery or imaging [107-109].

Another property of peptide is that it can arrange into various structures upon
rational regulation of the molecular structure and alter the external environment.
Numerous studies have reported that peptides could be self-assembled into spherical,
membrane, hydrogel, and fibrous aggregates mediated by hydrogen bonding, hydro-
phobic and =m-stacking interactions, etc. [110-112] Mazza et al. reported that an
amphipathic derivative of peptide dalargin (an opioid receptor agonist) could form
nanofibers in a self-assemble manner. The latter was able to deliver the peptide to the
brain and elicit a pharmacological response, while the underivatized peptide was not
detectable in the brain [113]. The possible mechanism may be that the peptide chains
in the nanofibers were wrapped tightly around the nanofiber core, which could
prevent degradation of peptides in vivo. This self-assemble concept further broadens
the application of peptides in the pharmaceutical industry. Although several peptides
have reached into clinical stages, peptide-based nanomedicines for the treatment of
brain diseases are mostly in preclinical research. Some typical peptide-based
nanomedicines for brain delivery are summarized in Table 7.2.

7.4.4 Antibody-Based Nanomedicine

Similar to peptide, antibody is also commonly chosen as a targeting ligand of
nanomedicine or can be directly loaded by the nanocarrier. Nanoparticles modified
with antibodies are widely used in brain delivery. In recent decades, there have been
numerous attempts to treat brain diseases by combining antibodies with chemother-
apy drugs and biological macromolecules such as antisense oligonucleotides and
siRNA. Antibodies against the receptors that have a high expression level in brain
cells have been extensively applied in brain delivery. OX26, a rat monoclonal
antibody against the transferrin receptor, has been widely used in conjugation with
polymersomes and nanoparticles for peptide, plasmids, as well as chemotherapeutics
penetrating the BBB [114-116]. However, OX26 and another anti-transferrin recep-
tor antibody 8D3 [117] are rodent antibodies, which are not suitable for human
CNS-targeted delivery.



Table 7.2 Peptide- and antibody-based nanomedicines

Drug name

Formulation

Developmental
stage

Therapeutic advantages

Reference

DAMGO

GSH-PEG
liposomes

Preclinical

The liposomes increased
the half-life of DAMGO
in the brain by 4.5-fold
compared with free
DAMGO

[94]

NA

221 conjugated
PLGA nanoparticle

Preclinical

After intravenous injec-
tion for 2 h, the PLGA
nanoparticles could cross
the BBB and reach the
brain

[120]

Leucine °-
enkephalin

GCPQ
nanoparticles

Preclinical

GCPQ nanoparticles
facilitated both oral and
intravenous administra-
tion of peptide and deliv-
ered peptide to the brain

[55]

DOX

Angiopep-2-modi-
fied gold
nanoparticle

Preclinical

The nanomedicine
displayed superior anti-
glioma effect in mice
compared with free DOX

[121]

NA

Angiopep-2-modi-
fied carbonaceous
nanodots

Preclinical

The nanomedicine
showed significant gli-
oma cell-targeting effect
in vitro and in vivo and
displayed good
biocompatibility

[122]

DTX

Angiopep-2-modi-
fied PLGA@Au
nanoparticle

Preclinical

The targeted
nanoparticles showed
potent anti-glioma effi-
ciency through chemo-
photothermal therapy and
exhibited potential for
X-ray imaging in vivo

[107]

ANG1005

NA

Phase III

ANGI1005 (the conjugate
between paclitaxel and
Angiopep-2) is active
against breast cancer
metastasis both within
and outside the CNS

[105, 123]

Dalargin

Nanofibers

Preclinical

The amphipathic deriva-
tive of dalargin peptide
self-assembled into
nanofibers and prolonged
the antinociceptive time
to8h

[113]

Dalargin

Polysorbate
80-coated PBCA
nanoparticles

Preclinical

The coating
nanoparticles facilitated
dalargin transporting
across the BBB and
elicited a short-lived

[124]

(continued)
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Drug name

Formulation

Developmental
stage

Therapeutic advantages

Reference

antinociceptive effect
after oral and intravenous
administration

ASV-30

Iron oxide
nanoparticles

Preclinical

Systemic administration
of ASV-30-conjugated
nanoparticles improved
the bioavailability of
ASV-30 in the brain and
reduced anxiety-like
behavior without affect-
ing locomotion

[125]

Catalase

Bone marrow-
derived
macrophages

Preclinical

The macrophages loaded
with nano-formulated
catalase improved cata-
lase’s bioavailability and
transportation across the
BBB

[95]

Peptide, dau-
nomycin, and
plasmid

0X26 antibody-
functionalized
chitosan nanoparti-
cle, liposome,
polymersome

Preclinical

Functional nanomedicine
enhanced therapeutics
transporting across the
BBB and delivering to
the brain

[114-116]

Plasmid
DNA

8D3 antibody-
tagged liposome

Preclinical

The targeted liposomes
increased tissue-specific
expression of exogenous
gene in the brain after
intravenous injection

[117]

BVZ
antibody

Solid lipid
nanoparticles

Preclinical

BVZ-loaded
nanoparticles enhanced
BVZ’s activity and BBB
permeation in vitro

[118]

AI]ti-Aﬁ 1-42
antibody

Nanoparticles

Preclinical

The anti—AﬁH;z
nanoparticles could sig-
nificantly reduce the sol-
uble forms of
Ap-peptides and rescue
memory in AD mice

[119]

IMC-C225
antibody

Liposome

Preclinical

The liposomes showed
specific binding and
internalization in glio-
blastoma cells and pro-
duced efficient anticancer
activity in vivo

[126]

DAMGO a synthetic opioid peptide, GSH glutathione, g2/ leptin fragment, GCPQ quaternary
ammonium palmitoyl glycol chitosan nanoparticle, DTX docetaxel, PBCA poly(butyl cyanoacry-
late), ASV-30 antisauvagine-30, BVZ bevacizumab, NA not available.
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In the aspect of glioblastoma (GBM) treatment, bevacizumab (BVZ) is an
approved agent for treatment of recurrent GBM. In an experimental work,
BVZ-loaded solid lipid nanoparticles showed increased activity of 100- to
200-fold compared with free BVZ on human umbilical vein endothelial cells
(HUVECs). The nanoparticles could also enhance the permeation of BVZ in an
in vitro BBB model [118]. In a latest study, anti-Af;_4, antibody-decorated
PEGylated nanoparticles were tested in AD-like transgenic mice. The authors
found the anti-Af;_4, nanoparticles could significantly reduce the soluble forms of
AB-peptides and rescue memory in AD mice [119]. Different from other conven-
tional antibody therapeutic mechanisms, the anti-Af;_4, nanoparticles functioned
through the interaction with soluble Af;_4, in the blood and then eliminated them
through a “sink effect.” After intravenous injection of the anti-Af;_4, nanoparticles,
the soluble AP;_4, will be absorbed by the nanoparticle and then eliminated with
nanoparticles through the nanoparticle clearance mechanisms. The concentration of
Ap-peptides in the brain is reduced accordingly. This study presented the first
successful example of using anti-Af1-42 antibody-modified nanoparticles to treat
AD in an experimental model.

7.4.5 Nucleic Acid-Based Nanomedicine
7.4.5.1 Current Status of Nucleic Acid-Based Therapeutics

In recent years, several antisense oligonucleotide (ASO) drugs have been approved by
FDA. Furthermore in August 2018, the first RNAi drug, patisiran, developed by
Alnylam Pharmaceuticals was also approved by FDA for treatment of hereditary
transthyretin-mediated (hATTR) amyloidosis with polyneuropathy. These break-
throughs have doubled the confidence of nucleic acid pharmaceuticals. Because of
the distinguished efficiency and mature manufacturing techniques of nucleic acid
drugs such as siRNA, ASO, mRNA, DNA, etc., they have attracted great interests
from researchers and have been used to treat various brain diseases, ranging from
motor neuron diseases and dementia to brain tumor and brain injuries. Some nucleic
acids have even entered into the clinical status (Table 7.3). Nevertheless, challenges
encountered in blood circulation, after brain entry, accessing targeted sites, cell
endocytosis, as well as intracellular transportation are key factors that restrict the
application of nucleic acid therapeutics. Naked nucleic acids such as siRNA and
mRNA can be rapidly degraded by RNase during the blood circulation. Moreover,
the physical barriers which exist in the brain are considered to be the biggest obstacles
limiting the entry of nucleic acids. Even few nucleic acids crossing the BBB and
arrived in the brain, issues such as nonspecific targeting are still intractable. Fortu-
nately, the chemical modification of nucleic acid structural elements developed in
recent years affords a solution to protecting nucleic acid from degradation to some
extent. Meanwhile, the nanoplatform also offers intriguing potential to addressing
these challenges for nucleic acid drugs in brain delivery.
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Table 7.3 Current clinical trials of nucleic acid therapeutics for brain disease treatment

Nucleic
Therapeutic acid Clinical
name Indication types status Sponsor NCT number
Inotersen Polyneuropathy | ASO Phase Ionis NCTO01737398
[II-completed
Trabedersen | Glioblastoma ASO Phase Isarna NCT00761280
[II-terminated | therapeutics
Imetelstat Glioblastoma ASO Phase Geron NCTO01836549
Brainstem II-terminated
tumors
Ex vivo Glioblastoma mRNA Phase University NCT02649582
transfected I/ll-recruiting | Hospital, NCT00965224
DCs Antwerp
Ex vivo Glioblastoma mRNA Phase Guangdong NCTO02709616
transfected I/Ml-recruiting | 999 Brain NCT02808364
DCs Hospital 'NCT02808416

DC dendritic cell, ASO antisense oligonucleotides

As mentioned above, nanoparticles can be tailored for various purposes. They can
be precisely functionalized with targeted ligands. Their size, morphology, charge,
etc. also can be modulated in specific circumstances. Nonviral nanocarriers such as
liposomes, polysomes, lipoplexes, and polyplexes are widely used for loading with
nucleic acids. They are mainly comprised of cationic polymers and ionizable lipids
such as protamine, PEIl,  1,2-dilinoleyloxy-N,N-diethyl-3-aminopropane
(DLinDMA), (62,97,287,31Z)-heptatriaconta-6,9,28,3 1 -tetraen-19-yl-4-
(dimethylamino)butanoate(DLin-MC3-DMA), etc. [127-129] The positively
charged carriers can spontaneously form into nanocomplexes with negatively
charged DNA, siRNA, and mRNA by electrostatic interaction. Not only can the
nanocomplex condensate nucleic acid payloads, they also protect their cargo from
rapidly degradation [130-132]. However, the positively charged nanocomplexes can
also interact with anionic blood components such as proteins and thus be excluded
by the reticuloendothelial system clearance [133]. Such issues could be avoided by
coating the nanocomplex surface with either zwitterionic ligands or polyethylene
glycol (PEG). These strategies are proved to further improving the circulation time
of nanocomplexes and enhanced their targeting ability. Until now, the commercially
available Lipofectamine™, MegaFectin™, and Transint™ lipid-based transfection
reagents have been reported to successfully deliver mRNA and siRNA in vitro or
in vivo [134-138]. Other lipid carriers such as stabilized nucleic acid lipid particles
(SNALP) are under clinical stage for siRNA delivery [139].

7.4.5.2 siRNA

To date, more than 30 RNA.I clinical trials are under way or have been completed to
treat orphan diseases that lack a large market. Many brain diseases such as AD,



198 Y. Weng and Y. Huang

Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS), etc. are orphan
diseases or very similar to orphan diseases [133, 140]. Since siRNA drug candidates
are easy to design and develop, they are particular suitable for treating brain orphan
diseases. However, among the ongoing siRNA clinical trials, none of them are
associated with brain diseases. There are large amount of preclinical studies focusing
on modification or engineering a siRNA nanoformulation that is able to overcome
existing brain barriers. The receptor-mediated targeting approach is mainly used for
enhancing siRNA penetrating the BBB. For example, in an siRNA/docetaxel (DTX)
co-loaded liposomal formulation, the modification of dual peptides Angiopep-2 and
tLyP-1 promoted targeted therapy of gliomas [141]. Results showed that the com-
bined dual peptide and dual therapeutics achieved a synergistic effect in tumor
growth inhibition. The targeting ability of this siRNA liposome was achieved by
Angiopep-2 which exhibits the receptor-mediated targeting through interaction with
LRP-1. In addition, more BBB transportation approaches such as cell-mediated
transport and glycemia-controlled GLUT1 receptor-mediated transport require fur-
ther evaluation for siRNA delivery to the brain [133].

7453 ASO

Antisense oligonucleotides (ASOs) play a therapeutic role by interfering gene
expression of disease-related target mRNAs. They are the earliest and most mature
species in the field of nucleic acid drug research, with high specificity, low toxicity,
and side effects. To date, at least 5 ASOs have been approved by FDA or EU, and
more than 100 are undergoing clinical trials. Application of ASOs in brain diseases
is mainly focused on the treatment of glioma, AD, and PD. It is worth noting that an
ASO drug inotersen was recently approved in the EU for treatment of stage 1/2
polyneuropathy in patients with hATTR [142]. Inotersen was developed by Ionis
Pharmaceuticals and Akcea Therapeutics. It is the inhibitor of mutant and wild-type
human TTR. Mutation of TTR gene leads to accumulation of TTR protein as
amyloid deposits throughout the organs, including the nervous system. In a phase
II clinical trial, inotersen significantly reduced neurological progression and
improved quality of life in patients. Now inotersen is under evaluation in the USA
and Canada for a similar indication [143].

7.4.5.4 DNA and mRNA

In contrast to siRNA and ASO, DNA and mRNA can be used as a complement to the
missing proteins in the brain. The plasmid DNA needs to enter the nucleus and
integrate with the host genome to be functional. After the transcription and transla-
tion process, a longtime expression of targeted proteins will be realized. For exam-
ple, when plasmid DNA encoding for glial cell line-derived neurotrophic factor
(GDNF) was packaged into polymer nanoparticles and used to treat dopamine-
injured rats, researchers observed an overexpression of GDNF in the rat brain,
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which results in neuroprotective effect to the rats [144, 145]. Compared to DNA,
mRNA functions in the cytoplasm without the need to insert into the genome, and
only transiently expresses the encoded protein. mRNA therapy has been very hot in
the last decade, with nearly a hundred ongoing clinical trials. The vast majority of
these clinical trials are focusing on cancer immunotherapy, infectious diseases
vaccines, and treatment of cardiovascular diseases [146]. Among them, personalized
mRNA-based DC vaccines in particular the glioma vaccines are being widely
studied. At first, the specific tumor antigen is screened from the patient-derived
glioma or other cancer stem cells. After an in vitro transcribed process, tumor
antigen-encoding mRNA is obtained and is used to transfect patients’ own dendritic
cells (DCs). The readministered DCs will further present tumor antigen-encoding
mRNA to other antitumor immune cells, such as T cells and natural killer cells. So
the tumor cells are attacked by the immune system for therapeutic purposes [147—
149].

7.5 Concerns over Biomacromolecular Nanomedicines

One of the major challenges and disadvantages with nanomedicines is their potential
neurotoxicity [150-152]. The neurotoxicities generated by nanocarriers include
generating excess reactive oxygen species (ROS), inducing cell apoptosis,
upregulation of inflammatory cytokines and inducing lipid peroxidation, protein
damage and depleted glutathione reserve in the CNS, etc. [152-154] One study
reported a case in which titanium dioxide (P25) produced ROS in brain microglia
and resulted in damages to neurons in vitro [155, 156]. The lipid and polymer
nanocarriers are thought to be less harmful to the brain. However, in-depth toxicity
studies of nanocarrier loading with payloads are needed to be conducted to provide
potential risks around brain therapy. Another challenge for nanomedicine is that it is
difficult to draw similar conclusions from different studies. Because of the versatile
elements of nanoparticles, ranging from the physical-chemical characteristics to
functional strategies, each study offers different positive features for innovation. A
complete system that combined with all elements is insufficient. These disadvan-
tages have drastically limited successful nanomedicine reaching the market. More-
over, a better understanding of the mechanisms of nanoparticles crossing brain
barriers and the fate of nanoparticles after entry of brain is very important to design
a complete nanosystem and predict its efficiency. At last, establishment of reliable
in vitro brain barrier model and homogenous animal model is also very crucial for
brain therapeutics development. This requires a clear understanding of the molecular
mechanisms underlying the pathogenesis of brain diseases.
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7.6 Conclusion and Prospective

In summary, biotechnological therapeutics with high molecular weight, e.g., peptide,
antibody, enzyme, protein, DNA, RNA, etc., have been perused by the pharmaceu-
tical industry for a long time. Because of the existing barriers of the brain, these
biomacromolecules are often unable to cross these barriers and reach a therapeutic
concentration. However, they could substantially benefit from the use of
nanocarriers. Until now, an increasing number of various biomacromolecule-loaded
nanomedicines showed meaningful results in CNS disease therapy both in vitro and
in vivo. But to be honest, this field is still in its infancy. Many considerations should
be emphasized and resolved before CNS nanomedicine becomes applicable in
clinical stage. Considering the complexity of the brain structures and CNS diseases,
in-depth and comprehensive studies of nanomedicine’s fate, mechanism, and toxic-
ity are required.

For future research, increasing the drug-trafficking performance and specificity
for brain tissues is especially important for CNS nanomedicine development. As a
result, utilizing the respective advantages of different biomacromolecules and suit-
able administration route to realize a combined treatment is necessary. For example,
combining intranasal delivery with nanoparticles; advancing modification or
bioconjugation technologies to improve the stability, pharmacokinetics, and phar-
macodynamics of biomacromolecule drug candidates; and enhancing the targeted
delivery and BBB-penetrating ability are necessary. Only if all of these factors are
combined into a complete system will it be possible to create a clinically relevant
biomacromolecule nanomedicine for brain diseases therapy.
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Chapter 8 )
Carbon-Based Nanomedicine Check or

Peng Zhang, Ming Zhang, and Jia Geng

8.1 Introduction

Carbon-based nanomaterials, such as graphene oxide (GO), carbon nanotubes
(CNTs), and nanodiamonds (NDs), have been considered as excellent carriers for
anti-cancer drugs because of their high drug-loading capability, nanoscale size,
and high specific surface areas, enabling them to penetrate the mammalian cell
membrane. Therefore, it’s meaningful to explore these carbon-based nanomaterials
as versatile cancer drug carriers [1]. This chapter reviews the recent advances in
carbon-based nanomedicine, including application, pharmacodynamics and
metabolism, diagnosis and treatment, as well as biodistribution of carbon
nanomaterials.
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Application Pharmacodynamics and metabolism Diagnosis and treatment
drug carrier great capacity for crossing the blood-brain barrier excellent imaging agent
photodynamic therapy low toxicity ideal candidate for treating acute hyperglycemia,
photothermal therapy effective elimination via the liver, spleen and kidneys  central nervous system disease and tumor
gene carrier controlled release

imaging agent

8.2 Application
8.2.1 Drug Carrier

The ideal criterion of drug carrier is having best bioavailability at specific sites in
patients at the necessary time. The usage of suitable carriers can improve the drug
loading and promote therapeutic effects. Among a number of drug carrier systems,
carbon nanomaterials offer a potential and efficient alternative for delivering thera-
peutic agents. The usage of carbon nanomaterials could lead transport drugs to
cancerous tissues specifically without affecting the normal tissue. Tripisciano et al.
encapsulated cisplatin, a platinum-based chemotherapeutic drug, into single-walled
carbon nanotubes (SWCNTSs) with a diameter of 1.3—1.6 nm. The efficiency of the
developed delivery system was confirmed by inhibiting prostate cancer cells (PC3
and DU145) viability using tubes encapsulating cisplatin [2]. Naderi et al. developed
a SWCNTs functionalized by an octa-ammonium polyhedral oligomeric
silsesquioxanes (octa-ammonium-POSS) for delivering PTX to colon cancer cell
(HT-29) and MCF-7 cell [3]. Pan et al. established a GO-based drug delivery carrier
for treatment of the liver tumor cell line SMMC-7721 in vitro. In this nanocarrier,
GO was firstly functionalized with fluorescein isothiocyanate (FIC), carboxymethyl
chitosan (CMC), and lactobionic acid (LA), then it transported with DOX by
physical adsorption. This nanosystem exhibited high drug loading (>96%). In
addition, the functionalized GO showed good biocompatibility with the SMMC-
7721 cell and induced cell death after incubation for 24 h [4].

Meanwhile, the binding between antibodies or ligands and the surface receptors
of cancer cell promotes site-specific accumulation of lesion; the therapeutic effect of
the drug could also be enhanced. Zhou et al. developed a GO nanocarrier (GO-Abs/
PEI/PAH-Cit/DOX) functionalized with pH-responsive charge-reversal polyelectro-
Iyte and integrin o3 mono-antibody. They used these functionalized nanocarriers
for targeted transportation and controllable release of DOX into tumor cells US7 MG
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cells. DOX was proved to be highly loaded and efficiently released using the
nanocarrier. They also demonstrated that U87 MG cells could efficiently absorb
the nanocarriers, and release DOX intracellularly, followed by delivery of DOX into
the nucleus, leaving the nanocarrier in the cytoplasm [5]. Recently, Zhang et al.
fabricated a hyaluronic acid (HA) functionalized MWCNTs (HA-MWCNTs) can-
cer-targeted nanosystem, acting as a multifunctional drug carrier. Transferrin
(Tf) was used as a targeting ligand, and artemisinin (ART) as a model drug to
conjugate with the HA-MWCNTs, thus developing the HA-MWCNTs/Tf@ART
nanosystem, enabling it to treat MCF-7 cells in vitro. Meanwhile, a rat model
carrying tumors was applied in in vivo studies. Compared with free ART, the drug
carrier had significantly improved anti-cancer effect in vitro and in vivo [6]. Zhang
et al. applied functional nanoscale graphene oxide (NGO) in order to control loading
and targeting delivery of mixed anti-tumor drugs in MCF-7 cells. They found that
FA-bound NGO (FA-NGO) carrying both anti-cancer drugs, camptothecin (CPT)
and doxorubicin (DOX), suggested specific targeting to MCF-7 cells and signifi-
cantly high cytotoxicity compared to that of NGO which is loaded with either DOX
or CPT only. This indicated that the combined usage of two or more drugs, a widely
applied clinical practice, often showed much better therapeutic efficiency than that
with a single dosage form [7] (Figs. 8.1 and 8.2).

8.2.2 Gene Carrier

The treatment of diseases by introducing gene therapy has earned significant atten-
tion. The advancement of nontoxic, biocompatible, and nonviral carriers for gene
therapy is urgently needed for their applications for delivering drugs. Carbon
nanovectors offer a promising strategy because of their advantages including the
easier access into tumor cells, a significant enhanced solubility, bioavailability, and
residence time of nucleic acids which protect the loaded nucleic acids from enzyme
digestion and degradation efficiently.

Several measures have been developed to modify the surface of carbon-based
nanomaterials for improving delivery of nucleic acids, including pDNA [8—11],
siRNA [12, 13], and miRNA [14]. Feng et al. synthesized a physiologically stable
dual-polymer-functionalized GO conjugate (NGO-PEG-PEI). In their study, poly-
ethylene glycol (PEG) and PEI were covalently conjugated to GO through amide
bonds. The product had excellent gene transfection effects without serum interfer-
ence, and reduced cytotoxicity. Using the NIR optical absorbance of NGO, the
cellular uptake of NGO-PEG-PEI was proved to be enhanced with a low-power
NIR laser irradiation. With NGO-PEG-PEI as the light-responsive gene transporta-
tion, the transfection effects of plasmid DNA induced by the NIR laser were
significantly enhanced. Being controlled by NIR light, NGO-PEG-PEI also showed
the ability to deliver siRNA into cells, leading to markable target gene, Polo-like
kinase 1 (Plk1), downregulation under the induction of laser irradiation [15].

Dendritic grafts PEI were responsible for stabilizing complexes between
DNA and MWCNTs and avoiding DNA degradation. The chitosan-folic acid
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Fig. 8.1 The synthetic strategy of drug delivery nanosystem: (a) the synthesis of modified GO
carriers and (b) DOX loading [4]

nanoparticles were used to functionalize MWCNTs of different lengths and showed
high efficiency to transport green fluorescent protein (GFP) plasmid DNA into HeLa
and MCF-7 cells. The expression of GFP gene was identified by bright-field and
fluorescence images of transfected cells [16]. A developed multi-walled carbon
nanotubes (MWCNTs) functionalized by cationic polymers PEI, polyallylamine
(PAA) or a mixture of both polymers possessed the ability to efficiently transfer
plasmid DNA (pCMV-B-Galactosidase) to human lung carcinoma (A549) cell line
[17]. Al-Jamal et al. studied whether silencing of Caspase-3 with carbon nanotube-
mediated in vivo RNA interference (RNAi) could provide a therapeutic opportunity
against stroke. They used functionalized carbon nanotubes (f-CNTs) to achieve the
peri-lesional stereotactic administration of a Caspase-3 siRNA (siCas 3) in an
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endothelin-1-induced stroke model. The results showed that the neurodegeneration
was reduced and the functional preservation was enhanced before and after focal
ischemic damage of the rodent motor cortex [13] (Fig. 8.3).

8.2.3 Photodynamic Therapy (PDT) and Photothermal
Therapy (PTT)

It is necessary to increase temperature at tumor sites because the dielectric loss of
tumors is higher than that of normal tissues. The carbon-based nanomaterials can
transport radiofrequency (RF) energy to tumor cells, generating a remarkable
amount of heat at specific sites and conducting hyperthermia [18]. Santos et al.
combined CNTs and NIR radiation to induce hyperthermia treatment of primary
brain tumors, glioma tumor cell lines (U251, U87, LN229 and T98G). Glioma cells
internalized CNTs preferentially. Upon exposure to NIR radiation, the internalized
CNTs produced heat, leading to death of necrotic cells. This continuous hyperther-
mia therapy was effective in the rodent tumor model in vivo, achieving tumor



214 P. Zhang et al.

NHy

N_ _N
OH OH OH \ll/ o
"&T‘:&HJO&%J%S%:W "JNLHOTL OH
OH
o

Chitosan(CS)

NHz N N EDC -]
e eV PV
oH 1 m%o}*q\(%?/ v

Folic Acid(FA)

HO' CS-FA conjugate

MWCNT-CS-FA NP hybrids
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reduction and no recurrence with only one treatment [19]. Zhang et al. fabricated a
self-amplified drug delivery nanosystem (CMWCNTs-PEG) targeting fibrin for the
photothermal therapy of tumors. The results showed that CMWCNTs-PEG could
significantly increase the temperature in the tumor region than its counterpart 24 h
after an initial NIR irradiation by an in vivo temperature monitoring test [20]. Zhou
et al. reported an unmodified SWCNTs to develop a mitochondria-targeting
photoacoustic model for anti-tumor in vitro and in vivo. Under pulsed laser irradi-
ation (1064 nm), 79.4% of the tumor cells with intracellular SWCNTSs were observed
to be dead within 20 s, while 82.3% of the normal cells remained alive without using
the SWCNTSs [21]. Taratula et al. reported a new nano-theranostic platform by
employing a new low-oxygen graphene nanosheet. The nanosheet was chemically
functionalized with polypropylenimine dendrimers which was loaded with
phthalocyanine (Pc) as a photosensitizer, for the photothermal therapy (PTT) and
photodynamic therapy (PDT). This combination of PTT-PDT treatment showed an
increased destruction of ovarian tumor cells, with a killing efficiency of 90-95% at
a low Pc and low-oxygen graphene dose [22] (Fig. 8.4).

8.2.4 Imaging Agent

Among a variety of imaging techniques for cancer cells, fluorescence imaging
mediated by carbon-based nanomaterials has aroused the most attention. If they
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Fig. 8.4 The scheme of the strategy of self-amplified targeted system. CMWCNTSs-PEG which was
targeted to fibrin was transported into A549 xenografts-bearing mouse models by intravenous
injection. A NIR illumination could cause the photo-thermal effect, which damaged tumor vessels
and triggered coagulation reaction. The fibrin produced in the vessels could attract a great deal of
CMWCNTs-PEG to the tumor location, and additional local clotting can be induced when treated
with NIR again, hence generating new fibrin for more CMWCNTSs-PEG entrapment. Finally,
targeting amplification of tumor can be achieved through the positive feedback mechanism of
coagulation reaction [20]

are modified properly, they have potential excellent advantages such as high light
stability, low cytotoxicity, non-quenching and photobleaching in cells, and enough
penetration depth in tissues. Battogtokh et al. developed a GO nanocomplex
functionalized by a bovine serum albumin (BSA)-cis-aconityl pheophorbide-a
(c-PheoA), which was bound to folic acid (FA), thus producing the tumor-targeting
FA-BSA-c-PheoA-GO nanocomplex. The nanocomplex was used to image the
B16F10 cancer cell line (murine melanoma) and the MCF-7 cell line [23].
SWCNT-based nanosystems have been used as multimodality nanoprobes for
cancer imaging [24]. In addition, the large difference of inter-band between the
excitation and emission wavelengths of SWCNTs contributes to high signal-to-noise
ratios which improve the detection limit for cancer cells. To apply SWCNTs as a
biological probe, appropriate modification is required to enhance their specific
binding capacities and reduce their toxic side effects. Welsher et al. applied
SWCNTs as bright and biocompatible imaging agents for near-infrared imaging of
a rat model. SWCNTs were sonicated with sodium cholate followed by surfactant
exchange to fabricate phospholipid-polyethylene glycol functionalized nanotubes,
obtaining a high quantum yield. These SWCNT conjugations represented the
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capability to obtain high contrast images at a relatively low dose (17 mg/L) for whole
rats imaging [25]. Hong et al. used SWCNTs in NIR-II region to evaluate the blood
flow in small vessels in mice hind limbs by applying an in vivo real time
epifluorescence imaging technology. A high resolution was achieved for small
vessel imaging in both spatial (~30 pm) and temporal (<200 ms per frame) aspects,
imaging 1-3 mm deep in the hind limbs. This work proved the potential advantages
of SWCNTs used as fluorophores in NIR-II imaging, thus overcoming the chal-
lenges of traditional imaging modes [26]. Yi et al. investigated the M13 phage-
modified SWCNT probe for NIR-II imaging of targeted tumors. The results revealed
that even a low dose of the M13-SWCNT probe (2 pg/mL) could be detected in deep
tissues and up to 2.5 cm in tissue-like phantoms [27]. Ghosh et al. reported a targeted
M13 virus-functionalized SWCNT probe for detection of human ovarian tumor in a
rat model. Compared to visible and near-infrared (NIR1) dyes, the M13-stabilized
SWCNT nanoprobe showed a higher signal-to-noise ratio, enabling this probe to
be utilized to diagnose tumors even in the submillimeter range [28]. Xie et al.
developed an Evans Blue (EB) modified SWCNT nanosystem (SWCNTSs/EB),
followed by loading with Ce6 (photosensitizer) encapsulated albumin to produce a
SWCNTSs/EB/albumin/Ce6 as a multifunctional nanosystem. Owing to the high
optical absorption of SWCNTs and the fluorescence characteristics of Ce6,
SWCNTSs/EB/albumin/Ce6 promoted both the fluorescence and photoacoustic
imaging of tumors. In addition, the comprehensive characteristics of this
nanosystem contributed to image-guided photodynamic therapy (PDT) and
photothermal therapy (PTT) [29] (Figs. 8.5 and 8.6).
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8.3 Pharmacodynamics and Metabolism

8.3.1 Delivery to the Brain

As most drugs are difficult to cross the blood-brain barrier (BBB), nanoparticles are
considered to be promising tools for delivering drugs to the brain. Among them, carbon-
based nanomaterials have intrinsic capability to infiltrate BBB in vitro and in vivo. Kafa
et al. analyzed the ability of Angiopep-2 (ANG)-targeting chemically functionalized
multi-walled carbon nanotubes (f-MWCNTs) to penetrate the BBB in vitro and
in vivo. Conjugation of ANG to f-MWCNTs improved BBB transportation of w- and
t-MWCNTSs-ANG compared to nontargeting equivalents of the co-cultured BBB models
in vitro. Furthermore, after intravenous injection of w-MWCNTs-ANG, uptake of this
drug showed remarkably higher than that of the nontargeted w-MWCNT into whole
brain in vivo, achieving about 2% of injected dose per gram of the brain (%ID/g) within
1 h postinjection. Moreover, the uptake of w-MWCNT-ANG in glioma brain was higher
than in normal brain at 24 h after injection applying a syngeneic/homologous glioma
model [30]. Zhao et al. analyzed CNT as a CpG delivery carrier in vitro and in intracranial
GL261 gliomas-bearing mice. The results revealed that CNT-CpG was nontoxic and the
uptake of CpG was enhanced both in vitro and intracranial gliomas. CNT-mediated CpG
delivery also enhanced production of proinflammatory cytokine by primary monocytes.
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Furthermore, surviving rats showed prolonged tumor-free remission (>3 months), and
were protected against rechallenge of intracranial tumor, suggesting induction of long-
term anti-tumor immunity [31]. Xue et al. revealed that aggregated single-walled carbon
nanotubes (aSWCNTs) significantly inhibited self-administration of methamphetamine
(METH), METH-induced conditioned location preference, and METH- or cue-induced
relapse of drug-seeking behavior in rats. And they reported that aSWCNTs may treat
METH addiction through oxidation of enhanced METH extracellular dopamine in the
striatum [32]. Wang et al. determined the distribution of -MWCNT after intravenous
injection using a variety of qualitative and quantitative techniques. The results showed
that in addition to brain endothelial cells, there existed f-MWCNT in rat brain paren-
chyma [33] (Fig. 8.7).

8.3.2 Toxicological Characteristics

Because of increasing concerns of toxicology regarding the usage of nanomaterials
and the rising demand for safe materials to protect public health, the toxicological
and bioavailable characteristics of nanomaterials are urgently needed to be analyzed.
A carbon nanomaterials-based drug delivery system should exhibit low toxicity,
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sustained drug release, as well as continued circulation without aggregation. Yang
et al. systematically studied the potential toxicity of graphene over time. The results
revealed that PEGylated NGS could be gradually excreted, possibly through kidneys
and feces. Besides, blood biochemistry, hematological analysis and histological
examinations confirmed that no significant toxicity was observed in treated mice
in a period of three months at tested dosage (20 mg/kg) [34].

The toxicological evaluation in terms of cell viability and cell morphological
changes suggested that surface features played an important role in the biological
response of functionalized CNTs [35]. Moore et al. fabricated a biocompatible block-
co-polymer which was composed of poly(lactide)-poly(ethylene glycol) (PLA-PEG),
followed by coating with a CNT. The coated CNTs could reduce short-term and long-
term toxicity, consistently release drug paclitaxel (PTX), and prevent aggregation. The
copolymer coating on the surface of CNTs remarkably reduced toxicity of human
umbilical vein endothelial cells (HUVEC) and U-87 glioblastoma cells in vitro. Fur-
thermore, the coating reduced inflammatory response in mouse lung epithelial cells
in vitro. Compared to uncoated CNTs, in vivo analyses have revealed no long-term
inflammatory response with CNT coated with PLA-PEG (CLP). In addition, in the
presence of the surface coating, acute toxicity decreased significantly by doubling the
maximum tolerable dosage in rats. And they showed that some of the CLP nanotubes
may be removed by this mechanism; however, the majority of tubes were eliminated by
the liver and spleen similar to other nanomaterial drug transport systems [36]. Some
researches [37—41] had confirmed that dispersed SWCNTSs were cleared through the
kidneys because of the alignment of thin diameter tubes with the pores of the glomer-
ulus, about 5-20 nm in diameter [38, 39].

8.3.3 Drug Release

The rapid and efficient release of encapsulated drugs is an important factor for evaluating
the performance of carriers. In addition to efficient loading of drugs, carbon-based drug
delivery vectors should be designed to ensure that the loaded drug is released only after
the nanomaterials enter the cells. Moore et al. developed a CNT-based drug delivery
system coated with a biocompatible block-co-polymer which was composed of poly
(lactide)-poly(ethylene glycol) (CLP) for sustaining drug release of PTX and preventing
aggregation. Using polymer coatings, this nanosystem could encapsulate PTX and
release over 7 days to improve the therapeutic effects compared to free drugs [36].
Because the pH of microenvironment of tumor cells is different from that of
normal cells, some targeted drug delivery systems that are triggered by changing pH
are developed. Zhang et al. constructed a targeted drug delivery system based on a
carboxylate groups derivatized SWCNTs which were coated with polysaccharide
materials. This system could be loaded with the anti-cancer agent doxorubicin
(DOX). The drug bound at the physiological pH (pH 7.4) and was only released at
a lower pH, for instance, lysosomal pH and the pH characteristic of some tumor
environments [42]. Mo et al. developed carboxyl SWCNTs to load with DOX.
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The results suggested that at pH 5.5, this system could achieve a high loading of
DOX with 107.73 4 0.67%. Moreover, depending on the pH, this nanosystem had
the capability to perform the controlled and sustained release of DOX. It was shown
that at pH 7.4, this nanosystem released less than 10% of the loaded DOX post 72 h,
whereas at pH 5.5, ~85% was released [43]. Tan et al. formulated drug delivery
nanosystems for the transportation of levodopa (LD) via non-covalent
functionalization of carboxylated SWCNTs. In vitro drug release tests performed
in simulated human environment at pH 7.4 indicated that the drug release curve of
LD was consistent with the pseudo-second-order kinetic model. Nevertheless, the
drug LD release curve conducted at pH 4.8 could not be extended to a specific
model. The cumulative release of LD at pH 7.4 was higher than that at pH 4.8,
revealing that the release rate was triggered by pH [44] (Fig. 8.8).
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Fig. 8.8 Preparation of functionalized SWCNTSs. (a) SWCNTs (derivatized with -CO,H groups)
were modified with ALG, CHI and DOX. (b) UV-vis absorption spectra of DOX and SWCNTSs
which loaded DOX [42]
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8.4 Diagnosis and Treatment

8.4.1 Neurodegenerative Disease

With the aging of the population, the main consequence of this phenomenon is that
the number of patients with neurodegenerative diseases, including Alzheimer’s
disease (AD) and Parkinson’s disease (PD), has increased. These deadly clinical
diseases are considered to be social, economic, and medical challenges and have
developed into a public health problem. One area where nanomedicine may
provide better performances and efficiency compared to current measures is the
diagnosis and treatment of neurodegenerative diseases. Tan et al. developed four
drug delivery systems via non-covalent modification of carboxylated SWCNTs
applying biocompatible polymers as coating agent to transport levodopa, a drug
applied for treatment of PD [44]. Yang et al. combined acetylcholine (Ach) with
SWCNTs to deliver Ach to the brain of mice with AD to relieve symptoms through
gastrogavage. 5 mg/kg Ach-loaded SWCNTs could improve the learning and
memory ability of mouse model with Alzheimer’s disease and the safe dosage of
SWCNTs was 12 mg/kg [45].

8.4.2 Tumor

Nanomaterials have broad prospects of applications in the field of electronics, the
environment, energy, biomedicine, and bioengineering. Their excellent perfor-
mances make them widely applicable as cancer prognostic, diagnostic, and thera-
peutic drugs. Zhang et al. reported a modified nano graphene oxide (NGO) which
was bound to folic acid (FA). It was a new nanocarrier for loading and targeted
delivering anti-cancer agents, DOX and CPT. Its properties enabled it to specifically
target MCF-7 cells with FA receptors. Besides, its cytotoxicity to target cells
was much higher than that loaded with either drug [7]. Bhirde et al. fabricated a
drug-SWCNT bioconjugation for killing cancer cells in vivo. Cisplatin, a first-line
anti-cancer drug, and epidermal growth factor (EGF) were bound to SWCNTs to
specifically target the squamous tumor. Most notably, targeted SWCNT-cisplatin-
EGF had a rapid regression on tumor growth in rats, suggesting that its efficiency
was superior to that of nontargeted SWCNT-cisplatin [46]. Xie et al. developed a
SWCNTs/EB/albumin/Ce6 nanosystem for image-guided photodynamic therapy
(PDT) and photothermal therapy (PTT) which showed a synergistic effect to elim-
inate SCC-7 cancer cells in a rat model in vivo. The results revealed that SWCNTSs/
EB/albumin/Ce6 nanosystem had the potential for the simultaneous image-guided
diagnosis and treatment of cancer [29]. Naderi et al. constructed a nanoconjugate
system based on SWCNTs to deliver paclitaxel (PTX), and hence the death of
MCF-7 and colon cancer cells (HT-29) was observed [3]. Nurunnabi et al. developed
carboxyl functionalized graphene nanodots (cGdots) acting as a multifunctional
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Fig. 8.9 The delivery system based on nanotubes. (a) Description of chemical reactions in which
EGF, cisplatin, and Qdots were linked to carboxylated SWCNTs (in red) using EDC as the
coupling agent. (b) The scheme showed SWCNT bundles bioconjugated with EGF and cisplatin
and targeted a single HNSCC cell via cell surface receptor EGFR. (¢) TEM image of oxidized
SWCNT bundles; arrow was shown as a single SWCNT. (d) SWCNT-Qdot-EGF bioconjugate
bundle. (¢) STEM micrographs of SWCNT bundle; the bright spots were presented as cisplatin
(scale bar = 10 nm) [46]

nanosystem, which could efficiently kill MDA-MB231 tumor cells (>70%) via
combining photodynamic and photothermal effects to produce sufficient heat.
More importantly, the cGdots were equally effective in the model of rat bearing
with  MDA-MB231 xenografted tumor [47]. Zhang et al. developed a
multifunctional tumor-targeting drug transportation system HA-MWCNTs/
Tf@ART which achieved significantly enhanced anti-cancer effects both in cultured
MCF-7 cells in vitro and in a tumor-bearing mouse model in vivo. The improvement
of anti-tumor efficacy benefits most from the enhancement of intracellular accumu-
lation of ART in cancer cells and the simultaneous transmission of Tf and ART
[6]. Mo et al. constructed a SWCNT-CHI-HA-DOX nanosystem and carried out a
cell viability experiment, revealing that the nanosystem was highly toxic to HeLa
cells and could kill them efficiently. However, it was less toxic to fibroblasts as a
model of normal cells and tissues. They also performed a combination of histological
examinations and the blood’s characteristics analysis and found no severe damage to
the important organs of male Sprague-Dawley mice [43] (Figs. 8.9, 8.10, 8.11, 8.12,
and 8.13).
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Fig. 8.10 Nanotube bioconjugates were detected in tumors in vivo. (a—c¢) were representative
images from time-delay videos captured through three-color, intravital two-photon microscopy. The
HN12 xenografts-born rats were anesthetized and administrated with SQ or SQE (red)
bioconjugates. Cell nuclei were stained with Hoechst (blue) and blood vessels with 500 kDa
FITC-dextran (green): For SQ alone with no EGF (a), very little or no red fluorescence character-
izing the Qdot signal was detected in the tumor mass 45 min after injection. Figure (b and c)
revealed two different views after treatment of SQE, achieving red fluorescence 45 min post
injection in the tumor micro-environment. The red SQE bioconjugate was located close to the
nuclei, suggesting it was internalized in the tumor cells in the xenograft (scale bar in a—¢ was
20 pm). Figure (d—f) represented confocal microscopy images of fixed xenograft cryosections. In
the SQ treated tumor sections (d), only cell nuclei (blue) stained by Hoechst and dextran (green)
labeled by FITC in blood vessels were visible (scale bar 30 pm). (e) In SQE-treated mice,
characteristic red fluorescence was widely distributed in the tumor microenvironment (scale bar
50 pm). (f) Magnified dotted area of (e), revealing internalization of SEQ bioconjugates in the cells
of the tumor mass (scale bar 10 pm) [46]

8.4.3 Acute Hyperglycemia

Excessive sugar intake can lead to acute hyperglycemia, which has also been
proposed to be a better predictor of future cardiovascular disease (CVD) events
than that of fasting blood sugar in healthy people and diabetic patients. In fact, this
acute hyperglycemic stress is considered to be one of the main causes of vascular
dysfunction, which is one of the major precursors of CVD [48]. The treatment of
acute hyperglycemia is another application field of carbon nanoparticles. Fabian
et al. developed a novel carbon nanoparticle in which hydrophilic carbon clusters
were bound to PEG (PEG-HCCs). These particles were high-capacity superoxide
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Fig. 8.11 Typical chemical structure mode of near-infrared cGdots for optical imaging and
treatment [47]

dismutase mimics which were effective for hydroxyl radical, recovering the balance
between nitric oxide and superoxide in the blood vessels. Under hyperglycemic
conditions, the effects of PEG-HCCs used during reperfusion after transient middle
cerebral artery occlusion (tMCAO) via suture in the rat were analyzed. PEG-HCCs
had a protective effect on hydrogen peroxide in culture models. In vivo improvement
was also observed after PEG-HCCs with 90-min ischemia with reduction of infarct
size (42%), hemisphere swelling (46%), hemorrhage score (53%), and advancement
in Bederson score (70%) (p = 0.068-0.001) [49].

8.5 Biodistribution of Carbon Nanomaterials

8.5.1 Brain Distribution

Neurological diseases involving the brain are often dangerous and fatal. Because of
the existence of blood-brain barrier, it is difficult for drugs to reach brain lesions
effectively. Importantly, carbon-based nanomaterials are considered to be effective
carriers of drugs into the brain. The study for distribution of carbon-based
nanomaterials in the brain is very important to confirm whether the material crosses
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Fig. 8.12 The optical imaging of rats having MDA-MB231 cells injected with ¢Gdots in vitro and
in vivo. (a) Noninvasive images of MDA-MB231 breast cancer cell-bearing mice treated with
cGdots. (b) Ex vivo presentations of each harvested organ from MDA-MB231 cells-bearing mice
with cGdots. HE, LI, LU, SP, K, and TU represented heart, liver, lung, spleen, kidney, and
MDA-MB231 cells, respectively. (c) Fluorescence intensity of each harvested organ obtained
from PL analyzer (n = 4). (d) In vivo photoquenching curve of cGdots after 30 min laser irradiation
via intratumoral injection of cGdots. (e, f) The effect of light dosage on skin was analyzed under 0.6
and 0.3 W/em® [47]

the blood-brain barrier or not. Wang et al. applied various qualitative and quantita-
tive methods to analyze brain distribution of -MWCNT after intravenous injection.
The results showed the f-MWCNT existed in parenchyma of mice brain as well as in
brain endothelium [33]. Trusel et al. injected fluorescently labeled CNOs (fluo-
CNOs) stereotaxically into hippocampus of mice to analyze the possible uses of
graphitic CNOs for diagnostic and therapeutic interventions on CNS diseases. The
results showed that fluo-CNOs could diffuse from the injection zone to the



226 P. Zhang et al.

ap .y

) ( Saline ;
Saline .\ Saline+laser

[, S, cGdots /
— cGdots+laser / }
+ laser i d

-

I ;
I

5 9 13 17 21
Time (day)

cGdot
+ laser

cGdot  cGdot+laser, -
8 R, P o S

Fig. 8.13 In vivo photothermal therapy of rats bearing MDA-MB231 breast cancer cell after
cGdots injection and laser exposure. (a) Morphology of MDA-MB231 cells in subcutaneous tissue
at 21 days after injection of cGdots and laser exposure. (b) Plot of tumor size volume of rats. Data
are indicated as mean & SEM (n = 4). (c) Histological analysis of tumor tissue at 21 days after
injection of cGdots and laser exposure. Magnification: x 400 [47]

surrounding tissue, and then penetrate the neuronal membrane. Finally, they were
widely settled inside the neurons cytoplasm, including both endoplasmic vesicles
and free-floating in the cytoplasm [50].

8.5.2 Body Distribution

The purpose of developing drug carriers is to transport them to certain cell types or
ideal areas of the body. The study of histological distribution of nanomaterials is
helpful to analyze the targeting of nanomaterials and it is useful to identify whether
the the drug has been delivered into the desired sites in vivo. The remove of material
could also be estimated by the study of histological distribution. Moore et al.
developed a biocompatible block-co-polymer-coated CNT, which was composed
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Fig. 8.14 (a) Representational images of live Balb/c rat injected intravenously with saline,
fluorescently loaded CNT-PLA (CL), or fluorescently loaded CNT-PLA-PEG (CLP) revealed
clearance of coated CNT via the bladder (n = 3). (b) Fluorescent imaging of transplanted organs
after 24 h suggested accumulation of fluorescent signals in the spleen, liver, and brain. Organs
demonstrated were the (i) muscle, (ii) fat, (iii) spleen, (iv) liver, (v) kidneys, (vi) heart, (vii) lung, and
(viii) brain, respectively [36]

of PLA-PEG to sustain drug release of PTX and prevent aggregation. The
biodistribution and histology studies in vivo revealed CLP accumulated more in
the brain and less in the spleen than the CNT-PLA (CL) formulation, resulting in a
lower degree of aggregation in tissues. Biodistribution studies in Balb/c mice also
showed fluorescent-loaded CLP was cleared via the kidneys and bladder, as well as
the reticular endothelial system, such as liver and spleen. The histological results
revealed the CNT aggregated in lungs, liver and spleen. Meanwhile CL also
aggregated in the liver, lung and brain. However, although CLP particles were
found in the brain and lungs, the images showed no CLP aggregation [36]. Bhirde
et al. analyzed the important organs and tumors of rats injected with the SWCNT
bioconjugates to observe their short-term biodistribution. The results revealed that
the uptake of SWCNT bioconjugates within the tumor section increased significantly
when the targeting ligand EGF was incorporated into the bioconjugates. In addition,
a smaller amount of SWCNT bioconjugates were found in the spleen, lung, liver,
kidney, and heart [46] (Figs. 8.14 and 8.15).
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Fig. 8.15 Distribution analysis of nanotube bioconjugates in vivo. It was only when EGF was on
nanotubes that the uptake of biological conjugates increased in tumor tissue, showing a red color.
Whether EGF exists or not, the spleen, liver, kidney and heart display some red fluorescence
characteristic of the SWCNT-Qdots. Scale bar is 50 pm [46]
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8.6 Summary

With the progress of carbon-based techniques, more useful and promising biomed-
ical applications of carbon-based nanomaterials or even novel carbon nanostructures
are expected to burst onto the scene, toward the development of more human-
friendly and environmentally friendly products and technologies in the future.
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Chapter 9 )
Polymeric Nanomedicine s

Yu Zhao, Chunxiong Zheng, and Yang Liu

Abstract Advances in the engineering of polymeric nanomaterials and their appli-
cations in nanomedicine are enabling new strategies that have great potential to help
improve our understanding and treatment of brain diseases. Based on distinctive
polymeric materials, nanomedicine has been developed to an impressive stage with
the ability to perform targeted delivery with temporal and spatial control. In this
chapter, the various polymeric nanoparticles by which therapeutics can be delivered
into the brain are introduced, and some key challenges facing translation of the
researches to bedside are highlighted.

Keywords Polymeric nanomaterials - Nanomedicine - Brain diseases - Targeted
delivery - Blood-brain barrier

9.1 Introduction: Polymeric Nanomedicine and Polymeric
Nanoparticles

Developing novel and effective strategies for treating brain diseases is one of the
most challenging and expensive market positions for many pharmaceutical compa-
nies. For example, during the process of developing new drugs, the costs for
reaching phase I clinical trials may go up to US$100 million and around US$1
billion before reaching the consumer [1]. Unfortunately, although a great number of
free drugs (e.g., chemotherapeutic agents, peptides, proteins, and genes) have been
reported in an effort to combat brain diseases, a large percentage of those drugs have
proved ineffective in vivo. The poor stability in biological fluids, rapid enzymatic
degradation, inadequate release, and unfavorable pharmacokinetic properties might
be the main barriers for failing to achieve clinical efficacy [2].
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In order to overcome these barriers, nanomaterials are increasingly being devel-
oped to protect and deliver the drugs, both small molecules and biomacromolecules,
which are ineffective on their own. Despite a large variety of nanomaterials devel-
oped so far, it is noteworthy that only amphiphilic molecule-formed liposomes and
polymeric nanoparticles (size range, from 10 to 1000 nm) have been extensively
exploited for brain drug delivery, due to the rapid development in polymer chemistry
and nanotechnology [3, 4]. Synthetic polymeric nanoparticles may be prepared using
polymers such as poly(e-caprolactone) (PCL), polyethylene (PEG), polyesters, poly
(ethylenimine) (PEI), poly(lactic-co-glycolic acid) (PLGA), poly(lactic acid) (PLA),
poly(alkylcyanoacrylates) (PACAs), and poly(amidoamine) dendrimers
(PAMAMs). Natural polymeric nanoparticles are produced from natural polymers,
such as polysaccharides (chitosan and alginate), amino acids (e.g., poly(lysine), poly
(aspartic acid) (PASA)), and proteins (gelatin and albumin) [S]. There are so many
different types of polymeric nanoparticles, each of which boasts unique pharmaco-
dynamic characteristics (Fig. 9.1). For example, natural nanoparticles have the
advantage of providing biological signals to interact with specific receptors/trans-
porters expressed by endothelial cells, such as hyaluronic acid and CD (cluster of
differentiation) 44. The various polymeric nanoparticles and their unique properties
will be introduced with emphasis on the particles for brain drug delivery in the
following chapters (Sects. 9.2 and 9.3, respectively).

The drugs usually associate with polymeric nanoparticles by being adsorbed,
dissolved, encapsulated, and bound covalently [6, 7]. Taking advantages of these
polymeric nanomaterials, the nanomedicine can achieve [8] (1) improved solubility
of poorly water-soluble (hydrophobic) drugs, (2) prolonged half-life of drugs by
reducing immunogenicity, (3) transcytosis across tight epithelial and endothelial
barriers (blood-brain barrier), (4) intracellular delivery, (5) tissue targeting, (6) con-
trollable release of the drugs loaded in nanoparticles at a sustained rate or in a way
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that responds to specific environment, (7) co-delivery of two or more therapeutic
drugs for combination therapy, and (8) high visualization and precision with imaging
modalities.

Blood-brain barrier (BBB) is a highly regulated brain endothelial structure, which
could provide a shelter to the brain. The BBB could regulate the brain homeostasis
and impede passive influx of most molecules or microorganisms, which are harmful
for brain function and development. However, the pharmaceutical transport from
blood to brain is also hampered by this almost impermeable and highly selective
barrier [9]. The polymeric nanoparticles with the ability to carry a range of drugs and
their convenient surface modification make themselves an attractive alternative for
transporting drug across the BBB. Most polymeric nanoparticles that exhibit some
degree of efficacy for drug delivery across the BBB in vivo adhere to a general set of
guidelines that are listed below [10]. The ideal polymeric nanoparticle will be the
one which can fulfil all these characteristics:

¢ Biodegradable, biocompatible, and nontoxic

* Particle size less than 100 nm (except if transport via monocytes or macrophages,
in which case the vesicle size can be up to ~1 pm)

» Stable in blood (limited aggregation and dissociation)

* Prolonged blood circulation time and non-immunogenic (avoid being taken up by
immune cells)

¢ Well-maintained parent drug stability (chemical degradation and protein
denaturation)

* BBB-targeted moiety (receptor- or adsorptive-mediated mechanism or uptake by
monocytes or macrophages)

¢ Tunable drug release profiles

e A scalable and cost-effective process

9.2 Various Polymeric Nanoparticles

Homopolymers, copolymers (e.g., amphiphilic block polymers), and natural poly-
mers have been used for the fabrication of a variety of polymeric nanoparticle
systems for drug delivery to brain, including micelles, core-shell nanocarriers,
nanospheres, nanocapsules, dendrimers, and nanogels [11, 12]. Some of them that
have been applied for brain drug delivery will be introduced below.

9.2.1 Polymeric Micelles

Polymeric micelles are basically spherical aggregates of amphiphilic surfactant
molecules dispersing in aqueous solution with their hydrophilic “head” groups on
the surface and their hydrophobic “tails” collected inside. Polymeric micelles, also
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known as polymersomes, have considerable stability, high loading efficiency, and
sustained drug release profiles. One of the most important properties of micelles is
their ability to increase the solubility and bioavailability of poorly soluble pharma-
ceuticals (the poor water-soluble drugs can be entrapped into the hydrophobic cores
of micelles). Polymeric micelles are self-assembled particles composed of block
copolymer amphiphiles [13], such as poly(ethylene glycol)-block-poly(lactic acid)
(PEG-b-PLA), poly(ethylene glycol)-block-poly(e-caprolactone) (PEG-b-PCL),
poly(2-methacryloyloxyethyl phosphorylcholine)-block-poly(e-caprolactone)
(PMPC-b-PCL), and so on [14] (Fig. 9.2).

As a promising replacement of traditional pharmaceutical excipients, the amphi-
philic block copolymers exhibit many flexible and elaborate properties to bring
much convenience to design for various drug therapeutics [15]. Although block
copolymers have the same basic amphiphilic property as liposomes, the former
consist of distinct polymer chains covalently linked in a series of two or more
segments [3]. This is because polymer molecular weights can be orders of magnitude
greater than those of lipids, leading to higher stability of the self-assembled struc-
tures. In addition, the polymers also offer the possibility of designing the ideal drug
delivery systems benefiting from their variety of block component and block length.
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The most common hydrophobic core-forming polymers are polyamines or poly
(amine ester)s, poly(D,L-lactide), poly(caprolactone), poly(propylene oxide), poly
(propylene glycol), and poly(amino acid)s. In addition, cholesterol included in
membrane phospholipids could stabilize the membrane and reduce the membrane
permeability toward encapsulated materials. The cholesterol shows a strong ability
to assist self-assembly of cholesterol-containing polymers in aqueous solution and a
high affinity to cholesterol receptors on the cell surface. Therefore, cholesterol can
also be employed as the hydrophobic core of the micelles [16].

For example, Liu et al. developed a design of polymeric micelles (smaller than
200 nm) that consisted of cholesterol-conjugated PEG and modified with cell-
penetrating peptides (TAT, YGRKKRRQRRR). Polymeric micelles could cross
the BBB both in human astrocyte cell model and in rat model [11] and showed a
sustained drug release over the course of 5-6 h [17]. The results confirmed that an
effective brain penetration of polymeric micelles was achievable, subsequently
enabling the drugs to be delivered into astrocytes and neurons.

In another study, small polymeric micelles (14 nm) anchored with angiopep-2
(Ang) peptide (PE-b-PEG-Ang) were found capable of transporting amphotericin B
(AmB), a hydrophobic antifungal agent that demonstrates poor brain penetration,
across the BBB in rat and mouse models for fungi intracerebral infection therapy
(brain uptake of functionalized micelles was 1.6-fold higher than unmodified
micelles and threefold higher than free AmB) [18]. The increased brain uptake
was attributed to receptor-mediated transcytosis, since Ang was known to mediate
transcytosis across the BBB via low-density lipoprotein receptor-related protein
(LRP-1) binding [19]. In the biodistribution study, compared to free drugs,
AmB-loaded micelles demonstrated much lower affinities for the liver and spleen,
resulting in a more prolonged plasma circulation. Moreover, encapsulation of AmB
into polymeric micelles leads to a significant reduction in cytotoxicity and hemoly-
sis. This was because the aggregated form of AmB showed obvious cytotoxicity to
mammalian and fungal cells, while the monomeric AmB was nontoxic [20]. Micellar
drug loading might lead to the selective release of monomeric AmB and improved
toxicity.

9.2.2 Core-Shell Nanocarriers

Most studied brain-targeted systems are liposomes and nanoparticles. These delivery
systems with a core-shell structure can protect loaded drugs from biological or
chemical degradation in the blood, control their release in a suitable manner, modify
the targeting ligands on the surface, and allow for steric PEGylation. For example,
liposomes consist of natural lipids with structural similarity to cell membrane.
Therefore, liposomes are considered to be biologically compatible with negligible
toxicity (Fig. 9.3). However, without the use of surface modification by a hydro-
philic polymer including PEG or PMPC, the half-lives of liposomes in the blood are
very short due to a series of factors, such as the tendency of the liposome to exchange
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lipid with cell membranes and their uptake by monocytes. After intravenous injec-
tion of unmodified liposomes or nanoparticles, they adsorb plasma components
(opsonins) rapidly and result in a clearance from the blood by the macrophages
which are mainly located in the liver (Kupffer cells) and spleen. Some research
suggests that the clearance of nanoparticles after intravenous (IV) application can
occur already within 5 min after the injection [21]. However, the grafting of PEG to
the surface of liposomes to form a core-shell structure significantly changes their fate
and prolongs their residence time in vivo [22-24]. The reason for the prolonged
plasma circulation is suggested to be due to the highly flexible and hydrated PEG
chain attached to the liposomes surface, which is assumed to have an effective
opsonin-resistant property via its steric repulsion effect.

The PEGylation of core-shell structure has also been applied to other drug
delivery systems, including macromolecular conjugates and dendrimers. In addition,
PEG-containing surfactants, such as poly(oxy-ethylene)-poly(oxy-propylene) block
copolymers (Pluronic®F108 and Tetronic®) could also be used to prolong the blood
circulation time of particles [25].

In addition to offering the steric stabilization, PEG on the surface of the
nanoparticles also allows for the preparation of particles by conjugating bioactive
ligands on the surface for brain-targeted delivery. The obvious reasons for the design
of ligand modified (core-shell structure) long-circulating drug carriers were listed as
follows:

* Ligands (e.g., antibodies, proteins, peptides, and carbohydrates) modified to the
surface of particles may increase the elimination from the blood by the liver and
spleen, while the presence of PEG may compensate for this imperfection.

* Long plasma circulation of the targeted ligand-conjugating nanoparticles may
allow for their efficient accumulation in target tissue with a diminished blood flow
and a low concentration of the surface antigens or markers.
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Covalent linkage of targeting ligands on the surface of nanoparticles is typically
made by a coupling reaction via amine or thiol groups. To achieve more significant
brain targeting, the ligands must be attached to the particles via the PEG spacer arm,
so that the targeting ligands are extended and exposed to exclude steric hindrance for
their binding affinities to the target receptors [26].

9.2.3 Nanospheres

Polymeric nanospheres are composed of a dense polymer matrix that enables the
dispersion, adsorption, or binding of drugs. These nanoparticles are currently being
investigated for their potential utility for brain drug delivery applications. Chitosan,
poly(lactic-co-glycolic acid (PLGA)/poly(lactic acid) PLA and poly
(butylcyanoacrylate) (PBCA) are among the most common polymers used in bio-
medical applications, and these are discussed below.

9.2.3.1 Chitosan

Chitosan is a natural linear polysaccharide obtained by alkaline deacetylation of
chitin, which is composed of randomly distributed -(1—4)-linked D-glucosamine
and N-acetyl-D-glucosamine (Fig. 9.4). Chitosan is a kind of highly biocompatible
and biodegradable polymer that can function as a stand-alone nanoparticle [27]. As a
cationic polysaccharide, the molecular structure of chitosan contains free amino
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Fig. 9.4 The preparation and chemical structure of chitosan
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groups that render it insoluble in neutral or basic pH conditions. However, the free
amino groups undergo protonation, making chitosan selectively soluble in water
under acidic conditions [28]. One potential application of this property includes a
drug delivery system that is able to maintain its integrity in neutral or basic
environments but swell and degrade in acidic environments, thus releasing the
drugs to the target tissues (e.g., the significant pH changes in glioblastoma) [29].

Collectively, benefits associated with chitosan nanoparticles include their con-
trollable drug release, the linear polyamine structure featuring free amine groups
capable of cross-linking, their biocompatibility with living tissues (degrade slowly
into harmless, absorbable products), and their mucoadhesive nature, which increases
residual time at absorption sites [28]. There has been a mass of attempts to incorpo-
rate these benefits abovementioned into drug delivery systems, including brain drug
delivery [30].

Chitosan nanoparticles loaded with neuroactive drugs have demonstrated efficacy
in crossing the BBB and acting therapeutically at target sites after intravenous
administration, especially when surface-modified with protective and targeting moi-
eties [31]. Yemisci et al. reported a design of PEG-chitosan nanoparticles loading
with caspase-3 inhibitor (caspase-3 is a protease enzyme that plays an important role
in mediating neuronal cell death) [31]. The anti-TfR monoclonal antibodies were
conjugated to the ends of the PEG chains to promote the effect on crossing the BBB.
The results in animal model showed that the PEG-chitosan nanoparticles conjugated
with anti-TfR monoclonal antibodies were able to penetrate the brain to a much
greater extent, compared to those unconjugated anti-TfR. As a result, caspase-3
activity was significantly inhibited, and the neuroprotective effects were evident in
mice treated with mAbs-modified PEG-chitosan nanoparticles containing a high
dose of caspase-3 inhibitor.

Interestingly, due to their cationic surface charge, bare chitosan nanoparticles can
also induce transport across the BBB via adsorptive-mediated transcytosis (AMT)
[32]. This phenomenon might benefit from the electrostatic interaction between the
positively charged chitosan nanoparticles and the negatively charged membranes.
For example, Wang et al. reported N-trimethyl chitosan nanoparticles (TMCNPs;
zeta potential, ~30 mV) and studied their ability to deliver anti-neuroexcitation
peptides (ANEP), a potential therapeutic peptide for epilepsy, across the BBB
[32]. In mouse studies, the cationic surface charge rendered the TMCNPs more
capable of retention in the brain after intravenous administration than free drug (the
maximum brain concentration of ANEP transported by TMCNPs was 1.3 pg/mL of
brain tissue and shows twofold higher than free drug).

In addition, intranasal delivery may offer an alternate, safer, quicker, and more
effective pathway by which chitosan nanoparticles can be delivered to the brain. In
studies of mice models, chitosan nanoparticles have been found to accumulate in the
brain to a greater extent and within a shorter timeframe via intranasal delivery than
via intravenous injection. These results for intranasal administration of nanoparticles
were achieved while maintaining lower levels of nontarget drug dispersion (e.g., in
the liver and lungs) than observed via intravenous injection of nanoparticles.
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9.2.3.2 PLGA Nanoparticles

Poly(lactic-co-glycolic acid) (PLGA) is one of the most common polymers applied
in the formulation of polymeric nanospheres. PLGA is a copolymer with high
biocompatibility, biodegradability, and controllable release of the drugs both
in vitro and in vivo [27]. The release properties of PLGA nanoparticles can be
modulated via changing the molar ratio between lactic acid and glycolic acid as well
as the polymer molecular mass [33]. For the treatment of intracranial disease, PLGA
nanoparticles showed superior release kinetics than liposomes and polymeric
micelles.

Drug encapsulation efficiency in PLGA nanoparticles depends on many factors,
such as solid-state drug solubility, drug-polymer interaction, molecular weight of
polymers, and surface functional groups. PLGA is a hydrophobic copolymer;
compared to hydrophilic drugs, the hydrophobic ones are easier to be encapsuled.
The average entrapment amount could range from 5% to 10% (w/w) [34], and the
amount can vary substantially depending upon the property of the drugs and the
preparation procedure (in some cases, the drug content can constitute up to 50%).

PLGA nanoparticles can also be conjugated with protective and brain-targeting
ligands to enhance BBB penetration. Without surface modification, a large number
of PLGA nanoparticles are typically cleared from circulation by systemic organs.
For example, around 40% of nanoparticles accumulated in the liver as a result of the
reticuloendothelial system (RES), while another 25% accumulated in the kidney.
Fortunately, even with the high rates of PLGA nanoparticle accumulation in the liver
or kidney, the nanoparticles tend to exhibit negligible or no toxic effects.

Current challenges associated with PLGA nanoparticles mainly include irrevers-
ible adsorption of proteins to the polymer matrix (known as the “protein corona”)
[35]. However, after functionalization, PLGA nanoparticles have been used to
deliver various drugs into the brain successfully and safely [36]. In the established
reports, PLGA nanoparticles were formulated with various stabilizers, such as PEG,
polyvinyl alcohol (PVA), and human serum albumin (HSA), and coated with
surfactants, including poloxamer 188 and surfactants-polysorbate 80 (PS 80)
[37]. For example, the modified PLGA nanoparticles loading doxorubicin have
been reported for their potential to exert antitumor effects in glioblastoma. The
loperamide-loaded nanoparticles have been investigated for their potential to induce
central analgesic effects in mice (significant drug passage across the BBB compared
to unmodified nanoparticles that were incapable of achieving transit).

Interestingly, it was found that the efficacy of the surfactants could vary
depending upon the type of nanoparticles used. For instance, for poly(butyl cyano-
acrylate) (PBCA) nanoparticles, both poloxamer 188 and PS 80 induced similar,
distinctive pharmacological effects when delivering either loperamide [38] or doxo-
rubicin [39] across BBB. This finding suggests that the core properties of the
polymer materials are able to influence the therapeutic efficacy of surface
functionalization strategies. In addition, also striking was the fact that upon com-
paring pharmacological profiles for PBCA and PLGA formulations, PBCA was
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suggested to be a faster degraded material since the effects of loperamide adminis-
tration were sustained for a much shorter period than when PLGA nanoparticles
were used [37].

9.2.3.3 PBCA Nanoparticles

PS 80-coated poly(butylcyanoacrylate) (PBCA) nanoparticles have been success-
fully used to transport drugs, including rivastigmine, tacrine, and enkephalin, for
crossing the BBB after intravenous administration [40, 41]. Furthermore, PBCA
nanoparticles showed negligible cytotoxic or inflammatory effect at therapeutic
concentrations and incubation times owing to their biodegradable and biocompatible
PBCA polymer. It was reported that PBCA could collaborate with plasma apolipo-
protein E (ApoE) to facilitate BBB crossing [42], without inducing nonspecific BBB
disruption.

9.2.4 Nanocapsules

Polymeric nanocapsules consist of a core-shell arrangement; the shell is typically
polymeric and encapsulates an inner aqueous or oily core. For example, an interface-
adherence polyer shell initiated by in situ polymerization was proposed and
developed in blossoming for protein and RNA therapeutic (Fig. 9.5) [43]. This
novel approach first appeared in 2006, in which a single enzyme was encapsulated
in the nanogel to enhance protein biocatalytic activity and stability [44]. According
to this approach, a number of protein and nucleic acid nanocapsules were developed
for cancer or metabolic disease treatments.

Fig. 9.5 A representative
structure of protein
nanocapsules
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Advantages of nanocapsules are emphasized: (1) the polymer shell stabilizes the
protein and nucleic acid against proteolysis and nuclease; (2) the properties of the
nanocapsule such as the surface charge, hydrophibility, and degradability can be
regulated via the choice of different functional monomers or cross-linkers; and
(3) the size of a single nanocapsule with a diameter of 20 nm is favorable for
prolonged plasma circulation [45].

For example, in order to maximize the protein efficiency, the degradable
nanocapsules have been constructed to release the wrapped proteins. Zhao et al.
encapsulated recombinant maltose-binding protein-fused apoptin (MBP-APO) via in
situ polymerization using a disulfide bond containing degradable-cross-linker so that
polymer shell could be degraded when the nanocapsules were exposed to the
reducing environment in tumor cells. Similar to Zhao’s work, a series of degradable
protein nanocapsules taking advantage of environmental responsive manner have
been developed for efficient intracellular delivery or tunable controlled release of
protein. SiRNA can also be wrapped into the nanocapsule. Liu et al. developed a
miRNA nanocapsule to enhance miRNA (AS-miR-21) stability and effective intra-
cellular delivery, suppressing the angiogenesis and tumor retrogression in mouse
models [46].

In addition, to minimize the immunogenicity of therapeutic biomacromolecules
and prolong the plasma circulation, zwitterionic 2-methacryloyloxyethyl
phosphorylcholine (MPC) was employed as the monomer during in situ polymeri-
zation owing to their evasion of mononuclear phagocyte system (MPS). The protein
and nucleic acid coated with the zwitterionic polymer shell could shield serum
protein adsorption under blood flow, thus prolonging the half-life in vivo. These
nanocapsules have enormous potential for the brain disease treatment, although the
implications for brain drug delivery still have yet to be fully explored.

9.2.5 Dendrimers

Dendrimers emerged from the “cascade molecules” initially reported by Vogtle et al.
at the end of 1970. Dendrimers are three-dimensional, repetitively branched poly-
mers that adopt a spheroidal and symmetrical morphology in aqueous solution
(Fig. 9.6) [27]. They comprise three domains: (1) a multivalent surface, containing
several potentially reactive functional groups on their periphery; (2) radially con-
centric interior shells, resembling tree-like branching from the core (called “gener-
ations” (G)); and (3) the core itself, to which dendrons attach via focal points
[47]. The most researched dendrimers as nanocarriers for brain disease treatments
are the poly(amidoamine) (PAMAM) dendrimers, other vectors including poly
(ether)-copoly(ester) (PEPE), poly(ether imine) (PETIM), poly(L-lysine)-based
(PLL), poly(propylene imine) (PPI), gallic acid-triethylene glycol (GATG),
carbosilane, and phosphorus dendrimers have also been developed.

These dendrimers present appealing properties to mediate the delivery of different
drugs to the brain due to their unique structural and physicochemical properties: (1) a
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Fig. 9.6 (a) Chemical structure of the generation 1 cationic PAMAM dendrime. (b) Schematic
representation of a dendrimer structure with three generations (G)

globular, well-defined, and high-branched structure; (2) monodispersity, low vis-
cosity, adaptable solubility, and high loading capacity; and (3) controllable nanosize
which is important when defining the capacity to overcome the biological barriers
including BBB [27]. Moreover, the abundance of peripheral groups allows the
controllable and specific tethering of various bioactive ligands (e.g., small mole-
cules, peptides, and proteins), imitating the multivalency existing in several biolog-
ical systems. In reality, this characteristic multivalency is the greater superiority of
dendrimers. Importantly, the molecular structure is tightly packed at the periphery
but loosely packed in the core, leaving spaces that can facilitate drug
entrapment [48].

The drugs can associate with dendrimers in three main ways: (1) can be cova-
lently attached to the peripheries, forming dendrimer prodrugs; (2) can interact with
the outer functional groups via ionic interactions; and (3) can be encapsulated within
dendrimers via formation of dendrimer-drug supramolecular assemblies [49]. For
example, functionalization of PAMAM dendrimers has proven to be an effective
approach to enhance the penetration of cells in the neurovascular unit (NVU), both
via intravenous and neurosurgical administration [50]. Ke et al. reported that a
PAMAM-PEG-angiopep/DNA nanoparticle consisted of angiopep (a ligand-
targeting LRP-1)-modified PEG-PAMAM and DNA. After intravenous injection,
the angiopep-modified nanoparticles were found to be successful in crossing the
BBB via clathrin-/caveloae-mediated endocytosis and partial macropinocytosis
[51]. The interaction between angiopep and LRP-1 was suspected to be the primary
mechanism of BBB crossing. Brain uptake was able to be enhanced by increasing
the ratio of angiopep incorporated in the NP formulation. In addition, dendrimers
like PAMAM have also been successfully modified with other ligands for
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transcytosis across the BBB, such as lactoferrin [52] and transferrin [53]; all of these
were found to demonstrate higher BBB crossing capability than their unmodified
dendrimers.

9.2.6 Nanogels

Nanogels are cross-linked polymeric nanoparticles with three-dimensional
(3D) configuration (diameters ranging from 1 to 1000 nm). The potential application
of polymeric nanogels, based on both natural and synthetic polymers, has emerged
as one of the most significant trends in nanomedicine (e.g., drug delivery) [54]. Nat-
ural polymers, such as chitosan and alginate, have been studied widely for prepara-
tion of nanogels. In addition, nanogels based on poly(ethylene oxide) (PEO), poly
(ethylenimine) (PEI), poly(vinyl alcohol) (PVA), poly(vinyl pyrrolidone) (PVP),
and poly-N-isopropylacrylamide (PNIPAAm) have also been reported with different
features for drug delivery. Nanogels usually possess high water content, high-
specific surface area, biocompatibility, and desirable mechanical properties. They
offer unique advantages for nanomedicine, especially the polymer-based drug deliv-
ery system: (1) a tunable size, (2) a large surface area for multivalent or functional
bioconjugation, (3) an interior network for the incorporation of biomolecules,
(4) stability for prolonged circulation in the bloodstream, (5) biodegradability for
sustained release of drugs for a desired period of time, and (6) facile removal of the
empty vehicles. In addition, nanogels also can be considered as “hydrogels” if they
are composed of water-soluble/water-swellable polymer chains [55]. Their affinity to
absorb water is attributed to the presence of hydrophilic groups such as -OH,
-CONH-, -CONH,-, and -SO3H in polymers.

Nanogels can be first synthesized in the absence of the drug (chemically and
physically induced cross-linking, e.g., covalent bonds, hydrogen binding, van der
Waals interactions, or physical entanglements), swollen in water, and then loaded
with the drug. Drug loading occurs spontaneously and results in decrease of the
solvent volume, which is followed by the gel collapse and formation of dense
nanoscale particles. However, the release mechanisms of the loaded drugs from
nanogels are complex resulting from three main vectors, i.e., drug diffusion, nanogel
matrix swelling, and chemical reactivity of the drug/matrix [56].

Nanogels, also called hydrogels, offer the prospect of drug transport across the
intact BBB. Some reports have shown that nanogels with suitable surface charge
exhibited better internalization property on cell membrane, compared to the neutral
ones. For example, Gil et al. reported cationic polysaccharide-based nanogels
containing B-cyclodextrin and poly(B-amino ester) for transporting doxorubicin
and insulin across the BBB (enhanced permeability of insulin across the BBB
model by 20% in vitro).

Surface modification of nanogels can also be used to accelerate encapsulated
drugs across the BBB. In a report by Azadia et al., they prepared methotrexate
(MTX)-loaded nanogels via an ionic gelation process using chitosan and sodium
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tripolyphosphate (TPP). The surface of the MTX-loaded nanogels were coated with
PS 80 to improve brain drug delivery. The cumulative release profiles in vitro
indicated a non-Fickian diffusion kinetic, apparently governed by and the swell-
ing/disintegration of the polymeric networks in nanogels. After intravenous admin-
istration, remarkably higher brain concentrations of MTX were achieved with the
nanogel formulations in comparison to the free drug [57].

Being hydrophilic carriers, nanogels are favorable in uploading aqueously solu-
ble drugs as well as proteins or nuclear acids. Brain-specific anion transporter
1 (BSAT1) and connexin 43 (Cx43) are the promising targeted antigens for drug
delivery to the brain (e.g., gliomas). For example, they have been conjugated on the
surface of the cisplatin-loaded nanogels prepared by poly(ethylene glycol) (PEG)-
block-poly(methyl methylacrylate) (PMAA) and CaCl, using
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) as cross-
linkers, for the treatment of intracranial gliomas. The survival of rats treated with
nanogels conjugated with targeted mAbs against extracellular loops of BSAT1 and
Cx43 were 26.6 and 27 days longer than control, respectively, which indicated the
effectiveness of the ligands in increasing BBB-penetrating efficiency of the
nanogels. In addition, modification of transferrin (Tf) or insulin with nanogels of
cross-linked PEG and PEI for the delivery of oligonucleotide in the brain also
showed similar results [58].

9.3 The Application of Polymeric Nanomedicine in Brain
Disease

The concept of polymeric nanoparticle therapeutics can be traced back to the 1950s,
and a variety of drug delivery systems have been reported and developed in the
following decades. In this section, we introduce a series of representative examples
to highlight the advanced applications with polymeric nanoparticles in therapy for
brain diseases, including brain cancers, Alzheimer’s Disease (AD), Parkinson’s
Disease (PD), Cerebral Amyloid Angiopathy (CAA), Stroke and Multiple
Sclerosis, etc.

9.3.1 Brain Cancers

Cancer/tumor is one of the major causes of death worldwide. Although cancer
therapies are developing, the treatment remains one of the most challenging prob-
lems. Brain cancers belong to the most dangerous CNS diseases and most aggressive
human cancers with an average survival of 30 weeks for IV grade tumors [59]. For
example, patients with intracranial glioblastoma, the most aggressive and prevalent
glioma variant, have an average survival of only 15 months [59]. Although radiation
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therapy has been more successful in eliminating childhood glioblastoma, with 5-year
survival rates as high as 70-80% [60], the long-term side effects of these conven-
tional treatment modalities can be severe. Among the approaches used for the
treatment of gliomas, chemotherapy just plays a role of an adjuvant, the potential
being limited by its inability to overcome the BBB in vivo. Thus, the employment of
polymeric nanoparticles to achieve brain delivery for noninvasive systemic chemo-
therapy of gliomas appears to be an ideal option [7].

It is well known that the amount of drug delivered to the brain is equally
proportional to the BBB permeability and the area under the curve of plasma
concentration versus time (AUC) [61]. Accordingly, it has been shown that
PEGylation or surfactant coating of the nanoparticles can improve their uptake in
the brain effectively. For example, surfactant coatings were effective for brain
delivery of different types of polymeric nanoparticles such as PBCA (core-shell
structure). The effectiveness of brain delivery by the PS 80-coated PBCA
nanoparticles was most clearly demonstrated by the remarkable efficacy of the
nanoparticle-bound doxorubicin against intracranial 101/8 glioblastoma in rats
(Fig. 9.7). It should be noted that the tumor model employed, 101/8 rats glioblas-
toma, is morphologically similar to human glioblastomas, which are characterized
by a transplantation success of >95% and reproducible growth pattern [62].

Active targeting is a noninvasive method to transport drugs to targeted tissue
using site-specific ligands. Endogenous and chimeric ligands binding to the
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Fig. 9.7 Inhibition of 101/8 glioblastoma growth in Wistar rats after treatment with doxorubicin-
loaded PBCA nanoparticles with or without PS 80. Untreated rats (control) and the rats treated by
intravenous administrations of doxorubicin in formulation of a solution (Dox-sol) or loaded in
polysorbate 80-coated PBCA nanoparticles (Dox-NP+PS 80) were sacrificed at different time
points. The hematoxylin-eosin (H&E) staining of representative brains is shown. Note the
decreased tumor size, especially in the Dox-NP + PS 80 group
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Fig. 9.8 (a) Transportation of targeted micelles after intravenously injected to glioma-bearing
mice. (b) Fluorescent images of brains of glioma-bearing nude mice treated with ICG-loaded
I¢Pgscr-modified micelle (left) and IgPg-modified micelle (right). The brains were excised 4 h
after treatments. The fluorescence signal of near-infrared dye ICG was recorded. (¢) The survival
profile of glioma-bearing mice with different treatments

receptors of BBB have been directly or indirectly conjugated to nanoparticles and
shown promising potential in oncotherapy via recognizing brain capillary endothe-
lial cells and cerebral tumor cells [63]. Shi et al. reported that a new interleukin-6
(IL-6) receptor-mediated polymeric micelle system, where a short peptide IgPg
(LSLITRL was reported to possess similar targeting function for selectively binding
with IL-6R to mediate nanoparticles into glioma cells [64]) was conjugated to
biodegradable poly(ethylene glycol)-poly(lactic-co-glycolic acid) (PEG-PLGA),
was prepared for cascade-targeting drug delivery to glioma [65] (Fig. 9.8). In vitro
results indicated that the IgPg-modified doxorubicin-loaded micelle (IgPg-D-M)
could transport across the BBB significantly and subsequently target the glioma,
which was superior to the scrambled peptide-modified formulations. In vivo results
showed that this I¢Pg-D-M could introduce the highest level of apoptosis in glioma
and longest survival of glioma-bearing mice, compared to the ones in other groups.
All of the results suggested that the IsPg-D-M polymeric micelle is an ideal cascade-
targeting therapeutic strategy, which could overcome the BBB for glioma therapy.

The chemotherapy of glioblastoma (e.g., temozolomide (TMZ)) is severely
hindered by the immunosuppressive tumor microenvironment, especially the
tumor growth factor f (TGF-f), an immunosuppressive cytokine [66]. In the study
reported by Qiao et al, they employed RNA interference (RNAi)-based
immunomodulation to remodel the tumor immune microenvironment and sensitized
the effect of chemotherapy [67]. Therefore, a nano-theranostic system (Angiopep
LipoPCB(Temozolomide + BAP/siTGF-f), ALBTA) with ROS response is
established for glioblastoma treatment (Fig. 9.9). This kind of polymeric
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Fig. 9.9 The preparation of the nanoparticles. (1) BAP polymers self-assemble into nanoparticles
(AN) via encapsulating SPIONs in the hydrophobic core. (2) The positively charged AN load
negatively charged siTGF-f by electrostatic interactions. (3) The zwitterionic lipid-based envelopes
were coated to the siTGF-f-loaded nanoparticles. (4) The angiopep-2 was conjugated onto the
nanoparticles by the coupled reaction between the sulthydryl groups of angiopep-2 and maleimide
groups of DSPE-PCB-Mal

nanoparticles exhibit strong small interfering RNA (siRNA) condensation, good
serum stability and magnetic property. They were able to cross the BBB efficiently
and target glioblastoma via receptor-mediated transcytosis (LRP-mediated). The
zwitterionic lipid (distearoyl phosphoethanol-amine-polycarboxybetaine lipid) in
ALBTA promoted endosomal/lysosomal escape and thus enhanced the cytotoxicity
of TMZ and improved gene silencing efficiency of siTGF-p. ALBTA significantly
improve the immunosuppressive microenvironment and improve the survival rates
of glioma-bearing mice. Furthermore, ALBTA could also be traced by magnetic
resonance imaging (MRI) accurately in brain tumors via encasing the
superparamagnetic iron nanocubes (SPIONs) in the polymeric nanoparticles. This
study indicated that this polymeric nanomedical platform can serve as a flexible and
powerful synergistic system for treatment of brain tumors as well as other brain
diseases in the central nervous system (CNS).

In addition, aberrant mesenchymal-epithelial transition factor (MET) activation
occurs in approximately 30% of glioma patients and correlates with poor prognosis,
elevated invasion, and increased drug resistance [68]. In another report, Wu et al.
developed a novel nano-inhibitor by conjugating MET-targeting cMET-binding
peptide (¢cMBP) on the G4 dendrimer [69] (Fig. 9.10). The binding affinity of the
nano-inhibitor to MET increased three orders of magnitude to 1.32 x 10~ '° M than
free peptide (Kp = 3.96 x 10~ M). This nano-inhibitor reduced the proliferation
and invasion of human glioblastoma U87 MG cells efficiently in vitro via blocking
the MET signal pathway with remarkably attenuated levels of phosphorylated MET
(pMET) as well as the downstream signaling proteins, including pAKT and pERK1/
2. In vivo magnetic resonance imaging (MRI) indicated a significant delay in tumor
growth after intravenous administration of the nano-inhibitor. Furthermore, the
medium survival was extended by 59%, which was similar to the therapeutic effects
of PF-04217903, a MET inhibitor in clinical trials. The pMET and its downstream
proteins pAKT and pERK1/2, which were involved in the survival and invasion of
cancer cells, significantly decreased in the nano-inhibitor-treated group, compared
with those in the control group. This may be the first report of therapeutic inhibition
of glioma growth by blocking MET signaling with a novel nano-inhibitor made by
polymeric nanomaterials. Compared to antibodies and chemical inhibitors in clinical
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Fig. 9.10 (a) Illustration of signaling pathways of HGF-MET axis in the presence or absence of
nano-inhibitor. (b) Synthetic scheme of nano-inhibitor Den-cMBP and control nanoparticles
Den-PEG. (c) Viabilities of U887 MG cells at 24 h post treatment of cMBP or Den-cMBP;,.
*xP < 0.01. (d) Western blot shows decreased phosphorylation levels of MET, AKT, and ERK1/
2 in U87 MG cells as a function of Den-cMBP; concentration

trials, the nano-inhibitor prepared by G4 dendrimer blocked MET signaling and
provided a new approach for the treatment of glioma with the advantages of high
efficiency, affordability, and most importantly, potentially reduced drug resistance.

9.3.2 Alzheimer’s Disease

Alzheimer’s disease (AD) is a chronic irreversible neurodegenerative disorder with
long preclinical and prodromal phases (20 years) and an average clinical duration of
8~10 years [70]. AD can increase the risk including progressive mental, behavioral,
and functional decline and loss of the ability to learn [71]. AD has an estimated
prevalence of 10~30% in the population >65 years of age with an incidence of
1~3%. 1t is forecasted that at the current rate, 1 in 85 persons worldwide will be
living with AD by 2050. The two hallmarks of AD are (1) the buildup of cortical and
cerebrovascular deposits or aggregates of amyloid-p (AP) peptide (CSF AB;_4>
levels are more than 10 times that of plasma levels) and (2) the accumulation of
unnatural levels of hyper-phosphorylated, microtubule-associated tau protein. Most
AD patients (>95%) have the sporadic form that is characterized by a late onset
(>80 years of age) and is the consequence of the failure to eliminate the AP peptide
or plaque in cerebrospinal fluid (CSF). A small proportion of patients (<1%) have
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inherited mutations in genes that affect processing of AP and develop the disease at a
much younger age (mean age of ~45 years). Apart from them, various deranged
mechanisms such as inflammation, chronic oxidative stress, neurofibrillary tangles
accumulation, mitochondrial dysfunction, hormone imbalance, calcium
mishandling, and genetic components also play important roles in the disease
process [71]. Several approved drugs ameliorate some of the symptoms of
Alzheimer’s disease; however, no current interventions can modify the underlying
disease mechanisms. As a result, the development of new interventions that can
delay, halt, or reverse disease onset and progression is an area of research receiving
intense interest (Fig. 9.11).

Molecular chaperones [72], the endogenous proteins in the human body, play a
non-substitutable role in regulating undesired protein misfolding and maintaining
the intricate homeostasis of protein metabolism in vivo, which act as an ideal
candidate for AD treatment. For example, Huang et al. developed a novel artificial
chaperone consisting of mixed-shell polymeric micelles (MSPMs) via hydrophobic
interaction to reduce AB-induced neurotoxicity (Fig. 9.12) [73]. The MSPMs were
prepared by the self-assembly of two amphiphilic diblock copolymers, including
poly(e-caprolactone)-block-poly(N-isopropylacrylamide) (PCL-b-PNIPAM) and
poly(e-caprolactone)-block-poly(ethylene oxide) (PCL-b-PEG) in aqueous solution.
The hydrophobic domains on the surface of micelles act as cavities which could
interact with hydrophobic A monomers, while the hydrophilic PEG chains provide
a protective layer to prevent the MSPMs from aggregating after the adsorption of Ap.
The results proved that the MSPMs with appropriate weight ratio of PNIPAM and
PEG (PCL-b-PEG/PCL-b-PNIPAM = 3/7) could serve as an excellent suppressor of
AD and show enhanced therapeutic effects in PC12 cells. Therefore, these results
could provide new insights into the development of artificial chaperone (MSPMs) as
an ideal candidate for AD treatment.

Previous studies had suggested that the KLVEF (A'®2°) peptide could effec-
tively stabilize the soluble Af conformation and destabilize the altered conformer
due to the strong affinity with A, eventually inhibit Ap aggregation or dissolve A}
fibrils [74]. Combining KLVFF peptide and mixed-shell polymeric micelles, Qu
et al. developed a highly efficient system to achieve the synergy both disaggregating
AP fibrils and reducing Af-mediated neurotoxicity (Fig. 9.13) [75]. First, the
KLVFF sequence were modified onto the classical MSPMs, which consisted of
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Fig. 9.12 Maintenance of AP peptide homeostasis by mixed-shell polymeric micelles: (a) the
schematic diagram of the formation of amyloid fibrils and MSPMs-Af complexes; (b) TEM images
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poly(e-caprolactone)-block-poly(p-amino ester) (PCL-b-PAE) and (PCL-b-PEG), to
make sure that the peptide could interact with hydrophobic A monomers in aqueous
solution. When the KLVFF disaggregated the AP fibrils into fragments, the
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Fig. 9.14 (a) The schematic of the nanosweeper mechanism of action. The nanosweeper captures
AP or AP aggregates via hydrogen-bonded co-assembly and internalizes by neuronal cells carrying
AP. Then, the nanosweeper induces the autophagic response, resulting in the degradation of Af. (b)
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(capture component) and HS-CTNVFNATFHIWHSGQFGT (clearance component), respectively.
(c) Morris water maze (MWM) experiment. Statistical significance is indicated as *p < 0.05 and
*xp < 0.01

hydrophobic domains on the surface of the MSPMs could bind them promptly,
resulting in reduction of consequent toxicity. Besides disaggregating the fresh fibrils,
KLVFF-modified MSPMs could also assist protease (e.g., protease K) in degrading
tangled AP fibrils to maintain the healthy proteostasis. Thus, KLVFF-modified
MSPM was able to effectively solve the synchronism problem between degrading
fibrils and mitigating the neurotoxicity caused by newly formed A fragments during
the disaggregation process. The unique MSPMs may provide new thoughts on the
treatment of AD in a safer way.

The imbalance between A production and clearance resulting in cerebral Ap
accumulation is one of the most important factors in the formation of AD. In order to
preserve the maintenance of AP homeostasis, achieving a method to clear up Ap
plaques out of the brain becomes an emerging task. Herein, Luo et al. described a
self-destructive nanosweeper based on multifunctional peptide-polymers that is
capable of capturing and carrying A into cells, eventually clearing extracellular
AP via cellular autophagy for the effective treatment of AD [76]. The nanosweeper
was composed of a cationic chitosan (CS) core which was decorated with
PEGylated-GKLVFF  and Beclin-1 (an  autophagy—inducing  peptide,
TGFQGSHWIHFTANFVNT) (Fig. 9.14). KLVFF could recognize and
co-assemble with AP monomers via hydrogen-bonding interactions. Beclin-1
could induce autophagy to degrade and eliminate Af thoroughly. The PEG increases
the stability of the nanosweepers in water, providing the appropriate biocompatibil-
ity. As a result, the nanosweeper decreases the cytotoxicity of AP and rescues
memory deficits of AD transgenic mice. We believe that this resourceful and
synergistic approach has valuable potential as an AD treatment strategy.
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Fig. 9.15 Schematic of therapeutic gene and peptide co-delivery system. (a) The therapeutic gene
(pBACE1-AS) and peptide loading using brain-targeted DGL vector. Briefly, the therapeutic
peptide was covalently conjugated to the DGLs, and therapeutic plasmid was encapsulated within
DGLs via electrostatic interactions. (b) After intravenous injection, the DGLs-PEG-RVG29-D-
peptide/DNA NPs were able to cross the BBB through RVG29-binding receptor-mediated
transcytosis. Then, the NPs were uptaken by neurons in the AD brain through endocytosis. After
endosomal escape, the released therapeutic plasmid downregulated BACE1 expression, leading to a
reduction of extracellular AP plaques. The D-peptides inhibited tau-fibril formation, resulting in a
decrease of tau-fibrils in the cytoplasm.

AP is generated from the amyloid precursor protein (APP) via sequential proteo-
Iytic cleavages by p-site APP cleaving enzyme 1 (BACE1) [77]. Some studies show
that BACE1 activity had been upregulated in sporadic AD cases, particularly in
neuronal cells around the AP plaques. Thus, efficient and specific delivery of
therapeutic gene targeting to silence the BACE1 mRNA in brain parenchyma cells
is promising to decrease the AP burden. On the other hand, the inhibition of
tau-related fibril formation in AD brain provides another effective strategy to prevent
or delay the progress of AD [78]. Liu et al. developed a multifunctional nanocarrier
for AD treatment by achieving therapeutic gene and peptide co-delivery to the brain
based on PEGylated dendrigraft poly(L-lysines) (DGLs) via systemic administration
(Fig. 9.15) [79]. The dendritic amine-rich structure of DGLs provided plenty reac-
tion sites and positive charge for drug loading. Successful co-delivery of drugs
overcoming the BBB through brain-targeted ligand modification (e.g., rabies virus
glycoprotein, RVG29) was demonstrated both in vitro and in vivo. Downregulation
of the key enzyme BACE!l for A formation was achieved via delivering the
noncoding RNA plasmid. Furthermore, simultaneous delivery of therapeutic peptide
into brain results in a significant reduction of tau-related neurofibrillary tangles
(NFT). As expected, the memory loss rescue in AD mice model was also observed.

In another report, Liu et al. explored a B6 peptide (CGHKAKGPRK, a peptide
showing high affinity to transferrin receptor)-conjugated PEG-PLA nanoparticles
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(NP) to enhance the delivery of neuroprotective peptides across the BBB for AD
treatment [80]. B6-modified NP (B6-NP) exhibited significantly higher accumula-
tion in brain capillary endothelial cells via lipid raft-mediated and clathrin-mediated
endocytosis. In vivo experiments showed that the fluorescently labeled B6-NP
exhibited much higher brain accumulation than the NP without B6 modification,
indicating a successful BBB crossing. Administration of B6-NP encapsulated
neuroprotective peptide (NAPVSIPQ, NAP) to AD mouse models showed excellent
amelioration in learning impairments, cholinergic disruption, and loss of hippocam-
pal neurons even at a lower dose.

9.3.3 Cerebral Amyloid Angiopathy (CAA)

Cerebral amyloid angiopathy (CAA) is characterized by the deposition of amyloid
beta (AP) proteins within the walls of small- to medium-sized blood vessels of the
brain and leptomeninges with subsequent aggressive vascular inflammation leading
to recurrent hemorrhagic strokes. About 80% of AD patients manifest some degree
of CAA [81]. Furthermore, CAA currently affects one third of the aging population
over 60 years of age. Furthermore, in addition to causing cerebrovascular inflam-
mation, CAA triggers vascular dysfunction that may accelerate the AD progression
[82]. Regrettably, there is neither a treatment nor a definitive pre-mortem diagnosis
available for CAA.

Agyare et al. developed a theranostic nanovehicle (TNV) which was capable of
(1) targeting cerebrovascular amyloid; (2) treating cerebrovascular inflammation
resulting from CAA; and (3) providing magnetic resonance imaging (MRI) contrast
for the early detection of CAA. The TNVs comprised a polymeric core made from
Magnevist® (gadopentetate dimeglumine, MRI contrast agent)-modified chitosan.
The core of TNV was also loaded with cyclophosphamide (CYC), an immunosup-
pressant that could reduce the cerebrovascular inflammation. Meanwhile, putres-
cine- modified F(ab’)2 fragment of anti-amyloid antibody, IgG4.1 (pF(ab’)24.1), was
conjugated to the surface of the core so as to target cerebrovascular amyloid. The
leakage of Magnevist® from the TNVs was a modest 0.2% over 4 days, and the
CYC release from the TNVs followed Higuchi’s model that describes sustained drug
release from polymeric matrices. The studies conducted both in polarized human
microvascular endothelial cell monolayers (\CMEC/D3) and in mouse models have
demonstrated the ability of TNVs to target cerebrovascular amyloid. Moreover, the
TNVs could provide the contrast for imaging cerebrovascular amyloid by MRI and
single photon emission computed tomography (SPECT). The TNVs were also
shown to reduce pro-inflammatory cytokine secretion by the Ap-challenged blood-
brain barrier (BBB) endothelium, which were more effective than the free
cyclophosphamide [83].
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9.3.4 Parkinson’s Disease (PD)

Parkinson’s disease (PD) is a chronic, progressive neurodegenerative disorder asso-
ciated with the selective loss of dopaminergic (DA) neurons in the substantia nigra
(SN), which presents with classic motor impairments including tremors, rigidity,
slow movement (bradykinesia), poor balance, and difficulty in walking (Parkinso-
nian gait), and it affects about 1~1.5% of the population over 60 years of age
[84]. Similar to other CNS diseases, dysfunction of the BBB has been observed in
PD. The inflammatory mediator-induced BBB disruption can remodel the junctional
proteins and lead to short “opening” of the endothelial cells [85]. Furthermore, P-gp
is significantly down-regulated to prevent the outflow of many toxic substrates from
the CNS [86]. As a consequence, dopaminergic neurons (dopamine-producing nerve
cells) usually located in the substantia nigra are disrupted [87, 88]. By the time PD
patients experience the onset of clinical symptoms, they have typically lost more
than 80% of dopaminergic neurons. At present, there is no cure for PD, and current
management is limited to supportive care that partially alleviates disease signs and
symptoms and treatment that does not slow or halt disease progression. Pharmaco-
logical treatment has been focused on restoring dopaminergic neurotransmission,
because dopamine is an essential CNS neurotransmitter and peripheral chemical
messenger.

For example, the dopamine precursor L-3,4-dihydroxyphenylalanine (L-DOPA)
remains the gold standard for the treatment of PD. Other non-dopaminergic treat-
ment strategies, including drugs targeting adenosine, adrenergic, and glutamate and
serotonin receptors, as well as anti-inflammatories, iron chelators, glucagon-like
peptide (GLP)-1 agonists, calcium channel blockers, neurotrophic factors, and
gene therapies, have also been developed recently [89]. However, the main limita-
tion remains the development of a carrier suitable for a variety of drugs. In addition,
systems involving sustained release of specific drugs also show beneficial pharma-
cological effects [90]. Therefore, the development of effective and efficient specific
drug delivery carriers poses a challenge, and the polymeric nanoparticles are an
attractive alternative.

Pahuja et al. have developed dopamine-loaded PLGA nanoparticles (DA NPs)
(size: 120 nm; zeta potential: —3 mV) that improved animal behavior, without
showing any signs of cardiac-related alterations or sudden changes in the brain.
DA NPs could cross the BBB mainly in the SN and striatum (PD-altered regions) of
6-hydroxydopamine (6-OHDA) mice. Furthermore, a slow and controlled release of
DA from NPs as well as a reduced plasma clearance were observed within 6 h after
injection. DA NPs could increase the DA level and its metabolites homovanillic acid
(HVA) and dihydroxyphenylacetic acid (DOPAC) to levels similar to those of
control mice. This study demonstrates that DA NPs can prevent toxicity associated
with large amount of dopamine and can provide a novel strategy to combat PD [91].

The PBCA nanoparticles coated with PS 80 proved to be an effective delivery
vector system of nerve growth factor (NGF) [92]. The success of the NGF transport
to the brain was determined by measuring the protein concentration in the brain of



9 Polymeric Nanomedicine 257

200

160
Ll
— |
. I
1 T 5 T 3 T 4 T

Fig. 9.16 Using the following formulations, the average incubation period in the passive avoidance
reflex test (PAR test): 7, 0.9% NaCl solution intravenously (passive control); 2, scopolamine
(1.5 mg/kg, s.c.) (control of amnesia); 3, scopolamine (1.5 mg/kg, s.c.) and NGF solution (5 pg/
mouse, i.v.); 4, scopolamine (1.5 mg/kg, s.c.) and NGF in 1% PS 80 solution (5 pg/mouse, i.v.); 5,
scopolamine (1.5 mg/kg, s.c.) and NGF adsorbed on PBCA nanoparticles (5 pg/mouse, i.v.); 6,
scopolamine (1.5 mg/kg, s.c.) and NGF adsorbed on PBCA nanoparticles coated with PS 80 (5 pg
mouse, i.v.). Significance levels: @ statistically reliable difference from groups 1 and 6 (p<0.01); @
statistically reliable difference from groups 1 and 6 (p<0.05)
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mice, reversing a scopolamine-induced amnesia and in many Parkinson’s disease
models. The passive avoidance reflex (PAR) test showed that administration of NGF
intravenously adsorbed on PS 80-coated PBCA nanoparticles was successful in
reversing scopolamine-induced amnesia and improving the recognition and memory
in mice model of acute amnesia (Fig. 9.16). In addition, this preparation showed a
significant reduction in the underlying symptoms of Parkinsonism (oligokinesia,
rigidity, or tremor). The results indicated that PS 80-coated PBCA nanoparticles are
an effective carrier system for NGF transport to the CNS after intravenous admin-
istration and may improve the treatment of age-related neurodegenerative
diseases [93].

In addition, excessive iron deposition in the brain often leads to the damage and
necrosis of dopaminergic neurons in the substantia nigra associated with oxidative
stress, which has been reported to be one of the major risk factors in PD. The iron
chelation therapy using deferoxamine (DFO) may suppress this nigrostriatal degen-
eration and prevent PD. However, DFO had shown a very short half-life and hardly
penetrated the BBB in vivo. Therefore, the development of DFO formulations for
safe and efficient intracerebral drug delivery is very meaningful. You et al. devel-
oped a polymer nanoparticle conjugated with brain-targeting peptide rabies virus
glycoprotein (RVG) 29, which could deliver DFO into the brain (Fig. 9.17). The
nanoparticle system may penetrate the BBB via specific receptor-mediated endocy-
tosis triggered by RVG29 peptide. Administration of these polymeric nanoparticles
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Fig. 9.17 (a) Schematic of the synthesis of RNP-DFO nanoparticle. Polymer nanoparticles were
produced by a double emulsion method, and RVG29-Cys was attached to the surface of nanopar-
ticle by a maleimide-thiol coupling reaction. (b) Schematic of the proposed mechanism of
RNP-DFO to penetrate the BBB. RVG29 peptide binds to cell surface receptors on brain endothelial
cells that form the BBB, which are further mediated by nanoparticles across the cell layer of
transcytosis. (¢) Proposed role of RNP-DFO in iron-loaded neuronal cells. Internalization of
RNP-DFO allows the removal of excess cellular iron via the released DFO and reduces iron-
related oxidative stress

could effectively reduce iron content and oxidative stress levels in the substantia
nigra and striatum of PD mice and significantly reduce the damage of dopaminergic
neuron and reverse their neurobehavioral defects, causing negligible side effects to
the brain and other organs [94].
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RNA interference (RNAi)-based strategies that mediate target gene-specific
knockdown by administration of small interfering RNAs (siRNAs) could be used
to treat neurodegenerative diseases that are currently incurable, such as
PD. However, the inefficient delivery of siRNA to neurons hinders application of
RNAi in vivo. Helmschrodt et al. developed a 4~12 kDa-branched poly
(ethylenimine) (PEI) F25-LMW which has excellent transfection efficiency and
can deliver siRNA in vivo. The results suggested that siRNA complexed with this
PEI was widely distributed in the lumbar spinal cord in the CNS after a single
intracerebroventricular infusion. siRNA against a-synuclein (SNCA), a presynaptic
protein aggregating in PD, was complexed with PEI and injected into the lateral
ventricle in mice overexpressing human wild-type SNCA. Five days after a single
injection of 0.75 mg, PEI/siRNA, SNCA mRNA expression in the striatum was
reduced by 65%, while SNCA protein was reduced by ~50%, without any toxicity
and adverse effects. In addition, ependymocytes and brain parenchyma was fully
intact, with no immune cell invasion, astrogliosis, or microglial activation. These
results supported the efficacy and safety of PEI nanoparticle-mediated delivery of
siRNA to the brain for therapeutic intervention [95].

9.3.5 Stroke

Stroke was ranked among the leading causes of years of life lost in most regions
around the world, accounting for more than 11% of total deaths globally [96]. During
the onset of stroke, the brain loses blood supply as a result of bleeding vessel
(hemorrhagic stroke) or occlusion of blood vessels due to thrombosis (ischemic
stroke) (Fig. 9.18) [97]. In both cases there is a deprivation of oxygen and nutrients,
resulting in neuronal cell death and neuroinflammation that can culminate in the loss
of neurological functions and ultimately death in patients. Cerebral ischemia,
accounting for 80~85% of stroke cases [98], is primarily explored in this section.

The occurrence of cerebral ischemia actually occurs after cerebral vessel occlu-
sion by a clot (thrombus or embolus). Vascular obstruction leads to a decrease in
downstream cerebral blood flow (CBF), and the resulting lack of blood flow rapidly
triggers an ischemic cascade involving neuronal cell death and neuronal inflamma-
tion [99]. Neuroinflammation is thought to be closely related to this neuronal injury,
as well as the acute and delayed downstream effects of cerebral infarction, and a key
hallmark of the pathophysiology of this condition is BBB destruction.

There are usually two stages of BBB disorder after cerebral ischemia: (1) an
initial and acute destruction of the BBB 3-5 h after the ischemic event and (2) a
widespread increase in BBB permeability at 48 h, likely as a result of cerebral
ischemia reperfusion, accompanied by further expansion of the cerebral infarct
size [100]. Specifically, it contributes to the reopening of BBB which is attributed
to endothelium activation, ROS production, leukocyte recruitment, cytokine pro-
duction, and edema formation [101].
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Fig. 9.18 Schematic overview of the pathways that can lead to stroke and the regions of the brain
that can be affected as a result [97]

Drug delivery in cases of stroke should take into consideration the impaired tight
junctions of endothelial cells (reopening of BBB) and the initial and late opening of
the BBB. The leaky BBB or some receptors high-expressed on the luminal side of
endothelial cells may increase the rate of NPs to cross the BBB. Therefore, the BBB
itself can be a promising target to improve drug delivery to the ischemic brain.

Polymeric nanoparticles have been used to deliver neuroprotective drugs that in
their free forms just pass the BBB in very small amounts and are rapidly cleared by
the reticuloendothelial system [102]. For example, Karatas et al. reported a chitosan
nanoparticle that modified with the transferrin receptor antibodies and loaded with
the specific caspase-3 inhibitors (ZDEVD-FMK), showing promising results. This
nanoparticle was capable of bypassing the BBB (peak levels after 75 min), and
significantly reduced infarct volume (40~45%) and neurological deficits induced by
ischemia in a mice model of stroke via reducing caspase-3 activity [103]. Moreover,
these NPs were able to further decrease the infarct volume and to improve the motor
function deficit scores of middle cerebral artery occlusion (MCAQ) mice when
loaded with both Z-DEVD-FMK and basic fibroblast growth factor (bFGF) provid-
ing a 3 h therapeutic window [104].

As everyone knows, in the brain after the cerebral ischemia reperfusion, huge
toxic reactive oxygen species (ROS) in the ischemic site are upregulated, resulting in
neuronal damage [105]. However, from the point of view of drug delivery design,
the increase of the ROS level in the ischemic site may be used as an intelligent
sensitive trigger to control drug release, which could be applied to the development
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free NR2B9C, NP, RBC-NP, and SHp-RBC-NP in the ischemic brain sections at 2 h, respectively.
(d) Representative tissue slices showing that RBC-NP/NR2B9C and SHp-RBC-NP/NR2B9C
groups can significantly reduce the infarct volume; the arrows indicate the infarct region as
observed

of drug delivery systems. In view of this, Lv et al. developed a bioengineered
ROS-response nanoparticle for stroke-specific delivery of a neuroprotective agent,
NR2BO9C, for the treatment of ischemic brain injury (Fig. 9.19). The nanoparticle
consisted of a dextran polymer core which was conjugated with ROS-responsive
boronic ester and a red blood cell (RBC) membrane shell modified with a stroke
homing peptide (SHp). Thus, these targeted “core-shell” nanoparticles (SHp-RBC-
NP) could control the release of NR2BIC triggered by a high intracellular ROS in
ischemic neurons after reaching to the ischemic brain tissues. The potential of the
SHp-RBC-NP for the treatment of ischemic stroke was systematically evaluated
both in vitro and in rat MCAO models. In vitro experiments showed that SHp-RBC-
NP had strong protective effects on cytotoxicity induced by glutamate in PC-12
cells. Furthermore, in vivo pharmacokinetic (PK) and pharmacodynamic
(PD) experiments proved that the bioengineered nanoparticles can significantly
prolong the systemic circulation of NR2B9C, enhance the active targeting of
ischemic region of MCAO rats, and reduce ischemic brain injury [106].
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9.3.6 Multiple Sclerosis

Multiple sclerosis (MS) is a chronic neuroinflammatory disease characterized most
strikingly by the demyelination of neurons and the CNS invasion of immune cells,
especially lymphocytes and macrophages [107]. The causes of the MS have not yet
been completely determined. However, it is thought to involve a relationship
between environmental factors (such as low levels of vitamin D), smoking and
genetic factors (including dangerous gene variants, such as the well-known
HLADR? allele) involved [108]. By one estimation, nearly 2.3 million people
worldwide will be living with this disease, mostly between 20 and 40 years old.
Although the disease was recognized in the nineteenth century, however, there were
limited data on the diagnosis, pathophysiology, and management of MS until the
past 50 years.

Nanomedicine is a strategy that integrates therapeutics with nanomaterials to
develop new treatments with enhanced efficacy and safety. In these systems, it is
effective for PEGylation of core-shell structure. Schmidt et al. prepared
prednisolone-loaded PEG-liposomes with a diameter of 90~100 nm for the treatment
of MS [109]. In the experimental autoimmune encephalomyelitis (MS animal
model) mice injected intravenously, the liposomes were observed to accumulate
within 2 h at high levels in the central nervous system. Treatment with drug-loaded
liposomes restored BBB integrity and reduced inflammation and macrophage infil-
tration. This treatment was considered superior to the administration of free
glucocorticosteroids, a traditional treatment for MS.
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M. Zubair Igbal, Gohar Ijaz Dar, Israt Ali, and Aiguo Wu

Abstract Nanotechnology emerged as a promising field of science with a diversity
of applications in energy storage, biotechnology, medicine, sensing, and healthcare
monitoring and in each aspect of nature. Owing to the significant characteristics of
the smaller size, easy modification, and tunable physical and chemical properties,
magnetic nanomaterials have gained potential fame in the nanomedicine field. In
terms of treatment and diagnosis, magnetic nanoparticles (MNP) cannot be replaced
with any other material. Surface functionalization and coating of ferromagnetic and
superparamagnetic nanoparticles not only make them biocompatible but also effec-
tive for drug delivery and killing tumor cells. In this book chapter, we highlighted the
emerging applications of magnetic nanoparticles, from synthesis to potential appli-
cations. Specifically, brief introduction of magnetic nanomaterials and their physical
properties is discussed in detail. Further, the facile synthesis methods to prepare
MNPs and recent developments in MNPs as magnetic hyperthermia agents, as a drug
transporter, and use in magnetic resonance imaging as a contrast agents are also
elaborated profoundly.
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10.1 Nanomaterials

The concept of nanotechnology is coined by Richard P. Feynman (Nobel Laureate in
Physics 1965) approximately 50 years ago. The nanotechnology word was first time
used during the American Physical Society (APS) annual meeting which was held at
California Institute of Technology (December 1959) [1]. However, researchers have
not solidly identified the specific definition of nanomaterials. Generally, scientists
are agreed that nanomaterials are partially described by their minute dimensions
which can be measured in nanometers [2]. A nanoscale is recognized as one
millionth of a millimeter, approximately 1/8000 the diameter of a human hair.
Nano-sized phenomena also exist in nature such as the size of the bacterium,
virus, antibody, and DNA molecules [3]. Nanoscale materials are the base of
nanoscience and nanotechnology. Nanomaterial engineering is a broad and
multidisciplinary research area which has been involved rapidly into human usage
to comfort their living styles. Nanomaterials have already admirable commercial
impacts in the form of nanomaterial-based industrial products and will definitely
increase in the future [4].

Nanomaterials can be obtained from many products, such as carbon or different
natural minerals. However, nanomaterials are restricted to have at least one dimen-
sion less than 100 nm. Special high-resolution microscopes are employed to examine
the structural properties of nanomaterials rather than conventional lab microscopes.
Michael Faraday presented one of the earlier scientific reports on gold nanoparticles
in 1857 [5]. Later, metallic nanopowders were synthesized in the 1960s and 1970s
and used for magnetic recording tapes. Nanotechnology took a prosperous consid-
eration in the twentieth century, and scientists are either producing or utilizing
nanomaterials or nanomaterial-based products [6].

Figure 10.1 shows the correlation between nano-sized materials and their com-
parison in living beings [7]. Nanomaterials can be in the form of single, aggregated,
or fused forms with spherical, irregular, and tubular shapes. However, researchers
have been paying attention to prepare many beautiful structures to change in their
electrical, optical, mechanical, and magnetic properties for different purposes
[8, 9]. The properties of the nano-sized materials are significantly different than
the bulk materials (macro and micro) owing to their large fraction of surface atoms,
spatial confinement, high surface energy, and reduced imperfections. Due to these
attractive properties, nanomaterials are having a broad range of applications in the
field of environmental protection, electronics, energy storage, agriculture, home
appliances, food industry, and medicines [10, 11].
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Fig. 10.1 Scale representing the size between particles and main living units. (Reprinted with
permission from reference [7])

10.2 Magnetic Nanoparticles

Nanoparticles of magnetic materials have been attaining significant attraction
because of their promising applications in biomedicine, gyroscopic sensors, mag-
netic storage, catalysis, neural stimulation, and spintronics [12, 13]. In the past two
decades, MNPs having one dimension in nanoscale are the imperative class of
nanomaterials which has been growing rapidly, and their realm is expanding for
the science and technology. The controllable size of the MNPs presents unique
qualities in nanomedicine, and their sizes are comparable biological system such as a
gene (2 nm wide and 10-100 nm long), a protein (5-50 nm), a virus (20450 nm),
and a cell (10-100 pm) [14, 15]. These kinds of special features are very hard to
observe in bulk materials. Bulk magnetic materials show high saturation magnetism,
but they cause intense toxicity which limits their use in clinical application. How-
ever, MNPs are considered to be safe and manipulate by external magnetic field.
This process is very exciting in the sense of transferring energy with the help of
external magnetic field to the MNPs. By this practice, MNPs can be heated and used
as hyperthermia agents and chemotherapeutic agents, transporting the attached
targeting molecules to the desired place. Therefore, these special physical properties
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of MNPs made them promising applicants in magnetic nanomedicine [16]. The
volume of the magnetic core Vm, magnetic moment, and magnetization are impor-
tant factors of MNPs for magnetic nanomedicine (MNM) and associated applica-
tions. The dimensions and shapes of the MNPs are strongly related with the magnetic
moment and anisotropy constant. A strong applied magnetic field is favorable for
drug/gene delivery-related applications, whereas higher magnetic moment is appro-
priate for molecular imaging and detection [17, 18].

The number of atoms increases onto the surface of nanoparticle as the size
reduces in nanometer range. As a result, magnetic characteristics at the surface
vary than the inner core, disturbance of the translational crystal symmetry of the
nanoparticle, which leads to increase in the anisotropy constant and decrease in the
saturation magnetizations of the MNPs. This effect is called spin-canting effect, and
it only influenced on the core of the MNPs but have not been affected by organic
coating [19, 20]. If the nanoparticle is divided into two parts such as the core and the
surface layer which is considered as the shell, then spin-canting effect can be easily
understood as shown in Fig. 10.2. In the presence of external magnetic field, aligned
spins are observed in the core and canting spins in the shell layer.

The saturation magnetization of the spherical MNPs can be given [21].

M, = My (1 —24)? (10.1)

where saturation magnetization of the MNPs is denoted by Mg, My, is the saturation
magnetization of the bulk materials, 6 is the thickness of the spin canting layer, and
D is the diameter of the magnetic core.

The perceived anisotropy constants of MNPs are most of the time greater than
their consistent bulk materials because of spin-canting effect.
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Ko = Ky + (995)K (10.2)

where Ky, and K are the bulk and surface anisotropy constants, respectively [22, 23].

The effective anisotropy including shape and surface anisotropy strongly depends
on the shape, and shape anisotropy is insignificant as compared to surface anisotropy
for the spherical-shaped MNPs. Researchers have examined the magnetic properties
of magnetic nanomaterials using diameters of magnetic core by the abovementioned
two models [20].

The magnetization of magnetic materials is magnetic moment per unit volume,
and the relation is given in Eq. 10.3. Magnetization and magnetic moment determine
that how a nucleus responds to the external magnetic field.

M = mB, (10.3)

where B, is the external applied magnetic field, m is the magnetic moment, and M is
the magnetization.

Magnetic properties are strongly depending on the electronic structure of the
material. A magnetic spin or domain (Weiss domain) refers to the dimensions of
ferromagnetic material, where all magnetic dipoles have the same alignment with the
exchange forces.

This concept of the materials spin or magnetic domain in the magnetic material is
categorized into diamagnetic, ferromagnetic, paramagnetic, and superparamagnetic.
Size-dependent magnetic behavior is also observed by domain structure of magnetic
materials. The assessment of m for the substance is a multiplication of the magnetic
moments of the atoms from the substance. Moreover, susceptibility (y), where
¥ = M/H, and permeability (p), where p = B/H, are employed to measure the
response of a material to magnetic field. For example, the iron atom shows high
magnetic moment due to its unpaired electrons and presents different magnetic
behaviors (Fig. 10.3).

Furthermore, large particles show similar behavior as bulk materials. The size-
dependent magnetic properties can be observed in ferromagnetic materials. For
example, at critical size Dc, the ferromagnetic material converts into a single
domain. Generally, the critical size Dc is the range between 10 nm and 100 nm.

c~ 18 7“”(5’? (10.4)
HoM
where K. is the anisotropy constant, A the exchange constant, and p the vacuum
permeability. A single-domain particle is homogeneously magnetized and aligned
parallel to the applied external magnetic field to give very high coercivity [25].
Many important parameters, such as magnetic saturation value, surface or domain
wall energy, particle shape, the strength of the crystal anisotropy, and exchange
forces, are influenced on the critical size of the single domain by the magnetic
domain theory. Mostly materials possess magnetism in the presence of B,. However,
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Fig. 10.3 Arrangement of single atomic magnetic moment in different kinds of magnetic materials.
(Reprinted with permission from reference [24])

some materials produced strong, and some show weak, magnetic behavior. Diamag-
netism is very weak because electronic subshells of diamagnetic materials are filled,
and magnetic moments are paired, canceling the overall effect. In case of ferromag-
netic materials, magnetic effect is not zero because of magnetic moment of unpaired
electrons under the applied field, and these materials have some remanence and
coercivity termed as hysteresis loop. As the coercivity is strongly related to the size
of the MNPs, such as by decreasing the particle size, the value of coercivity increases
to a maximum and then reduces to zero. The relation between the nanoparticle size
and magnetic domain structure is shown in Fig. 10.4.

In superparamagnetism, the coercivity value becomes zero because the dimen-
sions of single-domain particle reduced or even less than critical diameter. Kittel
presented the theoretical hypothesis in 1946 about superparamagnetism and the
critical size of the particle having single magnetic domain. Superparamagnetism is
a process in which MNPs indicate the same behavior as paramagnetism at temper-
atures below the Néel or the Curie temperature. This shows that superparamagnetism
behavior is induced by thermal effects. Apart from other properties,
superparamagnetic nanoparticles exhibit short relaxation time which is a very
promising characteristic in hyperthermia applications. Their magnetic moments are
rapidly reoriented in the presence of an alternating external magnetic field and return
to a nonmagnetic state after removing the external magnet source; as a result MNPs
release heat to surrounding atmosphere because of fast changes in the strength and
frequency of magnetic field. This special feature of manipulation of MNPs only
under magnetic force makes them promising when introduced to biological envi-
ronments. Ferromagnetism can be observed in various crystalline materials other
than Fe, Co, or Ni. However, iron is highly magnetic and naturally available mineral.
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Therefore, it has commonly used to prepare superparamagnetic nanoparticles which
widely employed as magnetic nanomedicine agents [26—29].

10.3 Synthesis Method of MNPs

Researchers have been paying attention to develop cost-effective materials synthesis
techniques to produce fine nanoparticles with enhanced properties for industrial and
technological applications. Presently, various chemical and physical methods have
been employed for the preparation of nanomaterials with controlled dimensions [30—
33].

Generally, two basic materials synthesis methods have been used frequently,
top-down and bottom-up approaches. In the top-down process, a synthesis route
starts from a large piece of particles and consequently reduces the size to create small
particles (nanoparticles). Top-down process includes ball milling and bulk materials
(or thin films). Alternatively, bottom-up technique uses self-assembly growth pro-
cess on minute components of atomic or molecular dimensions to organize them into
nanoparticles by using external force or natural physical principle [34, 35]. The
schematic illustration of these two methodologies is shown in Fig. 10.5.

Both methods have benefits and limitations related to fast synthesis, reproduc-
ibility, cost, and easy and complicated handling. Frequently, monodisperse MNPs
can be prepared by various chemical methods. In the last two decades, plentiful
research has been carried out on the preparation of MNPs. MNPs have been prepared
with various shapes, dimensions, and phases. These MNPs included magnetic alloys
such as CoPt; and FePt [37, 38]; spinel-type ferromagnets such as MgFe,Oy,
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Fig. 10.5 Schematic illustration of the formation of nanostructures via the top-down and bottom-
up approaches. (Reprinted with permission from reference [36])

MnFe,0,4, and CoFe,0O4 [39, 40]; iron oxides such as Fe;0, and y-Fe,O3 [41]; and
pure metals such as Fe and Co [42, 43]. The following section will describe some
interesting and useful physical and chemical synthesis techniques for the fabrication
of fine monodispersed MNPs.

10.3.1 Ball Milling Method

The basic physical method in top-down approach is ball milling method which was
developed by John Benjamin in 1970. In this technique, a sample is grounded to
prepare the reduced size nanopowder [44]. This is a very promising technique
among other physical methods to prepare the MNPs. Basically, there are three
steps involved to fabricate the nanoparticles in ball milling method. Firstly, mechan-
ical energy is delivered by balls to bulk materials and then collisions occurred
between balls and bulk substance. The disruption density remains increasing with
milling time. Due to this high energy transformation, physical and chemical prop-
erties of the materials change. Secondly, small particles are produced by
rearrangement of dislocations. Finally, orientation of the grain became random,
and small particles get rid from large materials. In case of MNPs, a magnet placed
outside the tube which attracts the peeled of nanoparticles. Ball milling equipment is
easy to handle but has long production cycle [45, 46]. However, there are some
limitations associated with this method, such as contamination problems, polydis-
perse size distribution, and partially amorphous state. Also, the aggregation of
particles is observed if the ball milling time increases, and likewise aggregation
happens in small particles to reduce surface energy [47, 48].
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Fig. 10.6 Transmission electron microscope images of the synthesized MNPs by ball milling
method at different time. (Reprinted with permission from reference [49])

Researchers have been focusing on how to produce homogeneous size distribu-
tion of MINPs by using ball milling procedure. Some reports proposed the centrifugal
separation method with different centrifuge speeds to collect different sizes of the
NPs. In this way, magnetic nanoparticles and their composites are synthesized with
narrower size distributions [50]. TEM pictures of Fe and SmCos NPs synthesized by
this method are shown in Fig. 10.6. 4—6 nm of Fe NPs and 3—13 nm of SmCos NPs
are obtained and shown in Fig. 10.6 (a, b). Also, Fig. 10.6 (c, d) shows the TEM
images of SnCos NPs at several milling times. Fe, Co, and FeCo NPs were fabricated
by surfactant-assisted ball milling method. By controlling the parameters of ball
milling equipment and applying size selection process, homogeneous sized 6 nm
MNPs are obtained.
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10.3.2 Chemical Methods

It is obvious that small NPs have high surface to volume ratio. Therefore, they
agglomerate easily to reduce their surface energy. In case of superparamagnetic
MNPs, aggregation effects are very high because of their colloidal nature. Fabrica-
tion of monodispersed MNPs is a complex process, and this is still a challenging task
to synthesize MNPs with controlled size and reproducible at large scale without any
difficult purification procedure. Various chemical routes can be utilized to prepare
the magnetic nanoparticles for biomedical application such as sonochemical reac-
tions [51], sol-gel method [52], microemulsion [53], flow injection synthesis [54],
electrospray synthesis [55], electrospray synthesis [56], hydrothermal reactions [57],
and thermal decomposition method [58]. While due to the colloidal complexion, the
preparation of superparamagnetic nanoparticles is a little bit complicated process.
Different methods have been utilized to synthesized magnetic nanoparticles with
various phases and compositions, including pure metals like Co and Fe [59], iron
oxides like Fe;0, and Fe,0s, alloys such as FePt and CoPt [37, 60], as well as
spinel-type ferromagnetic materials such as MgFe,0, and CoFe,O4 [39, 61]. In the
last few years, numerous efforts have been dedicated for the preparation of MNPs
with control morphology, well stable and monodisperse through various chemical
routes such as thermal decomposition, hydrothermal reactions, coprecipitation
method, and laser pyrolysis techniques. Among them, the thermal decomposition
method and hydrothermal reaction are extensively utilized to fabricate the MNPs
with narrow size distribution and homogeneous composition. Here we attempt to
sum up some discussion about the coprecipitation, thermal decomposition, and
hydrothermal methods for the preparation of magnetic nanoparticles with an illus-
tration of some examples.

10.3.3 Coprecipitation

The coprecipitation technique is very promising and efficient chemical method to
prepare the MNPs especially superparamagnetic NPs. The biodegradable MNPs can
be synthesized at large scale and highly aqueous dispersed by using this method.
MNPs with different sizes, structures, and compositions can be obtained, but these
properties depend on the initial magnetic salt precursor types, reducing agents,
reaction time, and temperature. Once the optimized synthesis conditions are
achieved, MNPs are reproducible by coprecipitation technique.

In case of iron oxide NPs, ferrous and ferric salts are mixed to prepare MNPs by
an aging stoichiometric in aqueous medium. The chemical reaction involved in the
synthesis of Fe;04 NPs is given in Eq. 10.4.

M** +2Fe*t + 80H™ — MFe,04 + 4H,0 (10.5)

where M can be Fe?*, Mn?*, Co*, Cu?**, Mg**, Zn** and Ni**.
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With a stoichiometric ratio of Fe>* and M** is 2:1, the complete precipitation
should be obtained at a pH levels between 8 and 14 in nonoxidizing atmosphere [62].

Fe;0, is unstable at some circumstances and are easily oxidized to maghemite
(y-Fe,03) in the presence of oxygen.

Fe3s04 +2H" — yFe, 03 + H,0 (10.6)

Many other factors are also related to the oxidation of iron oxide apart from the air.

However, in the formation of MNPs, particularly Fe;O4 by coprecipitation
method, there is still challengeable that how to obtain the narrow size distribution
with controlled size and shape. Shen et al. prepared ultrasmall nanoparticles of iron
oxide using coprecipitation and successfully applied in biomedical application
[63]. Michael Barrow et al. also synthesized superparamagnetic iron oxide
nanoparticles with different sizes by coprecipitation approach [64].

10.3.4 Thermal Decomposition

The considerable issue is to prepare the extremely fine particles with control size and
distribution at nanoscale formulation. This problem is prominent when dealing with
MNPs because of their continual growth with reduction of altogether surface energy
as well as aggregation of particles. Furthermore, the Ms value is being significantly
decreased than bulk materials at nanoscale systems [65—68]. While the preparation
of MNPs with control size and homogeneous size distribution as well as with less Ms
value is potentially important in the biomedical field, the thermal decomposition is a
promising method to synthesize magnetic nanoparticles with the decomposition of
organometallic compounds comprised of stabilizing surfactants and organic solvents
without aggregation of particles [39, 69-71]. After the successful synthesis of
various oxides and high conductive semiconductor nanocrystal through thermal
decomposition [72, 73], corresponding method has been forward to the synthesis
of MNPs with control and homogeneous morphology distribution. While the mag-
netic nanocrystals have been fabricated via thermal decomposition method by using
organometallic compounds with high-boiling solvents including stabilizing surfac-
tants [74], further, the metal acetylacetonates included in the organometallic pre-
cursors such as metal cupferronates [M*Cup,] (M = metal ion; Cup = N-
nitrosophenylamine, C¢gHsN(NO)O-) [75] [M(acac)n] (M = Mn, Fe, Ni, Cr, Co,
n = 2 or 3, acac = acetylacetonate), oleic acid [76], hexadecylamine [77], and fatty
acids [78] are frequently used as surfactants. Accordingly, the ratios of reagents,
reaction time, and temperature, as well as aging period, are the determined param-
eters toward synthesizing of magnetic nanoparticles with tunable size having homo-
geneous morphological distribution. In the case of zerovalent metal in the precursor
like in carbonyls, initially the formation of metal is being carried out through thermal
decomposition, but oxide nanoparticles as well can be synthesized by a two-step
procedure. Meanwhile, the precursors include cationic metal centers, the process of



280 M. Z. Igbal et al.

thermal decomposition directly produced the Fe;O, NPs by decomposition of
[Fe,(acac)s] in the presence of various hydrophobic materials [79]. Peng et al.
prepared manganese-based nanocrystals with controlled shapes and size using
thermal decomposition method [78]. Maity and co-workers reported the synthesis
of MNPs of iron oxide using acetylacetonate [Fe(acac);] through thermal decompo-
sition and studied the various effects on the structure of the Fe;O, nanoparticles
[80]. The particle size was well controlled with narrow size distribution, and Ms
value is significantly enhanced with increasing the temperature and reaction time.
Further, in this work saturation magnetization Ms. value of particles can be raised up
through long reaction time or high reaction temperature, if the particle size can be
conserved through either by usage of solvent-free thermal decomposition process or
adhesion of oleic acid to the particle surface. The development performance and
nucleation of nanoparticles formulations can be qualitatively illuminated by classical
concepts. Ostwald ripening [81] and LaMer supersaturation [82] processes describe
what is complied, specifically in the kinetically controlled synthetic procedures. Like
other magnetic nanoparticles, superparamagnetic iron oxide (SPION) nanoparticles
are synthesized by thermal decomposition methods with controlled sized distribution
which are further suitable for numerous biomedical applications such as imaging
[83], diagnostics [84], and targeting therapy [85]; SPIONs are considered to be
nontoxic for intravenous investigations [86, 87]. Hufschmid et al. prepared the
SPIONs with good dispersion by thermal decomposition approach and compared
the three common iron-containing precursors such as iron(IIl) oleate (Fe
[C1gH3305]3), iron pentacarbonyl (Fe[CO]s), and iron oxyhydroxide (FEOOH)
[88]. In this work, by using organic solvents, iron oxide particles were grown by
thermal decomposition, and through generally excess surfactant, oleic acid is added
to adjust size distribution and tailor the growth kinetics. By the addition of more
oleic acid, the size of particles was altered from 10 to 25 nm and the quantity of oleic
acid increased, resulting in increased sizes of particles. In another work, Igbal et al.
synthesized the ultrasmall silica-coated SPIONs by thermal decomposition of iron
oleate complex with an average size of 4 nm with homogeneous size and
monodispersion [89]. In this synthesis process, iron oleate was used as a precursor
in the presence of organic solvents oleic acid and oleyl alcohol. The solution reaction
color with respect to time and microscopic images of prepared SPIONSs is shown in
Fig. 10.7.

Characterization techniques revealed the good crystallinity and high dispersion of
MNPs in organic and aqueous solution. Further, these nanoparticles are utilized as an
excellent candidate for MRI imaging as T, contrast agent due to their smaller size
and homogeneous distribution. Moreover, various pure composites of MNPs can be
prepared by the thermal decomposition approach [90-93].

10.3.5 Hydrothermal Synthesis

There is a broad range of nanomaterials including magnetic nanoparticles that have
been synthesized through the hydrothermal approach. To prepare ultrafine
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Fig. 10.7 (a) Digital snapshots of solution reaction color with respect to time (b-d) TEM images of
the ultrasmall nanoparticles and the SiO,-coated Fe;O4 nanoparticles. (e) Particles size dispersion
analyses of Fe;0,@SiO, in water. (Reprinted with permission from reference [89])

nanopowders and MNPs through hydrothermal reactions is widely reported in
literature [93-95]. In the hydrothermal approach, the reactions take place in aqueous
media in autoclaves or reactors where the temperature is more than 200 °C and
pressure might be higher than 2000 psi. Li et al. described the typical synthesis route
of hydrothermal reaction from a broad diversity of nanocrystals which has been
synthesized through liquid-solid solution reaction [96]. The approach comprised of a
water-ethanol solution, a metal linoleate (solid), and an ethanol-acid liquid phase
under a hydrothermal atmosphere at various reaction temperatures. The fundamental
point in this mechanism is phase transfer and separation strategy which happens at
the interfaces of solid, liquid, and solution phases immediate throughout the synthe-
sis. Generally, two mechanisms are defined for fabrication of ferrites through
hydrothermal conditions, oxidation or nucleation and hydrolysis of hybrid metal
hydroxides. There is quite a similarity that exists between these two mechanisms
except the usage of ferrous salts in the second mechanism. In this approach,
significantly effects are being occurred on resultant products by reaction conditions
such as time and temperature of reaction and solvents [97]. Undeniably, it is
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Fig. 10.8 (a-b) Schematic presentation of the procedure for the gram-scale synthesis of MNCs.
(c and d) A set of transmission electron microscopy (TEM) images of MNCs. (Reprinted with
permission from reference [107])

observed that the precipitation of larger Fe;O4 nanoparticles resulted due to higher
water content and the particle size increased due to prolonged reaction time. In the
hydrothermal approach, the grain growth and the nucleation process rate mainly
control the particle size in crystallization. By keeping other conditions unchanged,
their process rate is determined by reaction temperature [97]. The solvo—/hydro-
thermal approach provides a cost-effective and versatile route for the fabrication of a
large number of magnetic clusters with high crystallinity and controlled morphology
[98, 99]. The hydrothermal approach is capable to prepare and reshape the
nanoparticles via different processes to modify the magnetic behavior of resultant
particles [100]. Recently, Kim et al. reported the gram scalable synthesis of
superparamagnetic iron oxide nanoclusters Fe;O4(MNCs) of 11-13 nm composed
of nanocrystals by the hydrothermal approach and modify the MNCs morphology by
the diversity of molar ratios of surfactants and precursors [101]. The schematic
presentation of the process of the preparation of Fe;O4 nanocluster is shown in
Fig. 10.8. Usually, the ferrite substances might be categorized into three classes:
garnet ferrites, hexagonal ferrites, and spinel ferrites [102—104]. In another work,
Hedayati and co-workers reported the fabrication of Fe;O,4 nanoparticles through
hydrothermal synthesis and then investigated the magnetic properties [105]. Further,
the outcome of the resultant morphology was investigated due to different surfac-
tants such as cationic and anionic. Li et al. reported the synthesis of nanocomposites
of a-Fe,03/rGO through a simple hydrothermal approach with the observation of
photocatalytic performance and negative MR effect [106].

In the preparation mechanism of MNPs through different approaches, the colloi-
dal stability results from either electrostatic or steric repulsion, based on the polarity
of the solvent and stabilizers such as amines or fatty acids used. Although the
nanoparticles prepared through thermal decomposition are usually satirically stabi-
lized by surfactants or fatty acids in an organic solvent [71].
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10.4 Magnetic Nanoparticles as Hyperthermia Agent

Nanotechnology emerged as a prodigious field of science with a diversity of
applications in biotechnology, medicine, sensing, and healthcare monitoring and in
each and every aspect of nature [108—110]. Due to the smaller size, easy modifica-
tion, and tunable physical and chemical properties, nano-sized materials have gained
potential fame in the nanomedicine field [111-113]. In terms of treatment and
diagnosis, magnetic nanoparticles (MNP) cannot be replaced with any other material
[25, 114, 115]. Surface functionalization and coating of ferromagnetic and
superparamagnetic nanoparticles not only make them biocompatible but also effec-
tive for killing tumor cells [116, 117]. By applying an alternative field, activation of
MNP brings targeted therapeutic heating of tumor. Gilchrist et al. have explained
firstly that by administration of B, the lymphatic metastases can be killed effectively
due to the heating mechanism in 1951 [118]. Heating of MNPs by applying an
external B, to induce killing of a tumor cell is a well-known term for magnetic
hyperthermia [119]. According to Néel or Brown relaxation due to hysteresis losses,
thermal energy is released into the environment [120, 121]. Basically, hysteresis loss
is related to the nature and strength of applied external B, which further induced the
increase in hyperthermia effect. Originally, various sizes of MNPs endure the
applied external B,; the alignment of MNPs against or with the direction of the
applied magnetic field happens. The time delay phenomenon between the reverting
back to normal state and magnetizable causes the generation of Brownian relaxation
[122, 123]. The movement of these aligned states of nanoparticles and friction
between them generates heat in the surrounding. This heat is used to kill or prolong
the growth of tumor. So, to induce the magnetic hyperthermia, Brownian relaxation
and generation of heat are the key parameters. In the past, there were different kinds
of mechanisms that are involved to cure cancer like radiation therapy, chemotherapy,
and surgery [124-126]. As all the therapeutic mechanisms have some drawbacks
like cisplatin which is widely used to cure cancer but is harmful for the bone marrow,
by combining different therapy mechanisms, therapeutic index can be improved
[127]. In combination with other traditional cancer therapies, hyperthermia has
shown promising effects without damaging other healthy tissues. Hyperthermia
has been revealed promising not only as a singular therapy but also in conjunction
with traditional cancer treatments such as chemotherapy and radiation. Since the
quantity of heat produced can be observed during local hyperthermia, harm to
nearby tissue can be evaded or minimized. Pain, discomfort, and burns are the
most common effects that can be caused by hyperthermia [128, 129].

Fe, Fe;04, Ni, strontium ferrite, and chromium oxide have been used extensively
to produce MNPs [130]. The Curie temperature value along with other physical
properties of such kind of materials containing a core of magnetic nanoparticles has
shown great compatibility in animal studies. In terms of magnetic nanoparticles, iron
oxide (Fe;0,4) nanoparticles and their core-shell structures have gained fame in the
nanomedicine field [131, 132]. There are different advantages of Fe;O,4
nanoparticles over other magnetic nanoparticles; the most important one is biocom-
patibility and nontoxicity. Further, diversity of available synthetic procedure and
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ease in functionalization of iron oxide nanoparticles with organic and inorganic
biocompatible chemicals make them perfect candidates for in vivo studies and
biomedical applications [133]. Similarly, cobalt ferrite has also shown high magne-
tization along with constant heating effect [134]. The heating efficiency of cobalt
ferrite predicted to be higher than iron oxide nanoparticles as they have not studied to
large extent in comparison with iron oxide nanoparticles. Despite good heating
efficiencies, cobalt and nickel nanomaterials have not been studied extensively for
hyperthermia or some other biomedical applications because of difficulty in syn-
thetic procedure [135, 136]. Along with it other types of magnetic nanoparticles in
the form of nanocomposite have been utilized widely for magnetic hyperthermia
therapy like yFe,Oj3, NiFe,0,4, MnFe,0,, CoFe,04, NiO, and Coz0,4 [137]. Last but
not the least, gold, silver, and copper nanomaterials with wide size range and
multiplicity in structure have captured the attention of researchers and proved as
new comers for nanoparticles’ hyperthermia [128, 138].

10.4.1 Parameters Affecting the Heating Efficiency

There are several factors influenced on the heating efficiency as discussed previous.
The strength of external magnetic field plays a significant characteristic in magnetic
hyperthermia, and the heating capacity of the MNPs also related to it. Generally, the
external magnetic field intensity has direct relation with the power loss in magnetic
hyperthermia as given in Eq. 10.7 [139]. The specific absorption rate normally
increases with increasing the power of applied magnetic field [140]. Brezovich
et al. observed that the product of an external applied magnetic field strength H
and frequency f restricted to the value Hy < 4.85 x 108 Am~' s~' which is not
enough to provide excessive heating in patients [141].

P = 1/20u0y0H2 * wt/1 + w272 (10.7)

Nanoparticle diameter and anisotropy are also well concerned for the hyperthermia.
The size of the particle is the major factor to determine that either Brownian-Néel
relaxation is going to occur or hysteresis loss will cause the heat generation. In this
regard, C. L. Dennis et al. studied extensively the particle size and hyperthermia
effects generated by larger particle size [142]. As the particle size will be greater than
100 nm, it will not be suitable for biomedical application due to difficulty in
excretion of a particle through the body, and it cannot disperse and penetrate well
in the tumor. Hence, particle size should be smaller to about 15 nm which is a
suitable size for the Brownian and Néel relaxation (for Fe;O,4 nanoparticles). Heat
generation below 15 nm size is due to Néel relaxation as explained in
Fig. 10.9 [135].

The inferior plot demonstrates Brownian, Néel, and effective relaxation times for
particles with anisotropy constants of K = 40, 25, and 10 kJ/m>. To some extent,
increasing particle concentration also affects the hyperthermia. High concentration
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of particles causes agglomeration and aggregation which results in higher interaction
between the nanoparticles and is rarely significant for hyperthermia, while lower
concentration of particles causes homogeneous distribution of nanoparticles in the
fluid and significantly influences the surface absorption rate [135].

Although diversity in the synthesis of MNPs for hyperthermia can be seen from
1951 onward, as mentioned earlier iron oxide NPs are used widely. In this regard,
C. L. Dennis et al. synthesized ionized ferrite nanoparticles that are core-shell
structures containing Fe;O,4 and dextran by using high-pressure homogenization
method conjugated with monoclonal antibodies and have shown good results by
controlling tumor growth control in a mouse after applying H = 43.8 kA m™' at
150 kHz and 100% duty for 20 min [142].

In another aspect, Ching Jen Chen et al. showed that metal alloys can also be used
for hyperthermia [143]. They have designed polyethylene glycol-coated magnetic
Cu-Ni alloy material by polyol reduction method, and the Curie temperature mea-
sured for such an alloy system was about 43—46 °C. The material was very suitable
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Fig. 10.10 (a) Photoacoustic and magnetic resonance imaging of hyaluronic acid-containing
magnetic nanoparticles, (b) effect of pH on the aggregation of PAA-coated iron oxide nanoparticles,
(¢) photodynamic therapy and hyperthermia studies of bilayer liposomal MNPs for drug delivery
and hyperthermia therapy, and (d) decrease in hyperthermia efficiency due to increase in aggrega-
tion of nanoparticles. (Reprinted with permission from reference [155])

for the hyperthermia to cure cancer. To achieve dual therapeutic response from a
single material has become an important need due to toxicity, less availability, and
desire for new materials. Recently, to realize multi-functionalities from the iron
oxide nanoparticles, Claire Wilhelm et al. designed iron oxide nanocubes for
magnetic and photothermal therapy [128]. They have tested three types of cancer
cells (SKOV3, A431, and PC3) and successfully achieved cell death due to high
heating powers to about (specific loss powers SLP) 5000 W/g. The only dual action
of nanocubes can cause cell death; only hyperthermia or photothermal effect alone
just inhibits the growth of tumor cell (Fig. 10.10a). In vivo study has revealed that by
using dual response, the heating capacity will be higher which will inhibit the growth
of tumor to a high extent (Fig. 10.10c). For comparison between spherical and cubic
nanoparticles’ heating efficiency, H. Srikanth et al. have studied the FeO/Fe;0,
nanoparticles (20 nm) [144]. By changing the ratio of FeO/Fe;0y,, they have changed
the heating efficiency for hyperthermia. Their study revealed that although spherical
nanoparticles have shown higher saturation magnetization, hyperthermia experi-
ments have shown higher values for the cubic structures. Different target molecules
or polymers have been used for the hyperthermia to get accurate targeting by
avoiding the other tissues loss. In this regard, Y.Q. Wang et al. have synthesized
folic acid-containing magnetic nanoparticles [145]. Folic acid served as an accurate
targeting agent, that is, on combination with Fe;O,4, can provide high saturation
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magnetization and fast magneto-temperature response that is necessary for hyper-
thermia therapy. Heat produced from such a material was recorded, and it reached up
to 52.7 °F, i.e., enough to kill the tumor cell. By utilizing the magnetic response, they
have studied the T, signal of KB cells by MRI and obtained promising results.
Further after injecting the folic acid-containing magnetic nanoparticles in the mouse
for KB cells, in just 4 h, the weakening of KB cells happens which was a good
evidence of hyperthermia.

Recently, photothermal therapy by using some magnetic nanoparticles becomes
promising therapeutic approach to cure different kinds of cancer [146]. Photothermal
properties induced by black TiO, and other material have been used for cancer cure
due to in situ heat generation [147]. Various efforts have been adopted to enhance
the heating efficiency by designing new materials. Aiguo Wu et al. have synthesized
poly (ethylene glycol)-modified iron oxide containing nanoflowers [148]. The
in vivo and in vitro studies have shown promising results for photothermal therapy.
As explained earlier the cube-shaped iron oxide nanoparticles have shown high
heating efficiency, but the heating efficiency of synthesized iron oxide nanoflowers
was proved to be better than iron oxide nanoparticles. Iron oxide nanoflowers have
shown approximately 52 °C increase in temperature which was comparable to that of
black TiO, core-shell nanostructures which revolutionized the biomedical field in
both aspects of new nanomaterials synthesis and their advanced applications
[149, 150]. To some extent, different kinds of core-shell nanomaterials have been
synthesized yet for cancer, MRI, detection of various diseases, and other
multifunctional tasks [151]. In this aspect to achieve application related to hyper-
thermia and killing cancer stem cell, Chunying Chen et al. synthesize hybrid
magnetic nanomaterial for the chemo- and magnetohyperthermia therapy
[152]. Hyaluronic acid was utilized to get an accumulation of this hybrid material
containing Fe@PPA@HA. The use of PPr causes the photoacoustic effect, and
Fe;04 NPs used as MRI agent further PPr shell allowed a high amount of drug
N-[N-(3,5-difluorophenacetyl-L-alanyl)]-S-phenylglycinet-butyles-ter (DAPT)
loading (Fig. 10.10a). The accumulation of Fe@PPr@HA in the tumor cell and
then easy drug release along with magnetic hyperthermia properties caused killing of
cancer stem cells. The intraparticle interactions have been studied well by changing
pH and ionic strength of the desired nanoparticles system. Poly(acrylic acid)-coated
nanoparticles have shown good stability to a wide range of change of ionic strength
induced by using different concentrations of ammonium chloride. For in vivo
system, particle stability is a great factor to be considered. Similarly, pH variation
also induced aggregation of bare and coated magnetic nanoparticles as can be seen in
Fig. 10.10b. Interestingly vast variety of work has explained about multi-
functionality of different materials in which utilization of properties of every mate-
rial brought together in the form of one hybrid material. Claire Wilhelm et al. have
designed a novel approach to utilize liposome property of hydrophilic and hydro-
phobic molecule transfer due to the lipid bilayer and magnetic property of magnetic
(Fe;0,4) nanoparticles [153]. The liposome has shown the photosensitizer action
which on irradiation with NIR induced toxic reactive oxygen species that can induce
photodynamic effect and application of magnetic field generated heating of magnetic
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nanoparticles to obtain magnetic hyperthermia. Both these effects have killed the
tumor that has been studied experimentally by in vitro studies (Fig. 10.10c). Regard-
less of the work published on the magnetic nanoparticles for the biological system,
the stability mechanism is still under consideration related to the biomedical appli-
cation. Well-dispersed magnetic nanoparticles have gained fame in this field, but still
heating efficiency is poorly understood [154]. For the aggregation system of mag-
netic nanoparticles, Jerdme Fresnais et al. have explained about poly(acrylic acid)-
coated and poly(acrylic acid-co-maleic acid)-coated iron oxide nanoparticles
[155]. Finally, they have concluded that aggregation of magnetic nanoparticles
causes decrease in heating efficiency (Fig. 10.10d).

Magnetic hyperthermia for cancer cure is not only limited to iron oxide
nanoparticles, but other parameters are also involved that cause controlled hyper-
thermia. Orestis Kalogirou et al. have synthesized carbon-based MNPs by
solvothermal method with the size range from 150 to 250 nm [156]. The heating
efficiency was controlled by synthesizing thinner layer of carbon which interestingly
causes the increase in specific power loss and proved efficient for hyperthermia
[157]. In an instant, ultrasmall iron oxide NPs may be excreted rapidly, and
biodegradation may occur on direct exposure to the biological environment
[158]. To cover this limitation, a coating of a suitable material is required. Ewa
Borowiak-Palen et al. have designed a sol-gel approach to get magnetic silica
nanotubes (Fig. 10.11a—e) [159]. These Fe,03-containing silica nanotubes were
not only successfully utilized for rhodamine B drug loading but also have been
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Fig. 10.11 (a—c) Synthesized magnetic silica nanotubes, (d—e) their increase in temperature
according to application of various strengths of magnetic field (20 KA/m to 80 KA/m), (f) cell
toxicity results measured by CCK-8 assay with different concentration of MNPs, and (g) fluorescent
microscope images of separated HaCaT cells stained with various dyes. (Reprinted with permission
from reference [161])
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used for hyperthermia application after applying different field strengths. Further,
the increase in surface absorption rate was also measured with an increase in an
applied B, for the successful elaboration of magnetic hyperthermia application.
Similar to silica, carbon nanotubes have been efficiently used for hyperthermia
application with other magnetic nanoparticles like Zr, Ni, Co, etc [160]. Wei Gao
et al. have designed multiple magnetic nanoparticles containing carbon nanotubes
(Zng 54C00 46Crg gFe 404) and have determined their cytotoxicity, magnetic prop-
erties, and heat generation ability [161]. Finally, on the application of external
magnetic field (frequency, 100 kHz; intensity, 200 Oe), the heat generation reached
to about 42 °C which is a feasible temperature to achieve hyperthermia application
(Fig. 10.11f-g). The cytotoxicity effect of magnetic carbon nanotubes was measured
on HaCaT cell line by the incubation of prepared MNPs with different concentra-
tions and time. In Fig. 10.11g, it can be seen that cells incubated with various
concentrations of magnetic carbon nanotubes for 72 h have shown Calcein-positive,
Hochest 33,258-positive, and PI-negative state. This toxicity result is consistent with
the quantitative CCK-8 assay in Fig. 10.11f. These outcomes have revealed that the
prepared magnetic carbon nanotubes demonstrated very minute level of toxicity for
HaCaT cells.

The above reports showed the promising use of MNPs as a magnetic hyperther-
mia agent with enhanced biocompatibility.

10.5 Magnetic Nanoparticles for Drug Delivery

The treatments of fatal diseases with high efficiency have been the substantial aim of
the human race since the ancient times. With passage of time, scientists have
effectively refined the understanding toward the functions of human organs
(bones, blood vessels, various tissues, and nerves) and other related parts including
living cells with their basic phenomenon. From the last two decades, there were
some incredible innovations appeared in biomedical field with polymer and micro-
nanoparticles related to different ways of treatments including diagnosis, sensing,
drug delivery, and imaging techniques with different therapies. Among them, drug
delivery mechanism has been greatly explored to cure some fatal disease with low
toxic side effects and in other clinical trials. Various species of drug carriers have
been reported for different treatments including polymeric nanoparticles, micelle-
shaped polymeric nanoparticles, liposomes, carbon-based systems, silica
nanoparticles, and magnetic nanoparticles (e.g., iron oxides) (Fig. 10.12). Here, we
discuss some magnetic nanoparticles which are used for drug delivery systems for
various clinical trials. Magnetic nanoparticles are used for drug delivery system
because of their control mechanism with magnetic field to cure effective part of
body. In the early 1970s, the concept of using magnetic micro- and nanoparticles for
drug carriers was introduced to target a specific part inside the body [162].
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Fig. 10.12 An overview of various drug delivery systems using nanoparticles with many targeting
possibilities. (Reprinted with permission from reference [163])

10.5.1 Drug Delivery Mechanism

Several drug delivery systems are being applied successfully for treatments, however
still need to develop some accurate methods to overcome certain challenges that
need to negotiate with development of advanced technology as well as for achieving
targeted delivery of drugs. Recently, enormous progress has been devoted to hand
over natural active compounds or therapeutic agents in the field of drug delivery
system for various targeted treatments [164, 165]. Recently, drug delivery system
based on nanotechnology studied widely that will make ease to progressive system
of drug delivery. In nanomedicine drug delivery system, nanoscale structures act as a
carrier of various substances like nanorobots [166], sensory [167], delivery of drugs
[168], natural polysaccharides [169, 170], antibodies [171], tunable surfactants
[172], cell membrane [173], and peptides [174] to target regions and improve
specificity of organisms through chemical functionalization. The system for con-
trolled drug release through employment of different nano drug carriers is shown in
Fig. 10.13. There are two main paths to deliver drugs through nanostructures: first is
passive and second is self-delivery. In the foregoing, hydrophobic effect is being
used to incorporate the drugs in structural cavity. When nanomaterials are employed
toward specific sites, the proposed drug amount is allowed due to small content of
drugs which is surrounded by hydrophobic contexture [175]. Moreover, the purpo-
sive drug is directly associated with nanocarrier for simple delivery. In this way, the
drug releasing time is critical as the drug will dissociate from the MNPs before
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Fig. 10.13 Systems for drug release by employment of various nanocarriers. (Reprinted with
permission from reference [177])

reaching to the desired target; however, its efficiency and bioactivity will be mini-
mized if it is dissociated at right time from the nanocarrier [175]. Targeting of drugs
is further classified into two aspects, active and passive, by usage of
nanoformulations. In the mechanism of active targeting, moieties, such as peptides
and antibodies, are associated with delivery system to hold them toward receptors of
the target site. The passive targeting mechanism is a little bit different from active
targeting because the desired drug carrier circulated in the bloodstream and propelled
to the target site through affinity affected by properties like temperature, shape, pH,
and molecular site. The receptors are primary targets on cell membranes, antigens on
the surfaces of cell, and lipid elements of cell membrane [176]. Currently, drug
deliveries based on nanoformulations are mostly directed toward the cure and
treatments of cancer.

Hence, stimuli-responsive carriers at nanoscale exhibit capability to regulate the
drug release through external actions such as pH [178], heat [179-181], ultrasound
[182], light [183], magnetism [184, 185], and ionic strength [186], which help to
enhance the targeting ability and control of dosage. For example, by using external
magnetic field, superparamagnetic iron oxide nanoparticles are conjugated with
lipids [187] or polymeric nanocarrier [188] to activate a controlled drug release
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system. Furthermore, Ulbrich et al. proposed a recent attainment of drug delivery
mechanisms, especially on basis of magnetic nanoparticles and polymeric
nanoparticles and mark directions as well to the covalently and noncovalently
conjugated drugs effects toward cure of cancer [189]. Besides it,
Au/Fe;04@polymer MNPs have been utilized for chemo-photothermal therapy
application under the excitation of NIR light [190].

10.5.2 MNPs in Drug Delivery

Meaningful clinical investigations have been studied for the usage of MNPs espe-
cially iron oxide-based nanoparticles due to its unique properties for theranostics
such as magnetic drug targeting, molecular imaging, and magnetic hyperthermia
applications [117, 191-193]. In this section, we illustrate some important examples
of magnetic iron oxide and iron-based nanoparticles in drug delivery system. Due to
high response toward magnetic field of magnetic nanoparticles, it establishes them to
penetrate in target site either by means of internally employment of permanent
magnet or by applying external magnetic field [194]. Early in the 1970s, Widder
et al. used the magnetic microspheres for the delivery of drugs toward tumor [195].

Cancer-related mortality is a very serious problem in this modern world because
the uncontrolled abnormal cell accumulates and disseminates to normal healthy
tissues [126]. Gao et al. proposed a synthesis of 8 nm of Fe;0,4 nanoparticles and
cisplatin which are dual loaded with magnetic liposome for generous ROS
(Fig. 10.14) [196]. The apoptosis of mitochondria and DNA damage is caused by
intracellular ROS, restoring the system in cisplatin-resistant A549 (A549/R) cells. In
this work, novel magnetic liposome was designed, consisting of drug, targeting
ligands, and iron oxide MNPs. The generation of Fe**/Fe** from Fe;0, MNPs in the
acid liposome causes to cisplatin and catalyzed anticancer drug artemisinin (ART) to
form toxic ROS via Fenton reaction, which improved the cisplatin anticancer effect
with much less side effects.

(3 )
DPPC cisplatin  Fe;0, NPs
A V.ot

ART-Chol self-assembly
N\

c¢RGD-PEG-DSPE

Fig. 10.14 Graphical synthesis mechanism of the magnetic liposomes cRGD-AFePt@NPs.
(Reprinted with permission from reference [196])
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Further the loading of cargos carrying Fe;O,4 and cisplatin was estimated by
respective formula.

weight of cargos (cisplatin or Fe O NPs)
weight of cRGD AFePt@QNPs

DLC (wt%) =

In vitro examination of A549/R cells exhibits that cRGD-AFe@NPs showed a 15.17-
fold lower ICs value of cisplatin (ICsq = 32.47 pM). Furthermore, increased intracellular
ROS formation and apoptosis of cell are showed by flow cytometry tests.

Various diseases can be cured with targeted drug delivery in better way by means
of magnetic nanoparticles. According to the World Health Organization, cardiovas-
cular diseases caused the death of 17.7 million people in 2015, a toll that comprises
~31% of mortality throughout the world [197]. Thrombolysis is the type of blood
clot which may lead to different mortalities and disabilities as outcomes. Prilepskii
et al. proposed a novel magnetic nanocomposite with thrombolytic drug synthesized
by heparin-mediated cross-linking of urokinase (MNPs@uPA) [198].

This novel magnetic thrombolytic drug nanocomposite was synthesized by
extension of urokinase-type plasminogen trigger to MNPs with heparin as the
binding agent (Fig. 10.15a). This nanocomposite MNPs@uPA exhibits
superparamagnetic behavior as shown in Fig. 10.15b. Subsequently, examine the
nanocomposite on thrombolytic activity in clot model, found that in the presence of

E srocompente
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Fig. 10.15 (a) Synthesis process of MNPs@uPA. (b) Magnetic property (M-H) curve of
MNPs@uPA and of pure magnetite. (¢) Dissolution of the model clot exposed to nanoparticles.
(d) Thrombolytic activity of MNPs@uPA in vivo. (Reprinted with permission from reference
[198])



294 M. Z. Igbal et al.

magnetic field the rate of clot reductions being carried out in 12 min with
(MNPs@uPA) and take mean value of 5 measurements (Fig. 10.15c). Furthermore,
the scheme (Fig. 10.15d) investigation of this novel thrombolytic drug composite is
also examined in vitro. Firstly, in rat carotid artery clot was formed through
imposing of cotton piece with ascorbic acid and FeCl;. After injection of
MNPs@uPA within 0.5-10 min, the blood flow resumed, and the gradual decline
of clot continued. This new composition is FDA approved, and biocompatible
components also exhibit thrombolytic efficiency by at least 30%.

As an improvement of hydrophobic drugs in vivo achievable by nanoparticle
formulation through circumventing solubility effect and handover targeted delivery,
Hsiao et al. presented a mechanism for hydrophobic drug PTX attached on the
surface of hydrophobic iron oxide NPs and then coated with chitosan-PEG copol-
ymer. Later, chlorotoxin (CTX) was attached onto the MNPs as a targeting agent.
This work has significance to overcome the hurdles of hydrophobic drugs to the
specific area, and IONPs easily manipulate with the external magnetic field which is
another advantage of this work. The hydrophobic CTX drug contains 36-amino acid
peptide and particularly enchains to metalloproteinase-2 (MMP-2) and was used for
proposed human glioblastoma (GBM) cell. The synthesis mechanism is given in
Fig. 10.16a. The prepared PTX-NPs are very stable and did not show any

a mPEG-Chitosan (CP) Amphiphilic chitosan (CP6C)
- Hexanoic i on
[ oH ( on . anhydride { L 0 0
dQ o\ of ——— ";‘&/0 ~A oA o
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MPEG\/\/ J

b Chloroform Water Water
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. \ﬁ\/é [Separaton > o

OA-IONP  PTX [ Filtration > P'D( 7

Q IONP
O Oleic acid
CP6C
* PTX
v~ PEGy

PEG,,

B cTX

Fig. 10.16 Schematic description of preparation of CP6C copolymer-coated, PTX-loaded, and
CTX-conjugated IONPs. (Reprinted with permission from reference [199])
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aggregation in the hydrodynamic size measurements. On the other hand, most of the
liposomes are to be left in serum at 37 °C for few hours [200-202]. Further,
investigate the cellular uptake of NPs with the help of confocal laser scanning
microscope (CLSM). While, nonspecific uptake of PTX-NP by cell was investigated
which shows that biniding of CTX-PTX-NP accepted by cells which shows that
binding of CTX refined the cellular uptake. Next, cell viability and the therapeutic
performance were investigated on U-118 MG cells using different groups of syn-
thesized MNPs. Accordingly, improved cellular drug growth-mediated mechanism
by CTX in CTX-PTX-NP enhanced the killing of tumor cell. Further, CP6C
copolymer-coated iron oxide nanoparticles are promising platform for hydrophobic
drug delivery system and can be replaced with different ligands for imaging and
targeting applications.

As with the passage of time, nanoparticles have gained much more attention
toward delivery of vaccine to tumor cells. Furthermore, vaccine delivery system
based on nanoformulation has great ability to enhance the vaccine immunogenicity.

Conventionally, the nanoparticle-adjuvant vaccine articulation is classified into
two types. In the first type, nanoparticles acted as delivery system by delivery of
antigen to immune system either by delivery of antigen to target site or through
congesting by immune cell [204]. The remaining type is based on nanoparticles used
as immune potentiator to improve antigen operation. Zhao et al. reported the
mechanism of vaccine delivery based on coupling of Ovalbumin Endofit with iron
oxide nanoparticles (Fe;04-OVA) to inhibit the tumor growth [203]. In vitro cellular
uptake of Fe;04-OVA is being studied on treatment of CT26 cells for 24 h.
Accordingly, tumor growth was remarkably inhibited through incubation of
Fe;04-OVA NPs against single Fe;O,4 and soluble OVA which had comparable
PBS control group (Fig. 10.17¢). Additionally, the in vivo cytotoxicity of Fe;Oy4-
OVA nanovaccine was studied, and intratumoral injection results showed that this
nanovaccine has better compatibility after investigating organ toxicity (Fig. 10.17c¢).
Results revealed that Fe;04-OVA NPs have strong effect in immunity reaction and
tumor ablation as well as can be employed as a general system for cancer vaccines.

10.6 Magnetic Resonance Imaging (MRI)

Worldwide scientists have been paying attention to improve the cancer diagnosis
techniques at early stage by combining different scientific disciplines. Many molec-
ular imaging techniques have been available for early diagnosis of serious injuries
and different types of cancers. However, magnetic resonance imaging gained sig-
nificant interest in clinical usage and for medical research purpose owing to its
special features such as noninvasive, selectivity, and sensitivity as compared to other
imaging modalities. This molecular imaging technique successfully maps severe
injuries, abnormalities, heart problems, and cancer tumor [205, 206].
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Fig. 10.17 (a) Schematic and working principle of Fe;0,-OVA. (b) The concentration of MNPs
inside DCs cells. (¢) Histological examination of different major organs treated with different
groups of NPs. (d) Cell toxicity experiment. (e) Photograph of tumors after treatment. (Reprinted
with permission from reference [203])

10.6.1 MRI Contract Agents

Initially, MRI was designed for imaging purpose because it does not contain any
harmful radiations. However, low sensitivity was the major drawback of MRI when
compared with another diagnosis technique such as nuclear imaging. Later, this
shortcoming is resolved by the development of magnetic contrast agents (MCAS),
and then MRI attained a significant position in clinical diagnosis which is a prom-
ising tool for biomedical research [207]. MCAs increase sensitivity and/or specificity
because of the shortened relaxation time of protons. The relaxivity values of r; and
1y, which are generally measured in mM ™' s7!, demonstrate the increase in 1/T 1 and
1/T, per concentration [M] of contrast agent, respectively. The expression is given
below.

11
T, Tio

)

M) (i =1,2) (10.8)

The efficiency of CAs in MRI is measured in expression of the ratio between the
transverse and longitudinal relaxivities (rp/r;). CAs are strongly depending on this r/
1y ratio because by using this, we can decide whether the CAs can be employed as a
positive (T;) or negative (T,) agent.

Furthermore, from the clinical applications point of view, clinical contrast agents can
be categorized into two types: (1) positive ones (blood pool agents, hepatobiliary agents,
and extracellular agents) and (2) negative ones (blood pool imaging and passive targeting)
[208]. Magnetic resonance probes are further categorized into two types: the first one is
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paramagnetic material-based CAs such as gadolinium (Gd**) or manganese (Mn>*) which
are usually used as T; MR imaging, and the second type is based on superparamagnetic
CAs such as pure iron oxide NPs and iron oxide-based NPs which are generally used for
T, MR imaging. Paramagnetic agents are coupled with some chelate to control the toxicity
of free ions. Sometimes polymer or coating substances are used to improve the biocom-
patibility and aggregation problems of the iron oxide NPs. Superparamagnetic agents have
a considerably better magnetic moment as compared to paramagnetic agents
[209, 210]. Mostly, these superparamagnetic iron oxide agents are used for T,. However,
a new class, ultrasmall (5 nm) iron oxide NP, has been introduced to increase the Ty MR
imaging [211, 212].

10.6.2 The Longitudinal Relaxation (T;) Agents

Positive contrast agents decrease the T, and rp/r; and generate bright image. Gener-
ally, gadolinium (III)-based complexes, which have seven unpaired electrons on the
surface, are used to create T,-weighted MRI. These ions enhance the relaxation rate
of the adjacent and exchangeable water molecules and as a result increase the
intensity in T;-weighted images. The longitudinal relaxation reveals a thermal loss
from the spin system to its surroundings (lattice). The intricated paramagnetic ion is
embedded by three kinds of water molecule. Firstly, water molecules are attached
directly to the paramagnetic ion at inner sphere. These kinds of molecules can
exchange with the surrounding bulk water and generate the strongest effect on the
overall relaxivity because of direct link with the paramagnetic ion. Hydrogen bonded
to the organic chelate linking the paramagnetic ion at second sphere or middle sphere
of the water molecule.

They experience fast exchange with the nearby bulk water, and their relaxivity is less
affected. Finally, the outer sphere or bulk water including the water from surrounding the
complex as the contrast agent diffuses through the tissue (Fig. 10.18).

The magnetization of paramagnetic materials is directly based on the number of
ions and electrons of unpaired ions. The configuration of paramagnetic metal ions
with magnetic moment is given in Table 10.1.

Some other transition metals also have unpaired ions, but they do not fulfill the
requirement of Larmor frequency rule. However, ions of iron, manganese, and
gadolinium perfectly meet the above requirements. The major difficulty is to
decrease the toxicity effect of paramagnetic heavy metal ions. Several gadolinium
(IIT)-based contrast agents have been available commercially, and the most common
are (1) Magnevist (Bayer HealthCare Pharmaceuticals), (2) ProHance (Bracco
Diagnostics), and (3) Omniscan (GE Healthcare). These complexes are all adminis-
tered intravenously (0.1 mmol/Kg dose) and are pass out from the kidneys within
24 h. They enhanced image efficiency in the brain, lesions, abnormalities, associated
tissues, and spine, but in pathogenic tissues, such as certain tumors, current contrast
agents are not perfect in visualization.

Magnetic nanoparticles based on gadolinium and manganese have a quite stron-
ger paramagnetic property in comparison with iron oxide nanoparticles. For
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Fig. 10.18 The three types (iii) outer sphere
of water molecule which
undergo a change in
relaxivity when in proximity
to a paramagnetic ion.
(Reprinted with permission
from reference [213])

"l
. (ii) second sghere

Table 10.1 List of some important paramagnetic metal ions with their configuration and moment.
(Reprinted with permission from reference [214])

lon Configuration Magnetic moment

i © i I S - 3.9
SV 14444 59
e TS 59

202t ALALALALS 1.7
B3y Hi-+-++4+1 34

SGd> +++++++ 79
S5py3* HHE4+4+-+4+4+ 10.6

example, in case of PEG (polyethylene glycol)-coated Gd,05, the r,/r; is around
1, while in commercial iron oxide nanoparticles (Feridex) as negative contrast
agents, the rp/r; value is about 10. Further, some Gd,O5; nanoparticles are more
sensitive than clinical imaging CAs such as Gd-DOTA complex [215].

Apart from the Gd**-based contrast agents for T; MR imaging, recently Mn?*-
based nanoparticles have obtained a considerable attraction. Manganese is one kind
of paramagnetic contrast agent which showed better efficiency in cardiac and hepatic
MRI. Particularly, it is used to observe the mapping of functional brain regions and
anatomical structures. In manganese case, cellular toxicity issues are still hurdle to
be a perfect contrast agent [216]. Also, the unpaired electron of Mn** decreases its
stability, and therefore it is very exciting to prepare the stable and homogeneous CAs
based on manganese. The effective performance of manganese as a MCA is strongly
based on the affected site-specific delivery and low dose to avoid the negative signal,
maintaining the detectability by MRI
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Another paramagnetic contrast agent is Dy. Dye-based CAs are also extensively
utilized as T; contrast agents due to high value of intrinsic paramagnetism of
lanthanide ion. Hydrophilic Dy’* agent coated by amphiphilic polymers linked
with liposome enhances the visualization ability in cellular epitopes even at very
low concentrations. Moreover, at 7 T, unilamellar liposome loaded with
Dy-HPDO3A shows T, relaxation enhancement as compared to superparamagnetic
iron oxide nanoparticles [65, 217].

Importantly, in the recent years, the Food and Drug Administration (FDA)
authority has added a warning notice on gadolinium CA injection because of
increasing the risk of nephrogenic fibrosing dermopathy (NFD) and nephrogenic
systemic fibrosis (NSF) for patients who have renal failure problem. These patients
are encouraged to find the alternative CAs instead of Gd**. This kind of disease can
cause fibrosis of the joints, internal organs, eyes, and skin which if stern enough may
lead to the patient’s death. The abovementioned diseases are associated with
Omniscan contrast agent, a nonionic linear agent, which has Kd = 1.4 x 1077 M
and shows poor kinetic stability for Gd** and is easily released into the blood. The
contrast agents with poor kinetic stability are easy to discharge in the kidneys due to
lower pH value as compared to surrounding tissues. Recently, new research work
has carried out Gd(III)-DTPA chelates with dendrimer [218, 219].

10.6.3 The Transverse Relaxation (T2) Agents

Iron oxide nanoparticles present the superparamagnetic behavior which is signif-
icant for T, dark (negative) contrast on MRI in comparison with paramagnetic
ions. The aptitude of SPIONs to achieve as MR imaging CAs is aggressively
examined in the last 20 years. MNPs with controlled shape, size, and magnetic
features are intensively studied as MRI contrast agents. However, several other
organic or inorganic layers have been established to increase their stability,
functionalization, targeting, and toxicity. Most SPION-based clinical-approved
MRI contrast agents are coated with dextran citrate-stabilized particles (VSOP-
C184) or carbohydrate [220, 221]. Some polymers, metals, and silica are also in
development phase or in different stages of the preclinical research. The versatile
coating layers provided nanoparticles as platform for additional fictionalization by
conjugation with multi-domain targeting entities such as peptides and antibodies.
The magnetic moment of SPIONPs is much higher than paramagnetic and conse-
quently needs a low concentration for the contrast agent purposes. In the last two
decades, several reports have demonstrated the detailed investigation on the iron
oxide, iron oxide cores with different sizes, and their applications in theranostics
[222]. The controls over size, shape, and magnetic, intrinsic, and extrinsic prop-
erties of the nanoparticles are major factors to develop excellent T, contrast agents.
It is obvious, MNPs showed contrast enhancment under applied alternative mag-
netic fields compare with water [223].
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It is observed that there was no dipole moment in the absence of magnetic field,
and by applying an external field, the MNPs induced magnetic dipole moment in the
surrounding water molecules. And it results in the shortening of the spin-spin
relaxation time of the proton. Various concentrations of MNPs are uptaken by
different tissues with variable T, values and create distinct MR images. Healthy
cells contain an effective reticuloendothelial system (RES) as compared to the
cancerous cells. Therefore the relaxation time of the tumor cells will not have
reformed by the CAs. These phenomena make them apparent from the adjacent
healthy cells [224].

MNPs of iron oxide are confirmed to be a better substitution for the gadolinium-
based complexes like Gd-DTPA as CAs owing to their high relaxivity, biocompat-
ibility, and low toxicity [225]. Therefore, little dose of SPIONPs was required into
the human body than paramagnetic material-based CAs. Currently, commercialized
available gadolinium required 10-7 mol/g to obtain high-quality image which is very
high, and typical receptors usually need low concentrations of 10~ to 10~ mol/g.
Therefore, it is very important to resolve the sensitivity issue. Many MNPs have
been under investigation as CAs, but magnetite is a well-examined material with
very low toxicity and rapidly cleared from the organism [226]. Wittenberg
performed a very refined and detailed research on different sizes, their effects on
magnetization, and relaxivities of MRI as shown in Fig. 10.19. When the particle
size is increasing, the T,-weighted contrast is enhanced significantly. In order to
increase the biocompatibility, inorganic oxides (silica and carbon), organic surfac-
tants (dodecylamine and sodium oleate), organic polymers (chitosan, dextran, poly-
ethylene glycol, polyaniline, and polysorbate), inorganic metals (gold), as well as
bioactive structures and molecules (ligands/receptors, liposomes, and peptides) have
been introduced on the surface of magnetic nanoparticles [227].

The aggregation and embolization are the important issues related to MNPs that
start to restrict blood flow. In addition, most of the MNPs entered in the liver and
produced cytotoxicity which is another unwanted side effect. Small particles with
biodegradable coating substance provide a platform to overcome these circum-
stances. Previous studies have shown that 15.0 nm nanoparticles tend to be cleared
by the liver, whereas ultrasmall particles (5.0 nm) can be excreted quickly by the
kidney [228].

10.7 Conclusion and Prospective

Nanotechnology holds an immense potential in energy, agriculture, and environ-
mental and biomedical applications. Nanomaterials offer a significant opportunity to
ease the daily life from traditional to modern. Engineered magnetic nanoparticles
present multiple solutions for the diagnosis and treatment of many dangerous
diseases due to their unique characteristics. The magnetic characteristics of single-
domain iron oxide nanoparticles are strongly based on the saturation magnetization,
nanoparticle size and aggregation, Néel relaxation time, and anisotropy constant.
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Fig. 10.19 (a) TEM images of nanoparticles of Fe;0, nanoparticle of different sizes, (b, ¢) size-
based T, characteristics and (d) T, values with respect to size, and (e) magnetization characteristics
according to size [229]

MNPs have showed hyperthermia effect by applying an alternative field, that is,
activation of MNP brings targeted therapeutic heating of tumor. MNPs actively
participated as a therapeutic agent, but there is still a need to consider the size-
dependent temperature change. Also, mostly studies explained about the intratumor
killing effect, therefore, intravenous targeting and produce hyperthermia inside
cancer cell will be remarkable edition in the field on cancer theranostics. Delivery
systems using magnetic nanoparticles are promising drug transporter. However,
there is still a need to develop some accurate methods to improve the delivery
efficiency that is needed to have proper surface functionalities, achieving a
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maximum targeted delivery of drugs. These properties of the magnetic nanoparticles
play a significant character where these features are essential not only in MR
imaging and relaxivities properties of T;- and T,-weighted contrast agents but also
are potential applicability in medical areas. Finally, the improvement of synthesizing
magnetic nanoparticle probes is still in its infancy, but it has contributed a lot in
developing MRI. The use of nanoparticles as contrast agents, advancing toward
clinical implementation, to improve the relaxivity coefficient, long-term
cytotoxicology, storage, and kinetic stability, should continue to be taken into
consideration.
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