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Nuclear Magnetic Resonance Imaging (MRI) of amyloid plaques is a powerful non-invasive approach for
the early and accurate diagnosis of Alzheimer's disease (AD) along with clinical observations of behavioral
changes and cognitive impairment. The present article aims at giving a critical and comprehensive review
of recent advances in the development of nanoparticle-based contrast agents for brain MRI. Nanoparticles
considered for the MRI of AD must comply with a highly stringent set of requirements including low
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toxicity and the ability to cross the blood—-brain-barrier. In addition, to reach an optimal signal-to-noise
ratio, they must exhibit a specific ability to target amyloid plaques, which can be achieved by grafting
DOI: 10.1039/c7tb01599b antibodies, peptides or small molecules. Finally, we propose to consider new directions for the future of

MRI in the context of Alzheimer's disease, in particular by enhancing the performances of contrast agents
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1 Introduction

Alzheimer’s disease (AD) is the most common neurodegenera-
tive disease and accounts for 60-80% of all dementia with more
than 33 million people affected in 2011." Brookmeyer et al.
estimated that, in 2050, 1/85 people are susceptible to contracting
AD, which represents more than 100 million people worldwide.”
The G7 countries share more than 60% of dementias’ global
costs with a prevalence of less than 30%.°> Despite reports
indicating a decline in the incidence of Alzheimer’s disease in
high income countries (Europe and USA), the overall increase
in life expectancy should result in a worldwide increase in its
prevalence rate.*® The costs of dementia were reported to be
approx. 600 billion US dollars worldwide in 2010,° more than
800 billion in 2015 and are expected to reach 1 trillion US
dollars in 2030,> which illustrates the strong economic and
social impact of AD.

From a clinical point of view, Alzheimer’s disease is char-
acterized by neuronal degeneration that leads to cognitive
decline and behavioral disorders.” The main risk factor to
develop AD is ageing, but other risk factors like familial history,
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and by including therapeutic functionalities following a theranostic strategy.

head trauma, cardiovascular disorders and cholesterol disorders
are believed to contribute to AD,*° as well as the APOE genotype
in late onset sporadic forms.'° The symptoms of AD were initially
described by Alois Alzheimer at the beginning of the XXth
century. Alzheimer reported for the first-time postmortem obser-
vations of amyloid plaques and neurofibrillary tangles in the
brain of one of his patients that he had earlier diagnosed with
cognitive disorder. The correlation between these two molecular
features of the pathology is still not completely elucidated."*
Amyloid plaques are more suited for the in vivo diagnosis of AD
by MRI because they are comprised of extracellular deposits
of amyloid (AB) peptide, while neurofibrillary tangles are less
accessible intracellular aggregates of hyperphosphorylated tau
protein.”® It should be noted that other pathologies such as
dementia with Lewy bodies or Pick’s disease are also character-
ized by the presence of amyloid aggregates.”***

Amyloid deposits are due to the aggregation of AP peptides
produced by the amyloidogenic processing of the transmembrane
Amyloid Precursor Protein (APP)'”'® (Fig. 1). The site of enzymatic
cleavage in the extracellular domain discriminates between
non-amyloidogenic (o-secretase) and amyloid pathways
(B-secretase). This largely determines the risk to develop AD"®
since processing of APP by B-secretase followed by y-secretase
results in the production of AP peptides and thus amyloid
plaques (Fig. 1). Amyloid fibrils are comprised of AB peptides
aggregated in B strands arranged in a double layer B-sheet from
which water is excluded. Protofilaments are composed of twisted
B-sheets that assemble together to form amyloid fibrils (Fig. 2).*°
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Fig. 1 Schematic representation of APP processing. APP: amyloid pre-
cursor protein; AB: peptide formed by the processing of the APP by the
succession of B- and y-secretase; P3: peptide formed by successive a- and
v-secretase cleavage of APP; sAPPa/f: soluble APPa/p; o/BCTF: o/p
C-terminal fragment; AICD: APP intra-cellular domain; o/p/y secretase:
enzymes able to cleave the APP at specific locations.
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Fig. 2 Schematic representation of amyloid fibrils. Adapted with permis-
sion from ref. 20. Copyright (2013) American Chemical Society.
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Eight isoforms of the Amyloid Precursor Protein have been
described, ranging from 365 to 770 amino acids.>’ Among the
3 major isoforms of APP (APP695, APP751 and APP770),>
APP695 was widely recognized to be the most abundant in the
brain.>**® Following cleavage by B-secretases, the y-secretase
action at several possible sites (Fig. 1) generates AP peptides
from 39 to 43 amino acids. The two major AP peptide variants in
the amyloidogenic pathway initiated by the B-secretase cleavage
are AP;_so and AP;_s,, and the latter is the most insoluble.?* 3!
Physiologically, AB;_4 is by far the most abundant in the brain,
while AB,_,, tends to reach a higher concentration in AD brains
than in normal ones*'™® and exhibits more toxicity than
APi_40.>* Although monomeric AP peptides (1-40 and 1-42)
were shown to protect neurons from oxidative damage,’>>°
AB peptide aggregates generate oxidative stress®’ leading to
neuronal death by apoptosis.®® A recent study demonstrated
that contact is required between neurons and A aggregates to
induce neurodegeneration.’® Although treatments for AD are
only symptomatic and produce moderate effects, early diagnosis
including asymptomatic phases was recently shown to increase
their benefits.*® Several biomarkers can be used in combination
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to facilitate the diagnosis of Alzheimer’'s disease.*"** This
includes the quantification of markers in biological fluids, and
in particular the cerebro-spinal fluid (CSF) analysis of AR and
Tau level ratios.*"** Recently, in vitro diagnosis methods have
been developed based on the detection of AP peptide oligomers
in the CSF by ELISA*’ and in the plasma by immunomagnetic
reduction assay.** Besides, neuroimaging has gained a pivotal
role in AD diagnosis, providing valuable biomarkers based
on well-proven, widely used technologies such as Computed
Tomography (CT), Positron Emission Tomoscintigraphy (PET)*’
and Nuclear Magnetic Resonance Imaging (NMRI, or more
simply MRI). It is not the aim of the present review to weigh the
respective advantages and drawbacks of these complementary
imaging techniques,® which should actually be combined to
achieve more reliable diagnosis. However, the limitations of the
currently available methods*” and the need for multimodal
approaches for early diagnosis of AD have raised interest for
MRI as a non-invasive and sensitive technique.*®

In this article, we give a comprehensive overview of recent
developments in the design of nanoparticles (NPs) as MRI con-
trast agents for the detection of amyloid plaques. The motivations
can be either the early diagnosis of AD or more fundamental
work involving the detection of early stages of the disease and
follow-up of the treatments. After briefly presenting the main
MRI contrast agents investigated to date, general considera-
tions are given regarding the stability and trafficking of NPs
through the body. We then focus on crucial features more
specifically related to the imaging of amyloid plaques, notably
the crossing of the blood-brain barrier (BBB), the targeting of
plaques and the possible toxicity of the NPs. Most importantly,
this article aims at highlighting major advances in all these
aspects and recapitulates recent approaches developed in other
medical areas and amenable to AD diagnosis. Finally, a discus-
sion is proposed about insights into future improvements and
fate of MRI as a valuable tool for AD diagnosis and possibly
theranostics.

2 General principles and requirements
for MRI contrast agents

MRI is a non-invasive technique, very powerful and appropriate
to image inaccessible parts of the body and thus potentially
suited for the detection of amyloid plaques inside the brain.
Importantly, exposure to strong magnetic fields used for MRI is
considered globally safe*® with no significant genotoxicity.”®
MRI is mostly based on the nuclear magnetic resonance of
protons extremely abundant in living organisms, notably in the
form of water. In rare cases, other nuclei such as *C, *'P or
*3Na have been used for detection by MRIL.>** A strong static
magnetic field is first used to align the proton nuclear magnetic
moments, which are then selectively deflected in the trans-
versal plane upon application of a radio-frequency pulse. The
time necessary for the magnetic moments to come back to the
original longitudinal direction of the static magnetic field is
defined as the relaxation time. Two different relaxation times
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can be considered: T1, which corresponds to the longitudinal
recovery, and 72, which is the transversal decay. Both relaxation
times are the source of contrast in MRI and are often char-
acterized by relaxivities r1 (1/T1) and 72 (1/72).

The amyloid plaques are the biological objects targeted for
early MRI diagnosis of AD. The targeting of these structures is
based on their molecular recognition by either synthetic amyloid
peptides or analogs, small molecules selected for their strong
specific affinity, or antibodies.

MRI detection of neuritic plaques without contrast agents
was reported years ago on formalin-fixed human brain specimens™
and then on APP/PS1 mice, both ex vivo® and in vivo.>**” Without
contrast agents, long acquisition times are required, which is
hardly compatible with in vivo imaging because of multiple sources
of movement such as breathing or heartbeats. To achieve detection
of individual plaques in vivo, harsh procedures like cardio-
respiratory triggering are required, and yet images remain blurry.
In these conditions the resolution is limited to 50 pm which
typically excludes 80% of total plaques in an animal model®”*®
and in humans.>® Consequently, the development of efficient
contrast agents is a major challenge for the in vivo imaging of
amyloid plaques by NMR-based technologies, especially with
the aim of early detection.

2.1 Main contrasting compounds

Three metallic compounds that bring contrast enhancement
have been more particularly investigated in the context of AD
diagnosis: gadolinium (Gd), manganese (Mn) and iron (Fe).
Gadolinium is by far the most widely used element to enhance
MRI contrast and nine different gadolinium-chelates were
approved by the FDA.®® Two other contrast agents, not based
on gadolinium, but approved by the FDA for intravenous clinical
use are iron-oxide nanoparticles Feridex and manganese-chelates
Teslascan.®® Gadolinium and manganese are usually associated
with T1 imaging while iron is principally used for 72 weighted
images,®” but all contrast agents shorten both T1 and 72 and can
be used for T1- and T2-weighted imaging.®* Briefly, the radio-
frequency pulse applied during MRI acquisition gives energy to
protons, and 71 contrast agents shorten the longitudinal recovery
by enhancing the energy transfer from protons to Gd/Mn present
in the contrast agent. Only protons near the contrast agent can be
discharged of their energy, and the most impacted protons are
typically those from the surrounding water. Water protons in
tissues containing the contrast agent can relax more rapidly
along the longitudinal direction. This results in an increased
signal compared to other tissues devoid of the contrast agent,
hence brighter spots in T1-weighted images. T2 contrast agents
(iron oxide) locally disturb the magnetic field. Protons in the
vicinity of T2 contrast agents dephase faster from the radio-
frequency pulse than other protons, thus increasing the trans-
verse decay rate. The water protons in a tissue containing the
contrast agent produce a signal less intense than from sur-
rounding tissues, which generates darker spots in 72-weigthed
images.®*®

Gadolinium, an element of the lanthanide series, has
been used in research as a contrast agent in MRI for at least
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three decades.®® As mentioned previously, Gd usually enhances
T1-weighted images, due to its paramagnetic properties.
Gadolinium ions (Gd*") are highly toxic and must be chelated
to be used in vivo, the stability of the complex being a key
parameter for the safety of Gd-based drugs. Among the many
complexes obtained with Gd,*” Gd-DTPA (diethylenetriamine-
pentaacetic acid, DTPA) is in widespread use in clinic as a MRI
contrast agent. The Magnevist® contrast agent composed of
Gd-DTPA has been approved by the FDA since 1988. In the
following 11 years after this approval, estimations were
reported that 30 metric tons of gadolinium contrast agent were
injected for diagnosis.®” Petiet et al. demonstrated the capacity
of non-targeted gadolinium complexes as MRI contrast agents
to detect amyloid plaques in the cortex and hippocampus of
transgenic mice, in vitro and in vivo.®® Silica-coated gadolinium
oxide nanoparticles have been recently reported as a MRI
contrast agent in research.®® However, the toxicity of Gd ions
remains a major issue and prompted investigations with alter-
native formulations, mostly of iron and manganese, which are
already FDA-approved.®’

Manganese is considered today as the best alternative to
gadolinium for the development of MRI T1 contrast agents.
Several works have proven that MnCl, injection allows enhance-
ment of the contrast in the brain.””? Manganese complexes
suffer from relatively high lability’® and current investigations
aim at improving their stability.”* Manganese oxide nano-
particles (MON) exhibit much higher stability in water than
Mn chelates and have been studied for brain tumor MRL"
Because manganese chelates or NP are T1 contrast agents, close
interaction with water is essential to shorten the relaxivity and
enhance signal contrast. To favor water-surface interactions,
materials with high specific surface area have been investi-
gated, either by downsizing the particles or by creating hollow
nanoparticles called “HMON".”®””

Magnetic iron oxide nanoparticles are widely synthesized, in
the form of maghemite (y-Fe,0;) or magnetite (Fe;0,)’® for use
in nanomedicine.”® More specifically, super-paramagnetic iron-
oxide nanoparticles (SPIONs) are extensively studied for MRI
application.®® The presence of amyloid deposits in the mouse
and rat brain has been successfully identified ex vivo with
T2-weighted MRI using SPIONs.*’"®® Interestingly, biogenic
magnetite has been detected in the human body®* with increas-
ing occurrence upon aging and AD development.®>*® Moreover,
it was discovered that some amyloid deposits contain iron,
exhibiting higher contrast in MRL*”**® Most importantly, Dobson
et al. have shown that cellular viability is not affected by MRI at
9.4 Tesla in the presence of synthetic magnetite particles of
100 and 500 nm in diameter,®® which suggests that iron oxide
particles should be safe for brain MRI.

Nanoparticles (NPs) made out of metals (iron, manganese)
or lanthanides (gadolinium) effectively enhance contrast in
MRL*" Yet, their safe and efficient use raises several important
issues (Fig. 3), which can be partly addressed with nanotechnology-
based solutions.”> Metal-oxide nanoparticles are already available
for therapeutic use in the USA. For instance, in 2009 the FDA
authorized ferumoxytol (Feraheme®) a drug based on iron-oxide

This journal is © The Royal Society of Chemistry 2017


https://doi.org/10.1039/c7tb01599b

Published on 28 July 2017. Downloaded by University of Montpellier on 12/10/2020 10:10:38 AM.

Review
Organs
Tl B =\
Brain - 0 Crossing of the BBB
Efficient targeting
71 Limit ROS generation
Intravenous
injection of
Blood P = Restrict aggregation
> ] Enhance furtivity
¥ it
| |
Liver, spleen = ‘ Control liver & spleen uptake
(RES organs) Limit ROS generation
| |
|
Kidneys \~~. Renal clearance
e A )

Fig. 3 Scheme of the main challenges in the design and use of nano-
particles in vivo with respect to interactions with several organs and
biological barriers.

nanoparticles used to treat chronic kidney failure.”>** Of note, the
FDA has recently published a warning about the safety of this drug
following 79 cases of allergic reaction and 18 reported fatalities.”®
Other SPIONS, namely ferumoxsil (Lumirem®/Gastromark®) for
oral administration and ferumoxide (Endorem®/Feridex®) for
intravenous injection, have received FDA approval but both were
discontinued for economic reasons.

Both T1- and T2-weighted MRI have advantages and dis-
advantages and both are routinely used, often in combination,
to image the brain and identify brain pathologies such as
tumors. Typically, tumors exhibit dominantly hypointense 71
imaging patterns and predominant 72 hyperintensity.”® In the
context of AD imaging, high magnetic fields are used (beyond
7 Tesla) to generate high resolution images. This results in
lower contrast in T1-weighted MRI, making it less efficient for
the detection of amyloid plaques.””*® However, agents like
Gd-chelates usually employed as T1 contrast agents also shorten
T2 (vide supra) and thus remain useful for AD by T2-weighted
MRI**% A very recent study showed that T1-weighted/T2-weighted
MRI ratio images might be useful for early detection of AB
accumulation.'”

2.2 Behavior and trafficking of nanoparticles

Because their target is located in the brain, contrast agents for the
MRI of AD should firstly be able to cross the blood-brain barrier,
but must also fulfill several other specific requirements.*®" For
instance, when present in the blood compartment, 95% of
nanoparticles accumulate in major organs (spleen, lungs, liver)
of the reticulo-endothelial system (RES), leaving only 5% useful
for diagnosis.'®? It is therefore important to extensively study
the spreading route of NPs in the body and their interactions
with organs. Besides, this accumulation of contrast agent NPs
in several tissues raises the major issue of their toxicity.
Conversely, modifying the NPs to extend their blood circulation
time, cross the BBB or limit their toxicity influences their relaxi-
vity and thus their efficiency in providing contrast enhancement."®
In what follows, we give an overview of recent advances in the
design of contrast agents for in vivo brain MRI to enhance their
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ability to cross the blood-brain barrier (BBB) and to target
structures of interest, to extend their half-life in blood and to
limit their toxicity.

2.2.1 Colloidal and chemical stability. Biological media are
ionic fluids containing many soluble compounds ranging from
small ions to large macromolecules, both affecting the NPs’
colloidal stability. And when electrostatic repulsions are the main
stabilizing forces, the pH of the media also plays a determinant
role. Super-paramagnetic iron-oxide nanoparticles are comprised
of iron, either in the ferric state in maghemite (y-Fe,O3) or in the
ferrous—ferric state in magnetite (Fe;O,: FeO-Fe,O3), YFe,Os-
USPIONS being more stable than Fe;0,-USPIONSs."** SPIONs with
a nominal size of 6 nm (TEM) exhibit hydrodynamic diameters of
50 = 5 and 380 £ 40 nm in saline conditions at pH 4.2-5.6 for
vFe,03-USPIONs and Fe;0,-USPIONS respectively, thus indicat-
ing slight aggregation at acidic pH. An increase in pH above
these values leads to very large aggregates with typical sizes in
the 3-5 pm range, revealing destabilization of the colloidal
suspension.’® Because the state of aggregation is strongly
related to the toxic effect of NPs, it is important to assess their
effective dimensions in suspension in aqueous media, which
can be readily done by combining dynamic light scattering
(DLS) with electron microscopy.'*>"%°

Proteins are abundant in biological media and often adsorb
onto the NP surface. The resulting protein corona becomes the
interface between the nanoparticles and their environment'*” %
and is accountable for the modification of their absorption
pathways."'° For instance, in saline physiological conditions,
SiO, NPs exhibiting a negatively charged surface are stable but
start to aggregate when proteins from fetal calf serum (FCS) are
added. In contrast, SiO, NPs modified to expose a positively
charged surface aggregate in saline physiological conditions
but are stabilized by FCS proteins."'" In blood, gold NPs are
reported to be not only in relation with blood proteins but also
with blood cells.™** Although in vivo characterization of nano-bio
interfaces is a delicate task,'*® a good knowledge of the protein
corona formation kinetics, composition and equilibrium proper-
ties is crucial to ensure the efficacy of NPs."'*

To prevent aggregation, nanoparticles are often coated with
polymers. This surface coating provides steric stabilization and
hampers protein adsorption, resulting in higher stability in
physiological conditions and lower toxicity. Among the many
biocompatible polymers reported in the literature, PEG and
dextran are the most commonly used."*®> PEG coating of NPs
has been widely described to minimizes the body uptakes of
NPs without causing any immune interaction, thus allowing for
a longer blood circulation time."*>''® In the context of targeted
cancer treatment, this resulted in higher tumor uptake and
finally higher efficiency.'®® Many studies have highlighted
the beneficial effects of PEG on tissue regeneration and repair
in the case of Central Nervous System (CNS) trauma,''”''8
PEGylation of graphene oxide nanoparticles (diameter ranging
from 10 to 800 nm) was reported to reduce their toxicity
and enhance their blood circulation time from 5.35 hours to
6.29 hours after intravenous injection in mice. This coating
lowers the retention time and enhances the clearance of NPs in
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the liver, lungs and spleen."'® The polymerization of poly(n-
butylcyanoacetate) (PBCA) in the presence of PEG led to 100 nm
sized NPs presenting a high resistance to aggregation. These
PBCA-PEG NPs were less toxic than uncoated ones to macro-
phage cell cultures."®® This was also observed with manganese
ferrite NPs of 6 and 14 nm, whose PEG coating reduces aggre-
gation, enhances blood circulation time and limits their
cytotoxicity."*" It should be noted that NP processing or post-
treatments may impair the properties of the coating. For
instance, Shah et al. reported that freeze-drying of PEG-coated
NPs resulted in the partial removal of the polymer coating and
decrease of the blood retention time by a factor of 15 due to
more exposed negative charges.'"”

PEG and dextran have been used to coat SPIONs ““ and
USPIONs'*® used as contrast agents in MRL'**'*® Dextran favors
good dispersion of the NPs in water and provides functionaliza-
tion sites for targeting agents.** Another polysaccharide, chitosan,
extracted from fungal cell walls and crustacean exoskeleton'® has
been successfully used with SPIONs or Gd chelates.**”*2° Micro-
spheres of chitosan have also been synthesized and loaded with
Gd-DTPA with the purpose to serve in gadolinium-based neutron
capture therapy.'*° It was recently reported that composites made
of chitosan and iron-oxide nanoparticles with adsorbed Gd-DTPA
NPs could be used for dual-weighted T1/T2 MRI1.**" Iron-oxide NPs
were also encapsulated into chitosan spheres (SPIONs-CS), with
particle size around 120 nm. Such SPIONs-CS showed high
resistance to aggregation in solution at pH 6, over 5 months
compared to single SPIONs which tended to aggregate only few
hours after synthesis, and were used to obtain 72-weighted
images.”®* Others recently reported the encapsulation of
SPIONs within alginate hydrogels, which allowed for efficient
T2-weighted MR imaging of tumors.'*?

The nature and thickness of the coating relative to the NP
core size influences the relaxivity of the contrast agents.’** For
instance, optimum 72 relaxivity was achieved by coating 5 nm
SPIONs with PEG 550 g mol ' while PEG 1000 g mol ' gave
better results for 14 nm SPIONs."*> Another recent study also
suggested an optimum relation between the size of magnetic
crystal domains, polymer size (PEG 300 g mol " or 600 g mol )
and coating thickness to enhance relaxivity."*® Other poly-
saccharides and synthetic polymers can provide specific prop-
erties for the coating of NPs used in different areas of imaging
and theranostics, as recently reviewed."?”*3®

2.2.2 Biodistribution and elimination of nanoparticles.
Long blood circulation times are initially required because
the nanoparticles must have an opportunity to cross the BBB
and reach their target (amyloid plaques). However, the contrast
agents must be eliminated after imaging to avoid toxic effects
due to their accumulation. The main routes for the elimination
of drugs and impurities from blood are renal clearance and
hepatobiliary uptake followed by excretion.

In kidneys, the filtration units are glomeruli whose func-
tional pore size for clearance is approx. 4.5-5 nm. Particles with
hydrodynamic diameters larger than 8 nm are not filtered,
although the presence of charges also affects renal filtration:
positively charged NPs are more easily filtered, then neutral

122
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and finally anionic NPs."**'*® PEG-coating can be used to
increase the hydrodynamic diameter and thus limit renal
filtration. In the more complex hepatobiliary system, liver
Kupffer cells are involved in the removal of substances from
the blood, NPs in particular."*' The liver uptake from blood is
quite fast, while biliary excretion is slower, resulting in the
retention of NPs."”**'*>'*3 Gold NPs with sizes of 5 and 25 nm
and stabilized with citrate do not exhibit toxicity when admi-
nistered to New Zealand White rabbits at a dose of 1 mg kg .
The larger 25 nm NPs lead to an increase in the number of
white blood cells, but no renal, hepatic, pulmonary or other
organ toxicity was reported after clinico-pathological examina-
tion. The NPs are evenly distributed between spleen and liver,
kidneys and lung to a smaller extent. Larger NPs appear to be
more concentrated than smaller ones, due to the renal excre-
tion of 5 nm sized NPs."** Smaller Gold NPs of 1.4 and 18 nm
exhibit two different distributions. While 1.4 nm NPs spread
relatively homogeneously in the body of rats with a high
amount in the liver (50%), kidneys and urine (14%), gastro-
intestinal tract (GIT) and feces (5%), 18 nm NPs are mainly
distributed in the liver (>90%), spleen (2%) and GIT and feces
(0.5%). No 18 nm NPs are found in urine, which confirms the
inability of kidneys to proceed to renal excretion of NPs with a
size higher than 5-6 nm."'*

Choi et al. proposed that NPs designed for clinical use
should fulfill three requirements to satisfy safety considera-
tions: (1) their final hydrodynamic diameter should be smaller
than 5.5 nm to allow for full clearance from the body; (2) they
should be elaborated with fully non-toxic molecules in NPs;
(3) they should degrade physiologically to clearable substances.'*>
In several ways, these considerations apply to the design of NPs
destined to be used as MRI contrast agents.

3 Obstacles and strategies to reach
amyloid plaques
3.1 Crossing the blood-brain barrier (BBB)

Ideally, injection of contrast agents should be intravenous,"*®
which implies passing from the blood to the brain compart-
ment. Fig. 4 is a schematic representation of the BBB with the
main cellular components and illustrates the receptor-based
crossing of the BBB by contrast agent NPs. The blood-brain
barrier (BBB) maintains the CNS homeostasis and prevents the
intrusion of pathogens by strictly controlling exchanges between
brain and blood. It is comprised of endothelial cells bound
together by tight junctions, with pericytes surrounding them,
then astrocyte foot processes, microglia and neurons.'*”'*
Flattened endothelial cells exhibit a thickness of ca. 500 nm
and control the passage of molecules and macromolecules,
through either adsorptive- (AMT) or receptor-mediated trans-
cytosis (RMT). It was reported that caveolae able to cross the
endothelial layer have limited sizes in the 50-80 nm range,"*°
which thus limits the overall size of agents intended to reach
the brain. Endothelial cells express receptors for transferrin,"®
ApoE and related molecules,’® amyloid peptide AB'>>7'**

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Schematic representation of the blood—-brain barrier crossing by
nanoparticles. Endothelial cells (orange cell) form an impervious barrier
due to tight junctions. Other components of the blood—brain barrier are
pericytes (purple cells) that envelop endothelial cells and then astrocyte
foot processes (in blue). Functionalized nanoparticles (red brown spheres
with blue spikes) located in blood vessels with red blood cells (red cell) are
able to cross endothelial cells through receptors (orange U-shape) unlike
non-functionalized NPs (grey spheres). NPs able to pass the BBB can then

spread in the brain among microglia (green cells) and neurons (yellow cell)
and concentrate at their target, the amyloid deposits (pink shape).

-

and others. These receptors are obvious targets to trigger the
crossing of the BBB. In AD, vessels surrounded by amyloid
deposits are defective,"”>'*® and the BBB exhibited higher
permeability to endogenous albumin."”” BBB permeability can
be affected by vascular dementia'®® and growing evidence shows
that AD and BBB defects occur together. Different studies in
animal models of AD have yielded contrasting conclusions regard-
ing the integrity of the BBB as assessed by the passage®'*° or
retention of contrast agents.*>'*® When released from the blood
compartment, contrast agents diffuse into the tortuous brain
extracellular compartment. This compartment accounts for about
20% of the brain volume, although the spacing between adjacent
cells is estimated to be only 20-60 nm on average.'®"'®> Nance
et al. showed that 200 nm NPs with a dense PEG-coating are able
to diffuse between human brain cells, while only 100 nm NPs can
do so in the rat brain."® The authors estimated that few pores
allow for the passage of 200 nm molecules in the human brain,
but more than 25% have an opening larger than 100 nm. This
clearly highlights that size can be a limiting factor for the
efficiency of contrast agents.

Hyperosmolar agents like mannitol are often used to tempora-
rily disrupt the BBB and increase its permeability for therapeutic
or imaging agents. However, mannitol remains unattractive due
to serious side effects such as renal and heart failure, electrolyte
disorders, hypovolemia and others."**

Polyamines have been reported to increase the permeability of
proteins at the BBB.'® This could be attributed to the high
density capillary network of the brain resulting in a high concen-
tration of negative charges at the BBB, hence an environment
selective for positively charged substances like basic peptides or
polyamines.'® Putrescine is a small organic diamine molecule,
which successfully enhanced crossing of the BBB by Gd-DTPA."®”
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Fig. 5 Representation of clathrin nanoplatforms conjugated to Gd—DTPA.
(A) Triskelion; (B) cage. Reprinted from ref. 178. PLOS One, Creative Commons
Attribution License.

However, this ability to facilitate the BBB crossing is not universal
but strongly depends on the functionalization and nature of the
contrast agent. In another study, putrescine was shown to be
unable to make SPIONSs cross the BBB.'*® Other polyamines such
as pentadiamine or molecules containing amine groups like the
amino acids lysine and arginine did not allow the passage of the
BBB, even with a hexa-arginine sequence."®>"”® Recently, a lysine/
arginine sequence was reported to highly increase cell inter-
nalization but did not enhance BBB crossing.’’* In contrast,
other peptides (PHO, TGN) have been reported to facilitate the
crossing of the BBB."7>'”® Similarly, transferrin grafted onto
PLGA nanoparticles was shown to improve (20-fold) the cross-
ing of an in vitro model of the BBB through caveola-mediated
transcytosis involving a cholesterol-dependent pathway.'”*
In vivo, the same PLGA nanoparticles coated with transferrin
targeted the BBB more efficiently compared to BSA-coated
NPs."”® Similar results were obtained for SPIONs loaded onto
mesoporous silica nanoparticles.'”® Studies with HeLa cells
showed that holotransferrin grafted onto SPIONs greatly facili-
tates cell internalization."”” Gd-DTPA complexes conjugated
with triskelions (19 nm) or cages (55 nm) comprised of clathrin
(Fig. 5), a protein involved in cellular internalization, were
shown to cross the BBB more efficiently. In addition, the T1
relaxivity of Gd-DTPA associated to clathrin triskelion or cage
under a 0.47 T magnetic field was increased 4 and 20 fold
respectively compared to bare Gd-DTPA complexes.'”® PEG
coating was also reported to improve the BBB permeability
for AB;_4,-modified USPIONs and to provide good contrast in
brain MRL® However, it was later shown that PEG or poly-
(ethylene-imine) coatings alone did not enable SPIONs to pass
the BBB without addition of polysorbate 80,'”° an anionic
surfactant previously described to favor transport of NPs to the
brain."®%'#" Alkylglyceryl moieties grafted onto chitosan nano-
particles also enhanced the BBB crossing. The permeability of
the BBB model used in this study increased with alkyl chain
length (butyl, pentyl, and octyl), which was associated with
rearrangement at the tight junction level.'®> Overall, a number
of molecules have been shown to facilitate the crossing of the
BBB by nanoparticles, although none appears universal and
their efficiency should be systematically assessed.

3.2 Targeting the amyloid plaques

Amyloid plaques are the natural target of contrast agents for
early diagnosis of AD by MRI. As previously mentioned, they are

J. Mater. Chem. B, 2017, 5, 7216-7237 | 7221


https://doi.org/10.1039/c7tb01599b

Published on 28 July 2017. Downloaded by University of Montpellier on 12/10/2020 10:10:38 AM.

Journal of Materials Chemistry B

Table 1 Examples of the main compounds used to target Ap aggregates

Small molecules References

Curcumin 204 and 207-209
Pittsburg compound B 196 and 198
DDNP 199-203
Sialic acid 210-212 and 214
Proteins and peptides References
Antibodies Anti-AB;_40 187 and 188
Anti-ABPP 82 and 159
Amyloid peptides ABy-30 98 and 168
ABy_40 167 and 189
ABi_s2 83 and 160
Short peptides PHO 172
QSH 173
LPFFD 194
KLVFF 194

comprised of aggregated amyloid peptides. APP and derived AP
peptide species are a miscellaneous population. Therefore, the
choice of the molecular target (sequence) has a strong impact on
the interpretation of the MRI scans and on diagnosis accuracy.
In what follows, we present three major kinds of targeting agents
designed to specifically bind to amyloid deposits for the MRI of
AD, namely antibodies, peptides (amyloid or not) and small
molecules (Table 1). Table 2 summarizes actual studies aiming
at the monitoring of Ap plaques or aggregates, both in vitro and
in vivo, involving functionalized chelators or nanoparticles as
contrast agents.

3.2.1 Immunotargeting. Sillerud et al reported SPIONs
grafted with anti-ABPP antibodies that successfully passed the
BBB in the absence of enhancer molecules."> Tested on the
transgenic murine model APP/PS1, the functionalized SPIONs
were able to bind AP plaques and enhanced the MRI detection.
Further examination revealed twice as many amyloid deposits
using functionalized SPIONs compared to MRI analyses in the
absence of contrast agents."® Anti-ABPP-conjugated SPIONSs
were also used in MRI to monitor the reduction in amyloid
plaque density after treatment with resveratrol,®* an inhibitor of
the inflammatory factor NF-kB'® previously reported to diminish
plaque formation.'® HMON contrast agents combining the
paramagnetic effect of manganese (Mn;0,4) and high specific
surface area’®'®® (Fig. 6A) were successfully decorated with
antibodies targeting cancer cells through streptavidin/biotin
interactions.'®® Streptavidin-modified HMON can in fact bind
any biotinylated functional molecule and the method was later
employed to detect amyloid plaques with an antibody directed
against AP;_40. Anti-AB-functionalized HMON injected in the
cerebrospinal fluid (cisterna magna) of APP/PS1 mice enhanced
MRI contrast and allowed for the accurate detection of amyloid
deposits, as confirmed by microscopy analysis after staining
with thioflavin'®”'¢ (Fig. 6B).

3.2.2 Peptides, Ap and others. The formation of amyloid
plaques originates from the strong propensity of A peptides to
spontaneously aggregate. The high affinity of “free” AP pep-
tides (AB;-40) for existing plaques was successfully exploited for
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their targeting and in vivo detection by MRI with gadolinium
complexes.'®® However, in this case, the BBB penetration of the
contrast agents can only be achieved by coinjection with a
solution of mannitol whose side effects prevent their clinical
use.'® Further functionalization of the same nanoparticles
with putrescine proved efficient in crossing the BBB. After
injection into the carotid artery of transgenic mice (APP/PS1),
such dual-functionalized Gd complexes induced the selective
MRI detection of amyloid plaques at 7 T in ex vivo tissue
specimens."®” The toxicity of AB;_4o being a possible issue for
in vivo use, recent interest has turned to the AB;_3, peptide with
6 lysine residues added at the N-terminal.”®'®® This K6AB;_3,
peptide is non-fibrillogenic and non-toxic, while keeping the two
major antigenic sites of the longer peptides.’®® It was success-
fully combined with Gd complexes to target and detect amyloid
plaques by MRI at 7 T but required the co-injection of mannitol
to cross the BBB.'*®

Following a similar strategy, AB;_4o peptides were adsorbed
onto dextran-coated monocrystalline iron-oxide nanoparticles
(MION). The AB;_4o-functionalized MIONSs exhibited an affinity
for AP, 4, peptides (Kp = 202 nM) similar to that of free AB; 4
(Kp = 266 nM). For comparison, the covalent attachment of
AB;_40 to DTPA used to chelate Gd lowered its affinity for AB;_4,
peptides by a factor of approximately 2 (Kp = 577 nM).*®® The
intravenous injection of AP;_so-functionalized MION in APP/
PS1 mice resulted in the specific targeting of amyloid deposits
detected by MRI, while non-functionalized MION did not.
Similar enhancement was observed with SPIONs grafted with
AB,y_4, peptides.’® Later, Wadghiri et al. reported on the synthesis
of ultrasmall SPIONs (USPIONs) functionalized with AB;_4, pep-
tides and coated with PEG to spare the mannitol coinjection.** The
USPIONS-PEG-AB; 4, injected intravenously in transgenic mice
(APP/PS1), without mannitol co-injection, provided good contrast
to image amyloid deposits by uMRI.

Other peptides, generally derived from AP peptides, have been
used as targeting groups. Heptapeptides PHI (C-FRHMTEQ-C)
and PHO (C-IPLPFYN-C), selected by the phage display tech-
nique,"" exhibit a high affinity for AB;_4, peptides. The same
group also identified hexapeptides, notably P1 (LIAIMA) and P2
(IFALMG), after screening a phage display library designed
from the amino acid sequence of AB,_4, combined with soft
oligonucleotide-directed mutagenesis.'”>'> The use of such
affinity-based techniques ensures the ability of the selected
peptides to bind amyloid plaques. SPIONs grafted with PHO
peptides were able to cross the BBB and to spread homo-
geneously in the brain, leading to contrast enhancement in MRI.
It should be noted that the blood retention time of P1-grafted
SPIONSs is similar to that of PEG-SPIONS (Z1/, = 4.5 h) but appears
to be lowered compared to that of SPIONs grafted with the
cyclic heptapeptides PHO (te1/, = 3 h) and PHI (e, = 1.25 h).
One week after the injection, the SPIONs were totally eliminated
from the body and no in vivo toxicity was observed.'”” Based on
the same phage display strategy, a p-enantiomeric peptide,
QSHYRHISPAQV (denoted as QSH), was recently reported to
specifically bind AB;_4, when conjugated to polymeric nano-
particles. The NPs developed in this work were dually
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Table 2 MRI studies involving imaging and/or monitoring of Ap aggregates using nanostructures functionalized with compounds enhancing their
colloidal stability, furtivity, ability to cross the BBB and/or targeting of the amyloid plaques

MRI
Contrast Coating and/or power
agent (CA) functionalization Animal Administration =~ BBB crossing (Tesla)  References
Gd-DTPA AB40 APP/PS1 transgenic mice In vivo intrave-  Putrescine coating 7 167
nous/ex vivo
Gd-DTPA AB40 APP/PS1 transgenic mice In vivo carotid Mannitol solution 7 189
artery/in vivo
Gd-DTPA AB30 APP/PS1 transgenic mice In vivo carotid Mannitol solution 7 168
artery/in vivo
Gd-DTPA Curcumin — MRI in water Curcumin 207
(PBS)
Gd-DOTA PMLA and curcumin — MRI in water Curcumin 9.4 208
(PBS)
Gd-DO3A Pittsburg compound B — MRI in water — 198
monoamide
Gd-PCTA (A) 2-(4-N,N- In vitro BBB model: rat pri- MRI in water Lysine or arginine 0.47 169
Gd-DOTA Dimethylaminophenyl)-6- mary brain capillary endo- and ionic linkers (no passing  and
hydroxybenzothiazole thelial cells and rat glial cells  solution in the BBB model) 1.5
(B) 2-(4-N,N-
Dimethylaminophenyl)-6-
hydroxybenzoxazole
(C) 4-(N-Methylamino)-40-
hydroxy-trans-stilbene
Gd-DOTA Peptides, and pentadiamine/ 5XFAD mice CA incubated — 4.7 170
hex-DArg sequence/SynB bac- with the brain
terial vector/glucosyl residue section/ex vivo
Gd- LPFFD — MRI in water — 1.4 194
DOTAGA KLVFF
MION Dextran/AB40 APP/PS1 transgenic mice In vivo carotid Mannitol solution 7 189
artery/in vivo
USPIONSs AB42 APP/PS1 transgenic mice In vivo intrave-  Mannitol solution 7 160
(Ocean nous/in vivo
Nanotech)
SPIONSs Sialic acid C57BL6 mice Ex vivo/ex vivo — 214
USPIONs HSA/PEG/BAM10 protein Sprague Dawley rat Ex vivo/ex vivo — 3 81
USPIONs Anti-APPP antibody APP/PS1 transgenic mice In vivo intrave-  — 9.4
(SIMAG, (B6C3-Tg) nous/in vivo
Chemicell™)
USPIONs PEG/AP42 APP/PS1 transgenic mice In vivo intrave-  PEG coating 7 83
(Ocean nous/in vivo
Nanotech)
USPIONS Anti-APPP antibody APP/PS1 transgenic mice In vivo intrave-  — 9.4 82
(SIMAG, (B6C3-Tg) nous/ex vivo
Chemicell®™)
USPIONS PEG/peptide PHO, PHI or P1 APP/PS1 transgenic mice — Peptides (PHO, PHI, 7 172
P1) and/or putres-
cine coating
USPIONs PEG-PLA/curcumin Tg2576 mice In vivo intrave-  PEG coating 7 209
nous/ex vivo
SPIONs DDNP Sprague Dawley rat In vivo intrave- ~ Mannitol solution 1.5 203
nous/in vivo
HMON Streptavidin/anti-AB40 APP/PS1 transgenic mice In vivo cisterna ~ — 7 187 and
antibody magna/in vivo 188

functionalized with another peptide, TGN (TGNYKALHPHNG).
The authors demonstrated that these dual-functional nano-
particles were able to efficiently target amyloid plaques in the
brains of Alzheimer’s disease mice one hour after injection in
the tail vein.'”® Matharu et al.'”° tested a series of five peptides
containing B-amyloid binding domains and coupled to the
gadolinium chelate DOTA. The compound R2 (DOTAGrffvikrrrrrr-
NH2, where lowercase letters denote p-amino acids) exhibited
the highest affinity for amyloid species, stronger for fibrils
compared to oligomers. All five peptides contained amino acid
sequences expected to facilitate crossing of the BBB, like the

This journal is © The Royal Society of Chemistry 2017

hex-DArg sequence (rrrrrr) present at the N-terminus of R2.
However, all peptides exhibited poor brain availability. Focused
ultrasound with microbubbles was used to enhance the uptake
of R2, which was successfully tested for the in vivo MRI detec-
tion of amyloid plaques.'”® Polysiloxane nanoparticles grafted
with the gadolinium chelator DOTAGA'® were recently used
with PEG coating and two peptides derived from Ap,_,, (LPFFD
and KLVFF, sequences of AP involved in its aggregation) as
targeting units to detect AP fibrils."®* These NPs called AGuIX
were able to specifically bind A fibrils (K4 of 261 &+ 59 uM and
534 £ 134 pM respectively). They provided higher relaxivity than
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Fig. 6 (A) Scheme of HMON formation. A MnO nanoparticle is initially
synthesized, covered by a MnzO,4 shell, with PEG and oleate adsorbed on
the outer surface. The MnO core is then dissolved (pH 4.5), producing a
hollow MnzO4 NP. Clear brown: MnO, brown: MnzOy,, black-headed ripple:
oleate, curved ripple: PEG. Adapted with permission from ref. 185. Copyright
(2008) John Wiley and Sons. (B) Detection of amyloid plaques by MRI using
HMON functionalized with anti-AB;_40 antibody (T1-weighted imaging)
and corresponding immunohistochemical thioflavin-S staining on APP/PS1
mice. Reprinted with permission from ref. 187. Copyright (2013) Wolters
Kluwer Health.

the commercial contrast agent DOTAREM® (approx. 4-fold higher
for both 71 and 2) and a comparable r2/r1 ratio (1.4 for DOTAREM®,
1.5 with LPFFD peptide, 1.6 with KLVFF).

3.2.3 Small molecules. Some small organic molecules have
the ability to bind amyloid deposits. Skeby et al. recently studied
the binding mode of many compounds to an amyloid fibril
model. Many imaging agents are derived from Congo Red or
Thioflavin T (Fig. 7A and D) known to specifically stain amyloid
deposits. They both exhibit rigid and aromatic structures, and
other compounds with a styryl group or an amino-naphthyl
group that share these chemical properties are also able to bind
to fibrils (Fig. 7) and have been investigated for MRL'®*'°> Most
imaging agents share a common binding mode on the top or
bottom groove of the fibrils (Fig. 8).%° Pittsburg compound B
(PiB, Fig. 7B) is a Thioflavin T derivative, whose affinity for
amyloid aggregates has been well described.'*® PiB is the most
studied ligand for detection of amyloid aggregates and is used in
clinical trials to diagnose amyloid plaques.’®” A contrast agent
based on Gd-DO3A monoamide chelates (1,4,7,10-tetraazacyclo-
dodecane-1,4,7-triacetic acid) linked to the PiB moiety was
developed and tested by MRI in water and was found to lead to
good efficiency thanks to a 71 relaxivity approximately 50% higher
than conventional clinical contrast agents."”® DDNP (1,1-dicyano-
2-[6-(dimethylamino)-naphthalene-2-yl]), a diphenylpropynone
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Fig. 7 Representation of some organic molecules able to bind to amyloid
fibrils. (A) Thioflavin T. (B) PiB. (C) From top to bottom, molecules derived

from PiB: IBOX and stilbene (see ref. 169). (D) Congo Red. (E) DDNP.
(F) Curcumin.

Fig. 8 Visualization of the two principal binding modes (top, bottom) for a
molecule from the styryl-based compound group. In gray, structure of
amyloid fibrils; in light blue, snapshots of molecular dynamic simulations
showing the binding of the molecule. Reprinted with permission from
ref. 20. Copyright (2013) American Chemical Society.

derivative, has been reported to exhibit good affinity for
amyloid aggregates'®*°° by binding the B-sheet domains in
amyloid fibrils.>*" DDNP (Fig. 7E) has been bound to SPIONs by
ligand exchange. This contrast agent exhibited high relaxivity
by MRI, and showed a high ability to bind to AB;_4 fibrils
in vitro.>*> The DDNP magnetic nanoparticles have been also
tested to detect amyloid plaques by MRI in an AD rat model
after intra-hippocampal injection of AB;_4.>°° However, the
co-injection of mannitol was required to open the BBB.

In a similar approach, the molecules PiB, IBOX (2-(4’-
dimethylaminophenyl)-6-iodobenzoxazole) and stilbene (Fig. 7C)
were derived and coupled to gadolinium complexes (Gd-DOTA,
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid, and
Gd-PCTA, 3,6,9,15-tetraaza bicyclo[9.3.1]-pentadeca-1(15),11,13-
triene-3,6,9-triacetic acid).'® The PiB-derived contrast agent
showed the best affinity for amyloid deposits. However, attempts
at enhancing the BBB-crossing ability of these complexes by
introducing lysine or arginine linkers were not successful.

This journal is © The Royal Society of Chemistry 2017
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Curcumin is a non-toxic yellow pigment described to
naturally bind amyloid deposits, disrupt amyloid aggregates
and cross the BBB.>** Like the previously cited compounds,
curcumin is a rigid and aromatic molecule with two phenolic
cycles (Fig. 7F, enol form). Although some clinical trials suggest a
potential benefit of curcumin for the treatment of dementia,**>
the actual therapeutic efficiency remains questionable.”*® Never-
theless, the functionalization of Gd-DTPA or Gd-DOTA with
curcumin resulted in significant contrast enhancement for the
detection of amyloid plaques by MRI in vitro®® and ex vivo
in mouse and human brain tissues.””® In a study by Cheng
et al., curcumin was adsorbed onto magnetic nanoparticles
(Cur-MNPs) along with PEG, and small resulting aggregates
were then stabilized by PEG-PLA and Polyvinylpyrrolidone
(PVP) through flash nanoprecipitation. Curcumin molecules
were shown to adsorb onto iron oxide through hydrogen bonds,
and the nanoparticles (mean particle size under 100 nm) tested
in transgenic mice were able to cross the BBB. The resulting 72
ex vivo MRI revealed dark spots aligned with amyloid plaques
on immunohistochemically stained sections.>*

Carbohydrate molecules such as sialic acid have also been
reported to bind specifically to amyloid peptides.”'>"* Sialic
acid, also called N-acetyl neuraminic acid, does not have a rigid
structure, in contrast to the previously described molecules.
Sialic acid is a monosaccharide found in the ganglioside GM1
present in the cell membrane. GM1 was reported to interact
with AB, and possibly related to the onset of the disease.”™
SPIONs were conjugated to sialic acid through their coating
with crosslinked and modified dextran.*** The magnetic glyco-
nanoparticles were able to specifically bind A peptides both
in vitro and ex vivo in mouse brains. Contrast enhancement was
reported in vitro, with a significant decrease in the 72 relaxation
time from 23 ms for sialic acid-coated NPs alone down to 16 ms
in the presence of AB. Moreover, the authors demonstrated the
potential of these magnetic glyconanoparticles to protect cells
from AB-induced cytotoxicity by sequestering the peptide on the
NP surface.

4 Toxicity of nanomaterials used for
brain imaging

Due to their nanometric size and the associated properties,
nano-objects are suspected to induce toxicological reactions.
Among the many possible mechanisms, the production of
reactive oxygen (ROS) or nitrogen species (RNS) is particularly
considered. In fact, many studies report the production of ROS
with various materials such as carbon nanotubes,>**21¢
NPs,”"” chromium oxide NPs,*'® silica NPs,*'® quantum dots
and iron-oxide NPs.>*’ Some materials have redox properties
(e.g. iron or manganese) clearly responsible for the production
of reactive oxygen. However, nanoparticles devoid of redox
properties can also elicit the production of ROS as a cellular
response to their presence.””® Recently, Lu et al. performed a
wide study with particles of different shape, size (from 10 nm to
18 um), origin (ambient air, engineered) and materials (CeCO,,

silver
220
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NiO, ZnO for engineered NPs). The main conclusion is that all
particles decreased cellular viability as their concentration
increased,?*? often involving the production of ROS. It should
be noted that evaluating the impact of nanomaterials on cell
viability is a delicate task. In particular, the commonly used
MTT assay was reported to produce false positive results when
used with some nanomaterials, due their ability to reduce the
tetrazolium.>**>* Besides, Joris et al. recently investigated the
variability in response to NP exposure of the human and murine
neuroblastoma cell line, neural progenitor cell line and neural
stem cells.”*® They highlighted cell type- and species-specific
behavior concerning ROS, calcium homeostasis, mitochondrial
integrity and cell morphology. Table 3 summarizes the condi-
tions and main conclusions of numerous studies on the toxicity
of some major nanomaterials among which are gold, iron oxide,
manganese and silica NPs. For more detailed insights into
the cellular mechanisms involved in nanomaterial toxicity,
readers are referred for instance to the review by Sharifi
et al.*”” The main mechanisms responsible for NP toxicity are
the generation of oxidative stress, release of free metal ions and
the generation of aggregates that cells cannot eliminate. Some
authors also reported that NPs can impair the cell cycle and
gene expression.”?®

4.1 General features of NPs influencing their cytotoxicity

Size. Small SiO, NPs (10 nm) strongly affected the viability
of human skin fibroblasts with more than 50% cell death after
24 hours, whereas larger NPs (>40 nm) did not disturb cell
activity.”>® This was confirmed by other reports showing that
smaller (14 nm) SiO, NPs are more cytotoxic than larger ones
(>380 nm).>*° In contrast, a toxicological study on gold NPs
of 15, 50 and 100 nm indicated that, although smaller NPs were
more readily absorbed by intestinal epithelium cells, they accu-
mulated less. The accumulation of larger NPs in epithelial cells
led to depolarization of the mitochondrial membrane, impair-
ing their function and finally resulting in higher cytotoxicity.>**
The variations in the response of various cell lines are in
keeping with the conclusions of a wider study by Kroll et al.,
who investigated more than 20 nanomaterials with 10 cell
types.>*> Therefore, the effect of size on NP toxicity appears to
depend on the materials used as well as the cellular model.

Surface properties. The surface charge exhibited by nano-
materials is an important parameter that can generate cytotoxic
effects. Platel et al. showed that PLGA nanoparticles (diameter of
approx. 80 nm) with a positive surface charge ({ = +15 + 5 mV)
exhibited much higher cytotoxicity than neutral ({ = —1 &+ 3 mV)
or negatively charged ({ = —25 + 3 mV) ones. Endocytosis of
positively charged PLGA NPs proved to be higher than that
of negatively charged ones and resulted in higher ROS induc-
tion and genotoxicity, as assessed by comet and micronucleus
assays.>'?

The hydrophobic/hydrophilic balance brought by surface
treatment is also involved in toxicological processes. A study
of 20 nm TiO, NPs showed that both hydrophobic and hydro-
philic NPs are able to penetrate buccal epithelial cells after oral
administration, in spite of a strong tendency to agglomerate.***
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Table 3 Toxicity studies on nanomaterials used for in vivo MRI
NPs Size (nm) Surface coating Dose Biological model Toxicity References
Gold 13.5 None 137.5-2200 IRC mice Depends on administration route and 235
pg kg ! dose
Gold 12.5 None 40, 200, and  C57BL6 mice None 305
400 pg kg ™!
day "
Gold PEG — — — 112
Gold 3-8 Lysine and poly-L- 10, 25, 50, RAW264.7 mice macro- None 303
lysine and 100 uM  phage cells
for 105 cells
Gold TEM: 3.8 Poly(isobutylene-alt- 24 h, 2.5,5, Human and mouse stem  Acute toxicity depends on both the 226
maleic anhydride) 10, 25, 50 cells, progenitor cell line NP core material and the cell type
DLS: 9.0 and dodecylamine and 100 nM  and cancer cell line Possible genotoxicity due to direct
interactions between AuNPs and DNA
Silver TEM: 3.8 Poly(isobutylene-alt- 24 h, 2.5, 5, Human and mouse stem Acute toxicity depends on both the 226
maleic anhydride) 10, 25, 50 cells, progenitor cell line NP core material and the cell type
DLS: 8.9 and dodecylamine and 100 nM  and cancer cell line Ag'-ion leaching
SiO, PEG/none — — Negatively charged surface (without 111
PEG)
SiO, 10->40 — — Human skin fibroblasts Small sized: important toxicity, lar- 229
ger: not disturbing cell activity
SiO, 150 Manganese silicate  In vitro: 0- MCF-7, HepG2, L02 and  In vitro: no cytotoxicity 280
and PEG 400 pg mL™"  PC-12 cell lines
In vivo: 2.5 BALB/c mice In vivo: no distinct toxicity
mg kg !
USPIONs 6 (aggre- — 7, 70, 175, Escherichia coli (bacterial ~ yFe,03-USPIONS: no toxicity 104
gates at 50- 350 and 700  model) Fe;0,-USPIONS: toxicity at a higher
380) pg mL~* dose (700 pg mL ™)
USPIONs TEM: 3.8 Poly(isobutylene-alt- 24 h,3.5,7, Human and mouse stem Acute toxicity depends on both the 226
maleic anhydride) 14, 35, 70 cells, progenitor cell line NP core material and the cell type
DLS: 12.3 and dodecylamine and 140 nM  and cancer cell line USPIONS exposure perturbs cellular
calcium homeostasis and affects
mitochondria
USPIONs  21-280 — — Mice Oxidative stress 236
USPIONs  20-40 Oleate or BSA — — ROS formation, even with coating 221
USPIONs  10-30 PEG/none 400 pg mL~"  Human mammary epi- Low toxicity, only at 400 pg mL™ ", 306
thelial cells none under that
USPIONs  22-43 — 20 yg mL~'  Human endothelial aor-  Dose-dependent toxicity 265
tic cells
USPIONs  5-30 None/PEG/dextran — 2D or 3D culture of pig Uncoated NPs more toxic than coated 234
endothelial aortic cells NPs (6 fold), dextran reduces toxicity,
NPs more toxic on 3D culture than 2D
culture
MON <10 Polystyrene sulfo- 0-100 pg Human alveolar basal Small Mn ions release, good cell 259
nate (negatively mL " epithelial (lung) cancer viability
charged) cells A549
HMON 54 Polyethylenimine- 0.5-10 pg SK-BR-3 and MCF-7 cell Around 80% cell viability 261
DOPA-PEG mL™" lines
HMON 20 PEG — MCF-7 cell line No significant toxicity 185
PBCA 100 PEG/none — Macrophage PEG coating reduces toxicity 120

The cell viability was not lowered, but cellular localization
differed and hydrophobic NPs were found to have a higher
ability to impair the mitochondrial membrane, and thus to
generate ROS.

The coating of nanomaterials with polymers like PEG or
dextran, besides increasing their stability, was shown to
decrease their toxicity.”®'*! For instance PEG- or dextran-
coated iron-oxide nanoparticles (5 nm and 30 nm in diameter)
had their toxicity decreased by a factor of 6 because of lower
ROS formation in cells.”**

Administration route. The administration route has also
been reported to influence the toxicological effects of NPs.**>
It was demonstrated that the toxicity of gold NPs to ICR mice
was higher when administered by an oral route than by
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intraperitoneal or intravenous (IV) injection. The conclusion
of the study is to strongly recommend the intravenous route,
although intraperitoneal injection may be a suitable option
when 1V is not possible. Intranasal administration would also
be an attractive way to deliver contrast agents because of the
high vascularization of this region. Unfortunately, an in vivo
study performed on mice showed a significant oxidative stress
in the olfactory bulb and hippocampus after repeated (30 days)
intranasal injections of low doses (130 pg per day, i.e. 10% of
the permissible inhalable dose for mouse) of Fe,O; SPIONs
(average size of 21 and 280 nm).>*°

Interactions of nanomaterials with Ap peptides. In the context
of Alzheimer’s disease, it appears obvious that the contrast agent
should not induce or favor the formation of new aggregates,
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thus increasing toxicity and aggravating the disease condition.
For instance, the effects of different nanoparticles on the fibrilla-
tion rate of the protein B2-microglobulin were investigated.**”
It was reported that copolymeric nanoparticles of NiPAM : BAM
(N-isopropylacrylamide : N-tert-butylacrylamide; 50:50), cerium
oxide, hydrophilic polymer-coated quantum dots and multi-
walled carbon nanotubes shortened the nucleation lag time
and increased the fibrillation rate, suggesting a surface-assisted
nucleation process. The authors and others>*® pointed out that
the conditions of this study were far from those of a real bio-
logical system where a large number of proteins would compete
for adsorption on the surface. Yet, the conclusions of this study
and many others raise a specific concern regarding the use of
nanoparticles inside the brain for AD diagnosis if they were to
favor the formation of amyloid aggregates. In fact, the same
group reported the opposite effect of the same copolymeric
nanoparticles on the nucleation rate and fibrillation of AB;_4
peptides.>*® The authors attributed the slower aggregation
process to the sequestration of AB peptides adsorbed onto the
NP surface, hence unavailable to participate in fibril formation,
thus shifting the fibrillation equilibrium. The differences in the
behavior between AP, 4, peptides and the B2-microglobulin
protein may arise from different structuration degrees. In any
case, the copolymer composition (NiPAM/BAM ratio) also
greatly influenced the effect of the nanoparticles on the AP
fibrillation rate. Increasing proportions of BAM confer a more
hydrophobic nature to the nanoparticles as assessed by pyrene
fluorescence analysis. Although AP was previously shown to
preferentially bind to hydrophobic and positively charged sur-
faces, the authors demonstrated**® that the higher the NiPAM
content, the higher the extent of AR binding and fibrillation lag
time. They attributed this somewhat counter-intuitive effect to
the higher ability of NiPAM units to H-bonding. Therefore, as
BAM content is increased, the H-bonding capacity is decreased
and the fibrillation inhibitory effect is reduced.

Similarly, four types of inorganic nanoparticles (SiO,, TiO,,
Zr0O,, CeO,) were tested for their ability to bind AB;_4, peptides
and accelerate fibril formation.>*° Only TiO, NPs effectively
decreased the nucleation time, which was attributed by the
authors to the higher peptide concentration at the nanoparticle
surface. A recent study>*" suggested a conformational change of
the amyloid peptide on the TiO, NP surface with a substantial
increase in B-sheet content favoring amyloid fibril formation.

As mentioned earlier (Section 2.2.1), nanoparticles in physio-
logical conditions are coated with a protein corona, whose
effects on the AP fibrillation process are not fully elucidated.
Studies on silica NPs, polystyrene with a carboxyl modified
surface, and multi-walled carbon nanotubes showed that the
protein corona formed by immersion in 10% or 100% plasma
inhibited the formation of AP fibrils, while the same bare NPs
increased the fibrillation rate.>** Differential centrifugal sedi-
mentation and TEM observations revealed that the AP peptides
bind to the nanomaterials’ corona surface and nucleate fibrils
but further growth into mature fibrils is hampered.”*
group reported that graphene oxide sheets reduced Af fibrilla-
tion, an effect enhanced by the presence of a protein corona.

The same
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The nucleation lag time of AB,_,, peptides was shifted from
200 min without nanomaterials to 400 min with bare graphene
oxide sheets, and to 600 and 900 min with graphene oxide
incubated with respectively 10% and 100% fetal bovine serum
as the protein source.”®® Gold NPs (20 and 30 nm) and gold
nanorods (4 to 20 nm) coated with CTAB were reported to
inhibit the fibrillation process. The inhibition is thought to
proceed through interactions of negatively charged residues
with the positively charged surface of the NPs, thus blocking
the fibrillation hot spot regions of Ap monomers. In contrast,
corona-coated gold NPs had less inhibitory effects compared to
bare particles, possibly because the adsorbed proteins, from
fetal bovine serum or human plasma, impart a slightly positive
surface charge to the Nps.>**

It is interesting to point out that temperature also influences
the complex interactions between AP peptides and NP surfaces.
In a physiologically relevant range of temperature, silica and
polystyrene (PS) NPs exhibited opposite effects. In line with
previous works, both hydrophilic silica and hydrophobic PS
nanoparticles had an acceleratory effect on amyloid fibrillation.
However, while a temperature increase from 37 °C to 42 °C
resulted in an enhanced acceleratory effect for silica NPs, it had
the opposite effect with PS, inducing a strong inhibition of fibril
formation.>*?

Obviously, the risks directly associated with the chemical
nature of the magnetic core must be considered, given the
reported toxicity of the three main metal ions involved in the
preparation of the contrasting agents: gadolinium, manganese
and iron.

4.2 Gadolinium

Gadolinium is a toxic heavy metal of the Lanthanide family.
While MRI contrast agents based on Gd-chelates were generally
considered safe, they were connected to nephrogenic systemic
fibrosis (NSF) disease in 2006.>*® Although many groups are
still working to identify more precisely the behavior of Gd in
biological environments,*” some recommended to avoid Gd
injection in people suffering from kidney failure.>*® The signi-
ficant toxicity of chelated Gd contrast agents is due to the release
of highly harmful Gd** ions when the chelator is degraded.>**>*°
The ionic form Gd*" has an ionic radius very close to that of the
calcium ion Ca** (107.8 pm vs 114 pm). Gd** can compete with
Ca®" and block calcium-dependent voltage-gated channels®*
involved in many essential body functions such as muscle con-
traction (including heart muscle contraction), neurotransmitter
release, cell growth and differentiation, neuronal excitability
and gene transcription.>**?*® Nevertheless, despite its known
toxic effects, gadolinium is still widely studied for magnetic
resonance imaging.***

4.3 Manganese

Unlike several other transition metals, free manganese was shown
to increase LPS-induced nitric oxide production and the amount
of inducible nitric oxide (NO) synthase.””® Although manganese
has a functional role in enzymatic reactions and brain function,
its accumulation leads to important toxicity.>>*>*® In particular,
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manganese is suspected to play a role in major neurodegene-
rative disorders like Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, amyotrophic lateral sclerosis and prion
disease. At the molecular and cellular levels, the underlying
mechanisms of overexposure to Mn are the production of
reactive oxygen species (ROS), free radicals and toxic meta-
bolites, the alteration of mitochondrial functions, hence of ATP
production, and the depletion of cellular antioxidant defense
mechanisms. The decreased activity of enzymes involved in
ROS protection leads to abnormal neurotransmitter levels
(depending on the time of exposure to high levels of Mn) and
a very large number of brain metabolites appear to be affected.
In spite of the toxicity of high levels of manganese ions, several
studies have demonstrated the good biocompatibility of
manganese oxide nanoparticles. MON coated with polystyrene
sulfonate to confer better water dispersibility only released a
very small amount of Mn ions (1.3% after 48 h in PBS at 37 °C)
and presented good cell viability.>>> MON also possess catalytic
activity and can partially oxidize organic molecules such as
formaldehyde.>*® Hollow manganese oxide nanoparticles do not
seem to be cytotoxic either.'®>?°" NPs comprised of manganese
oxide thus appear as a promising alternative to gadolinium
chelates as a T1 contrast agent with good biocompatibility.
However, due to the potential risk owing to the toxicity of Mn
ions, a size smaller than 10 nm and appropriate coating are
required.>*?

4.4 TIron

The main toxicological effect of iron oxide NPs arises from the
intracellular generation of ROS.*®*?%* A study by Zhu et al.
reported oxidative stress in human endothelial aortic cells
(HAEC) and monocytes when incubated with 22 nm maghemite
(Fe,03) or 43 nm magnetite (Fe;0,) nanoparticles.”®® The
endothelial cells enter an inflammatory state and drive mono-
cyte adhesion as a consequence of the up-regulation of intra-
cellular cell adhesion molecule-1 (ICAM-1) and interleukin-8
(IL-8) expression, which correspond to early events of athero-
sclerosis. The authors found the Fe,O; NPs to be more toxic
than Fe;O, NPs, the viability of HAEC being only 30% after 24 h
exposure to Fe,0; NPs at 100 g mL~' compared to 100% with
Fe;0, NPs. After phagocytosis by monocytes (U937), the dis-
solution due to the acidic pH of lysosomes was faster for Fe;0,-
USPIONSs than for yFe,05;-USPIONSs. At the lowest exposure dose
tested (0.2 ug mL™") the dissolution was nearly complete after
24 hours. At a higher dose of 20 pg mL ™", although the
concentration of free Fe ions increased slightly, the proportion
of dissolved iron did not exceed 1.5%, thus indicating over-
loading of monocytes machinery. However, a study showed that
reactive oxygen species (ROS) formation occurs at the surface of
SPIONs independently of their surface chemical nature. For
instance, coating of yFe,0;-USPIONs (20-40 nm) with oleate or
BSA (Bovine Serum Albumin) did not prevent ROS production.”**
Wau et al. recently reviewed the mechanisms behind the forma-
tion of ROS with iron oxide nanomaterials.*®*® They highlighted
that nanoparticles of magnetite (Fe;0,4, or FeO-Fe,O3) compris-
ing Fe(u) are also generating more ROS from hydrogen peroxide
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than maghemite (Fe,05).'%* Despite the ROS production, Auffan
et al. reported that yFe,O;-USPIONs do not show in vitro toxicity
on bacterial wild type Escherichia coli strain, while Fe;O,-
USPIONSs exhibited a limited one. Interestingly, both NPs were
significantly more toxic to a double mutant (sodA sodB) E. coli
strain deficient in superoxide dismutase activity. According to
Auffan et al, iron oxide toxicity is due to the oxidation of Fe(u)
ions. NPs made of magnetite (Fe;O,) have a surface more
sensitive to oxidation and thus lead to higher toxicity: yFe,O5-
USPIONs which are more stable than Fe;O,-USPIONs are also
less toxic. A recent study on the toxicity of Fe;O, nanoparticles
reported a decrease in cell viability (NIH3T3 fibroblasts) of
approximately 15% and 25% after 48 h of exposure at doses of
32.5 ng mL~ ' and 65 ng mL ™" respectively.>®”

Another interaction of iron oxide NPs with cellular compo-
nents and possible source of toxicity is the induction of structural
modifications of proteins adsorbed at the particle surface. More
specifically, SPIONs were shown to induce strong conformational
changes in transferrin, a protein containing two iron binding
sites and physiologically involved in the transport and control of
iron level in biological fluids. After incubation with bare or PVA-
coated SPIONS, the iron-saturated human transferrin formed a
corona around the particles, whose thickness was consistent with
the formation of a protein monolayer. Most importantly, the
adsorbed transferrin underwent an irreversible conformational
change associated with the release of the Fe(ur) iron atom, and
SPION removal did not allow the recovery of the protein’s initial
conformation and iron binding capacity.>®®

In this section, we focused on molecular properties of the
contrast agents and their impact on cell response and toxicity.
Nanomaterials may also induce changes at the higher brain
tissue level and immune response as already reviewed else-
where.”®*?”! A recent study compared immune and tissue
response following intravenous injection of MR contrast agents
gadolinium chelate (Gd-DTPA), iron-oxide NPs (15 nm, with
PEG coating) and manganese-oxide NPs (30 nm, with PEG
coating) in Balb/c mice.””” This work showed iron NPs to be
less deleterious to tissues than gadolinium and manganese
nanostructures. The levels of pro-inflammatory molecules IL-6
and TNF-o were higher with gadolinium chelate (30 pg g~*
Gd/body) and MON (10 pg g * MON/body) compared to control
and SPIONs (10 pg g~ ' SPIONs/body), while the total number of
white blood cells decreased. Histological analysis showed damage
to lungs, kidneys, spleen or liver after exposure to Gd-DTPA/MON.
Wu et al. reported that iron NPs accumulate in the striatum after
intranasal deposition, which may decrease cell viability by oxida-
tive damage. Yet, at the tissue scale, no visible damage appeared
in the striatum after 7 days.>”® In the past few years, it has been
described that injection of gadolinium chelates results in
gadolinium deposition in many organs, including the brain,
eventually resulting in increased contrast in MR imaging where
it accumulates.>”* However, the FDA recently released a state-
ment that there are no adverse effects due to gadolinium
retention in the brain.””®

To conclude, many parameters appear to play a role in the
toxicity of NPs among which are the chemical nature of the core,
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the surface charge, hydrophobicity, nominal size and aggre-
gation state of the particles, the nature and thickness of the
coating layer, the possible formation of a protein corona, but
also the amount of NPs (dose), the time of incubation and the
type of cells in contact with the NPs.>”®>””

5 The future of MRI for Alzheimer's
disease

Developments of MRI for the early diagnosis of AD will strongly
depend on the intrinsic performances of the contrast agents while
complying with the highly stringent requirements for future
clinical use in humans. A recent review highlighted that core size
and composition, as well as the shell or surface coating thickness
are the main parameters to consider to enhance the contrast in
MRI.>”® In what follows we review recent advances in the design of
contrast agents to enhance their MRI response, as well as ongoing
efforts to combine their use for imaging with therapeutic proper-
ties following a theranostic approach.

5.1 Enhancing the contrast agent performances

A major factor in the efficiency of one particular compound to
enhance MRI contrast is its ability to enhance the relaxation of
protons from the surrounding water. For this reason, efforts
have been made to promote the access of water in close vicinity
to the contrast agent. For instance, Kim et al. covered manga-
nese NPs with a layer of mesoporous SiO,, which favors water
diffusion towards the manganese core NPs thanks to its high
porosity (pore volume of 0.38 cm® g™ ) comprised of straight
elongated pores exhibiting an average diameter of 3.3 nm.>””
The molar relaxivity r1 measured for the MnO NPs coated with
mesoporous silica was 0.65 mM "' s~' (11.7 T, pH 7.4), much
higher than for the same particles coated with PEG (0.11 mM s~ )
or dense silica (0.08 mM ' s ). Further enhancement can be
achieved by using a hollow manganese oxide core, with r1 =
099 mM ' s™! at 11.7 T and 1.72 mM ' s~ ' at 1.5 T. For
comparison, with similar hollow-manganese oxide particles
devoid of silica coating and a magnetic field of 3 T, Shin
et al. reported a r1 of 1.42 mM " s *.*8>%7% Recently, another
approach was proposed with a dense SiO, core, an external
layer of mesoporous manganese-silicate and additional outer
PEG. The r1 relaxivity in PBS was 0.91 mM "' s ' at 3 T and
pH 7.4 and increased in acidic environments up to 4.34 mM " s "
at pH 5.4.%%° In spite of these improvements, these relaxivity values
at physiological pH (pH 7.4)**' remain relatively low compared to
the commercial Gd-chelate Magnevist™ (Gd-DTPA) which exhibits
arl of 3.3/4.1/4.3 mM ' s~' (in water/plasma/blood) at 1.5 T,
3.1/3.7/3.8 mM " s ' (in water/plasma/blood) at 3 T and
3.1 mM ' s (in blood) at 7 T.?%>83

Another major improvement for accurate diagnosis would
be brought about by a functional dual T1/T2-weighted contrast
agent. The possibility to compare both weighed images would
allow for a strong accuracy gain and safer diagnosis by limiting
ambiguities.”®* For instance, a recently reported structure
combines a manganese-iron oxide T2-responding core with a
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gadolinium oxide T1-responding outer layer. A silica separation
layer prevents the magnetic field generated by the core from
quenching the T1 signal generated by the external layer. Under
a field of 3 T, the relaxivity 71 could be modulated from 2.0 to
32.5 mM ' s7! by adjusting the thickness of the silicate layer
between 4 and 20 nm. This compares well with Magnevist®
relaxivity 71 of approx. 3 mM " s~ " at 3 T. Relaxivity 72 is reported
to be at least two times higher (from 332 to 216 mM " s~ ') than
that of Feridex" (108 mM " s~ ').*®° Other similar NPs with a
Fe;0, core, a SiO, separation layer and an outer Gd,O(COs3),
shell exhibited limited toxicity on the human hepatic cell line
HL-7702 and human hepato-carcinoma cell lines Bel-7404 and
SMMC-7721.%*¢ By adjusting the thickness of the SiO, separa-
tion layer between 8 and 20 nm, the authors reported in a field
of 3 T, an r1 relaxivity ranging between 3.7 and 32.2 mM ' s *
and 2 between 312 and 208 mM ' s~ *. Cheng et al. constructed
a dumbbell-shaped hetero-nanotrimer which exhibits both T1
and T2 signal enhancement.”®” The particles have an average
size of 20 nm (DLS, TEM), with a platinum cube connecting two
spherical nanocrystals of respectively iron oxide and gold. The
iron-oxide moiety was made biocompatible by PEGylation. The
gold surface was covered by DOTA chelators to stabilize its surface
and then conjugated with Gd*" ions for T1-weighted imaging. The
authors reported an approximately two-fold increase in 71 effi-
ciency when either increasing the length of the titanium spacer
because of changes in the magnetic coupling effect or increasing
the size of the gold particle. Manganese-oxide nanoparticles were
recently developed with a time-dependent 72/T1 switch upon
dissolution.>®® At short times, NPs act as T2 contrast agents
and, as dissolution proceeds, the released Mn*" ions behave as
T1 contrast agents. This system was tested in pig and rat eyes and
allowed for efficient dual T1/7T2 MRI. Nevertheless, this kind of
T2/T1 switch remains dependent on the NP dissolution rate and
may raise concerns regarding the possible toxicity of accumu-
lating Mn*" ions.

5.2 Beyond diagnosis, towards theranostics of AD

Accurate detection of amyloid plaques at early stages of forma-
tion with a high spatial resolution certainly is of great interest
to study the biological mechanisms underlying Alzheimer’s
disease. It is also a valuable tool to evaluate the efficiency of
therapeutic agents, as reported with the drug resveratrol.’* In
contrast, the application of MRI to systematic early diagnosis of
AD remains questionable, principally for economic reasons and
limited access to MRI facilities. Laske et al. calculated that with
about 11 000 MRI devices operating in the USA and considering
only the population aged 65 and above, each MRI machine
should be used to diagnose 3636 people per year, up to above
6000 in 2030.”% It is therefore unlikely that MRI would become
a routine tool for AD early diagnosis with the current state of
development of the technology.

However, the combination of therapeutic functionalities
with the diagnosis abilities of MRI contrast agents**° following
a theranostic strategy could bring an interesting perspective to
Alzheimer’s disease diagnosis and therapeutics.>®" Theranostics
in general is the object of growing interest for a wide range of
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Fig. 9 Increasing interest in theranostics illustrated by the growing number
of publications as estimated from PubMed and ISI Web of Science databases.

medical indications as attested by the rapid increase in article
number (Fig. 9), well above the global 5.7% annual growth rate of
scientific publication.>®® In the more specific framework of AD
theranostics, nanoparticles are persistently investigated® 2% in
spite of the current lack of drugs exhibiting a clear therapeutic
effect. In fact, the development of new drugs for AD has often been
confronted with failure at the clinical stage, although there are still
several clinical studies currently running.® Among the many
therapeutic options, one can cite for instance immunotherapy-
based treatments for AR removal® and hampering AB fibril
formation (see Section 4.1 and ref. 242-244).

Besides, recent achievements in the development of MRI
theranostic agents for other indications could easily be adapted
for AD. Some good results were obtained with a theranostic
agent designed for cerebral amyloid angiopathy (CAA). Chito-
san nanoparticles were grafted with a gadolinium DTPA chelate
(Magnevist®) and an antibody fragment to target amyloid
deposits, and then loaded with cyclophosphamide (CYC). CYC
is an immunosuppressant drug, which exhibits serious side-
effects when administered in the long term. The association of
CYC and targeted contrast agents allowed for early detection
and presymptomatic treatment of CAA."®” In most theranostic
agents based on nanoparticles, the drug is loaded into the
polymeric coating layer, which, as already discussed earlier in
this review, can be typically formed with PEG or polysaccharides
like chitosan, dextran or hyaluronic acid."*® Aliphatic polymers
are also reported to offer good performances in theranostic
applications when coupled to contrast agents like SPIONs or
gadolinium. Their well-known and developed chemistry, their
proved biocompatibility and degradability, and their ability to be
loaded with drugs make them ideal candidates for therano-
stics.®” Gold,**® gadolinium®* or iron oxide nanoparticles,?”*%%
possibly doped with manganese and zinc,”*® are also considered
for theranostics. Nandwana et al. developed metal-doped SPIONSs
with an 8 nm magnetic core and a nitrodopamine-PEG coating to
enhance their biocompatibility. These NPs were useful for MRI
diagnosis and could be used as theranostic agents in the context of
cancer as they can be thermally activated.?*® In the same context of
cancer treatment, another study by Jia et al. showed iron oxide NPs
to be useful in theranostics when grafted with the anticancer drug
doxorubicin.*® The authors additionally adsorbed a plasmid
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encoding pro-apoptotic protein p53 onto the NP surface and
complexed it with a custom-made polycation. Their multifunc-
tional particles still exhibited MRI response, while being able to
release the drug and to efficiently induce the expression of the
protein. They reported a strong anti-proliferative effect ascribed to
the combination of gene therapy and chemotherapy.

Because oxidative stress is clearly implicated in neuronal
damage and the progression of AD (see Section 1), limiting the
concentration of ROS to prevent their deleterious effects is one
therapeutic approach currently investigated. For instance,
adsorbed caffeic acid was recently shown to noticeably limit
ROS effects in human brain cancer cells after 24 hours exposure
to yFe,0; SPIONs.*°" Cerium oxide (CeO,) NPs conjugated with
triphenylphosphonium (TPP) were recently shown to efficiently
scavenge ROS and to suppress neuronal death in 5XFAD mice.**?
This effect was attributed to the positive surface charge of the TPP
coating targeting mitochondria, which are largely involved in the
intracellular generation of ROS, and the ROS-scavenging activity
of ceria. Similarly, materials made of other inorganic species like
gold exhibited antioxidant effects®® and could be used for
instance as active coating of contrast agents. Alternatively, excess
ROS production can be exploited to activate ROS-nanomaterials,
such as selenium- or polyoxalate-based nanoparticles, either by
directly preventing ROS-induced oxidation or by the triggered
release of drugs.>**

6 Conclusions

In this article, we have provided a comprehensive review of the
latest achievements in the design of nanoparticles as contrast
agents for the MRI of Alzheimer’s disease and presented several
opportunities for future developments. Acquiring data on the
emergence and spreading of amyloid plaques in MRI requires
highly efficient non-toxic contrast agents. It appears clearly
that, in spite of already available commercial products, some
specifically designed nanoparticles are a valuable alternative to
current contrast agents for brain MRI and in particular AD
diagnosis. Toxicity of NPs, certainly one primary and major
concern, can be reduced by changing the composition of the
metal core, preventing NP aggregation through stabilizing sur-
face coating or by limiting the oxidative stress generated by ROS
production.

Most importantly, the ability of MRI to help establish an
accurate diagnosis largely relies on the efficiency of the contrast
agents to image the senile plaques with a strong and specific
contrast. This major issue can be addressed in several ways,
namely by increasing the relaxivity of the contrast agents, by
promoting the crossing of the blood-brain-barrier and by
efficiently targeting the amyloid deposits. For instance, we have
seen that coating with mesoporous silica favors the interaction of
water with the contrast agent, hence providing better relaxivity.
Another option would be to design functional dual T1/T2-weighted
contrast agents. Grafting of polymers onto the NP surface has a
beneficial effect on the blood circulation time and crossing of
the BBB. Polyamines and some peptides have also been shown
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to impart NPs a higher ability to cross the barrier, although
none of these solutions appear universal and their efficiency
should be systematically assessed. As for specifically labeling
the senile plaques, efficient targeting has been reported with
anti-AP antibodies, short peptides and small molecules exhibiting
a high affinity for the amyloid structures.

The future of MRI for the diagnosis of AD is strongly
dependent on economic considerations. Although it is unlikely
that MRI will become a routine tool for early diagnosis in the
short term, the combination of contrast agent NPs with ther-
apeutic functionalities could provide innovative solutions for
the overall management of AD.
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