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ABSTRACT: Alzheimer’s disease (AD) is the most common
form of dementia. During the recent decade, nanotechnology
has been widely considered, as a promising tool, for theranosis
(diagnosis and therapy) of AD. Here we first discuss
pathophysiology and characteristics of AD with a focus on the
amyloid cascade hypothesis. Then magnetic nanoparticles
(MNPs) and recent works on their applications in AD, focusing
on the superparamagnetic iron oxide nanoparticles (SPIONs),
are reviewed. Furthermore, the amyloid−nanoparticle inter-
action is highlighted, with the scope to be highly considered by
the scientists aiming for diagnostics and/or treatment of AD
employing nanoparticles. Furthermore, recent findings on the
“ignored” parameters (e.g., effect of protein “corona” at the
surface of nanoparticles on amyloid-β (Aβ) fibrillation process) are discussed.
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Alzheimer’s disease (AD) is named after Alois Alzheimer,
who described the first case in a 55 year old female patient

(i.e., Auguste Deter) in 1906. The description of Auguste’s
pathology was featured by lifelong deteriorating memory,
speaking, physical, and social abilities. After her death, the
autopsy revealed uniform brain atrophy, atherosclerosis changes
in larger cerebral vessels, neuronal loss, and numerous small
foci perceivable even without staining distributed over the
entire cortex. It took over 70 years to reveal that those foci
consist of aggregates of extracellular loads of small peptides
called amyloid-β (Aβ), that are considered today one of the
hallmarks of the disease.1

AD is characterized by progressive deterioration of cognitive
function, most commonly of memory, that increasingly
interferes with patients’ daily activities leading to loss of
independency (for details, see http://www.alz.org/downloads/
facts_figures_2012.pdf). To date, no precise treatments have
been clinically proven to avoid or prevent the progression of
AD. Several different pharmacological agents can only
ameliorate or provide temporary alleviation of the symptoms.2

In this review, we introduce clinical aspects and character-
istics of AD with a focus on the amyloid cascade hypothesis.
Magnetic nanoparticles (MNPs), as promising theranosis tools,
are introduced, and recent reports on the potential applications
of superparamagnetic iron oxide nanoparticles (SPIONs) in AD
are summarized. It is worthwhile to note that the SPIONs are

known as promising theranosis candidates for AD, due to their
biocompatibility, unique magnetic properties and multifunc-
tional application capability.3,4 The amyloid−nanoparticle
interaction is highlighted, with the scope to be highly
considered by the scientific community aiming for diagnostics
and/or treatment of AD employing nanoparticles. Moreover,
recent findings on the “ignored” parameters (e.g., the effect of
protein “corona” at the surface of nanoparticles on Aβ
fibrillation process) are discussed.

■ CLINICAL ASPECTS OF AD

AD affects a person’s ability to carry out daily activities and is
characterized by gradual memory loss, anomia (i.e., difficulties
with word finding), apraxia (i.e., difficulties with complex
movements), confusion, and general withdrawal. As the disease
progresses, severe cognitive impairment, impaired executive
functions and personality changes worsen the lifestyle
condition. Patients in more advanced stages become very
susceptible to infections, pneumonia, and decubitus ulcers. Life
expectancy after a diagnosis of AD is usually between 7 and 10
years.5,6 Early diagnosis and early intervention have consistently
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emerged as key policy priorities in recently formulated national
dementia strategies. Yearly updated guidelines define the
criteria for a clinical diagnosis of AD. They include the use of
cognitive test, such as the mini-mental state test,7 the clock-
drawing test,8 and other sensory-related test (e.g., the odor
identification test9).
In addition to these well recognized tests, very recently,

Mahmoudi and Suslick showed that the molecular aspects of
olfactory dysfunction can be also recognized as a hallmark of
AD and there may even be a causal link through the disruption
of multivalent metal ion transport and storage.10 Once
cognitive deficits are demonstrated, cerebrospinal fluid
biomarker evaluation and brain imaging are demanded for a
more accurate diagnosis. Among various imaging methods in
AD investigation, magnetic resonance imaging (MRI) and
positron emission tomography (PET) are the most common
techniques.

■ MACROSCOPIC AND MICROSCOPIC CHANGES IN
AD BRAIN

AD is neuropathologically characterized by extracellular
accumulation of amyloid plaques, caused by Aβ protein
aggregation, and the presence of intracellular neurofibrillary
tangles (NFTs), formed by aggregation of hyperphosphorylated
tau protein. The Aβ is generated by sequential cleavage of the
transmembrane amyloid precursor protein (APP), via groups of
enzymes named α-, β-, and γ-secretases.11,12 When the APP
protein is cleaved by the α-secretase, a soluble amino (N)-
terminal ectodomain (sAPPα) and a C-terminal fragments
(CTF) are released. Thereby the formation of Aβ is prohibited,
due to the cleaving that occurs inside the Aβ region.13 This is
known as the “non-amyloidogenic” pathway. The “amyloido-
genic” pathway generates Aβ when the precursor protein is
cleaved by a β-secretase (BACE: β-site APP cleaving enzyme)
at the N-terminal domain, releasing a soluble N-terminal
fragment (sAPPb) and the remaining C-terminal part (b-CTF).
The CTF and b-CTF are then cleaved in the transmembrane
domain by the γ-secretase to release either extracellular p2 or
Aβ, respectively. Cleavage by γ-secretase takes place at position
40 or 42 of the protein, which generates amyloid-β 40 (Aβ40) or
amyloid-β 42 (Aβ42), respectively. Approximately 90% of the
residues consist of Aβ40. However, the Aβ42 is considered the
more toxic form and aggregates more readily. Therefore, Aβ42 is
the most abundant isoform in amyloid plaques.
Besides the parenchymal deposition of Aβ in the brain, Aβ

deposits are also found in the cerebral vasculature.14 Amyloid
deposition first occurs in arterioles of the pia mater surrounding
the cerebrum and subsequently spreads to the cortical
arterioles, capillaries, and vessels in other brain areas.15 This
progressive vascular Aβ accumulation leads to cerebral amyloid
angiopathy (CAA), although its extent may vary among AD
brains and its pathophysiological contribution to the disease
progression remains unclear.
It has been suggested that CAA alters the cerebrovascular

perfusion by damaging the vascular wall, causing endothelial
dysfunction and impairing the vessel reactivity with an
enhanced production of free radicals.16,17 This might ultimately
lead to chronic hypoperfusion of specific brain regions resulting
in associated cerebrovascular dysfunction and subsequent
neuronal loss and degeneration.18−20 In addition, Aβ deposits
have been found in the olfactory bulbs, followed by subsequent
deposition in the olfactory cortex and hippocampus.21

It was commonly thought that amyloid plaque formations in
various areas of the brain cause the symptoms of AD,1 but
recently attention has shifted toward the oligomeric soluble Aβ
that is considered as toxic form that causes neuronal loss.22−24

■ SYNAPTIC DYSFUNCTION IN AD

The pathogenic process of AD probably starts decades before
clinical onset of the disease. During this preclinical period, often
designated as mild cognitive impairment (MCI), there is a
gradual synaptic dysfunction and neuronal loss revealed, most
often, by impaired episodic memory.
Alteration and loss of synapses in a specific circuitry of the

medial temporal lobe system is a normal age-related process
believed to initiate memory loss in the elderly.25 These
processes occur first in the entorhinal cortex and rapidly affect
the molecular layer of the dentate gyrus and the nucleus basalis
of Meynert.26 However, in normal aging, this loss of
connections is not likely to precede or provoke loss of neurons,
as the neuronal number is consistently preserved.27 Instead, in
the case of MCI and AD, a higher selective vulnerability of
neurons in these areas seems to strongly contribute to the
neurodegenerative cascade and regional atrophy.28 Soluble and
fibrillar Aβ formation together with development of NFTs
accompany these processes, although the reports on their
mutual interaction are not consistent.
Some studies in transgenic mouse models for AD with

mutation in genes encoding APP or presenilins 1 or 2, reported
the occurrence of synaptic loss, decreased dendritic spine
deficits and memory impairments much earlier than Aβ plaque
deposition in the limbic system.29,30 Others, instead, described
a spatial relationship between synapse density loss and Aβ
plaques in the hippocampus and entorhinal cortex, suggesting a
direct causal mechanism of Aβ in the process of neuro-
degeneration.31 Nevertheless, the severity of cognitive impair-
ments appears to correlate better with loss of synapses, rather
than with the presence of amyloid deposits and NFTs in the
brain.

■ ETIOLOGY OF AD

The AD consists of two major types termed early onset or
presenile AD and late onset or sporadic AD. Patients are
classified as early onset AD when the first symptoms of AD
occur at an age earlier than 65 (see: http://www.alz.org/
downloads/facts_figures_2012.pdf). Early onset AD accounts
for 5% of all AD cases worldwide and is caused by genetic
mutations, as the persons affected generally have a positive
family history.2 Several mutations in APP on chromosome 21,
in presenilin 1 (PS1) on chromosome 12 and presenilin 2
(PS2) on chromosome 1 have shown to be autosomal-
dominant inheritable.32 Mutation in PS1 and PS2 lead to an
increased production of the strong self-aggregating Aβ42
peptide by elevating the γ-secretase activity. This causes the
most aggressive form of AD with an early onset that can occur
even earlier than age of 40. However, mutations in APP, PS1,
and PS2 have been found to cause less than 30% of the early
onset AD. Other genetic disorders responsible for the
remaining cases of early onset are poorly known.33

Patients with late onset AD account for the remaining 95% of
AD incidence. The exact causes of late onset AD are still
elusive. A large number of risk factors for the development of
AD have been identified and can be attributed to environ-
mental- and lifestyle- risk factors, and gene mutations affecting
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AD pathology. However, aging is known as the most important
risk factor for AD.34 Other risk factors include smoking, dietary
intake, stroke, hypertension, heart disease, hypercholesterole-
mia, and diabetes mellitus.35,36 The only gene that has currently
been identified as a risk factor for the late onset AD is the ε4
allele of the cholesterol transport protein, apolipoprotein E
(apoE).37,38

ApoE is a 34-kDa cholesterol transport glycoprotein that
exists in three isoforms: apoE-ε2, -ε3, and -ε4. The highest
expression of apoE is found in the liver, followed by the brain
where it is mainly expressed by astrocytes and to a certain
extent by microglia.39,40 Neurons are also capable of producing
apoE under certain conditions, but in a much less extent than
astrocytes.41,42 Extensive studies in genetic epidemiology
demonstrated that the inheritance of one apoE-ε4 allele is
associated with increased risk of developing AD by 2−5-fold
and the inheritance of two ε4 alleles rise this risk by 4−10-fold
compared to expressing the most common isoform ε3.43 The
ε4 allele is also associated with decreased age of the AD onset
and with an increased conversion from MCI to AD.44,45 On the
contrary, inheritance of the ε2 allele appears to protect against
AD pathogenesis.46 The mechanism by which apoE-ε4
promotes the disease is still an argument of research.
ApoE is produced after injury to promote neuron protection

or to repair injured neurons by transporting cholesterol to the
membrane; however, apoE4 appears to be less effective in this
signaling process due to its susceptibility to intraneuronal
proteolysis.47 Apart from its cholesterol transporting capacity,

apoE can bind to Aβ and form stable complexes, which can be
transported from the brain to periphery and vice versa. A study
showed that this active brain to blood clearance of Aβ is less
efficient in the apoE4 isoform compared to apoE2 and apoE3.48

The fast clearance of free Aβ is redirected, by binding of apoE4
from the lipoprotein-receptor-related protein 1 (LRP-1) to the
very-low-density-lipoprotein receptor (VLDLR), which inter-
nalizes apoE4 and apoE4-Aβ complexes at the blood-brain
barrier (BBB) at a lower rate than LRP1. ApoE2-Aβ and
apoE3-Aβ complexes are removed by both LRP-1 and VLDLR
at a significantly higher rate than apoE4-Aβ complexes.49−51

This might explain why mice expressing human apoE4 have
higher levels of Aβ deposition, compared to mice expressing
human apoE3.52 These experimental data well resemble human
neuropathological analyses, where subjects carrying one or two
apoE4 alleles show significantly higher level of Aβ, even in the
absence of neurological AD symptoms.53 The ApoE4 isoform is
also strongly associated with the presence of Aβ in the vascular
walls and the occurrence of CAA.54

To date, many theories about the causes of AD have been
postulated; among them, the “amyloid cascade hypothesis” is
still the most widely accepted one which is discussed in the next
section.

■ AMYLOID CASCADE HYPOTHESIS

As described above, genetic risk factors for AD include
mutations in genes expressing APP, PS1, PS2, and ApoE4.
Most of these mutations result in an elevated Aβ peptide

Figure 1. Basis for a revision of the amyloid hypothesis. Amyloid-β (Aβ) monomers are formed by β- and γ-secretase clevage of the amyloid
precursor protein (APP). These monomers accumulate in the extracellular space and trigger several processes associated with AD pathophisiology.
Aβ monomers can initiate the formation of fibrillar Aβ aggregates, possibly by an initial aggregation in the form of Aβ dimers, or nonfibrillar Aβ
aggregates, by an initial aggregation in the form of Aβ trimers. Accumulation of Aβ also results in an activation of microglial cell which increase the
production of cytokines that can damage neuronal health when expressed in high concentrations. Furthermore, Aβ can aggregate in the cerebral
blood vessels causing cerebral amyloid angiopathy (CAA), impairing the neurovascular unit function and decreasing oxygen and nutrients supply to
the brain cells.
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production or failure of Aβ clearance mechanisms, leading to an
abnormal accumulation of Aβ in the brain. Furthermore,
patients with Down syndrome develop AD early in life and
show overproduction of Aβ and plaque deposition in the brain
before tangles and other AD lesions.55

Based on these observations, the accumulation of Aβ in the
brain was described by Hardy and Allsop as the key event in the
pathogenesis of AD more than 20 years ago.56 The so-called
“amyloid cascade hypothesis” suggested that the accumulation
and aggregation of Aβ, specifically Aβ42, would trigger further
pathological events such as formation of NFTs, disruption of
synaptic connections with decreased neurotransmitters release,
microglial and astrocytes activation in a chronic inflammation
response, initiates neuronal loss and ultimately leads to
dementia. However, later studies revealed that the amount of
fibrillar Aβ deposits in AD brain poorly correlates with the
severity of cognitive impairment.57,58 Instead, nonfibrillar
oligomeric Aβ species were found to be highly neurotoxic
and their levels much better correlated with severity of disease
and synaptic loss.59,60 These findings were the basis for a
revision of the amyloid hypothesis by Hardly and Selkoe,
pointing toward the oligomeric Aβ species as the initiator
culprits of AD rather than Aβ plaques61 (see Figure 1). It has
been confirmed that soluble Aβ oligomers inhibit neuronal
function,62 induce dendritic spine loss,63 and alter neuronal
plasticity.64 A recent study from Selkoe and colleagues reported
that Aβ dimers could trigger tau hyperphosphorylation and tau-
dependent cytoscheletal microtubule abnormalities in primary
neurons.22

■ INTRACELLULAR TRAFFICKING OF APP
In 1984, Glenner and Wong successfully purified and analyzed
cerebral Aβ deposits.65 They probed the same concept in AD
pathology by focusing on the amyloid in meningeal vessel walls;
after careful considerations, they could chromatographically
enrich the amyloid subunit and reported the partial amino acid
sequence of the hydrophobic peptide, the “β-protein”. A year
after, Masters and colleagues confirmed the existence of 4.2
kDa “β-protein” and extended the rest of amino acid
sequences.1 Using the findings of Glenner’s66,67 in 1987,
based on “reverse genetic” strategy, several laboratories cloned
the human APP gene independently.68−71

Genetically, APP maps to chromosome 21(21q21.2−3) and
expresses ubiquitously in all tissue types in a cell specific
manner. As chromosome 21 is duplicated in individuals with
trisomy 21 (Down syndrome), it is reasonable to think of an
interesting immediate correspondence to the invariant develop-
ment of AD pathology. Historically, the first mutations
implicated in inherited forms of familial AD and a related
inherited condition were identified in the APP gene.72 All genes
encode members of a glycosylated type I single spanning
transmembrane proteins, which carry a large ectodoplasmic N-
terminal region and a tiny C-terminal tail.73 Importantly, only
APP, and not any other APP related gene, contains sequence
encoding the Aβ domain. Therefore, APLP1 and APLP2 are
not the precursors to the peptide and their contribution in AD
pathogenesis is not well-known yet.
Unlike many cell surface receptors, the time that full length

APP settles at the cell surface is not considerably long.
Therefore, the holo-APP molecules, which are not discharged
from the cell surface, experience endocytosis phenomenon
within minutes of arrival. This internalization seems to happen
due to the presence of the “YENPTY” motif near the carboxyl

terminus of APP. This domain regulates clathrin-coated pit74

internalization through a series of binding partners. Following
internalization, depending on the type of the marker
incorporated on the membrane of early endosome, APP is
delivered to sort endosomes and some fraction traffics back to
the cell surface by recycling endosomes. It has been shown that
remarkable amounts of internalized APP might undergo
degradation in lysosomes.75 The YENPTY domain is 100%
reserved in the entire APP family gene and the mutation of this
motif has been shown to selectively impair APP internalization
and then decrease the Aβ generation.76 Many cytosolic
adaptors with phosphotyrosine-binding domain, including
Fe65, Mint1, Dab1, sorting nexin 17 and many other binding
partners interact with this motif and the nearby region. In the
case of nervous system, it has been shown that the
overexpression of some of these binding partners may utterly
influence the processing fate of APP. For example, in transgenic
mice, overexpression of Fe65 and Mint1 reduces the generation
of Aβ and its deposition, strongly implying a physiological role
for these adaptors in regulating the amyloidogenic processing of
APP.77,78

In case of neurons, scientists are willing to better understand
how APP is destined and also how it is processed to its cleavage
products during intracellular trafficking. Many studies have
shown that neurons with their structural polarization into
axons, dendrites and soma demand much more sophisticated
sorting mechanisms with various proteins and lipids.77

Subdivision of neuronal structure to dendritic shafts, dendritic
spines, axonal shafts, and neuronal endings can worse off the
situation to rule all these sorting. Taking together, a complex
system composed of microtubules, kinesine, and dynein motor
proteins along with specific sorting signals facilitate proper
delivery of the protein. Importantly, minor malfunction in this
complex system may interfere with the pathogenesis of AD.79

Another pathway is soma sorting pathway, which is the same
as the non-neuronal cells (i.e., the transportation from ER to
Golgi and TGN). Although APP, as a membrane receptor along
with kinesin-1 microtubular motor protein, reaches an
unprecedented fast and unidirectional axonal transportation,
however, the exact nature of APP carriers into axons and
dendrites is not fully recognized. Recently, it has been reported
that the sorting signal of APP toward dendritic and axonal
compartments seems to follow no specific pathways,80 which
implies the distinct behavior of neurons, compared to the other
peripheral cells, for handling polarized trafficking of APP.

■ AMYLOID-β AGGREGATES AND THEIR ROLE IN AD

Misfolding (toxic folding)81 of the Aβ protein is recognized as a
major cause of AD. Misfolded Aβ molecules form β-sheet
containing structures that assemble into a variety of
polymorphic oligomers, i.e., annulus, dodecamers or amylosh-
peroides,82,83 protofibers, and fibers ranging from dimers to 24-
mers, or even higher molecular weights (in the range of 10−
100 kDa).84

Detection of the Aβ deposits in the healthy subjects, not
suffering from dementia,85 allows to conclude that soluble Aβ
aggregates might be responsible for creation of severe neuronal
toxicity in brain cells rather than fibrillar forms.24,86 It seems
that the size of the oligomers has a crucial role in their
correspondence toxicities; for instance, it has been shown that
the tetramers have 13-fold and dimers have 3-fold toxic effects
higher than the monomeric form of Aβ.87
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Although extensive research efforts are performed in
characterizing assembly states, conformations, and formation
mechanisms, but their correspondence toxicological role on the
neurodegenerative diseases is not well recognized. However,
the most dominant biological effects of the Aβ species, as
upstream of the pathogenesis cascade in AD, are supposed to
be synaptic failure (known as an earliest event), activation of
apoptotic signals, receptor-mediated toxicity, pore formation,
and sequestration of crucial proteins and autophagy dysfunc-
tion.2,88−90 The proposed toxicity mechanisms of these
“invisible toxins” have been discussed in detail else-
where.24,87,91−93

In parallel to conformational changes of the Aβ monomers,
distribution of free multivalent cations (e.g., Cu2+, Fe2+, Zn2+,
and Al3+) can potentially induce the fibrillation process of the
negatively charged monomers.94,95 In order to better under-
stand the interaction mechanism of the Aβ monomers with
cations, Laurent et al.95 empolyed the molecular dynamic
(MD) simulation method (see Figure 2 for details). They
found that the multivalent cations (and not monovalent cation
such as Na+) can play a bridging role between the amyloid
monomers and induce the first seeding of the oligomerization
process. From this observation, one can conclude that the
existence of free multivalent cationic ions in the brain could be

considered as main risk factor for AD. Nowadays, it is clear that
individual ions have sophisticated transporting system(s) (e.g.,
by proteins) and the trafficking network is dependent on the
protein ligands chemistries, coordination geometries, and other
physicochemical properties of ions and transporters. Interest-
ingly, based on standard chemometric approach (hierarchical
clustering analysis), Mahmoudi’s group found that the serum
concentrations of an array of such multivalent cations can be a
fingerprint for identification of AD patients.96 This may pave
the way for a reliable, efficient, and cheap method for early
detection and treatment of AD.
There are strict controlling systems (e.g., cells recruit

protein-based components as metal signal pathway soldiers);
some serve as import/export channels (transporter and channel
proteins) as exchangers, as escorting proteins (the Chaper-
ones), metalloinsertase, endocytosis elements and in some
cases as pumps) for ion homeostasis and handling the right free
ion concentrations (perfect trafficking) in the human body.
Among these various beneficial pathways in regulating the
metal ions levels, there are some detrimental pathways
perturbing the metal ion concentration balance inside the
cell. For example, it has been shown that metal sites of
individual proteins are not sufficiently selective to a specific
metal ion in a way to exclude the others.97 Oxidative stress

Figure 2. (a) Display of two amyloids in the presence of Ca2+ where two cations are placed on one amyloid and another cation is placed on another
amyloid. (b) Distance between the centers of mass of amyloids as a function of simulation length for different cations: Na+ (red line), Ca2+ (blue
line); the figure was adapted from ref 95 with permission from The Royal Society of Chemistry.
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(OS; such as reactive oxygen species) has a significant role in
unbalancing of the cellular ion transporting systems; for
instance, combination of Fenton reactions (inevitable compo-
nent of the OS) with Harber-Weiss reactions (a metal ions
release circle forms) results in release of free radical-containing
reactions and, consequently, uncontrolled metal ion liberations.

■ IMPORTANCE OF NANOTECHNOLOGY IN AD

Due to the lack of an early diagnostic and therapeutic approach,
theranosis is highly challenging in AD. Numerous rodent
studies have reported that Aβ plaques can be imaged by MRI,
without using contrast agents and by just employing advanced
imaging techniques.98,99 Such experiments mainly have been
done at high-field with long scan times which would be
problematic in the routine clinical human imaging. Therefore,
having an exogenous biocompatible agent for AD theranosis is
greatly appreciated. Nanomedicine is a cutting-edge technique
representing effective impact on the early detection and
treatment of neurodegenerative disorders, such as AD. Figure
3 schematically illustrates the ideal passage from nano-
technology to the neurodegenerative diseases.
Recently, scientists have been developing novel nanomateri-

als as imaging contrast agents and drug delivery systems for
early detection and treatment of the central nervous system
(CNS) diseases, respectively. However, drug delivery into the
brain is complicated by restrictive mechanisms imposed at the
BBB which protects the brain against harmful substances, for
example, viruses. Thus, in order to elucidate any neurological
disorder such as AD, one needs to overcome the BBB.
Various strategies and approaches, to efficiently transport the

drug delivery to the CNS, have been studied in a number of
publications.100−102 Roney et al.103 discussed biodegradable
polymeric nanoparticles with appropriate surface modifications
and ability to deliver drugs beyond the BBB for theranosis of
neurological disorders, such as AD. Tanifum and co-workers
synthesized an Aβ-targeted lipid conjugate and incorporated it
in stealth liposomal nanoparticles targeted to amyloid plaque
deposits in a preclinical AD model. Their compound crossed
the BBB and bind to Aβ plaque deposits, by labeling
parenchymal amyloid deposits and vascular amyloid character-

istic of cerebral amyloid angiopathy.104 Because MRI is a
noninvasive technique, development of magnetic nanoparticles
(MNPs) has been increasingly considered for AD thera-
nosis.105−109

Magnetic Nanoparticles. The MNPs are promising
candidates for a wide range of biomedical applications. They
are consisting of a magnetic core, for example, maghemite, and
a biocompatible coating, for example, polyethylene glycol
(PEG). MNPs become more interesting and applicative when
getting functionalized, that is, incorporating them with
biological vectors, luminescent labels, antibodies, drugs, and
so forth.110 Ideal MNPs are nontoxic to the cells/tissues and
stable for a long storage time.

Magnetic Nanoparticles as MRI Contrast Agent. MRI
is one of the most noninvasive diagnostic techniques that would
benefit a lot from nanotechnology, that is, by employing MNPs.
Despite the relatively high quality MR images of the soft tissues,
in some cases it is not possible to have enough image contrast
to diagnose the pathology of interest. In such cases, generally, a
contrast agent (CA) is used. The CAs in MRI shortens the
spin−lattice T1 and/or spin−spin T2 relaxation times of the
water protons within the tissues/regions where they are
delivered to, thus enhancing the image contrast. Therefore,
what is imaged is not the CA compound but rather its effect on
the relaxivity of the adjacent water protons, predominantly
through the dipolar interaction.
Most commonly, the contrast is made by a gadolinium-based

compound (paramagnetic CA) administration.111−114 They
enhance the MR signal intensity, and for this reason they are
called “positive” CAs. Superparamagnetic CAs, are iron oxide-
based MNPs.115−118 Such agents commonly decrease the MR
signal intensity of the regions where they are delivered to and
thus those regions appear darker in the image, and therefore
they are called “negative” CA. Both positive and negative CAs
are being considered to be used as smart probes for biomedical
applications such as molecular targeting of Alzheimer’s amyloid
plaques.

Magnetic Nanoparticles for Molecular Imaging of Aβ.
MNPs have great potential to noninvasively be used for
molecular imaging and therapy. They can be used as target-

Figure 3. Scheme of the ideal passage from nanotechnology to the neurodegenerative diseases.
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specific agents, to selectively enhance the contrast in molecular
level, if functionalized, for instance by incorporating them with
antibodies. Targeted compounds improve the lesion detect-
ability (as MRI CAs) of certain pathologies and more
importantly provide the localized therapy (as drug delivery
systems).
Targeted MNPs have been used to detect Aβ plaques of AD.

For instance, Poduslo et al. targeted Aβ plaques of AD using a
Gadolinium-loaded molecular probe.108 Their smart system was
able to cross the BBB, following intravenous injection, and
specifically bind to the plaques and was imaged in MRI.
According to their report, they gained more than 9-fold
enhancement in regions of cortex and hippocampus in AD
transgenic mice at 7 T. Such systems not only have great
potentials for early diagnosis but also can be used for direct
measurement of the efficacy of antiamyloid therapies. In
another study, several magnetic CAs were introduced to detect
amyloid plaques in AD transgenic mice.105 The authors used
ultrasmall superparamagnetic iron oxide nanoparticles (US-
PION) and were able to detect and well identify amyloid
plaques by T2*-weighted MRI in transgenic mice compared to
the wild-type. In another interesting study, Sillerud et al.
synthesized antibody-conjugated SPIONs targeted to the Aβ
plaques in AD transgenic mice and were able to detect the
plaques in MR images;109 the detectibility was twice higher
than control cases.
Due to some limitations such as uncertainty in signal

quantification of the probes, nuclei other than 1H, e.g. fluorine-

19 (19F), have been considered for molecular/cellular imaging.
19F nucleus has 100% natural abundance, spin 1/2 and
sensitivity close to that of 1H. Furthermore, there is no in
vivo background signal of 19F and this allows unambiguous
signal localization and quantification. 19F MRI, after injection of
fluorinated contrast media, is carried out by acquiring
anatomical 1H MR image followed by a 19F image. In this
case, both 1H and 19F images are acquired after injection of the
fluorinated compound and precontrast images are not required.
19F MRI technique has been used to detect Aβ in AD.119,120 19F
MRI technique has been introduced elsewhere.121

Magnetic Nanoparticles Against Aβ Fibrillation.
Functionalized MNPs are highly being considered to be used
not only for Aβ detection and longitudinal studies of the
therapeutic response noninvasively, but also as promising drug
delivery systems. Targeted multifunctional nanocarriers for
diagnostics, drug delivery and targeted treatment across BBB
have been nicely argued in a review by Bhaskar and
colleagues.122

To date, there is no effective prevention or treatment for AD.
Recently Mahmoudi et al.123 probed the physicochemical
effects of the SPIONs on the Aβ fibrillation process. They
found that SPION size has significant effects on the Aβ
fibrillation process; thus, the size distribution of MNPs is a key
issue. Beside nanoparticles size, surface area and charge showed
“dual” effects on the fibrillation kinetics; more specifically,
lower concentrations of SPIONs inhibited Aβ fibrillation rate,
while higher concentrations enhanced it,123 an effect also

Figure 4. Transmission electron microscopy (TEM) images of (a) polystyrene and (b) silica nanoparticles with various magnifications. (c,d)
Representative schemes showing the exposure of the amyloids’ hydrophilic and hydrophobic backbone to the free amyloid monomers after
interaction with polystyrene and silica particles at 42 °C, respectively. (e,f) TEM images of the amyloid interacted proteins with polystyrene and
silica particles at 42 °C, respectively. As seen, there is no trace of fibrillation in (e); however, severe fibrillation (red arrows as examples) was
observed in (f). In (e) and (f), left and right images correspond to interaction of amyloid with nanoparticles at 20 and 400 min, respectively.
Obviously, at 42 °C, fibrillation at the surface of silica nanoparticles is considerably enhanced by increasing the interaction time, compared to that of
the polystyrene. The scale bar is 100 nm. Reprinted with permission from ref 133. Copyright 2013 American Chemical Society.
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observed for nonmagnetic nanoparticles (i.e., polystyrene
nanoparticles).124 Surface charge influenced the concentration
at which the acceleratory effects were observed, with the
positively charged SPIONs promoting fibrillation at signifi-
cantly lower particle concentrations than both negatively
charged and essentially uncharged (plain) SPIONs. This
suggested that in addition to the presence of SPIONs affecting
the concentration of monomeric protein in solution (and
thereby the nucleation time), there were also effects of binding
on the Aβ conformation, which was mainly detected with the
positively charged SPIONs.123 Furthermore, one can conclude
that SPIONs designed for medical imaging applications should
consider using a negatively charged or uncharged surface
coating preferentially, as these are less likely to induce
undesired side effects such as protein fibrillation, while
maintaining the desired magnetic function; interestingly, this
matter has been also shown in the in vivo simulated situations
(i.e., protein coated nanoparticles).125

Although there are extensive reports on effects of nano-
particles on the kinetics of amyloid fibrillation, there are several
crucial “ignored matters” which are poorly understood and
need to be extensively considered in future. These ignored
matters, which mainly introduced by the group of Prof.
Morteza Mahmoudi at Tehran University of Medical Sciences,
are as follows: (i) the effect of “corona” coated nanoparticles,
(ii) effect of slight temperature changes (i.e., in the
physiological range) on the amyloid fibrillation process, and
(iii) cell “vision” effect on cellular toxicity of the amyloid
oligomers/fibrils.
It is now well recognized that the surface of nanoparticles is

covered by biomolecules (e.g., proteins) upon their entrance to
the biological medium.126−129 Thus, what the biological entities
(e.g., Aβ) actually “see” in the biological medium, is the protein
coated nanoparticles (so-called “protein corona”); in this case,
Mahmoudi and co-workers130,131 showed that the presence of
the nanomaterials protein corona inhibits the formation of Aβ
fibrils for various types of nanomaterials (e.g., silica (100 and
200 nm), polystyrene with carboxyl surface modification (100
nm), multiwalled carbon nanotubes (CNT; diameter, 10−40
nm; length, 0.1−10 μm), and graphene) whereas the same
nanomaterials could accelerate the rate of Aβ fibrillation when
bare.
Besides the protein corona, it has been shown that the

temperature has a crucial role on corona composition132 and
the amyloid fibrillation process;133 more specifically, changes in
the incubation temperature (i.e., at physiological range), can
have “dual” effects on the amyloid fibrillation process, in the
presence of hydrophilic (silica) and hydrophobic (polystyrene)
nanoparticles; the reason is that the core hydrophobic
backbone of Aβ monomers can be more available for
interactions by increasing the temperature from 37 to 42 °C.
In such a case, the hydrophobic nanoparticles (i.e., polystyrene)
have the capability to show dual effects (i.e., acceleratory and
inhibitory) on the fibrillation process by slight temperature
enhancement; however, for hydrophilic nanoparticles (i.e.,
silica), the acceleratory effects on the fibrillation process can be
significantly increased (see Figure 4).
Cell “vision” is also considered as additional crucial ignored

factor for the cellular toxicity evaluations of amyloid oligomers/
fibrils. Cell vision is the numerous detoxification strategies that
any particular cell can utilize in response to toxins (e.g., amyloid
oligomers/fibrils).134−138 The uptake and defense mechanism
could be considerably different according to the cell type. Thus,

what the cell “sees”, when it is faced with amyloid oligomers/
fibrils, is most likely dependent on the cell type, which should
be considered for interpretation of the toxic effects of amyloid
oligomers/fibrils.

■ CHALLENGES AND LIMITATIONS

Due to their high biocompatibility, superparamagnetic proper-
ties, and their high capacity for using them as multimodal
contrast agents, functionalized SPIONs are recognized as the
most promising MNPs in nanomedicine.139−142 However,
although their application is still extremely limited,143−146

they have been proposed for neurodegenerative diseases.147−149

Moreover, their potential with high affinity for circulating Aβ
forms to induce a “sink effect” and, thus, ideally ameliorate AD
has been reported.150 Therefore, deep understanding of their
interactions with Aβ, and other amyloidogenic proteins is of
crucial importance to ensure that their medical use does not
inadvertently contribute to amyloid related disease progression.
There are couple of reports on the interaction of SPIONs

with amyloidogenic proteins,123,136,151−156 but there have been
very few studies on the physicochemical properties of SPIONs
on Aβ fibrillation process. Importantly, all of the performed
experiments on the nanoparticle−Aβ interactions have been
focused on the pristine coated SPIONs, which is not the real
state of SPIONs in vivo; thus, the main direction of future
research should be focused on the interaction of SPIONs with
the corona coated nanoparticles at various temperatures (as the
temperature has crucial role in amyloid fibrillation as well as
cellular signaling pathways).133,157,158

Very recently, in a study, SPIONs were administered
intravenously in APP transgenic mouse models of AD, to
investigate cerebral amyloid angiopathy.106 In this case, iron
labeled macrophages were found in the brain, despite the fact
that the BBB was intact as verified using gadolinium-contrast
enhanced MRI. Circulating monocytes migrate from the lumen
into the vessel wall159 and are able to transmigrate the BBB
when attracted by chemokines produced by Aβ-stimulated
cells.160,161 A study by Beckmann et al.106 suggested that
monocytes take up the SPIONs in the circulation and then
penetrate the brain. Further in vivo experiments on the
SPIONs with various surface charges are required to assess how
the monocytes uptake can influence the effects of SPIONs on
the fibrillation process.

■ SUMMARY

Owing to their unique physical, chemical, and biological
properties, compared to their bulk structures, nanoparticles
have attracted rapidly growing interest in biomedical sciences.
One of the promising subjects is the interactions of
nanoparticles with amyloid proteins, which are consistent
features in the pathogenesis of several neurodegenerative
diseases (e.g., AD). The use of nanoparticles as theragnostic
agents, to inhibit fibril formation, could be a potential treatment
for such diseases. In this case, previous reports have showed
that nanoparticles of various surface chemistries and sizes could
both accelerate and inhibit Aβ fibrillation in solution. Among
various types of nanoparticles, MNPs such as SPIONs, are
recognized as promising nanoparticles due to their multi task
capabilities (e.g., drug delivery, hyperthermia, and imaging
within the same nanosystem).139,148

Very recent results have shown that the slight temperature
changes (which can be induced by hyperthermia capability of
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magnetic nanoparticles) can have significant effects on the
fibrillation process.133 While these are important observations,
in order to understand the fate of Aβ exposed to a nanoparticle
in a biological context, very recent reports confirmed that the
real state of the nanoparticles in biological medium, so-called
corona coated nanoparticles, has been ignored.130,131 Thus, an
important step forward to better understand the Aβ−
nanoparticle interactions in more biologically relevant con-
ditions is the consideration of the fact that nanoparticle surface
gets covered with proteins and thus potentially becomes less
accessible to the Aβ. Therefore, the effect of protein corona
coated nanoparticles on Aβ fibrillation is an important issue to
be investigated in the future studies.
One may expect that various types of corona, including those

that are themselves potentially pro-fibrillar (e.g., those
containing unfolded proteins), lead to an NF-κB response,162

but this aspect should be investigated. Importantly, despite the
reduction in the amount of protein fibrillation for corona
nanoparticle complexes, there are still significant levels of
oligomerization of Aβ on the nanoparticle−corona surface and
in the bulk solution (albeit at higher Aβ concentrations than
expected in vivo). For instance, recent results confirmed that
the interaction between Aβ and fibrinogen modifies fibrinogen’s
structure, which may then lead to abnormal fibrin clot
formation.163 In this case, one can conclude that the presence
of fibrinogen in the composition of hard corona might be
harmful due to the formation of fibrin clot (more investigation
is required to validate this issue).
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