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Abstract disease. Before the era of magnetic resonance imaging
) (MRI) began, diagnosis of MS was mainly dependent

1 Ve on the medical history and clinical examination of the
“ 4’* e patient. With the application of MRI by Young et al. in
s > : BT Mg o 1983, a revolutionary step took place in this field (Z, 2).
MRI played an expanding and unique role in the
diagnosis of the disease. Nowadays, conventional
MRI is used for early diagnosis, predicting the prog-
nosis, and evaluating the response to the therapeutic
agents considered for clinical trials. In fact, the diag-
nostic criteria changed twice during the past decade as
MRI showed its power for early depiction of the disease
and reliably excluding other differential diagnosis (3, 4).
With more advances in MRI techniques and the intro-
duction of nonconventional MRI, such as MR spec-
troscopy, diffusion tensor, magnetization transfer, and

Smart superparamagnetic iron oxide nanoparticles functional MRI, into the field, our knowledge about the
(SPIONS) are the most promising candidate for ther- pathology and evolution of the disease was extensively
agnosis (i.e., diagnosis and treatment) of multiple improved. These techniques enabled investigators to
sclerosis. A deep understanding of the dynamics of the measure the actual extent of tissue damage related to
in vivo neuropathology of multiple sclerosis can be MS and to better characterize the nature and the func-
achieved by improving the efficiency of various medical tional consequences of such damages (3, 6). They also
techniques (e.g., positron emission tomography and emphasized the previously ignored neurodegenerative
magnetic resonance imaging) using multimodal SPIONs. aspect of the disease and opened a new window on the
In this Review, recent advances and challenges in the interaction between neuroinflammation and neuro-
development of smart SPIONS for theragnostic applica- degeneration to induce permanent disability (7). With
tions are comprehensively described. In addition, critical advances in laboratory medicine and biotechnology,
outlines of emerging developments are provided from the different preparations of interferon beta were developed
points of view of both clinicians and nanotechnologists. to control the exacerbations in MS and rapidly became

commercially available for patients. These drugs are
partially effective and cannot cure the disease. With the
recognition of different types of receptors on leukocytes
and their major role in induction of inflammation, a new
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ultiple sclerosis (MS) is a chronic demyeli- class of drugs called monoclonal antibodies was applied to
nating disease of the central nervous system decrease disability and exacerbation in MS by inhibiting
(CNS) that usually affects young adults. the activity of lymphocytes or their migration into the
The disease is diagnosed throughout the world with CNS. This new class of drugs resulted in a better disease
more than two million affected individuals. Although control despite the serious but rare side effects (8).
the disease was recognized in the 19th century, there The era of nanotechnology began about 50 years ago
were limited data on the diagnosis, pathophysiology, when Richard Feynman in his seminal lecture said
and management of MS until the last 50 years. With
every step of progress in immunology, imaging, and Received Date: November 3, 2010
biotechnology, there was indeed progress in our under- Revised Manuscript Received: December 8, 2010

standing of the etiology, diagnosis, and treatment of this Published on Web Date: February 04, 2011
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“there is plenty of room at the bottom”. From then on,
extensive efforts have been devoted to congregate nano-
technology and medicine, leading to the new interdisci-
plinary field of nanomedicine. This new field has brought
together engineers, physicists, biologists, chemists, math-
ematicians, and physicians to improve detection, ima-
ging, and drug delivery devices. To accelerate the war on
cancer, declared in 1971 by U.S. President Richard
Nixon, the National Cancer Institute launched the
Alliance for Nanotechnology in Cancer in 2004. Since
then, significant funds have been devoted to the devel-
opment and improvement of nanotechnologies in order
to reduce cancer mortality (9).

Theragnostics is a strategy that integrates therapeu-
tics with diagnostics to develop new personalized treat-
ments with enhanced efficacy and safety. In this approach,
which is the final goal of nanomedicine, scientists are
looking for multifunctional nanomaterials which are able
for coincident disease diagnosis, drug delivery, monitoring
the drug delivery, and evaluation of treatment efficiency in
a single nanoparticle platform (10).

In this Review, we will provide a brief overview on the
history of MS and nanoscience, followed by some recent
developments in superparamagnetic iron oxide nano-
particles (SPIONs) and their application in depicting
MS lesions in the brain and spinal cord. Moreover, the
ability to apply nanotechnology to some, if not all,
aspects of MS research and clinical studies in the future
will be discussed.

Multiple Sclerosis: A Historical Overview

The earliest recorded description of M S dates back to
the 14th century, but it was the French neurologist Jean-
Martin Charcot (1825—1893) who made the first defi-
nite links between the symptoms of MS and the patho-
logical changes seen in post-mortem samples. He
described the condition as “sclerose en plaques” and
recognized MS as a distinct disease entity (/7). In 1916,
Dr. James Dawson described the inflammation around
blood vessels and damage to the myelin. For many
years, scientists thought that MS was caused by some
forms of toxins and poisons. Since most MS damages
were observed in the vicinity of blood vessels, it seemed
reasonable that a circulating toxin, leaking into the
brain tissue, could cause the damage. The viral etiology
of MS was suspected when physicians faced a disease
resembling MS after vaccination (especially against
rabies). It was assumed that this occurred because the
virus in the vaccines was not completely inactivated, and
so it attacked the myelin. In 1935, Dr. Thomas Rivers
successfully produced an MS-like illness in laboratory
animals, under a virus free condition. This animal model
of MS, called experimental allergic encephalomyelitis
(EAE), paved the way to the theory of “autoimmunity”
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for this disease and soon became an important model for
studying the immunology and treatments (/2). In 1947,
with a grant from the National MS Society, Dr. Elvin
Kobat at Columbia University identified abnormal
immunological proteins which appeared in a pattern
known as oligoclonal bands in the spinal fluids of
patients (/3). In 1965, the National MS Society founded
a panel of experts, headed by George Schumacher, to
draw up standard guidelines for MS diagnosis. At the
same time, a rating scale for disability measurement was
proposed by Dr. John Kurtzke (/4). These two steps
allowed researchers to test possible MS treatments. In
the 1960s, adrenocorticotrophic hormone (ACTH) was
used to treat MS exacerbations. This was the first
controlled trial of a successful treatment for MS. ACTH
was soon replaced by high dose steroids which are
currently used as the standard treatment for MS relapse.
Steroids are, however, not effective at reducing the
number of relapses or the rate of disease progres-
sion (15). This was followed in the 1970s and 1980s
by trials with a variety of immunosuppressant agents,
including cyclophosphamide, cyclosporine, azathioprine,
methotrexate, and glatiramer acetate (GA) (copolymer 1)
(11, 16). In the late 1980s, the concept of immuno-
modulation was extensively explored, and this was
assisted by the development of noninvasive monitoring
methods. In 1981, Ian Young applied a new imaging
technique, MRI, to visualize brain and spinal cord
lesions in MS. He properly predicted the future value
of MR imaging in diagnosis and monitoring of MS (2).
A new era in the treatment of MS began in 1993
when the pivotal trial of Interferon beta 1b (Betaseron,
IFNf-1b) showed its potential to reduce the exacerba-
tions of the disease. It was the first therapy which was
proven effective in altering the natural history of relap-
sing-remitting MS (RRMS) (17, 18). The IFNp-1b
study was followed in subsequent years by the introduc-
tion to the market of Interferon beta la (Avonex)
(1996), the noninterferon agent GA (1996), and sub-
cutaneous INF beta la (Rebif) (1998) as agents to
decrease relapses in RRMS (/9—21). In 1999, mitoxan-
trone (Novantron, a cytotoxic agent) was approved to
change the course of progressive relapsing forms of
MS (22). With a better understanding of the patho-
genesis of the disease, there was a continued progress
to improve therapeutic approaches for MS. The first
monoclonal antibody, called natalizumab (Tysabri),
was approved in 2006 (23). This drug could significantly
suppress exacerbations in MS in several trials. Despite
its rare but fatal side effect, called progressive multifocal
encephalopathy, this drug is used in active patients.
Fingolimod (Gilinya) was the first oral medication
approved in 2010 for RRMS (24). It opened a new era
in MS treatment, as many patients suffered from pain
and injection site reactions due to interferons. A number
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Table 1. Significant Progress in Nanoscience

year reporter remark ref

1867 James Clerk Maxwell It was proposed that a tiny entity entitled “Maxwell’s 27
Demon” is able to handle individual molecules.

1914 Richard Adolf Zsigmondy By employing the dark field method via ultramicroscope, (28, 29)
the detailed study of gold sols and other nanomaterials
with sizes down to 10 nm and less were introduced; the
first classification system based on nanoparticle size
was developed.

1920s Irving Langmuir and Development of monolayer formations. 29

Katharine B. Blodgett

1959 Richard Feynman The real era of nanoscience and nanotechnology was 30
proposed by his well-known sentence “There’s plenty
of room at the bottom.”

1960 William H. McLellan The first nanomotor was developed. 31

1974 Norio Taniguchi The first time that the term “nanotechnology” (30, 32, 33)
is used in a scientific publication.

1974 Tuomo Suntola Development of the process of depositing 29
uniform one atomic layer thin films

1985 Tom Newman Confirming the possibility of scaling down letters 34

small enough so as to be able to fit the entire
Encyclopedia Britannica on the head of a pin.

of oral medications, some disease-modifying and some
for the improvement of symptoms, are currently in
phase III trials that may lead to U.S. Food and Drug
Administration approval in the near future.

Nanoscience, Nanotechnology, and Nano-
materials: A Historical Overview

Nanoscience and nanotechnology deal with matter
on an atomic/molecular scale. More specifically, nano-
science and technology refer to the research and
manufacturing development at ultrasmall scales (e.g.,
atomic), which leads to the desired manipulation of
structures in the range of 1—100 nm, in at least one
dimension.

From the public’s point of view, nanotechnology is a
relatively new development; however, it has been proven
that the central conceptual developments in nano-
science, more specifically for nanoparticles, have
been in use since 5000 years ago, when Egyptians
ingested Au nanoparticles for mental and body purifi-
cation (25). In addition to Egyptians, Persians also
employed both Au and Ag nanoparticles in the 10th
century BC for the fabrication of ceramic glazes to
provide a lustrous or iridescent effect (26). The era of
nanoscience began with the lecture of Nobel award
winner, Richard Feynman, in 1959. Ever since, and
thanks to the development of highly sophisticated char-
acterization methods at the nanoscale, both the research
and the technological aspects of nanoscience have
grown explosively, particularly during the last two
decades. Table 1 shows the significant improvements
in the field of nanoscience and nanotechnology in
the last 150 years. Figure 1 shows the classification of
variousnanoparticles together with their most prominent
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Figure 1. Most prominent classification, synthesis routes, and
application of nanomaterials.

synthesis methods as well as their well-known applica-
tions. In addition, Table 2 also lists an overall classifica-
tion of nanoparticles along with examples for each
group.

Nanoparticles for Medical Applications

Nanomedicine has been recognized as a new emer-
ging field of nanotechnology that introduced a new
interface between nanotechnology and biotechnology,
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Table 2. General Classification of Various Nanoparticles
main classes examples ref
metals gold (Au), silver (Ag), platinum (Pt), and palladium (Pd) (35-37)
metal oxides silicon dioxide (SiO,), titanium dioxide (TiO,), aluminum (38—43)
dioxide (Al,03), zinc oxide (Zn0O), and iron oxide
(Fey 03, Fes0y)
semiconductors cadmium telluride (CdTe), cadmium selenide (CdSe), cadmium (35,44—47)
sulfate (CdS), titanium dioxide (TiO,), and gallium
arsenide (GaAs)
carbon black carbon nanotubes and fullerenes (48—54)
magnetic materials iron oxide (Fe3;0y4, Fe,03, and y-Fe,03), iron-palladium and (55—73)
cobalt, ferrimagnetic spinels, cobalt ferrite, CoFe,Oy,
Mn—Zn and Mn—Zn—Gd ferrite particles, copper nickel,
ferromagnetic perovskites La ;. Sr,MnOs, Ni(;.,Cry,
gadolinium-, calcium-, and lanthanum complexes,
and ferrimagnetic SrFe;,0;9/y-Fe,05 composites
polymers polylactides (PLA), polyglycolides (PGA), poly(lactide-co-glycolides) (74-78)
(PLGA), polyanhydrides, polyorthoesters, and polycaprolactone
multi-classes core—shell, magnetic beads, and colloidal nanocrystal clusters (79—83)

the so-called “nano—bio interface” (84). Due to their
novel physicochemical properties, nanomaterials offer
great hopes for the creation of new theragnostic possi-
bilities in medicine. Surface engineered nanomaterials
have been comprehensively examined in a wide range of
biomedical applications, including biomolecular ima-
ging (85), novel drug delivery systems (86), targeting
delivery/imaging (87), transfection (87), gene deliv-
ery (88), tissue engineering (89), and stem cell/cell/
biomolecules tracking (42). Hence, nanomedicine pro-
ducts will grow at a rate of up to 17% annually of the
percentage of product, to reach an estimated $53 billion
market in 2011. The greatest share of the nanotechnol-
ogy in pharmaceutical applications is expected to reach
$18 billion in 2014 (90, 91). However, the major short-
coming of using nanoparticles in biomedical applica-
tions is their possible cytotoxicity (917, 92). In order to be
used for safe and high yield biomedical applications,
nanomaterials must be coated by ideal organic/inorganic
materials which can satisfy the following requirements:
(i) preventing the opsonization of nanomaterials; (ii)
avoiding agglomeration of nanoparticles in biological
medium; (ii1) achieving the desired surface charge for the
nanomaterials’ main task; (iv) preserving the function-
alities of the nanomaterials; (v) exhibiting the protein
absorption on the surface of nanoparticles and their
corresponding denaturation; and (vi) ensuring the bio-
compatibility of nanoparticles (42, 80, 81, 93, 94).
During the past decade, nanoparticles with multitask
capability have attracted the attention of the scientific
community (69). Multitask nanoparticles can satisfy
several applications (e.g., drug delivery, thermotherapy,
and imaging) simultaneously; hence, reducing both the
patient resistance and the side effects of nanoparticles/
drugs (85). In addition, multitask nanoparticles have
increased the hopes for the early diagnostic and the fast
treatment of catastrophic diseases (e.g., cancer) via their
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theragnostic capability (85). One of the outstanding
candidates for theragnostic applications are magnetic
nanoparticles. The main tasks of magnetic nanoparti-
cles, for theragnostic applications, include visualization
of the desired biospecies, guiding into preferred sites
using a magnetic field, and heating in order to trigger
drug release or to produce hyperthermia of desired
tissues (99).

Superparamagnetic Iron Oxide Nano-
particles (SPIONSs)

SPIONs are based on magnetite (Fe3;0,4) or maghe-
mite (y-Fe,O3) cores stabilized with a hydrophilic sur-
face coating (polysaccharide, synthetic polymers, or
small molecules) (56, 80, 81, 96). Magnetic nanoparticles
based on iron oxides or iron oxide shells are recognized
as the most prominent magnetic materials, due not only
to their great biocompatibility but also to their unique
physicochemical properties (e.g., strong effects on Ty,
T,, and T,* relaxation, inducing signal increase on T-
weighted images and signal reduction on T,-weighted-
gradient-echo images) (42, 43, 69, 80, 81, 85, 86, 93, 97—
105). SPIONs with an average diameter of 5—10 nm,
suspended in suitable carrier liquids (i.e., ferrofluids),
show outstanding properties such as superparamagnet-
ism. Superparamagnetism is obtained by nanoparticles
that contain only a single magnetic domain. It is basi-
cally needed for biomedical applications, since, once the
external magnetic field is removed, the magnetization
disappears and thus the agglomeration and hence the
possible embolization of the capillary vessels can be
avoided (42, 56, 69, 100, 106). The excellent properties
of SPIONSs give rise to numerous multitask applica-
tions including MRI contrast agents (42, 107), multi-
modal imaging (85), ferrofluid technology for thermo-
therapy (69, 108), targeted drug delivery (80, 81), cancer
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Table 3. Toxicity Evaluation of SPIONs Using Various Methods
cytotoxicity
evaluation method shell composition remarks ref

MTT assay

PEG, PEGF, PVA,
silica, dextran,
PEI, and chitosan

No toxicity was observed even in the high applied dosage
(about 1 mg/mL); a trace of toxicity was detected for
bare SPIONSs at the same concentrations.

(98, 104, 122—127)

modified MTT assay PEGF and PVA In order to reduce the effect of protein-nanoparticle interactions, (101, 102)
surface saturated SPIONs were used; in this case the real toxicity
of SPIONs was obtained.
redox assay dextran, oleate, PL, The SPIONs were stable in a variety of media and showed no (128—130)
and PEI toxicity during interactions with various cells.
cytochrome ¢ assay amine-functionalized The results confirmed low cytotoxicity (LDsq 1500 ug/mL) of 131
coated SPIONs on the liver cell (HepG2).
NBT assay dextran Results confirmed that dextran coated SPIONSs did not 125
significantly modify superoxide anion production
compared to controls (human monocyte—macrophage).
WST assay PDMAAm and No detectable cytotoxicity was observed on mesenchymal stem cells. 132
dextran
LDH assay none Bare SPIONSs did not produce cytotoxicity up to a concentration 133

of 100 ug/mL.

various dyes none, dextran, and PVA

(e.g., NR and PI)

No cytotoxicity, on cell-life cycle and apoptosis, was detected
for the coated SPIONS; a trace of apoptosis was detected for

(105, 121, 134)

the bare SPIONSs at high concentrations (i.e., 80 mM).

PVA-coated SPION treated cells did not show evident necrosis, 99

apoptosis, or cell cycle arrest in moderate concentration of
nanoparticles (i.e., 200 mM); however, the coated nanoparticles
at the highest concentration (400 mM) caused both apoptosis
and cell cycle arrest in G phase, possibly due to the irreversible
DNA damage and repair of oxidative DNA lesions.

cell cycle assay none and PVA

[*H] thymidine gold
incorporation assay

comet assay none

No toxicity was detected on the employed concentrations 79
(i.e., up to 30 ug/mL).

Oxidative DNA lesions in cultured A549 cells after

113

exposure to high concentrations of SPIONSs (i.e., 40 ug/mL
and 80 ug/mL) for 4 h showed enhancement in comparison
with the control.

tumor detection via SQUID magnetometry (/09), gene
therapy (56), biomolecular separation (//0), in vivo bio-
molecular detection (85), and tissue repair (56, 111, 112).

In order to enhance the biocompatibility of SPIONSs,
their surfaces have been covered by various biocompa-
tible organic and inorganic materials (8, 93). The
obtained coated SPIONSs could be functionalized and,
consequently, could be tagged by active targeting moi-
eties (e.g., antibodies) which leads to the enhancement
of the targeting yield together with the reduction of
patient resistance (80).

Cytotoxicity of SPIONs

Until now, most research on SPIONs has been
dedicated to the synthesis, characterization, and surface
properties of nanoparticles rather than to their biologi-
cal issues (99). However, due to the increased presence of
SPIONSs in several branches of the medical sciences,
together with the lack of cytotoxicity information, there
are significant debates in the scientific community on
their comprehensive toxicological evaluations. In recent
years, the major focus of the published work in the field
of SPIONs has been devoted to cytotoxicity evalua-
tions (86, 93, 98, 99, 113).
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The physicochemical properties of SPIONS (e.g., size
and size distribution, shape, and surface characteristics)
are of importance in terms of the corresponding biolo-
gical responses (e.g., clearance, biodistribution, cell
response/uptake, and cytotoxicity) (//4). For instance,
the bare particles are cleared from the blood due to their
opsonization and corresponding clearance by the reti-
culoendothelial system (RES) (80); this clearance would
be overcome by modifying the particles’ surface using
organic and inorganic materials (93). Besides opsoniza-
tion, the sizes of the nanoparticles are recognized as
being crucially important for their biodistribution; more
specifically, SPIONs with a diameter below 10 nm
would be removed rapidly through extravasation and
renal clearance (/15— 117). Nanoparticles in a size range
of 40—200 nm are taken by the liver (about 80%) and
spleen (about 20%) (95, 118). In order to increase the
targeting capability of SPIONS, their residency time in
the blood should be significantly enhanced; in this case,
several amphiphilic materials (e.g., poly(ethylene glycol))
are used as coatings (85, 119).

Due to the interaction of proteins with nanoparticles,
the type of cell medium could have a significant effect on
the obtained toxicity results of nanoparticles (101, 102).
In order to ascertain the cytotoxic characteristics of
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SPIONSs, their interaction with various cell types to-
gether with different cytotoxicity assays should be in-
vestigated (/20). To achieve reliable toxicity results, the
majority of conventional cytotoxicity protocols must be
modified for nanoparticles. For instance, Mahmoudi
and co-workers developed a new procedure (modified
MTT) for evaluating the in vitro toxicity of SPIONsin a
more rigorous manner, significantly improving the re-
liability of the obtained data (101, 102).

In order to probe the possible cytotoxicity of both
bare and coated SPIONSs, extensive in vitro assays on
various cell types and in vivo toxicity assays have been
conducted (see Table 3). The results confirm that neither
bare nor coated SPIONs have a detectable toxicity at
applied dosages, which were greater than the dose
permitted for humans (i.e., 0.56 mg/kg) by the U.S.
Food and Drug Administration (/27).

Role of SPIONs in MRI Imaging
SPIONSs for Molecular Imaging

SPIONs have been used as contrast agents for
MRI for at least two decades (42, 117). Based on their
size, SPIONSs can be organized into several categories:
(i) very small superparamagnetic iron oxide particles
(VSPIONS, < 10 nm), (ii) ultrasmall superparamagnetic
iron oxide particles (USPIONSs, 10—50 nm), and (iii)
standard superparamagnetic iron oxide particles
(SPIONSs, 50—180 nm) (/35). SPIONs can be obtained
using a wide range of synthetic approaches such as
microemulsions, sol—gel synthesis, sonochemical reac-
tions, hydrothermal reactions, hydrolysis and thermo-
lysis of precursors, flow injection synthesis, and electro-
spray synthesis (56, 81). The challenge is to produce
monodisperse SPIONs with controllable size and shape
in great quantities (80). One promising approach for
large scale synthesis of SPIONSs is the thermal decom-
position of iron salts (80). SPIONs must be coated with
surface complexing agents. After modification, it is
necessary to prevent nanoparticle agglomeration, reduce
toxicity, and obtain an adapted pharmacokinetics and
biodistribution. It is also often desirable to select a sur-
face coating with functional groups to allow the attach-
ment of targeting ligands.

There are some prominent analytical techniques
which are usually employed to characterize SPIONS,
such as photon correlation spectroscopy (PCS), magne-
tometry, and relaxivity profiles (nuclear magnetic reso-
nance dispersion (NMRD) curves) recorded over a wide
range of magnetic fields. The PCS measurement gives a
mean value of the hydrodynamic diameter of the parti-
cles. Magnetometry confirms the superparamagnetic
property of the particle and provides information on
the specific magnetization and the mean diameter of the
crystals. The fitting of the NMRD curves according to
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the theories (/36) gives the mean crystal size, the specific
magnetization, and the Néel relaxation time (/37). The
nuclear magnetic relaxation properties of a compound
are ideally obtained by the study of its NMRD profile,
which gives the evolution of the relaxivity with respect to
the external magnetic field. The relaxivity is defined as
the increase of the relaxation rate of the solvent (water)
induced by 1 mmol/L of the active ion. In the case of
magnetite, the relaxivity is the relaxation rate enhan-
cement observed for an aqueous solution containing
1 mmol Fe/L.

The ability of SPIONs to shorten the T; and T,
proton relaxation times has been widely used to en-
hance the contrast of MR images. Clinical applications
have been well differentiated: SPIONs are mainly used
via intravenous infusion to detect and characterize
small focal lesions in the liver (/38—140). SPIONs
can also be given orally to visualize the digestive tract.
USPIONs have a longer plasmatic half-life (>36 h)
and exhibit slower uptake by the liver and spleen after
intravenous administration. This allows the product to
access macrophages in normal (e.g., lymph nodes) or
diseased tissue (e.g., MS, graft rejection, atheroma
plaques, stroke, and rheumatoid arthritis) (/41— 144).
They can also be used as biomarkers to evaluate the
efficacy of treatments. Molecular imaging is an im-
portant new diagnostic tool for studying the in vivo
cellular and molecular biology and allows for earlier
disease detection. The field of molecular imaging
is extending rapidly, and there are a number of inter-
esting investigations being conducted using labeled
SPION:S.

Many biomarkers of cancer have already been eval-
uated as targets for SPIONs (/45— 147). One example is
the folate receptor which is overexpressed in many kinds
of tumors including ovarian, breast, colorectal, renal
cell carcinomas, brain metastases, or neuroendocrine
cancers (148, 149). This receptor is absent in most
normal tissues. When folates were grafted on SPIONS,
MRI showed an average intensity decrease of 38%
within the tumor (150).

Another target is the transferrin receptor (TfR).
A large number of studies have shown that elevated
levels of TfR are often found on cancer cells compared
with normal cells. Increased TfR expression has been
found in breast cancer, bladder transitional cell carci-
nomas, prostate cancer, gliomas, or chronic lymphocytic
leukemia (757, 152). When human transferrin proteins
coupled to SPIONs were injected in tumor-bearing
mice, a 40% change in signal intensity was observed in
T,-weighted images (/53). Many studies have already
reported the ability of active targeting strategies to
identify biomarkers of cardiovascular disease, inflam-
mation, apoptosis, and other pathological conditions.
Some examples are given in the following sections.
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Figure 2. Effect of the USPIONs on the MR contrast in inflamed
muscle. Typical T,-weighted images before (top) and 3 h after
(bottom) the administration of USPIO-PEGsLeX. The control
muscle is located on the left, the inflamed muscle on the right. The
white circles indicate the regions of interest in the inflamed muscles
with an obvious signal decrease after administration of
USPIO-PEG-sLeX. Reproduced with permission from ref 749.
Copyright 2000 Elsevier.

Molecular Imaging of Inflammation with
SPIONs

During inflammation, cell adhesion molecules such as
E-selectin are expressed on the endothelial cell surface.
Radermacher et al. (/54) have recently evaluated
SPIONSs grafted with a synthetic mimetic of sialyl Lewis-
(x) (sLe(x)), a natural ligand of E-selectin expressed on
leukocytes, for noninvasive diagnosis and monitoring of
inflammation. The studies were conducted by MRI,
thanks to the strong T, and T,* effects of SPIONS,
and by electron paramagnetic resonance (EPR), which
offers the unique capability to quantify these particles.
The mean iron oxide concentration in inflamed muscles
after injection of grafted or ungrafted SPION particles
was 0.8% and 0.4% of the initially injected dose, respec-
tively. By EPR, the authors observed that the concentra-
tion of the grafted USPIO particles in inflamed muscles
was twice higher than that of the ungrafted particles.
Using MRI experiments, a higher signal loss was clearly
observed in the inflamed muscle when grafted particles
were injected in comparison with the ungrafted particles.
Even taking into account a nonspecific accumulation
of iron oxides, the targeting of SPION particles with
E-selectin ligands significantly improved the sensitivity
of detection of inflamed tissues (Figure 2).

The same mimetic was first used in vitro, on cultured
human umbilical vein endothelial cells (HUVECs:)
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stimulated to express inflammatory adhesion molecules,
and in vivo, on a mouse model of hepatitis (/55). In vitro
results showed an extensive retention of SPIONs with
sLe(x) on TNF-alpha stimulated HUVECs. Image in-
tensity and R, measurements performed on T»-weighted
MRI demonstrated a significantly higher binding of
SPION-sLe(x) on stimulated HUVECs. In vivo, SPIONs
are known to pass through the fenestra of the liver
and to be captured by Kupffer cells, inducing a loss
of signal intensity on T,-weighted images. Unexpect-
edly, when injected in Con A-treated mice, SPIONs-
sLe(x) induced a significantly lower attenuation of liver
signal intensity than that induced by SPIONs-sLe(x)
injected in healthy mice or ungrafted SPION injected in
Con A-treated mice. This suggested that the specific
contrast media is retained extracellularly by an interac-
tion with E-selectin overexpressed on the vascular en-
dothelium (Figure 3). Boutry et al. (155) concluded that
SPIONSs grafted with sLe(x) are well suited for the MRI
diagnosis of inflammation and for the in vitro evalua-
tion of endothelial cell activation.

Another type of vectorized SPIONs, P904, was tested
in a rabbit model of induced aortic atherosclerosis (156).
In vivo angiography and T,*-weighted plaque MR
imaging were performed after administration of P904
and a reference-standard, ferumoxtran-10, in hyperlipi-
demic New Zealand white rabbits. With in vivo MR
imaging, plaque analysis was possible as early as 24 h
after P904 injection. The authors observed a 27.75%
increase in vessel wall area due to susceptibility artifacts
on day 2 and a 38.81% increase on day 3 after P904
administration, compared with a 44.5% increase in
vessel wall area on day 7 and a 34.8% increase on day
10 after ferumoxtran-10 administration. These suscept-
ibility artifacts were correlated with intraplaque iron
uptake in the corresponding histological slices. Thus,
SPIONs can be used for detection of vascular inflam-
mation in atherosclerotic plaque.

Inflammation is an important component not only in
autoimmune diseases but also in ischemic/degenerative
disorders of the CNS. MRI allows visualization of
neuroinflammation in vivo (/57). SPIONs are phago-
cytosed by hematogenous macrophages upon systemic
application into the circulation and allow, due to their
paramagnetic effect, in vivo tracking by MRI of infil-
tration to the CNS in experimental CNS disorders, and
also in MS and stroke. Targeting of inflammatory,
activation-dependent enzymes such as myeloperoxidase
or immune function molecules by MR contrast agents
represents a molecular approach to visualize critical
steps of lesion development caused by neuroinflamma-
tion. Clinical studies with Gd-DTPA in conjunc-
tion with experimental investigations, employing
more sensitive contrast agents such as gadofluorine,
revealed that breakdown of the blood-brain barrier and
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Figure 3. Axial GE MR images of healthy (A, B) and Con A-treated (C, D) mice 65 min after the injection of 30 mmol Fe/kg USPIONs (B, D)
or USPIO-g-sLex (A, C). Color scale used for MR images shows signal intensity mapping with the Osiris software (E). Reproduced with

permission from ref 7/50. Copyright 2004 Elsevier.

SPION-related macrophage infiltration occur mostly
independently. Cellular and targeted molecular MRI
provides important insights into the dynamics of neuro-
inflammation. Considering the central role of inflam-
mation in the pathophysiology of numerous disorders of
the nervous system, it will be also pivotal for repair
processes such as peripheral nerve regeneration. SPIONs
are preferentially phagocytosed by monocytes before
clearance within the reticuloendothelial system of the
liver, spleen, and lymph nodes. Upon acute migration
into the diseased nervous system, these iron-oxide-laden
macrophages become visible in MRI due to the super-
paramagnetic effects of iron oxide which result in
a signal loss on T,-weighted and/or bright contrast on
T,-weighted images. SPIONs have allowed in vivo
visualization of cellular inflammation during wallerian
degeneration, experimental autoimmune neuritis and
encephalomyelitis, and stroke in rodents, and also in
patients with MS and stroke (/58). Coupling of anti-
bodies to SPIONs opens new avenues for molecular
MRI and has been successfully used to visualize cell
adhesion molecules guiding inflammation.
Nighoghossian and co-workers (159, 160) showed
that noninvasive imaging of inflammation associated
with ischemic stroke lesions could have a predictive
value and may be helpful for the development of cyto-
protective drugs. In another study, Saleh et al. (167)
determined the extent of SPION enhancement during
the early stages of ischemic stroke. Parenchymal SPION
enhancement occurred in three out of nine analyzed
patients and was mainly evident on T;-weighted
spin—echo images. SPION dependent signal changes
were spatially heterogeneous, reflecting the distinct
patterns of hematogenous macrophage infiltration in
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different lesion types. Thus, SPION enhanced MRI may
help to more specifically target anti-inflammatory ther-
apy in patients with stroke.

SPION-laden macrophages can cause typical signal
changes in the MRI of infarcted brain parenchyma, as
demonstrated in studies of both experimental ischemia
and human stroke (/62). SPION-enhanced MRI may
therefore represent an important tool to address, scien-
tifically and clinically, the role of macrophages for
ischemic lesion development.

Cengelli et al. (/63) investigated the cellular uptake,
cytotoxicity, and interaction of SPIONs (with various
coatings including dextran, polyvinyl alcohol (PVA),
amino-PVA, carboxylate-PVA, and thiol-PVA) with
brain-derived endothelial cells, microglial cells, and
differentiating three-dimensional aggregates. Due to
their positive surface charge, amino-PVA coated SPIONs
were taken up by isolated brain-derived endothelial and
microglial cells at a much higher level than the other
SPIONSs; in addition, no inflammatory activation of
these cells was detected. More specifically, amino-PVA
coated SPIONs did not invade brain cell aggregates
deeper than the first cell layer and did not induce
inflammatory reaction in the aggregates. According to
the obtained results, the positive-charged SPIONs are
more biocompatible at applied dosage and would be
more promising as vector systems for theragnostic
applications in the brain, compared with the other tested
nanoparticles (/63).

SPIONs in Macrophage Imaging

A recent study evaluated macrophage imaging using
SPIONSs to depict bacterial knee infection in an experi-
mental rabbit model. All inoculated knees presented
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Figure 4. Development of a contrast agent for molecular diagnosis of atherosclerotic plaques (pre-clinical studies conducted on mice ApoE-/-);

unpublished work by authors.

infectious synovitis with intense infiltration of iron-
loaded macrophages. In these infected knees, signal loss
was determined visually and quantitatively on T;-
weighted, T>-weighted, and T,*-weighted images, 24 h
after SPION administration, reflecting the presence of
SPION-loaded macrophages in the synovium. By com-
parison, no significant MR signal changes were observed
in the control knees, which presented a normal synovium
without infiltration of iron-loaded macrophages (164).
These researchers also evaluated SPION enhanced
MR imaging for the differentiation of vertebral infec-
tious osteomyelitis and sterile inflammation induced in
two groups of six rabbits each. The MRI examinations
performed included unenhanced and gadolinium-
enhanced fat-saturated SE T;-weighted sequences. Once
end plate enhancement was observed on the T; gadoli-
nium-enhanced MR sequence, a second MRI examina-
tion was performed 24 h after SPION administration.
MRI was correlated with histopathological find-
ings (165). On gadolinium-enhanced T, sequences, a
significant increase in vertebral end plates was present in
both groups without a significant difference between
them. On SPION enhanced T sequences, a significant
SNR increase was observed only in the infection group
with a significant difference in SNR between the infec-
tion and the sterile-inflammation groups. Infected areas
presented replacement of bone marrow by an intense
macrophage infiltration, with some being iron-loaded.
Sterile inflammation showed a replacement of bone
marrow by inflammatory tissue with only rare macro-
phages without any Perls’ Prussian blue staining.
SPION enhanced imaging can distinguish infectious
osteomyelitis from sterile vertebral inflammation due
to different macrophage distributions in the two lesions.
Because of their capability to secrete proteinases,
macrophages play a central role in the growth and
rupture of aneurysms. Noninvasive imaging of macro-
phages, therefore, may yield valuable information about
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the pathogenesis of aneurysm disease. Truijers et al. (/66)
studied the uptake of the macrophage-specific contrast
agent SPIONSs in the walls of aneurysms and normal-
sized aortas. They showed that SPION uptake is limited
or absent in the wall of normal-sized aortas and most
aneurysms. However, individual abdominal aortic aneury-
sms exhibit high levels of SPION uptake, indicative of
extensive macrophage infiltration in the aneurysm wall.
Future research should focus on the predictive value of
SPION uptake for the growth and rupture of aneurysms.

Kupffer cells play an important role in liver regenera-
tion. Depression of Kupffer cell function is associated
with poor outcome; however, there is no clinically safe
and reliable method for evaluating their function. Saito
et al. (167) evaluated Kupffer cell function in normal
liver or in obstructive jaundice using magnetic reso-
nance imaging following the injection of SPIONs, which
are trapped by these cells. T;-weighted signal intensity
of the liver parenchyma was examined every 4 min for
60 min after SPION injection. The signal intensity values
gradually decreased in both groups after accumulation
of iron in the liver. Serum iron levels equally and
significantly increased in both groups. By contrast, the
values of relative enhancement, that is, percentage of
signal intensity of precontrast to postcontrast, between
8 and 20 min after superparamagnetic iron oxide injec-
tion were significantly higher in the obstructive jaundice
group than in the control, indicating Kupffer cell dys-
function in obstructive jaundiced liver. These results
suggested that chronological magnetic resonance ima-
ging with SPIONSs is a suitable method for assessment of
Kupffer cell function in patients with obstructive jaundice.

A number of research studies have shown the feasi-
bility of in vivo MRI of rabbit atherosclerotic plaques
with SPIONs (168—170). The uptake of SPIONSs in the
vessel wall of atherosclerotic rabbits led to strong focal
signal loss in gradient echo images, while no effect in
control animals was observed. Recently, our team has
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Figure 5. Evans rats received intravenous Fe-Pro complex,
ferumoxytol (20 mg/kg)-Pro (2 mg/kg), or Pro alone. Whole blood,
plasma, and mononuclear leukocytes were isolated after 2 h and
transferred to a 96-well microtiter plate in 0.25% agarose. The
presence of iron is indicated by a T, shortening effect (signal loss).
Iron particles can be identified in the well containing isolated
leukocytes after in vivo iron labeling with Fe-Pro complex but not
after ferumoxtyol-Pro injection. Reproduced with permission from
ref 116. Copyright 1998 Informa Healthcare.

developed a new contrast agent for molecular diagnosis
of atherosclerotic plaques. The peptide, selected by phage
display (209), was grafted on the USPIO. This new
nanosystem, USPIO-PEG-R832, was validated on HU-
VEC (Human Umbilical Vein Endothelial Cells) then by
MRI, on mice Apo E-/- (see Figure 4).

SPIONSs in Leukocyte Imaging

Cellular labeling with ferumoxide superparamagnetic
iron oxide nanoparticles has been used to monitor cells in
vivo by MRI (/20). Long—Evans rats were intrave-
nously injected with 20 mg/kg ferumoxides, ferumox-
tran-10, or ferumoxytol, with or without protamine
sulfate (Pro) (121). Leukocytes and splenocytes either
were evaluated by cell sorting and iron histochemistry or
were implanted into the brain for MRI. In comparison
with ferumoxides or protamine sulfate alone, the injec-
tion of ferumoxides/protamine sulfate complex IV re-
sulted in iron labeling of leukocytes. Cell sorting analysis
indicated that iron-labeled cells were enriched for cell
types positive for the myelomonocytic marker (CD11b/
¢) and the B lymphocyte marker (CD45RA) and de-
pleted in the T cell marker (CD3). Neither ferumoxtran-
10 nor ferumoxytol with protamine sulfate resulted in
labeled leukocytes. In vivo ferumoxides/protamine-sul-
fate-loaded leukocytes were detected by MRI after
intracerebral injection (Figure 5). The ferumoxides/pro-
tamine complex labeled CD45R A-positive and CD11b/
c-positive leukocytes in vivo without immediate toxicity.
The dose of ferumoxides used was much higher than the
approved human dose, so additional animal studies are
required before this approach can be clinically applied.
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These results might provide useful information for mon-
itoring leukocyte trafficking into the brain.

Van Kasteren et al. (/71) employed carbohydrate-
functionalized SPIONs (i.e., MRI-visible glycol nano-
particles) which display multiple copies of the natural
complex glycan, which is a ligand of selectins for the direct
detection of endothelial markers E-/P-selectin (CD62E/
CD62P) in acute brain diseases (see Figure 6). The devel-
oped glycol nanoparticles conjugated with sLe(x) have
great potential for early detection of several catastrophic
diseases such as MS, HIV, and Parkinson’s (171—177).

Imaging Autoimmune Disorders with SPIONs

Autoimmune diseases are a heterogeneous class of
diseases characterized by chronic inflammation of the
target organ, often relapsing, invalidating, and requiring
lifelong treatment. This process can occur years before
the appearance of specific symptoms and can last for
years after clinical diagnosis and the onset of treatment.
Thus, once diagnosed, it is very important to try to
achieve specific immune suppression with the aim of
containing the disease, preventing or delaying compli-
cations, and avoiding relapse.

It has been possible to monitor distinct patterns of
macrophage migration during the early stages of in-
flammation in a rodent model of chronic relapsing
experimental autoimmune encephalomyelitis (EAE)
(178). EAE inflammation processes are clearly linked
to macrophage infiltration in the brain; a longitudinal
protocol for macrophage visualization was designed,
where SPIONs were injected repeatedly during the acute
phase of the disease, the remitting phase, and the first
relapse. SPION enhanced MRI and magnetization
transfer ratios (MTRs) were used to assess blood-brain
barrier (BBB) damage and neurological impairment as
classical markers for CNS inflammation and tissue
damage (Figure 7). During the acute phase, animals
showed severe paralysis of the hind paws, intense accu-
mulation of macrophages in brain tissue, and some
diffuse patterns of BBB disruption. While SPION accu-
mulation completely disappeared after the acute phase,
residual damage of the BBB remained detectable in
some lesions during the remitting phase. During the first
relapse, the accumulation of SPION-loaded cells was less
pronounced but still detectable. The time course of MTR,
which is used as a marker for myelin loss, was linked to the
infiltration of macrophages during the acute phase.

SPIONSs as Theragnostic Agents for Multiple
Sclerosis

Biocompatible SPIONs with suitable surface coat-
ings (e.g., gold, silica, dextran, and poly(ethylene
glycol)) (80, 93) have been extensively employed for in
vivo biomedical applications including MRI contrast
enhancement (179, 180), site specific release of drugs (181),
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Figure 6. 3D data sets of T,*-weighted images taken (A, C, and E) and 3D reconstructions of the accumulation of contrast agent

(B, D, and F) reveal that glycol nanoparticles conjugated with sLe(x) enable clear detection of lesions in clinically relevant models of MS
(C and D) and stroke (E and F) in contrast to unfunctionalized control nanoparticles (A and B). In addition, use of a gadolinium-based
contrast agent in spin—echo T;-weighted images to assess BBB permeability (G) and regional cerebral blood volume (H) failed to

detect the presence of pathology. Views are from the front depicting left brain on the right-hand side. Reproduced with permission from ref /66.

Copyright 2009 American Roentgen Ray Society.

biomolecular imaging (/82), hyperthermia (/08), and
magnetic field assisted radionuclide therapy (/83).
Some SPIONSs with core sizes of 3—6 nm and dextran
coating (with 20—150 nm hydrodynamic sizes), such
as Feridex, are approved for MRI in patients
(184, 185). Correspondingly, drug-loaded SPIONs
with shells of stimuli-sensitive polymers can poten-
tially be guided to the desired target site using an
external magnetic field or an existing conjugation of
targeting species while simultaneously tracking the
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biodistribution of the nanoparticles (/86). This ap-
proach truly makes them “theragnostic” (i.e., ther-
apeutic and diagnostic), which has been comprehen-
sively described in another review (81).

As mentioned previously, MS is a chronic auto-
immune neurological disease (/87) characterized by
multifocal, relapsing-remitting symptoms related to
CNS demyelination and neuronal injury or loss. Both
genetic and environmental factors contribute to MS
susceptibility (/88— 190).
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Figure 7. MRI brain scans of EAE animals during acute phase, i.e., 11, 12 dpi (first row), remitting phase 18, 19 dpi (second row), and first
relapse 24, 25 dpi (third row). Left column: USPIONs enhancement. Tissue infiltrated by labeled macrophages appears hypointense in
T,-weighted images. Middle column: MTR maps. There are no large changes visible in the images. Right column: Enhancement of Gd-DOTA
in brain tissue as a marker for BBB damage. Areas of Gd-DOTA extravasation in the medulla appear blue on the Enh maps. Enhancement of
Gd-DOTA in the medulla is more diffuse as compared with USPIONs enhancement. Reproduced with permission from ref /73.

Copyright 2010 Informa Healthcare.

Proinflammatory M1 and immunomodulatory M2
activation profiles of circulating monocytes in a relap-
sing experimental autoimmune encephalomyelitis
(EAE) model of MS have been investigated. Several
approaches, including MRI macrophage tracking with
SPIONs and expression patterns of M1/M2 macro-
phages and microglia in brain and M1/M2 monocytes
in blood samples at various disease stages, have revealed
that M 1/M2 equilibrium in blood and CNS favors mild
EAE, while an imbalance toward M1 promotes relap-
sing EAE. Accordingly, Mikita et al. (/91) investigated
whether M2 activated monocyte restoration in peri-
pheral blood could cure acute clinical EAE. Administra-
tion of ex vivo activated M2 monocytes both suppressed
ongoing severe EAE and increased immunomodulatory
expression patterns in lesions, confirming their role in
the induction of recovery. Imbalance of monocyte
activation profiles and impaired M2 expression are
key factors in the development of relapses.

Inflammatory MS lesions are characterized by micro-
glia activation and infiltration of T cells, B cells, and
macrophages across the blood-brain barrier (BBB). An
earlier MR imaging investigation with a new contrast
agent USPION that accumulates in phagocytic cells
revealed the presence of macrophage brain infiltration
in vivo. Twenty-four hours after injection, USPION
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uptake was observed in 33 acute MS lesions in 9
patients (/92). Lesions were seen as high signal inten-
sities on T|-weighted images and low signal intensities
on T,-weighted images (Figure 8). Taken together with
earlier findings obtained in experimental models or in
human stroke, the visualization of macrophage activity
in vivo with SPIONs characterizes a distinct cellular and
inflammatory event of the dynamic process of MS lesion
formation. The macrophage activity information ob-
tained with SPIONS is distinct and complementary to
the increased BBB permeability seen with gadolinium.

Using positron emission tomography (PET) and
single photon emission computed tomography (SPECT),
the radiotracer imaging method has been used for
imaging of labeled immune cells (e.g., ®®Ga and '''In)
which cross the BBB and are retained in the CNS
compartment (193, 194). Very recently, SPIONs have
been labeled with radiotracers (183, 195), hence offer-
ing a great opportunity to probe MS with multi-
modal equipment (e.g., combination of MRI, PET, and
SPECT) (85).

Vellinga et al. (/196) showed that SPIONs could
enhance brain MRI in MS showing patterns distinct
from those with Gd-enhancement (see Figure 9). The
obtained patterns provide complementary insight into
the underlying pathology and are therefore clinically
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Figure 8. Mismatch of contrast agent uptake in a USPIONs-enhanced acute MS plaque. MR imaging 1 T,-weighted image (A) and
T;-weighted postgadolinium image (B) show a large MS lesion that was not enhanced by gadolinium. MR imaging 2 shows the USPIONs
uptake at the periphery of the lesion (arrows), seen as a decreased signal intensity on T,-weighted images (C) and a high signal intensity on
T,-weighted images (D). Reproduced with permission from ref 779. Copyright 2005 Wiley-Liss, Inc.

relevant as potential MRI markers for disease severity
and possibly treatment efficacy.

Clinicians’ Point of View

In the current clinical setup, the diagnosis of MS relies
mainly on a clinical exacerbation compatible with MS
and the finding of typical lesions on MRI. Clinical
exacerbations and remissions are characteristics of
MS. It is not clearly known why the disease shows
activity in MRI with T2 lesions and gadolinium enhan-
cing lesions in silent and/or eloquent regions of the brain
and then goes into short- or long-term remission.

Several biomarkers have been reported for the diag-
nosis and detection of MS activity (/97). Different types
of biosensors are designed so that the presence of a
biomarker of interest induces a detectable shift of the
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signal (e.g., change in mass, optical refractive index, or
resonance frequency). It seems that nanotechnology is
finding its way in detecting biomarkers in oncology, but
little has been done for MS (198). If the changes before a
relapse can be picked up at a proper time, then it will be
possible to prevent the disease in a complete or partial
way. SPION probes may help in detecting inflammatory
invasion of activated immune cells into the central
nervous system during their trafficking from the blood-
brain barrier.

Once MS has been diagnosed, treating the disease
mostly relies on applying disease modifying therapies
and treatment of symptoms. Most of the approved
drugs for MS focus on the inflammatory aspect of the
disease and try to suppress or modify the immune
system. The neurodegenerative aspect of the disease
has been mentioned by different investigators; however,
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Figure 9. Cross-sectional patterns of lesion enhancement: pre-Gd T2SE images showing multiple periventricular MS lesions (A and E), pre-Gd
T,-weighted images showing hypointensity of some of the MS lesions (B and F), post-Gd T,-weighted images showing several MS lesions
enhanced with Gd in focal and ringlike patterns (C and G), post-USPIONs T;-weighted images showing different patterns of USPIONs
enhancement. Arrowhead upper row: focal USPIONs-enhancement. Arrows upper row: ringlike USPIONs-enhancement. Arrow bottom row:
change to isointensity of a previously hypointense lesion as seen on precontrast Ti-weighted images (see B and F). Arrowhead bottom row:
hypointense lesion that remains hypointense on post-USPIONs images (D and H). Pre-Gd T2SE images showing MS lesions (I), pre-Gd
T,-weighted images showing hypointensity of some of the MS lesions (J), some lesions are Gd-DTPA-positive (K), post-USPIONs images
showing a Gd-DTPA-positive, USPIONSs ring-enhancing lesion (arrow) and a Gd-DTPA-negative, focally USPIONs-positive lesion
(arrowhead) (L). Reproduced with permission from ref /84. Copyright 1999 Springer.

until now, there is no specific treatment for this aspect of can also be a major step forward for MS and other
MS (199). Many growth factors and neuropeptides are degenerative diseases.

effective when administrated into the ventricle, but they
lack efficiency for systematic application because of

e 19 THas .
their failure to cross the BBB (799). Poly(ethylene Nanotechnologists’ Point of View

glycol) (PEG)-coated nanoparticles have been success- The capability of SPIONs for tracking leukocyte
fully delivered into the brain and spinal cord in a rat migration in vivo can be very useful for studying brain
model of experimental allergic encephalomyelitis (200). inflammation in the early stages. More specifically, in
This gives hope that in the future more investigations MS disorder, SPIONSs that are conjugated with target-
will try to apply target specific agents in MS in a similar ing moieties together with the use of an external mag-
manner. Currently, nanodelivery of drugs into the brain netic field can be a very promising alternative for
is mainly used or investigated for brain tumors, but it simultaneous imaging of inflammation and drug delivery
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Figure 10. Cartoons of the loading/release function of future smart SPIONs for MS therapy, illustrating drug interaction with polymer brushes
(A), trapping of drug using responsive behavior of polymer (B), and preservation and release of drug in the normal (C) and inflamed (D) sites

due to the pH-responsive capability of polymer.

to inflammatory sites by maintaining appropriate local
concentrations while reducing overall dosage and side
effects (201). The future of MS theragnosis using nano-
particles, particularly using SPIONs, would be focused
on multimodal nanoparticles. Radiotracers will be a
good candidate to be trapped in the high density crystal
lattice of the SPIONs for simultaneous monitoring, with
various methods (e.g., MRI, PET, and SPECT), of the
trafficking of immune system into the CNS. In order to
increase the targeting yield of the multimodal SPIONSs,
their surfaces would be conjugated with various im-
mune-specific targeting ligands, such as anti-E-selection
antibody, anti-VCAM (i.e., vascular cell-adhesion
molecule) antibody, and flumazanil targeting y-amino-
butyric acida receptors (i.e., specific neurotransmitter
receptors which are relevant to neuroimmune interaction
or the progression of MS neuropathology) (187, 193).

In addition to diagnosis, treatment could be achieved
simultaneously by surface engineered SPIONS. In this
case, the use of stimuli-responsive polymers on the sur-
face of SPIONs would be vital. “Smart” SPIONs could
be formed using stimuli-responsive polymers (e.g., poly-
(N-isopropylacrylamide) (202), triblock poly(styrene-block-
2-vinylpyridine-block-ethylene oxide) (203), polystyrene-
poly(methylmethacrylate) (204), polystyrene-poly-
(methylmethacrylate) (205), and poly(vinylmethylsilox-
ane) (206)) as coating on their surfaces. The conforma-
tion of these polymers can be changed with variations of
surrounding environments (e.g., different dispersion
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solvents), regulation of the transport of ions and mole-
cules, changing wettability and adhesion of different
species on external stimuli, or conversion of chemical
and biochemical signals into optical, electrical, thermal,
and mechanical signals (207). Figure 10 shows the drug
loading on the responsive polymer shell of the smart
SPIONSs and its release at inflamed sites. The suitable
drug (e.g., interferon 5-1a or interferon f3-1b which are
used to treat and control MS) (208) would be added to
the aqueous colloidal dispersion of nanoparticles with
brushed polymer chains on the surface of SPIONS; using
suitable stimuli (e.g., medium pH enhancement), the
polymer chains will be folded and the drug would be
trapped on the folded chains. Using the various proper-
ties of the inflamed site in comparison with a normal
tissue milieu (e.g., smaller amount of pH in the inflamed
site), the smart SPIONs would have the capability to
release the drugs in the inflamed site and not in the
normal tissue.
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