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1. Introduction

Stem cells are primitive cells found in many multicellular
organisms. Self-renewal and differentiation potency are two
defining properties of stem cells. Self-renewal is the ability
to perform numerous cell cycle divisions, each resulting in
two identical daughter cells, while differentiation potency
defines the capability of stem cells to develop into mature
cell types. Mammalian stem cells are divided in three broad
types including embryonic, fetal, and adult stem cells.'

Embryonic stem (ES) cells, which are derived from the
inner cell mass of blastocyst, have the potential to differenti-
ate into all mature cell types except extra embryonic tissue.’
Because of this ability, ES cells are attractive for cell-
replacement therapies. Despite their advantages, the major
limitation for the use of ES cells is linked to their uncontrol-
lable differentiation and proliferation, which may cause tumor
formation and improper phenotype.

Fetal stem cells, which can be isolated from the organs of
fetuses, differentiate along multiple lineages. Their advan-
tages over their adult counterparts include better intrinsic
homing and engraftment and lower immunogenicity, and they
are less ethically contentious.* However, an important
concern is that they are available in limited quantities.

Adult stem (AS) cells are comprised of undifferentiated
cells found in many tissues of an adult organism. They have
an extensive self-renewal capability and the ability to
differentiate into various specialized cell types (i.e., blood,
muscle, and nerve cells).*!® Adult stem cells are a particu-
larly promising cell type, because they are easy to obtain,
less controversial, and, if obtained autologously, less im-
munogenic than ES cells. It is noteworthy that the majority
of the adult stem cells are lineage-restricted and entitled by
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their tissue sources such as mesenchymal stem cells (MSCs).
The adult somatic stem cells are also widely used in both
animal and human models for the treatment of a broad range
of diseases that involve the central nervous system (CNS).!"-!2
Among various types of the somatic stem cells, neural stem
cells (NSCs) have been recognized as the most promising
candidate for treatment of CNS disorders.'?

The development over the past decade of methods for
delivering substances (e.g., genes, growth factors) to mam-
malian stem cells has stimulated great interest in the
possibility of improving the treatment of human disease by
drug-based therapies. However, despite substantial progress,
a number of key technical issues need to be resolved before
such drug-based therapies can be safely and effectively
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applied in clinical settings. This review provides a critical
view of these drug-based therapies with a major focus on
advanced nanoparticle technologies to control the in vitro
and in vivo location and function of administered SPIONS.

1.1. Mesenchymal Stem Cells (MSCs)

There are three broad types of multipotent adult progenitor
cells in the bone marrow, one of which is mesenchymal stem
cells. These cells have a great capability for differentiating
into bone,'* cartilage,'> muscle,'® and fat cell'’” phenotypes.
MSCs have a large capacity for self-renewal while maintain-
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ing their multipotency and can differentiate into a variety of
cell types in vitro or in vivo including adipocytes, S-pan-
creatic islets, chondrocytes, endothelium, myocytes, and
osteoblasts.!® Therefore, MSCs are recognized as candidates
for the repair of damaged tissues. Furthermore, comprehen-
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sive studies have proved that human MSCs (hMSCs) avoid
allorecognition and interference with both T-cell and den-
dritic cell function; hence, they have the potential to generate
a local immunosuppressive microenvironment via cytokines
activity.' Moreover, the immunomodulatory function of
hMSCs is excelled due to the exposure of cells to an
inflammatory environment.?

It is noteworthy that MSCs can be activated and mobilized
at the site of damaged tissue. Since vascular delivery suffers
from a pulmonary first pass effect, direct or systemic injection
of MSCs into the damaged tissue is preferred, particularly
in the case of versatile tissue ischemia.?! Upon reaching the
desired tissue, MSCs may produce essential factors to inhibit
both fibrotic and apoptotic phenomena. As a result, angio-
genesis stimulates host progenitors to repair the damaged
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site. Therefore, there is an increasing interest in culture-
expanded MSCs as a promising cell source for clinical use
such as regeneration of bone defects,?>? spinal cord injury,?
stroke,? and myocardial infarction.?® In vivo animal tests
have already proved the ability of the MSCs to repair large
full-thickness defects in the formal condyle.?” Trans-dif-
ferentiation of bone marrow derived MSCs (BM-MSCs) into
a neuronal-like phenotype suggested that MSCs are potential
candidates for cell therapy in the CNS.?® Several studies have
shown that implanting of MSCs in rodent brain leads to
functional improvement in damaged areas of adult rat
brain.?*3* Human umbilical cord MSCs (hUC-MSCs) have
also been considered as attractive candidates for regenerative
medicine because these stem cells have faster proliferation
and greater ex vivo expansion capabilities compared with
BM-MSCs.3* Therefore, the treatment of patients with CNS
injuries, neurodegenerative diseases, and bone defects by
transplantation of hUC-MSCs is promising. Moreover, these
cells can be used to induce heart, skeletal muscle, endothe-
lium, cartilage, and adipose.35

1.2. Neural Stem Cells (NSCs)

NSCs are a heterogeneous population of immature pro-
genitor, self-renewing, and multipotent cells derived from
the nervous system as well as more primitive ES cells, and
have the potential to generate the neural lineages of the
nervous system. The derivation of mouse and human ES cells
has opened up exciting possibilities for their therapeutic use
for the treatment of neurodegenerative diseases. Several
studies have described the long-term maintenance of NSCs
derived from mouse or human ES cells in adherent mono-
layer culture.’®3” Such cultures are easier to maintain and
manipulate compared with Neurospheres, which require
manual dissection for subcultivation and are more difficult
to examine microscopically than cells grown in a monolayer.

Adult NSCs and restricted progenitors are found in several
regions of the CNS throughout life. The isolation of neural
progenitor and stem cells from the striata tissue of the brains
of adult mice was first reported by Reynolds and Weiss.*®
NSCs can be cultured (via the Neurosphere culture system?®)
and grown in vitro. After injection in vivo, NSCs enable the
repair of damaged neural tissue via their extensive self-
renewal ability and multipotency during their residence time.
Moreover, after systemic injection to the host part of the
brain, NSCs migrate into the damaged sites (even from far
distances) where the engrafting and differentiation into the
appropriate neuronal cell type occurs.* It is noteworthy that
the rate of migration of SPION-labeled NSCs is correlated
with the degree of inflamed tissue.* NSCs have been
successfully transplanted into animal models in order to treat
brain diseases such as demyelinating*! and lysosomal storage
disorders,* acute spinal cord injury,*’ and Parkinson’s* and
Huntington’s* diseases. Furthermore, intravenous injection
of NSCs has been confirmed to be able to induce markers
of recovery in a murine model of multiple sclerosis.*!' Frisen
and his colleagues showed that NSCs from the adult mouse
brain can contribute to the formation of chimeric chick and
mouse embryos and give rise to cells of all germ layers. This
result indicates that NSCs have multipotent capacities and
can generate a wide range of cell types for transplantation
in a variety of diseases.*®

Recently, Scholer et al. described direct reprogramming
of adult mouse NSCs by Oct4 and either KIf4 or c-Myc.
The NSCs subsequently expressed Sox2, c-MYC, and Klf4
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endogenously.*’#° They also found that Oct4 itself is
sufficient to directly reprogram NSCs to pluripotency and
plasticity amenable to genetic programming and epigenetic
reprogramming during normal differentiation. Recent evi-
dence suggests that adult NSCs significantly contribute to
specialized neural functions under physiological and patho-
logical conditions.*® Therefore, understanding the biology
of adult NSCs will provide pivotal insights into both the
etiology of and potential therapeutic interventions for major
neurological disorders.

2. Magnetic Resonance Imaging (MRI) Technique

Since ancient times, visualization of the detailed inner
spaces of the body, without surgery, was a physician’s dream.
Diagnostic imaging modalities are currently one of the most
rapidly expanding domains in the field of medicine, with
several methods for imaging internal structures and functions
of the body including X-ray, computed tomography (CT),
positron emission tomography (PET), single-photon emission
computed tomography (SPECT), ultrasound (US), and
MRI.>® Each method has its advantages and disadvantages
according to the physical phenomena that are being employed
to create imaging information.”' In CT, an X-ray beam is
sent through an object and is differentially attenuated by the
various structures of the object according to their densities.
For example, in living organisms, bones impede most of the
incident X-rays, while soft tissues and fluids do not. X-rays
blunting across the object are detected from multiple angles
around the circumference of the scanner and a two-
dimensional (2D) image of each slice of the object can be
reconstructed by a computer. PET is an imaging method that
uses a radioactive isotope incorporated in a metabolically
active molecule, commonly fluorodeoxyglucose (FDG).
These radioactive tracers are injected into the circulating
blood and decay by emitting a positron, which rapidly meets
an electron, resulting in a pair of annihilation photons moving
in nearly opposite directions. When the photons reach a
scintillator material in the scanning device, a burst of light
is created and detected by photomultiplier tubes. Thus, the
image collected represents the accumulation of the com-
pound. SPECT also studies the distribution of a radiolabeled
compound. SPECT images are collected using gamma
cameras; multiple 2D images are acquired from multiple
angles. Then, a tomographic reconstruction algorithm is
applied to the multiple projections to obtain a three-
dimensional (3D) data set.

Ultrasound applies acoustic energy with a frequency above
human hearing (20 kHz). Ultrasound imaging (or sonogra-
phy) scanners operate between 2 and 13 MHz. The frequency
determines the image’s spatial resolution and the penetration
depth into the examined patient. For example, lower frequen-
cies give a lower resolution and a greater imaging depth.
Ultrasound contrast agents made of gas-filled microbubbles
can be injected intravenously. They have a high degree of
echogenicity (in other terms, they reflect the ultrasound
waves), and can be conjugated to ligands that specifically
bind to intravascular receptors. Thus, the generated contrast
is due to the echogenicity difference between the mi-
crobubbles and the surrounding tissues. The maximum spatial
resolution in MRI is around 50 ym, whereas CT, ultrasound
imaging and the two nuclear imaging methods have a lower
resolution (on the order of millimeter). However, micro-CT
and micro-US imaging technologies, having a resolution of
50 um and higher, are now being developed. Although
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ultrasound is an ideal target for miniaturization (in compari-
son with other imaging techniques), it suffers from weak
imaging of small abnormal matter in the tissue due to a loss
of energy signal caused by the overlapping of waves, which
arise from variations in acoustic impedance.’> Nuclear
medicine imaging techniques (e.g., PET and SPECT) have
the advantages of an excellent sensitivity and the possibility
to create 3D images showing the radiotracers’ biodistribu-
tion.>*>* These methods have the capability to track the
specific disease process and to detect metabolic activity in
vivo.>>*% However, the side effects of the radiotracers cannot
be ignored.

MRI is a very safe method for human in vivo imaging
that uses a powerful magnetic field to align the nuclear
magnetization of hydrogen atoms which are responsible for
the majority of MRI signals;>’~> hence, the water distribution
in the body is shown by MRI to correlate with the anatomy
of the body.”*® It is noteworthy that the principles of nuclear
magnetic resonance (NMR) are used for MRI signal acquisi-
tion (i.e., interactions between nuclear spin and magnetic
field). In order to track body functions, which are sensitive
to the flow in the body, functional MRI (fMRI) was
developed®®®! It is worth noting that fMRI is a technique to
monitor brain activation due to a stimulus.® The principle
of this mapping relies on different magnetic properties of
the oxygenated and deoxygenated hemoglobin in the blood.®?
In addition, MRI has the capability to show blood flow with
one of its techniques, called magnetic resonance angiography
(MRA). Furthermore, tracking of blood flow through capil-
laries in tissue (i.e., tissue perfusion) is now possible via
arterial spin labeling and dynamic contrast enhanced MRI
techniques.> It is noteworthy that in order to gather adequate
information, which is needed for better image construction,
radio frequency fields are employed.®*% The distinguishing
feature of MRI, in comparison with other available methods,
is its unique potential to probe the in vivo molecular diffusion
of water (i.e., its molecular movement along random
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paths).%~7! MRI is a relatively new technique and its progress
is schematically illustrated in Figure 1 according to refs 63,
72—78.

Multimodality imaging techniques are now combining
different “anatomical” and “functional” methods; CT/PET,
CT/SPECT, and MRI/PET are examples of combinations.
A coupling between MRI and optical imaging methods is
also being experimented on animals. Long circulating iron
oxide nanoparticles (MION), able to reach lymph nodes, have
been conjugated to probes emitting a “near-infrared fluo-
rescence” (NIRF) detectable by an optical camera.”® Fur-
thermore, the fluorescence of the probe can also be activated
by certain enzymes (e.g., tumor-associated proteases), which
can provide further information about the environment of
the accumulated nanoparticles.” However, the in vivo
visualization of fluorescent dyes sometimes requires surgical
or invasive procedures because deep tissue penetration is not
allowed by this optical approach. Femurs of mice have been
exposed to visualize intravenously injected fluorescently
labeled bone marrow cells homing to the bone marrow.58!
A catheter has also been used for optical imaging of the
human coronary artery. In this case, the catheter emits
ultrasounds and a back-reflected infrared light is measured.
This method is called optical coherence tomography (OCT).32%
Among the microscopic optical imaging techniques, one can
mention light and fluorescence microscopy, confocal mi-
croscopy, and two photon microscopy.

Advancements in nanotechnology over the last 20 years
have led to the development of novel magnetic nanoparticles.
Such nanoscale agents have led to a wide array of biomedical
applications in concert with MRI, including “theragnostics”
(therapeutic and diagnostic) applications such as hy-
perthermia.?*® stem cell tracking, %8 gene expression,® !
angiogenesis,”> > cancer detection,”®” % i 99-101

inflammation,
apoptosis detection,!>"1% and atherosclerosis.!%3106
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Figure 1. Progress in MRI technology.
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Figure 2. Approximate values of the two relaxation time constants of various tissues in the human body at a field of 1.5 T.

2.1. Relaxation Times

The most common foundations of contrast in MRI are
spin—lattice relaxation time (7}) and spin—spin relaxation
time (7). The signal enhancement produced by contrast
agents depends on their longitudinal r, or transverse r,
relaxivities, which are defined as the increase of relaxation
rates (R; = 1/T, and R, = 1/T>) produced by 1 mM of
magnetic center per liter. The terms r; and r, are expressed
as per second per millimole and are characteristic of the
contrast agent efficacy. The observed relaxation rate R;(obs)
(= 1/Ti(obs)) of a water solution or a tissue is given by the
equation:

I I I
R N N T

with i = 1 or 2 where Ti(dia) is the relaxation time of the
system before adding the contrast agent, also called the
diamagnetic contribution; Ti(para) is the paramagnetic re-
laxation time, that is, the relaxation time resulting from the
presence of the contrast agent; C is the concentration of the
magnetic center (millimole per liter); and r; is the relaxivity
(per second per millimole liter).

Various T, and T, times for different tissues are schemati-
cally illustrated in Figure 2.

2.2. Relaxation Mechanisms

A general theory of nuclear relaxation in the presence of
paramagnetic substances was developed by Bloembergen,
Solomon, and Freed.!”” '3 According to this theory, para-
magnetic complexes induce an increase of both the longi-
tudinal and transverse relaxation rates, R, and R,. The
paramagnetic relaxation of water protons originates from the
dipole—dipole interactions between the nuclear spins and
the fluctuating local magnetic fields caused by the unpaired
electron spins. Paramagnetic relaxation can be explained by
three mechanisms called the inner sphere (IS), second sphere
(SS), and outer sphere (OS) contributions.!!*

In superparamagnetic colloids, the IS relaxation mecha-
nism does not contribute significantly to proton relaxation,
which occurs because of the fluctuations of the dipolar
magnetic coupling between the nanocrystal magnetization
and the proton spin. This mechanism is modulated by the
translational correlation time that takes into account the
relative diffusion of the paramagnetic center and the solvent
molecule, as well as their distance of closest approach. The
relaxation is described by an OS model where the dipolar
interaction fluctuates because of both the translational
diffusion process and the Neel relaxation process.''> 118

Negative contrast agents shorten the 7, and 7>* (same as
T, but also contains heterogeneities in the environment) much
more than the 7 of nuclei situated in their neighborhood,
generating a signal darkening on MR images. They are based
on a monocrystalline or polycrystalline iron oxide core with
a diameter of 5—30 nm embedded within a polymer coating
(usually dextran or another polysaccharide). These nanopar-
ticles are also called superparamagnetic contrast agents. They
differ from ferromagnetic agents in their size. Ferromagnetic
particles show a permanent magnetism, but if their size is
reduced, although fully magnetized, they lose their permanent
magnetic properties and become superparamagnetic particles.

Superparamagnetism occurs when the regions of unpaired
spins contained in iron oxide crystals are small enough to
be considered as single-domain particles, named magnetic
domains. The net magnetic dipole of such a magnetic domain
is larger than the sum of its individual unpaired electrons.
An external magnetic field can induce a reorientation of the
magnetic dipoles, analogous to paramagnetic materials. Thus,
each magnetic domain has a magnetic moment reflecting its
interacting unpaired electrons. Compared to paramagnetic
substances, the resultant magnetic moment of superpara-
magnetic particles is greater, and responsible for a phenom-
enon of magnetic susceptibility that disrupts the homogeneity
of the external magnetic field. 7, will be reduced because
of the water diffusion through the created field gradients,
and T>* effects will appear because of field inhomogeneities,
leading to a signal loss in the regions capturing the iron oxide
nanoparticles on MR images. Several types of these negative
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contrast agents accumulate in the liver when intravenously
injected. After binding of plasma proteins (opsonins) to their
surface, Endorem (Guerbet, France) or Feridex (Berlex Inc.,
USA), coated with dextran, and Resovist (SHU 555A, Bayer
Schering Pharma AG, Germany), coated with carboxydex-
tran, are eaily captured by Kupffer cells within minutes.
Because of their relatively large size, they are called small
particles of iron oxide (SPIO). For Endorem (or Feridex),
the iron oxide crystal size is 4.8—5.6 nm, and the apparent
(hydrodynamic) diameter varies from 80 to 150 nm. Resovist
is smaller (crystal size: 4.2 nm; hydrodynamic diameter: 62
nm). These SPIO are approved for clinical use in the
detection of liver metastases. Since they are not retained in
metastases and in hepatocytes, the darkening of liver signal
on T,-weighted MR images will only be observed in healthy
parts of the organ. SPIO sequestration also occurs in spleen
and bone marrow macrophages.

Another category of iron oxide nanoparticles exists: the
ultrasmall particles of iron oxide (USPIO). Sinerem (Guerbet,
France) is a USPIO composed of a crystalline core of 4—6
nm surrounded by a dextran coating. Because of their
relatively small hydrodynamic diameter (20—40 nm), USPIO
have a stronger 7 relaxation as compared to SPIO and are
less likely to be captured by macrophages. As they circulate
longer, they can be used as blood pool agents for 7'-weighted
MRA during the early phase of intravenous administration.
In the later phase, USPIO accumulate in liver and spleen,
but also become potent contrast agents for lymphography.
Indeed, their small size enables them to reach the lymphatic
system by crossing the capillary wall.

Endocytosis of the nanoparticles by the macrophages con-
tained in normal lymph nodes leads to a reduction of the signal
intensity. As metastases do not take up USPIO, these nanopar-
ticles will be useful to detect metastatic involvement of lymph
nodes. Carbohydrate-polyethyleneglycol-coated NC100150
(Clariscan from General Electric Healthcare, UK), carboxy-
dextran-coated SHU 555C (Supravist from Bayer Schering
Pharma AG, Germany), and citrate-coated VSOP-C184 (Fer-
ropharm, Germany) also belong to this category. Monocrys-
talline iron oxide nanoparticles (MION) are dextran-coated and
have a very small size (8—20 nm). They differ from other iron
oxide nanoparticles in their monocrystallinity.!!*~!23

The high T relaxivity of iron oxide based contrast agents
is a significant advantage for molecular MRI, as they produce
strong negative 7, contrast at nanomolar concentrations.
Molecular targeting with negative contrast agents was
attempted by conjugating specific ligands to iron oxide
nanoparticles. Several cell surface receptors, such as the
leukocyte common antigen of normal lymphocytes (the Her-
2/neu receptor in malignant breast cancer cells) or the
E-selectin in inflammatory stimulated endothelial cells, were
imaged in vitro after labeling with adequate antibodies
conjugated to superparamagnetic nanoparticles.'** 2 How-
ever, a problem arises in the context of in vivo use of iron
oxide nanoparticles because of the rapid capture of the largest
particles by macrophages after intravenous injection. This
can be overcome by reducing the particle size which delays
the clearance.

Indeed, the use of USPIO conjugated to the C2 fragment
of synaptotagmin (a protein binding to phosphatidylserine
present on the outer leaflet of the plasma membrane of
apoptotic cells) allowed for molecular MRI of apoptosis in
an animal model of implanted tumors treated with a
chemotherapeutic drug, and confirmed results obtained on
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cultured cells.!?® A sialyl-LewisX (sLeX) synthetic mimetic,
covalently bound to the coating of USPIO, has been
successfully tested on endothelial cells expressing E-selectin.
MRI results obtained with this contrast agent in mouse
models of hepatitis and muscular inflammation suggested an
interaction between the sLeX mimetic and endothelial
E-selectin.!?!* In the context of in vivo targeting of tumors,
MION linked to a monoclonal antibody specific for a cell
surface antigen expressed on human small-cell lung carci-
noma, breast carcinoma, and colon carcinoma, have been
successfully used to detect tumors after intravenous injection
in a rodent model of intracranial human small-cell lung
carcinoma.’3!"!3 Another way to reduce the uptake of
nanoparticles by macrophages is to coat them with a
hydrophilic polymer, such as polyethyleneglycol (PEG),
which helps to reduce their opsonization by plasma pro-
teins. '3

In order to accumulate nanoparticles at the desired sites,
the targeting ligands (e.g., peptides, antibodies, or aptamers)
are attached to the surface of nanoparticles.!1377140 Among
all types of nanoparticles, SPIONs are the most promising
candidates for use as contrast agents not only for their
suitable magnetic saturation and superparamagnetic proper-
ties, but also due to their colloidal stability and biocom-
patibility.'*' 43 Furthermore, the nanoscale size and the
shape of SPIONs can be controlled by optimization of their
synthesis parameters.'*'*> Nanoengineering of the particles
can not only generate new applications for SPIONs, but also
produce characteristics that might improve the biocompat-
ibility profile of the particles. Not only can nanoengineering
of the particles generate new applications for SPIONs, but
we can also engineer characteristics that might hinder the
biocompatibility profile of the particles. This has significant
implications for targeted therapies as well as for addressing
challenges related to in vivo toxicity.

3. Nanoparticles Delivery Systems

The current methods of drug delivery pose specific
problems that can be overcome by applying nanotechnology.
Drugs are administered into the human body through various
means: by enteral route (oral, buccal, sublingual, rectal),
parenteral route (intramuscular, intravenous, subcutaneous),
and other routes (topical, inhalation).'*%!%” The potency and
therapeutic effects of many drugs are reduced due to the
partial degradation of the drug that occurs in the body before
it reaches the desired target tissue. For example, a drug
administered orally may undergo changes in the stomach due
to the action of gastric enzymes. Drugs administered through
enteral routes undergo a first-pass effect, which is the term
used for the hepatic metabolism of a pharmacological agent
when it is absorbed from the gut and delivered to the liver
via the portal circulation. These processes lead to premature
drug loss due to drug metabolism and rapid clearance from
the body.

Lack of target specificity is one of the major disadvantages
of many drugs. When a drug is administered parenterally, it
is distributed to all parts of the human body through the
bloodstream, rather than to the specific target organ which
needs the pharmacological treatment. Biochemical and
physiological barriers of certain organs also limit drug
delivery to the specified organ, like the human brain. Certain
drugs such as anticarcinogenic (chemotherapeutic) drugs may
destroy healthy tissue along with destroying the cancer cells
and carcinomatous tissue. The cytotoxic effect of these
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chemotherapeutic drugs is greatest in organs like bone
marrow, gonads, hair follicles and digestive tract that contain
rapidly proliferating cells. The adverse effect of chemo-
therapy includes fatigue, nausea, vomiting, alopecia (loss of
hair), gastrointestinal disturbance, impaired fertility, impaired
ovarian function and bone marrow suppression resulting in
anemia, leucopenia, and thrombocytopenia. Drug interaction
with other pharmacological agents may also alter the efficacy
of a particular drug. To overcome these disadvantages, newer
and effective methods should be developed to safely shepherd
a pharmacological agent to avoid specific organs, such as
stomach or liver, or areas of the human body where healthy
tissue might be adversely affected.'*® The application of
nanotechnology can be an answer toward the discovery and
use of efficient and improved drug delivery systems. These
disadvantages and limiting factors of the currently available
drug delivery systems necessitate the application of nano-
technology toward the discovery and use of efficient and
improved nanoparticle-based drug delivery systems.

The aim of such sophisticated drug delivery systems
should be to deploy medication in the desired form to a
specific target in the human body without causing any
adverse effects.'*~!5! This is where nanotechnology comes
into play. Extensive research is being conducted worldwide
to exploit nanoparticles or nanosystems as drug delivery
systems. These nanoparticles can be used as effective carriers
of drug molecules. The carrier can be a carbon nanotube, a
carbon nanohorn, or a silica nanoparticle with drug molecules
bound to its surface. It can be a nanomagnetic particle which
can be drawn to a particular part of the human body under
the influence of a magnetic field. It can also be an implantable
nanoscale device filled with drug molecules encapsulated by
a nanoporous membrane which can act as a tiny turnstile
for releasing the drug.

3.1. Advantages of Using Nanoparticles for Drug
Delivery

Nanoparticle-based drug delivery systems have the fol-
lowing advantages over the conventionally available ones:

» Pharmacological agents can be targeted to a specific area
of the human body by adding nanoreceptors on the surface.
These receptors specifically recognize the target tissue, bind
to it, and release the drug molecules.!>!:152

* Healthy tissues are not affected due to cytotoxic effects
of drugs.

* Drugs can be protected from degradation by encapsulat-
ing them with nanoparticle coatings.'3

* As nanoparticles are extremely small, they can penetrate
through smaller capillaries and are easily captured by affected
cells. This causes efficient drug accumulation at the target
sites.!%*

* Use of biodegradable nanoparticles allows sustained drug
release within the target site over a period of time.'>

* Nanosystems with enhanced drug delivery and target
specificity lead to superior performance and improved
efficacy.!>®

3.2. Nanoparticles in Drug Delivery

There has been a remarkable progress over the past decade
in the development of nanoparticles as effective drug delivery
systems.!¥’" 10 The various types of nanoparticles that are
currently studied for use as drug delivery systems are
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¢ Polymeric biodegradable nanoparticles that include nano-
spheres and nanocapsules

e Ceramic nanoparticles

¢ Polymeric micelles

* Dendrimers

e Liposomes

To make these nanoparticles function as effective drug
delivery systems, specific biological molecules such as
antibodies, enzymes, hormones, and pharmaceutical drugs
can be coupled structurally.

3.2.1. Polymeric Biodegradable Nanoparticles

These are solid, colloidal particles consisting of macro-
molecular substances that vary in size from 10 to 1000 nm.
Depending on the methods of preparation, these nanoparticles
can be of two types: nanospheres or nanocapsules. These
two nanostructures have completely different properties and
release characteristics for the encapsulated drug.'¢!~163

A nanosphere is a matrix system in which the drug is
physically and uniformly dispersed, while nanocapsules are
vesicular systems in which the drug is confined to a cavity
surrounded by a unique polymer membrane. These drug
deliverers degrade into biologically acceptable compounds
by hydrolysis thus delivering the encapsulated medication
to the target tissues. The erosion process occurs either in
bulk, where the matrix degrades uniformly, or at the
polymer’s surface, where the release rate is related to the
polymer’s surface area. The polymer is degraded into lactic
and glycolic acids which are eventually reduced to carbon
dioxide and water by the Krebs cycle. Earlier research
focused on using naturally occurring polymers such as
collagen, cellulose, etc. as biodegradable systems. The focus
has now moved to chemically synthesize biodegradable
polymers with improved characteristics. Examples include
polyanhydrides, polyacrylic acids, polyurethanes, polyesters
and poly (methyl methacrylates). One group of researchers
have synthesized polymeric nanospheres based on methoxy
poly (ethylene glycol) and DL-lactide diblock copolymers.!®*
The cytotoxicity tests showed that the nanospheres exhibited
sustained drug release and no cell damage. Collagen gels
are flowable, suggesting the possibility of an easily injectable,
biocompatible drug delivery matrix.!%> Wallace and Rosen-
blatt reported systems utilizing collagen for drug and protein
delivery. Binding interactions to FC can retard release but are
specific to each drug and hard to predict. Modified collagens
may be useful in this regard since they may have additional
binding sites for drugs, but the complexity of such systems is
a disadvantage from a commercial perspective. For tissue
engineering applications, collagen gels are more attractive, since
they can act as a “cage” to retain cells or as gene delivery
complexes, which are larger than drugs and therapeutic proteins.
The gels have limitations in terms of strength, but reinforcement
with solid components and alignment during gelation and
culture can improve performance.

3.2.2. Ceramic Nanoparticles

Ceramic nanoparticles are made from calcium phosphate,
silica, alumina, or titanium. These nanoparticles have certain
advantages such as easier preparative processes, high bio-
compatibility, ultralow size (less than 50 nm), and good
dimensional stability.'®® They effectively protect the doped
drug molecules against denaturation caused by changes in
external pH and temperature. Their surfaces can be easily
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modified with different functional groups and can be
conjugated with a variety of ligands or monoclonal antibodies
to target them to desired sites. These nanoparticles can be
manufactured with the desired size, shape, and porosity. A
ceramic nanoparticle does not undergo swelling or porosity
changes caused by changes in the surrounding environment.
Self-assembling ceramic nanoparticles have been tested for
the parenteral delivery of insulin.'®® A calcium phosphate
nanoparticle core was used as the insulin carrier, and the
particles were characterized and studied in vivo. The in vivo
performance of this drug delivery system gave better results
than the standard porcine insulin solution.

3.2.3. Polymeric Micelles

These are supramolecular networks composed of cross-
linked combinations of hydrophobic and hydrophilic ligands
which self-assemble in an aqueous medium. These copoly-
mers are only tens of nanometers in diameter and are thus
ideally suited for enclosing an individual drug molecule.!’
On the basis of their structural conformation, there are two
types: block and random copolymer micelles. Because of
their minute size, these drug carriers can avoid renal
exclusion and the reticuloendothelial system (RES) thus
enhancing the absorption by tumor cells. Their hydrophilic
outer shell protects the core and its contents from the
surrounding aqueous medium in the human body while
delivering the drug. They are very useful in delivering water-
insoluble drugs and can be administered intravenously. The
distribution of these drug carriers mainly depends on their
size and surface characterization. For example, micelles
containing sugar group ligands attached to their surface have
been shown to specifically target glucose receptors in cell
membranes.'S” Most micelle-based delivery systems are made
from a poly (ethylene dioxide) triblock network or along with
a polypeptide combination.

3.2.4. Dendrimers

Dendrimers were discovered in the early 1980s by
Donald.!®® These molecules are monomers comprised of a
series of branches around an inner core!® and share the
advantages of polymeric micelles. Dendrimers can be easily
synthesized in the nanometer scale level. In addition to this,
they have a unique globular structure with internal cavities
in which drug molecules can be housed safely protected by
the hydrophobic exterior surface. Drug molecules can be
attached also to the outer surface. They can be built from
the core to the periphery, called a divergent synthesis
(bottom-up approach) or vice versa, called a convergent
synthesis (top-down approach).

3.2.5. Liposomes

Liposomes were first described in 1968.17° These are small
artificial spherical vesicles made from naturally occurring
nontoxic phospholipids and cholesterol. Because of their size,
biocompatibility, hydrophobicity, and ease of preparation,
liposomes serve as promising systems for drug delivery.
Their surfaces can be modified by attaching polyethylene
glycol units (PEG) to enhance the circulation time in the
bloodstream. Liposomes can also be conjugated with ligands
or antibodies to improve their target specificity.
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3.3. Nanoparticles for Cellular Labeling

Labeling of cells has been a key application in biomedical
research for many years. The use of fluorescent molecules,
radioactive isotopes, immunohistological assays, and colo-
rimetric methods, to name a few, have traditionally been
employed in vitro and in vivo to improve our understanding
of physiology and pathophysiology. Many of these methods
involve the conjugation of molecules to the cell surface for
real-time tracking or the incubation of such molecules after
considerable tissue processing. As the field of nanotechnol-
ogy moves forward and we better understand the interaction
of nanoscale particles with cells, an increasing number of
methods for labeling cells with nanoparticles are evolving.
The use of nanoparticles has many applications including
tracking of cells and diagnostic imaging.

3.3.1. Nanopatrticles for Stem Cell Labeling

In recent years, nanoparticles have gained increasing
attention for the tracking of stem cells. In fact, they may
offer stem cell research a tool with which to perform long-
term noninvasive imaging of transplanted cells in vivo to
monitor their survival, migration, differentiation, and regen-
erative impact.'”! For this purpose, a wide variety of
nanoparticles have been exploited, including quantum dots,
liposomes, organic and inorganic particles, and carbon
nanotubes. Specifically, nanoparticles have a number of
applications in stem cell biology, such as (i) noninvasive
tracking of stem cells and progenitor cells transplanted in
vivo, (ii) intracellular delivery of DNA, RNAI, proteins,
peptides and small drugs for stem cell differentiation or
survival, and (iii) biosensing of the physiological status of
stem cells.!”

Central to the future application of nanoparticles in stem
cell labeling is our understanding of particle—cell interaction.
Nanoparticles are particularly adept at being internalized by
a variety of cell types and uptake is dependent on a number
of factors."”'7* The currently proposed mechanisms of
uptake are discussed elsewhere in this manuscript; however,
science is constantly evolving with methods to best engineer
nanoparticles for favorable uptake and elimination pathways.
This is particularly important given our current understanding
of the role of particle surface chemistry on uptake by stem
cells.!”

While cellular uptake is crucial for the labeling of stem
cells, a number of factors are particularly important when
considering the long-term implications for the use of nano-
particles in stem cell technology. They include factors related
to labeling efficiency, stem cell differentiation impact, cell
function, and toxicity from particles or breakdown products.
Frank et al. outlined key features that would likely be
required by the FDA for ferumoxide-protamine sulfate
nanoparticles for labeling of stem cells.!”® These features
could reasonably apply to most nanoparticles proposed for
stem cell labeling and include (i) labeling technique is
reproducible, (ii) labeled cells have similar viability to
unlabeled cells, (iii) the stem cell or other mammalian cell
phenotype is not altered as a result of labeling, (iv) once
labeled with nanoparticles the stem cells are able to dif-
ferentiate and their functional capacity is the same as
unlabeled cells, and (v) there are no toxins present in the
resultant product. Nearly all classes of nanoparticles will need
to adhere to these criteria in order to be successfully
integrated in clinical stem cell treatment. Further research
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is required to delineate the specific nanoparticle features that
will make them most amenable to stem cell labeling and
application to modern imaging methods such as MRI.

3.3.2. Advantages of SPIONs

Given that the focus of this review is on SPIONs, we will
consider some of their positive attributes in stem cell labeling.
Most labeling strategies use one of two methods: (i)
conjugating magnetic nanoparticles to the cellular surface
of the stem cell or (ii) internalization of the particles.'”!
SPIONSs can work in both these methods since the potential
to manipulate their surface chemistry is plentiful and their
sizes along with other attributes promote their successful
uptake into cells. The SPIO class of nanoparticles also
interfaces well with MRI technology, thus moving us closer
to the noninvasive tracking of migrating stem cells in vivo.
This is crucial to the further application and study of stem
cells using an already accepted diagnostic imaging modality.
SPION toxicity has also been shown to be favorable thus
far, as supported by the FDA-approved formulations of
SPIONS already on the market. However, as more modifica-
tions and novel formulations of SPIONs become available,
toxicity considerations remain important for researchers.
SPIONs with low iron content also show good contrast
enhancement on MRL.'”! In fact, most studies demonstrate
that the iron liberated during SPION breakdown does not
cause significant toxicity but it is rather the coatings and
transfection agents that tend to influence the cells in a greater
proportion.!”” This is in contrast to some of the early studies
on quantum dots where the in vivo stability and leaching of
cadmium demonstrated significant cytotoxicity.'”® At present,
there are data to demonstrate the degradation of polymeric
and SPIO nanoparticles for MRI contrast agents, whereas
for other nanoparticles such as quantum dots, carbon
nanotubes, and gold particles the elimination profiles show
a less defined degradation.'”

SPION research for application to stem cell research has
exploded in recent years. Given that this class has success-
fully made it to the market for use in humans supports
preliminary attributes related to biocompatibility, which will
drive further application in stem cell clinical trials.

3.4. Superparamagnetic Iron Oxide Nanoparticles
for Stem Cell Labeling

Among all types of nanoparticles, SPIONs with proper
surface architecture and conjugated targeting ligands/proteins
have attracted great attention during the past decade for
biomedical applications,411437145:179718% More specifically, the
number of publications on stem cell labeling with all kinds
of nanoparticles in comparison to those with SPIONSs clearly
confirms the latter’s ability for stem cell tracking (see Figure
3a). Because of their special magnetic properties, SPIONs
are recognized as a promising contrast agent candidate for
MRI techniques.!37140-1857197 Fabrication of ferrofluids can
be named as one of the oldest applications for magnetic
nanoparticles; however, relatively new and promising ap-
plications are being explored for biocompatibility, such as
using Fe;O, for contrast enhancement in MRI, drug/gene
delivery, molecular/cellular tracking, magnetic separation
technologies (e.g., rapid DNA sequencing), magnetotrans-
fections, and ultrasensitive diagnostic assays. Since each
biomedical application needs specific physical and chemical
properties, several synthesis methods are available. Figure

Mahmoudi et al.

3b shows the crystal structure (inverse spinel), different
synthesis methods (see Table 1), and prominent bioapplica-
tions of SPIONS. For instance, hyperthermia (thermotherapy)
needs very uniform magnetic saturations'*®"2% in order to
have colloids with very specific physical and chemical
properties. In addition, for SPIONs’ most recent application
in stem cell tracking (see Figure 3c), the labeling efficacy
or “SPIONs wrapping” by the stem cells is highly dependent
on interactions between SPIONs and cell membranes.?!
These interactions are influenced by targeting agents (e.g.,
antibodies and aptamers) and cell receptors, coating proper-
ties (e.g., charge and hydrophobicity/hydrophilicity) and cell
membrane negative charge. In addition to the nanobio
interface, both the physical and chemical properties of
nanoparticles (such as size, surface charge, roughness and
surface curvature) are involved in the endocytosis/labeling
process.!73202203 For instance, by controlling the size of
nanoparticles, their endocytic pathways (e.g., caveolin- and
clathrin-coated vesicles) could be predicted.!®>*** Figure 4
schematically shows the mentioned interactions and the
uptake pathways. It is worth noting that according to the
thermodynamics of the reactions, the total free energy of
the membrane will be decreased after endocytosis.

There are many distinct endocytic pathways that coexist
in mammalian cells. Currently, pathways are best defined
through their differential dependencies on certain lipids and
proteins, including clathrin,?*5~2%7 caveolin1,2%® flotillin1,2%
GRAF1 kinases,”'® small G proteins,?!! actin,>'* and dy-
namin.?'? Although some cargoes enter exclusively by one
pathway, most cargoes can enter by several pathways. Any
endocytic mechanism requires the coordinated action of
proteins that are capable of deforming the plasma membrane
to produce highly curved endocytic intermediates and
proteins that can induce scission of these intermediates from
the plasma membrane. Such proteins include ENTH domain-
containing proteins, BAR superfamily proteins, ARF family
small G proteins, proteins that nucleate actin polymerization,
and dynamin superfamily proteins. The best-understood
mechanism 1is clathrin-mediated endocytosis (CME). Al-
though caveolae have been extensively reported as endocytic
intermediates, their contributions to endocytosis are uncertain.
However, many questions still need to be elucidated, such
as how is clathrin-coated pit (CCP) formation coupled to
cargo incorporation? What controls CCP size and how is
CCP fission regulated by dynamin? How is the spatiotem-
poral coordination of the membrane curvature-modulating
proteins that act in CME?

3.5. Applications of Nanoparticles in Imaging and
Drug Delivery

Quantum dot technology and magnetic nanoparticles can
be employed to enhance fluorescent markers used for
diagnostic imaging procedures. There are several disadvan-
tages in current fluorescent imaging techniques, including
the need for color-matched lasers, fluorescent bleaching, and
lack of discriminatory capacity of multiple dyes. These
disadvantages can be overcome by the use of fluorescent
quantum dots. Quantum dots are crystalline clumps of
nanocrystals of a few hundred atoms, coated with an outer
shell of a different material.>>' The applications and advan-
tages of nanocrystals (quantum dots) for in vivo drug delivery
and imaging have been extensively discussed in recent
studies.>?
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Magnetic nanoparticles (ferrofluids with iron oxide nano-
particles) have been tested for their use in imaging and
treatment of colon cancer.?>® These iron oxide nanoparticles
were found to have a higher affinity for the tumor cells than
for the normal cells. Another group of researchers have
developed SPIONs and studied their interaction with human
cancer cells.®> When the iron oxide nanoparticle core was
coated with amino group, the human cancer cells showed
significant cellular uptake. Dextran-coated iron oxide nano-
particles can be utilized toward the treatment of breast cancer
by magnetic heating.’>> Treatment methodologies like these

will make the increasing demand for breast conserving
therapies more feasible in the future.

3.6. Nanotoxicology

Nanotoxicology, defined as the “science of engineered
nanodevices and nanostructures that deals with their effects
in living organisms”,**® has been launched on a platform
based upon our understanding of ultrafine particle research.
This has raised the issue of whether conventional toxicology
approaches are sufficient to establish the relative toxicity of
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Table 1. Various Procedures for the Synthesis of Bare SPIONs
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main advantage/

routes main disadvantage methods

size range/distribution

morphology refs

physical  continuous methods/no
shape and size control

flow injection
aerosol/vapor

laser ablation
laser pyrolysis
ball milling
chemical scale up possibility/needs coprecipitation
surfactant removal process microemulsions

<10 nm/narrow
5—60 nm/broad

nano particulate
nano particulate
nano particulate

10 to 200 nm/broad
4—15 nm/narrow

214-219
220—226

spherical

spherical but
large aggregates

227-232, 230 233

234—239

240—246

143, 144, 179—182, 247-250

251—265, 254, 265—278

irregular
rhombic or spherical
cubic or spherical

hydrothermal 15—200 nm/broad spherical 279—288, 283, 284, 286, 288—293
thermal decomposition 10—40 nm/narrow spherical 294-309
sol—gel 3—20 nm/narrow spherical 310—320
polyol <20 nm/narrow spherical 321-327, 321-323
sonochemical 30 nm or 48/14 nm/narrow spherical or rod shaped 328—334
electrochemical 3—8 nm/narrow spherical 335-342, 335
biological fully biocompatible/ using bacteria, fungus, proteins different sizes/very narrow cluster/folded chains/ 343-350

very low yield

cubo-octahedral/spherical

engineered nanostructures with traditional particulate toxi-
cants. Recent work has highlighted the difficulties of working
with nanostructures which include characterization, batch
variation, aggregation and agglomeration states, and the most
appropriate dose metric.>*073%° At present, a tiered testing
strategy>>%3® is being encouraged due to the lack of toxicity
data available. However, the interpretation of the data must

Cell
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Caveolae Coated Vesicle

=

recognize the unique properties of nanostructures before
making general conclusions.

The precise mechanisms of nanostructure induced inflam-
mation are complex given the range of compositions and
our evolving understanding of the role of oxidative stress
and aspect ratio in toxicity.*®°~ The traditional model for
understanding ultrafine particle toxicity is based in an

5*«
4—— 120nm =—pp
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Figure 4. Schematic representation of the SPIONs and the cell membrane together with the uptake pathways.



MRI Tracking of Stem Cells

oxidative stress paradigm.3®®—3%° Therefore, depending upon
the synthetic process employed and the subsequent chemical
content of a nanostructure, it is reasonable to assume that
oxidative stress is a primary mechanism of toxicity.°!

It is therefore a reasonable hypothesis that SPIONs may
generate reactive oxygen species in a manner similar to
combustion-derived carbon particles or other metal oxides.3¢*3"
Additionally, there is no evidence to suggest that SPIONs
would act through innate receptor responses such as Toll-
like receptors; although other innate immune recognition
responses can be modulated by some nanoscale particles.”!
Nanoparticles in general can have a wide array of im-
munological effects.’”?

3.6.1. In Vitro Toxicity Assessment

In vitro models to screen for possible in vivo toxicity are
presently in demand as the development of new nanomate-
rials is outpacing the capacity to test their toxicity or
biocompatibility. The unique issues associated with nano-
structure dosimetry®”® have made it difficult to develop a suite
of in vitro tests with comparative capacity to in vivo
responses.’’® Moreover, the incredibly complex interrelation-
ship among cell populations in vivo and the redundant
physiological nature of the inflammatory response can make
it difficult to find accordance between in vivo and in vitro
toxicity data. To this end, water-soluble C¢, has been shown
to cause no difference in lung toxicity relative to control
animals which contradicts in vitro data.’’* This is likely due
to the complex interplay of cellular and molecular responses
involved in the inflammatory response, which includes the
interaction of in vivo biology with exposure to and fate of
toxicants. The long-term toxicity outcomes are integral to
understanding the possible health effects of nanomaterials.
At present, in vitro approaches do not afford reliable long-
term predictions.

From a risk assessment standpoint, in vitro studies should
be used in combination with an evaluation of exposure
scenarios, epidemiology, and in vivo toxicity studies.’”
Unfortunately, inadequate consideration of dosing and
experimental design has led to artifacts and some poor
interpretations of in vitro data in nanotoxicology research.’’6377
Nevertheless, in vitro work is extremely valuable for isolating
the responses of specific cell types, as well as for studying
subcellular localization and uptake mechanisms,!73:174:363.378
While in vitro nanotoxicology studies may not adequately
predict the global in vivo responses or possible pathology,
they are essential to answer some of the fundamental
questions pertinent to toxicology such as specific cellular
responses, including cytokine activation, signaling pathways,
genotoxicity and induction of oxidative stress and associated
reactive oxygen species.’”’

3.6.2. Cytotoxicity End-Points

While phenomenological doses in vitro can provide useful
data for comparison with other studies, caution should be
used in making broad conclusions from these dose—responses
alone. Dosing of in vitro systems has particularly unique
considerations when studying nanoparticles.?” For a com-
prehensive evaluation of nanoparticle cytotoxicity and the
advantages and disadvantages of experimental methods, the
reader is directed to excellent reviews by Lewinski et al.>¥
and Stone et al.>”’ It is of particular concern to take a critical
approach to cytotoxicity assays, as some nanoparticles can
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directly confound some of the traditional methods of assess-
ment such as colorimetric assays.>’*3%2

For example, while Trypan blue counting is an accepted
method for determining cell viability in a tiered toxicity
screening approach,® it should be interpreted cautiously as
this technique indicates grossly disrupted membranes®' and
therefore is not specific to other forms of cell death or injury.
It has also been shown with molecular nano-onions in skin
fibroblasts that the mechanisms of cell death are affected by
the dose used in vitro.?* Alamar Blue, MTT, WST, and LDH
cytotoxicity assays are also commonly used and can have
discordant results with some classes of nanoparticles.>76-380-382
Cytokines and chemokines are also important factors in
assessing cellular responses to nanoparticles since they can
have significant pleiotropic and proinflammatory effects. For
example, interleukin-8 and its rodent analogue MIP-2%4 are
chemokines often associated with oxidative stress and can
lead to significant inflammatory cell recruitment in vivo.’®

3.6.3. SPIONs Toxicity

Despite a relatively large body of literature on the chemical
synthesis and characterization of SPION:Ss, little work exists
on their toxicity in vitro and in vivo. SPIONs are in the class
of metal oxide nanoparticles, but they can be modified
significantly which can alter their disposition in biological
environments. The manner in which SPIONs are chemically
modified will indeed impact cytotoxicity outcomes in vitro
and also their toxicokinetics and dynamics in vivo.*® While
there are many unanswered toxicity questions concerning
SPIONS, they are some of the first magnetic nanoparticles
approved for clinical application.®®” However, the toxicity
studies on SPIONs are discordant and can be influenced by
many factors. A comprehensive section on the cytotoxicity
of SPIONSs has been included in a review by Lewinski et
al.38" More recent studies pertinent to the present manuscript
are highlighted in the following section.

Nanoparticle toxicity outcomes continue to be influenced
by many factors including size, shape, charge, surface
modification, agglomeration state, etc. While nanotechnology
can afford particles a range of different properties, it also
allows us to manipulate such nanoscale properties and
therefore the potential toxicity. Indeed, SPIONs have been
manipulated to modify their chemical properties,**® and this
has been shown to influence toxicity.3¥¢3%%3% Mahmoudi et
al. generated magnetic nanoparticles such as spheres, nano-
worms (rough elongated), rod-shaped (smooth elongated),
and beads (random dispersion of iron oxide nanoparticles in
polymeric beads).*® It was then observed that the toxicity
of SPIONs even at the same molarity was enhanced when
mouse 1929 fibroblast cells were exposed to nanobeads,
nanoworms, and nanospheres. It was also noted that a critical
mass ratio (r-ratio) of ~3 is key to functional magnetic
saturation and biocompatibility. Indeed, by studying cyto-
toxicity with the MTT assay, it was noted that cell viability
was enhanced as the r-ratio increased. That is, with an
increased hydrodynamic diameter the SPIONs showed lower
toxicity.

Nanomaterials can also interact with cell media under in
vitro conditions and possibly impact toxicity results, as has
been shown with single-walled carbon nanotubes.*' Mah-
moudi et al. have been utilizing this technology with a variety
of nanoparticles, specifically with SPIONs.*? In another
study by these researchers, it was demonstrated that SPIONs
can impact the cell media by interacting with proteins and
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in turn influencing toxicity.**>*°* By modifying the exposure
protocol to account for particle-media interactions, it was
observed that PVA-coated nanoparticles induced lower
toxicity, which is likely due to the particles having less
adsorption sites for biomolecules in the media.

Further in vitro work on SPIONs has compared combus-
tion synthesized SPIONs with commercially available SPI-
ON s and has found no difference in endothelial cell viability
at exposures of up to 0.1 mg/mL of SPIONs in concentra-
tion.** This study employed the live-dead cell assay as the
determinant of cytotoxicity and also studied an endothelial
cell line (PAEC) which is different from previously discussed
studies.

3.6.4. Considerations for In Vivo Applications

In many ways, SPIONs may face the same hurdles as
quantum dots for further applications in vivo.*> SPIONs have
immense physicochemical versatility which makes them
attractive for tailoring to specific nanomedical applications.
However, with each new SPION formulation there are new
toxicity considerations that will impact both in vitro and in
vivo data. Indeed, the modifications made to the surface
chemistry of SPIONs will have a significant influence on
particle stability and the in vivo fate.3% Different physico-
chemical properties such as final size, surface charge, and
coating density are key factors. At present, there is no single
property—activity relationship that predicts the stability,
toxicity, as well as pharmacokinetics and overall safety of
SPIONs.3*® While important information has been gained
from cytotoxicity studies of SPIONSs, further purpose-specific
toxicity testing is required prior to other clinical applications
of SPIONS.

4. MSCs Labeling

Besides the numerous advantages of using MSCs in cell
therapy and their potential applications, the characteristics
of the stem cells in repairing defects is not well understood.
In fact, further evaluation of the cells’ behavior in tissue
repair, migratory dynamics, degree of cell survival, integra-
tion into the newly formed tissue, and fate in vivo is needed.
Evidently, the development of tissue engineering therapies
requires noninvasive techniques for tracking MSCs after
transplantation in order to monitor the cells’ fate in both
animal models and in clinical trials. So far, procedures
including bioluminescence, radioactive substrates, near-
infrared fluorescence, post-mortem histological analysis, and
MRI contrast agents have been utilized to detect migration
and homing of the transplanted cells.**”**® Among these
methods, only labeling with MRI contrast agents and
radioactive agents are currently suitable for clinical use.

4.1. MRI Contrast Agents for Labeling MSCs

Gadolinium chelates, which are widely used in MRI, have
been utilized recently by Yang et al.**° for labeling hMSCs
without the aid of a transfection agent. In this study, hMSCs
were incubated with paramagnetic gadodiamide complexes
(R\/R, = 3.9 s™' mM™") at different concentrations of 0.95,
2.87, 9.53, and 28.7 mg/mL. Although mass cell death at
the highest concentration of gadodiamide complexes was
observed, revealing the possible toxicity of the chelate, no
cell death or morphological change in hMSCs were noticed
at a 9.53 mg/mL concentration. Flow cytometric measure-
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ment also confirmed no change in cell size and granularity
due to the labeling. MR cell labeling can be done with Gd-
based contrast agent.** They suggested that the lower
stability of gadodiamide (Gd-DTPA-BMA) is responsible of
a net transfer of Gd*" ions on the cell membrane followed
by a slower internalization process. Furthermore, in vitro MR
imaging of labeled cells showed that more than 50 000 cells
were detectable by MRI. As compared to the gadodiamide-
labeled hMSCs, SPIONs are more effective as MRI contrast
agents and thus most approaches use them for stem cell
labeling. It is noteworthy that Heyn et al.*’! showed that
single cells labeled with SPIONs could be tracked in vivo
using MRI. Without a transfection agent, a concentration of
10 ug Fe/mL does not yield apoptosis and thus can be used
for MR imaging of at least 12 500 cells which is 25% of the
cells required for gadodiamide-labeled hMSCs. Transfection
agents like Superfect, DOTAP, Lipofectamin, poly-L-Lysine
(PLL), and protamine are usually required to achieve
intracellular uptake of SPIONs.*? It has been shown that
without a transfection agent, negligible uptake of SPIONs
occurs. Nevertheless, these agents are mostly cationic and
toxic at high concentrations and are not approved for clinical
use (with the exception of protamine). Therefore, there is
great interest in surface engineering of SPIONs to avoid a
transfection agent in the process of stem cell labeling.

4.2. Surface Engineering of MRI Contrast Agents
for Labeling MSCs

After intracellular labeling, commercially available MRI
contrast agents of a large size (120—180 nm) usually tend
to be biodegraded by intracellular enzymes and acids and
then diluted by rapid cell division. In order to solve this
problem, nanoparticles for MSCs tracking with MRI need
to be engineered to (a) label stem cells with a “larger”
number of nanoparticles of a “smaller” size, so that after
cell proliferation the nanoparticles will be enough to be
distributed in the off-spring cells, and (b) coat nanoparticles
with chemically inert substances, which are resistant to
intracellular enzymes and acid. Mailinder et al.*? studied
the efficiency of two commercially available SPIONs (Reso-
vist and Feridex) without transfection agents for hMSCs
labeling. They showed that the uptake of Resovist (generic
name: ferucarbotran), in which the particles are stabilized
by carboxydextran, is more efficient. Huang et al.*>* reported
that ferucarbotran is not toxic to hMSCs and increases cell
growth. They showed that the promoted cell growth is due
to the ability of ionic SPIONs to diminish cellular H,O,
through intrinsic peroxidase-like activity and to affect protein
regulators of the cell cycle (Figure 5).

The major shortcoming of SPIONSs for labeling MSCs is
their low intracellular labeling efficiency. This limitation has
evoked great interest in developing new labeling methods.
In order to increase the efficacy of cellular-internalization
of SPIONSs, several researchers have explored invasive
modifications on the surface of SPIONs, including polymeric
coatings and utilizing transfection agents. In this regard, the
internalizing efficiency has been slightly increased, but it is
still very low to be detected by MRI. A long-term incubation
together with high concentration of nanoparticles per
cell?404405 and/or using MRI systems***4"7 with higher field
strengths than clinical MR imagers (i.e., 1.5 T) are reported
as alternative methods to increase the MRI detection of
labeled MSCs. Enhancing the internalizing efficiency is also
achieved by linking the SPIONs to an HIV tat peptide or
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Figure 5. Microscopic appearance of hMSCs. (a) Nonlabeled hMSCs. (b) SPIO-labeled hMSCs at 24 h. Some brownish-colored, shining
granules are evident at the cytoplasm near nuclei. Most cells were labeled with these granules. Morphology of these SPIO-labeled stem
cells is not changed. (c) Prussian blue staining of SPIO-labeled stem cells. Several blue granules were evident at the cytoplasm around the
nuclei. (d) Flow cytometry of nonlabeled and labeled hMSCs. Labeled hMSCs contained SPIO, manifesting as granules. SSC distribution
of labeled hMSCs was shifted to the right. (e) Electron microscopic appearance of hMSCs after SPIO labeling. These ingested SPIOs
manifest as clusters of dense spots detected at the cytoplasmic membrane-bound organelles (white arrows). The results suggest the location
of SPIO is in the intracellular organelles. No SPIO was found at the cell membrane; reprinted with permission from ref 403. Copyright

2009 Elsevier.

monoclonal antibodies.*® However, these methods suffer
from the biosafety of a xenogeneic protein. Lu et al.*®
reported that hMSCs can be efficiently labeled with SPIONs
and can be monitored in vitro and in vivo with a clinical 1.5
T MR imager under low incubation concentration of SPIONs
together with short incubation time, and low detection cell
numbers at the same time. Electron microscopy studies*’?
revealed intracellular deposits of nanoparticles mainly inside
of endosomal/lysosomal compartments without cytoplasmatic
localization or deposition in cell core, Golgi, or mitochondria.
As a result, the intercellular SPIONSs accelerate the cell cycle
progression through the production of iron from the lyso-
somal metabolism of the nanoparticles.

Experiments have shown that the amount of iron in living
cells is remarkably increased by increasing the concentration
of SPIONSs in the cell culture media and no toxicity was
noticed up to 250 g Fe/mL.?%® It was therefore demonstrated
that the presence of carboxyl groups increases the cellular
uptake as compared with nonfunctionalized particles. Al-
though a high amount of SPIONs without transfection agent
resulted in poor iron uptake, as compared with a low
concentration of SPIONs with transfection agent, extracel-
lular agglomeration of nanoparticles by serum proteins
occurred. As a result, it became questionable whether the
signals detected by MRI represented cell migration, nano-
particle agglomeration, or macrophage phagocytosis. Yang
et al.** found that even at a low concentration of ferucar-
botran (10 ug/mL), the MRI signal intensity drops in the
areas surrounding the cells, which might interfere with the
interpretation of anatomical structure. SPIONs coated with

charged monomers are another class for efficient magnetic
labeling of MSCs. These particles have a small hydrody-
namic diameter (<50 nm) and are stabilized by electrostatic
surface charges in a wide range of pH, ranging from 3 to
11, due to a negative zeta potential. Anionic citrate-coated
SPIONSs with an ultrasmall iron core size (4 nm) have been
shown to be incorporated by macrophages much faster and
with a better efficiency than carboxydextran-coated SPIO-
Ns.#1 Fluorescein isothiocyanate (FITC)-incorporated silica-
coated core—shell SPIONs, SPIONs@SiO,(FITC), with
diameters of 50 nm (see Figure 6a) have been synthesized
and used as a bifunctionally magnetic vector that can
efficiently label hMSCs via clathrin- and actin-dependent
endocytosis with subsequent intracellular localization in late
endosomes/lysosomes.** It is important to mention that silica
is biocompatible and stable in biological environments,
possessing a protective shell to prevent the dissolution and
release of toxic ions (i.e., Fe*") from SPIONs. 21495411 Tndeed,
as more and more nanoparticles become interfaced with
biological systems in medicine the question of in vivo particle
stability will need to be addressed. This is particularly true
for particles which consist of multiple core—shell compo-
nents that might be destabilized by various physiological
environments.

In the mentioned study by Yang et al.,* although the
uptake process displayed a time- and dose-dependent be-
havior, SPIONs@SiO,(FITC) yielded adequate cell MRI
contrast at an incubation dosage as low as 0.5 ug of iron/
mL of culture medium with 1.2 x 10> hMSCs. Additionally,
the in vitro detection threshold of cell number was found to
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Figure 6. (a) TEM image of SPIONs@SiO,(FITC) with an average overall size of 50 nm, 10 nm core, and about 5 nm ring related to the
presence of the organic group. (b) Sensitivity of in vitro MRI of SPION @ SiOy(FITC)-labeled hMSCs. Cells ranging from 3 x 10 to 1.2
x 10° after treatment with 30 ug/mL SPIONs@SiO,(FITC) for 1 h were scanned. (c) hMSCs were treated with a vehicle (DMSO, control)
or the indicated inhibitors in the absence (left panels as negative control) or presence of 30 ug/mL SPIONs@ SiO,(FITC) (right panels) for
1 h. After treatment, uptake was detected by flow cytometry. The number of positively labeling cells is represented as the percentage of
total counting cells in each panel. (d) Colocalization of green fluorescent SPIONs @ SiO,(FITC) with late endosomes/lysosomes. The hMSCs
were treated with 30 ug/mL SPIONs@SiO,(FITC) for 30 min and then incubated with LyosTracker Red for another 30 min. (e) 7> weighted
MRI study of SPION@SiO,(FITC)—labeled hMSCs was performed by injecting 1.2 x 10* or 1.2 x 10° cells mixed with Matrigel into
subcutaneous tissue of the flanks (unlabeled cells at left flank and labeled cells at right flank, respectively) of a nude mouse; reprinted with

permission from ref 399. Copyright 2009 American Institute of Physics.

be ~1 x 10* cells. Furthermore, 1.2 x 10° labeled cells could
be MRI-detected in a subcutaneous model in vivo (Figure
6b). The pathway of digested nanoparticles was determined
via flow cytometry analysis and colocalization of LysoTrack-
er Red (i.e., a marker for late endosomes and lysosomes with
red fluorescence). Flow cytometry data (Figure 6¢) showed
that the SPIONs@SiO,(FITC)-labeled hMSCs treated with
clathrin or actin inhibitors yield a lower MRI signal intensity,
indicating the inhibition of particle uptake by these inhibitors
rather than caveolae or microtubule inhibitors. The entrance

of SPIONs@SiO,(FITC) via endocytosis phenomena was
also confirmed by colocalization of LysoTracker Red and
SPIONs@SiO,(FITC) in late endosomes and lysosomes
(Figure 6d). In order to track the labeled cells, MR imaging
was performed in a nude mice model using hMSCs-treated
SPIONs (1.2 x 10* and 1.2 x 10 cells in 30 ug/mL
SPIONS). The functionalized nanoparticles were suspended
in 10 uL. of Matrigel and injected subcutaneously and
separately into the dorsal flanks of each nude mouse (Figure
6e). According to the results, by employing 7,-weighted
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images, the 1.2 x 10° labeled hMSCs were detected in a
1.5 T MRI at the dorsal flanks of the nude mouse and
presented as a dark, protruding mass mimicking a subcutane-
ous tumor. By contrast, the 1.2 x 10* labeled hMSCs could
only be detected as a bright dot, a signal which only reflects
Matrigel. The authors concluded that the labeled cells could
be detected in vivo in a dose-responsive manner under a
clinical MRI system.

In another study, Wang et al.*'> developed amine-coated
Fe;0,@Si0, core/shell nanoparticles for MSCs labeling.
Almost complete labeling of rabbit MSCs was achieved
through 18 h incubation with 4.5—9 ug Fe/mL for
Fe;0,@Si0,—NH, nanoparticles. The nanoparticles were
located in lysosomes postexposure. In vitro 3.0 T MR
imaging revealed a significant enhancement in the sensitivity
of the core/shell nanoparticles (2—5 fold) compared to the
commercial Resovist. It has already been shown that anionic
monomer-coated SPIONs can be used for labeling of various
cells after a short incubation time (20 min to 2 h) without
impairment of the cell viability and functionality.*'* It is
suggested that the pathway of the coated nanoparticles
includes attachment to the plasma membrane at the early
stage, followed by endosomal formation and finally convey-
ance to the cytoplasm to fuse with late endosomes. The iron
uptake mechanism is thus based on electrostatic adsorptive
endocytosis. It is noteworthy that the nanoparticles do not
behave as “single particles” but are clustered into agglomer-
ates. Both in vitro and in vivo examinations revealed that
the anionic monomer-coated SPIONs did not alter cell
specificity and toxicity by the labeling procedure. Babic et
al.*'* developed and used poly(L-lysine)-coated SPIONS for
labeling of rMSCs and hMSCs. They found that a very high
uptake (more than 92%) could be obtained for the PLL with
a molecular weight of 388 100 due to the interaction of
positively charged PLL with the negatively charged cell
surface and subsequent endosomolytic uptake. The increased
endocytosis was thought to be induced by the relatively
higher amount of serum protein adsorption of PLL-coated
SPIONSs. Results of MR imaging both in vitro (200 cells/
uL) and in vivo (500 cells/uL) demonstrated the possibility
of imaging to detect a low number of cells. However,
aggregation of PLL-modified SPIONs in the presence of
electrolytes is a limitation. Moreover, their modification with
antibodies, enzymes, and proteins is difficult at present.

In order to improve the colloidal stability and to enable
the subsequent covalent attachment of bimolecules, Babic
et al.*> developed poly(N,N-dimethylacrylamide) (PDMAAm)-
coated SPIONs for MSCs labeling. As compared with
dextran-modified SPIONs (Feridex), higher labeling ef-
ficiency was obtained for both hMSCs and rat MSCs. For
instance, after 72 h incubation with 15 ug Fe,Os;/mL, the
amount of uptake for hMSCs was 82% and 68% for
PDMAAm-coated SPIONs and Feridex, respectively (20%
improvement). Electron microscopy studies revealed intra-
cellular uptake and large accumulation in endosomes.
Moreover, in vivo MR imaging of labeled hMSCs in rat brain
demonstrated a higher sensitivity and better resolution of the
PDMAAm-coated SPIONs compared with commercially
available Feridex. Very recently, Suh et al.*'® synthesized
SPIONs conjugated with a nontoxic protein transduction
domain, termed a low molecular weight protamine (LMWP),
in order to generate a powerful MSCs labeling tool. The
average particle size and zeta potential of the functionalized
particles were ~27 nm and ~17 mV, respectively. An
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effective internalization into hMSCs by LMWP-SPIONs was
shown with the highest iron incorporation at 2.3 £ 0.25 pg/
cell. Interestingly, the labeled hMSCs presented a similar
osteogenic and adipogenic differentiation to the unlabeled
cells. Schwarz et al.*'” compared the uptake of synthetic lipid-
shell SPIONs (core size of 8—10 nm) with that of magne-
tosomes from magnetotactic bacteria into hematopoietic F1t3*
stem cells. Magnetosomes comprise magnetic crystals (40—45
nm) enveloped by a biological membrane composed of
phospholipids and specific proteins. Both synthetic and
biogenic SPIONSs exhibited internalization into the stem cells
without any evidence of cytotoxicity. The intracellular iron
concentration was 13.6 £ 1.6 pg/cell and 16.8 &= 1.7 pg/cell
for the lipid-shell and magnetosomes nanoparticles, respec-
tively. MR relaxometry experiments revealed values of 4.0
and 3.2 s7' mM™! for R; and 729 and 1198 s ~! mM™! for
R, relaxivities for the synthetic and biogenic SPIONS,
respectively. Interestingly, the lower R, and higher R, values
of the magnetosomes demonstrate the potential of biogenic
nanoparticles as contrast agents for both 7 and 7,*-weighted
MR imaging. Gold has also been used as a rigid shell in
order to minimize the potential toxic effects of Fe?t ions
originating from dissolved SPIONS in the cell cytoplasm.*!8

5. NSCs Labeling

The investigation of endogenous neural progenitor cell
migration in the rodent brain by MRI may greatly aid the
study of NSCs response to brain injury and disease. Iron-
oxide particles, as an agent for cellular MRI, have previously
been utilized to label endogenous NSCs in situ in rats and
mice. For example, core—shell structures (e.g., SPIONs as
core and Au as the shell) were prepared by Wang et al.*!®
and were shown to interact with NSCs isolated from an adult
rat spinal cord. A dose-dependent attenuation of MRI signals
was observed for both SPIONs@ Au and SPIONs@dextran
(examined for comparison). The Au-coated SPIONs showed
a clear suppression of T>-weighted spin echo signals by about
17% of the control (water/agar) levels at a concentration of
0.001 ug Fe/uL. The dextran-coated SPIONs (examined for
comparison) induced a similar effect (13% attenuation) at a
concentration of 0.01 ug Fe/uL (see Figure 7a). However
consequently, at a concentration of 0.03 ug Fe/uL, the Au-
coated SPIONs caused an almost complete attenuation in
MRI signal intensity, whereas dextran-SPION still permitted
about 35% of T,-weighted signals originating from the
medium carrier (water/agar gel). In order to track the cells
in vivo via MRI, the labeled cells were infused into the spinal
cord of anaesthetized rats and the 7,-weighted signal
intensities (reflecting diffusion and clearance of the SPIONs
from the spinal cord) were monitored at 1 h, 48 h, and 1
month postinjection (see Figure 7b). According to the results,
for dextran-coated SPIONs the diffusion volume quickly
increased along the longitudinal axis of the spinal cord with
time. Consequently, the corresponding MRI signal was
markedly attenuated already after two days and completely
disappeared one month postinjection. In contrast, the diffu-
sion volume of Au-coated SPIONs did not change and the
particles showed intensive suppression on 7,-weighted spin
echo signals even one month after injection. Histological
analysis (i.e., staining of Au-coated SPIONs with silver
enhancement and green fluorescence protein (GFP) immu-
noreactivity for GFP-labeled NSCs) also revealed that MRI
signals were well correlated with gold-positive staining of
transplanted cells (Figure 7¢). Focke et al.*!” labeled human
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Figure 7. (a) A dose-dependent attenuation of T>-weighted MRI signals induced by Au- and dextran-coated SPIONS in suspension. (b) In
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(c) Au@SPION-labeled GFP-NSCs in the rat’s spinal cord 1 month postgrafting; reprinted with permission from ref 418. Copyright 2006
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mesencephalic neural precursor cells (hmNPCs) with SPIONs
(core size of 5 nm; Ferropharm, Teltow, Germany) and
investigated, on the one hand, the effect of these SPIONs
on the survival, proliferation, and differentiation of the stem
cells and, on the other, the sensitivity of 1.5 T MRI to detect
labeled cells in living rats following transplantation. Ac-
cording to the results, about 95% of the treated hmNPCs
(with 1.5 mM of SPIONs) were labeled without detectable

inverse effect on cell viability or proliferative capacity which
were measured by the expression of proliferating cell nuclear
antigen and cell cycle distribution, respectively. It is interest-
ing to note that the labeled hmNPCs showed great potency
(about 30%) of differentiation into neurons and glia with no
detectable difference compared to control cells. The trans-
planted (into rat striata) labeled hmNPCs were detectable
via MRI even after three months postsurgery, confirming the
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high labeling stability. NSCs (derived from the brain of
embryonic 14-day rat) have also been labeled with SPIONs
via poly-L-lysine and bromodeoxyuridine (BrdU) and moni-
tored via MR scanning 1, 3, 5, 7 weeks after transplantation
into the ischemic rat.*? It is noteworthy that the two types
of labeled NSCs were transplanted into the ipsilateral caudate
nucleus (group 1) and the contralateral caudate nucleus
(group 2), respectively. After the first postimplantation image,
a well-defined hyperintensity of the cortical infarct lesion
was observed. The implanted labeled cells were visible on
MR images as a hypointense area at the injection site caudate
nucleus. Three weeks later, linear hypointensity was observed
in the subcortical infarct lesion in group 1. After five weeks,
the low signal intensity could be seen in the corpus callosum
and formed a triangle-like loop with its tip directed to the
lesion side in group 2. Seven weeks later, hypointensity was
observed in the lesion of the second group. According to
their results, the labeled-NSCs and BrdU could migrate into
the lesions after transplanted into rats’ brains. SPION-labeled
nerve growth factor-8 (NGF-f3) gene-modified spinal cord-
derived NSCs were prepared by Lei et al.*?! The distinguish-
ing markers for stem cells (nestin), neuron (3-IlI-tubulin),
oligodendrocyte (CNPase) and astrocyte (GFAP) were used
to assess the differentiation ability of the labeled cells. From
their results, the authors concluded that the SPION-labeled
NGF-f gene-modified spinal cord-derived NSCs were ef-
fectively recognized and they were multipotent and capable
of self-renewal.

6. In Vivo Tracking of Stem Cells
6.1. Animal Studies

Jing et al.”” used Feridex suspension and protamine sulfate
(Fe-Pro complex) as the transfection agent to track MSCs
by in vivo MRI following injection into the knee joint cavity
in rabbit articular cartilage defect models. No significant
change in the viability, cell death, proliferation, differentia-
tion, and morphology of the labeled cells as compared to
the unlabeled cells was observed at a concentration of 25
ug/mL. Nevertheless, the signal intensity of GRE T,-
weighted images was found to depend on the number of
labeled cells and significantly decreased over time. Similar
results were reported by Hu et al.>® when transplantation of
human umbilical cord mesenchymal stem cells (hUC-MSCs)
into focal areas in an adult rat spinal cord was performed.
They incubated hUC-MSCs with 22.4 ugFe/mL for 24 h
(Feridex suspension) and observed a good correlation
between the number of labeled cells and optical density of
GRE T,-weighted and SE 7>-weighted images. In vivo MR
imaging revealed that SPION-labeled MSCs (5 x 10* cells)
can be efficiently detected 2 weeks after transplantation into
the rat spinal cord. The possible application of BM-MSCs
for cardiac regeneration has recently been studied in adult
rats through MRI and positron emission tomography (PEM)
by Chapon et al. These authors used dextran-coated
nanoparticles (15—20 nm) conjugated with TAT-fluorescein
isothiocyanate peptide as a marker and showed that, after
6 h incubation with 10 ug SPIONs/10° cells per mL of culture
medium, 98% of BM-MSCs were labeled. After injection
in rat hearts, it was possible to track live labeled stem cells
over a 6-week period. Stucky et al.**? reported an even longer
time (16 weeks) for detection of BM-MSCs labeled with
relatively large SPIONs (900 nm). A long detectability (12
weeks) of MSCs labeled with Fe-Pro complex (120—150
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nm) in knee joint cavity in rabbit has also been observed.”’
Lee et al.*** studied a complex formation between negatively
charged fluorescent SPIONSs and positively charged peptides
(protamine sulfate) with an ability to improve the MR
imaging of MSCs. The fluorescent nanoparticles (10 or 15
nm core) were synthesized by conjugating fixable fluorescent
dextran to various SPIONSs. For the 15 nm core size particles,
the iron concentration in hMSCs was found to be 17.2 £
0.2 pg/cell. A strong fluorescent signal and enhanced 7,*-
weighted MR images were obtained in vitro and in vivo in
a flank tumor model.

Although BM-MSCs have the ability to differentiate into
cardiomyocytes and improve cardiac function,*>* #28 several
lines of evidence®®*?? reveal that a combination of variable
degrees of infarction size and differential tissue remodeling
over the period of study influences the global functional
recovery following implantation. PET has revealed a higher
2-deoxy-2-[F-18]fluoro-p-glucose (FDG) uptake in infarcted
areas in MSCs-treated animals, reflecting macrophage activ-
ity and changing glucose metabolism. Amsalem et a].***430
examined the functionality of SPION-labeled MSCs into the
injured myocardium by injection of the stem cells directly
into immunocompetent Sprague—Dawley rat hearts after
ischemic injury. Four weeks after delivery, the SPIONs were
only observed in cardiac macrophages and not within MSCs
by MRI (Figure 8). Although this study raised concerns
regarding the potential of SPIONSs in cardiac cell therapy,
many studies revealed cellular rejection of MSCs as the
immune system of the rat recognizes MSCs as foreign in
the absence of immunocompetent agents.*!

Besides the labeling capacity and biocompatibility of
SPIONS, their utility to monitor stem cells migration in vivo
is an important clinical application of this tool. Portet et al.**
developed SPIONs coated with 1-hydroxyethylidene-1.1-
bisphosphonic acid (HEDP), allowing the targeting and
uptake of MSCs with the ability to transdifferentiate into
neural cells in vitro. Very recently, Delcroix et al.** used
HEDP-coated SPIONs to study the potential effects of
labeling rat MSCs (rMSCs) on their viability and functions
as well as their osteogenic and neuronal differentiation
potentials in vitro. The migratory potential of these iron-
labeled MSCs in vivo in response to brain neurogenic stimuli
was also studied. No effect on the viability, morphology,
and differentiation functionality of rMSCs was noticed when
using up to 50 ug Fe/mL incubated for 48 h. Spectroscopic
iron titration also revealed an average concentration of 5.6
=+ 1.6 pg iron/cell, which is in the same range as obtained
when labeling hMSCs with Resovist.*”? It is interesting to
note that the rate of stem cells migration can be defined
through MRI.** Similar results were obtained by Guzman
et al.**> who demonstrated that labeling of human CNS stem
cells grown as neurospheres with SPIONs did not adversely
affect survival, migration, and differentiation or alter neuronal
electrophysiological characteristics. Furthermore, they proved
that the transplanted stem cells either to the neonatal, the
adult, or the injured rodent brain respond to cues character-
istic of the microenvironment resulting in distinct migration
patterns. Meanwhile, a higher labeling efficiency of a
subpopulation of hMSCs (MIAMI cells) by HEDP-coated
SPIONS has been reported by D’Ippolito.*** The application
of MRI tracking for clinical cell therapy using iron-labeled
hMSCs has been shown by Tatard et al.**’

Delcroix et al.*** reported on an in vivo examination of
labeled rMSCs with no response to the subventricular zone
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Figure 8. Serial in vivo tracking of MSCs by MRI. (A) Injection of 2 x 10°® SPIO-labeled MSCs 7 days after left coronary artery ligation
created a wide intramural area of hypointensity (arrows) at the anterior LV wall. (B) Positive signals are still visible after 28 days. Similar
magnetic signals (arrows) were produced by labeled cells injected to normal hearts. (C) Injection of unlabeled MSCs did not alter the
magnetic signal of the myocardium; Reprinted with permission from refs 429 and 430. Copyright 2007 and 2008 Lippincott Williams &

Wilkins.

(SVZ) microenvironment and no migration toward the
olfactory bulb (OB) via the rostral migratory system.
Nevertheless, when a mechanical lesion of the OB was
performed, a long distance migration from the SVZ toward
the OB was observed. This may be attributed to the
chemoattractive molecules present in a damaged environ-
ment*® that can promote cell migration via an interaction
with MSCs surface receptors. In spite of this finding, no
migration of injected iron-labeled MSCs to the adjacent
cartilage defects in knee joint of rabbits has been
observed.?” The reason could be the stiff and strong collagen
networks and proteoglycan matrix which resist cell migration.
In this particular case, the repair of cartilage is mainly caused
by host cells that are recruited to the defect in response to
the implant. Recently, Pawelczyk et al.**® studied the
migration of SPION-labeled BM-MSCs in a modified Boy-
den chamber as a localized model of inflammation. In this
model, activated macrophages were used as inflammatory
cells and mouse or human fibroblasts as a surrogate host
cells. Dextran-coated SPIONs (Feridex) with an approximate
size of 120—150 nm and a total iron content of 11.2 mg/mL
were used for labeling the stem cells. An abundant uptake
of SPIONS into the cytoplasm in an amount of 34.75 4 0.32
pg per cell was obtained. Nevertheless, less than 10% of the
total iron from the iron-labeled BM-MSCs was found in the
activated macrophages depending on the ratio of labeled cells
to inflammatory cells and microenvironment conditions.
Therefore, direct implantation of the labeled stem cells into
target tissue may lead to the uptake of label by the
macrophages which can confound the interpretation of MRI
results.

6.2. Human Studies

Noninvasive imaging techniques for in vivo tracking of
transplanted human stem cells offer real-time insight into

the underlying biological processes of new stem cell based
therapies, with the aim to depict stem cell migration, homing,
and engraftment at organ, tissue and cellular levels. The
evidence thus far indicates that human embryonic and adult
stem cells can be labeled effectively with contrast agents
and that the labeled cells can be tracked noninvasively and
repetitively with MRI and optical imaging (OI).*07442
Clinical studies are recognized as an essential stage in order
to transfer the findings from animal experiments to human
applications. Since there are many physiological parameters
to consider, for instance, the organism’s weight, blood
volume, cardiac output, circulation time, as well as factors
associated with a tumor’s volume/location/microenviron-
ment,'*® the step from animal trials to human trials is not
straightforward.'®® Safe and feasible clinical studies of
SPION-labeled stem cells were first carried out by de Vries
et al.*’ According to their results, very low numbers of
dendritic cells in conjugation with detailed anatomical
information could be detected in vivo using 3T MRI. SPION-
labeled autologous dendritic cells were injected intranodally
as a cancer vaccine in melanoma patients. Evaluation of the
accuracy of the dendritic cells delivery and the pattern of
their migration was performed by MRI. The literature reports
that SPION-labeled stem cells have been used for the
regeneration of damaged brain tissues. Zhu et al.*** explored
the tracking-feasibility of SPION-labeled NSCs via MRI.
Two patients were examined: a 34-year-old man with a brain
trauma in the left temporal lobe and a 42-year-old man, as
a control patient, with a brain trauma in the right temporal
lobe. In the test patient, the neural tissue was collected from
his brain during an emergency operation and cultured in a
suitable medium. The autologous cultured NSCs were
implanted stereotactically around the area of the damaged
tissue of the brain. A 3 T MRI with a gradient reflection
echo with a recovery time of 200 ms, an echo time of 20
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Figure 9. MRI scans from the test (A—F) and the control patients (G—L). The scan obtained before the implantation of the SPION-labeled
NSCs (A) did not show a pronounced hypointense signal around the lesion (asterisk) in the left temporal lobe, whereas circular areas of
hypointense signal were visible at the injection sites 1 day after implantation (B). Magnified images are shown in C—F. Four hypointense
signals (black arrows) were observed at injection sites around the lesion on day 1 (C), day 7 (D), day 14 (E), and day 21 (F). On day 7 (D),
dark signals (white arrow) were observed posterior to the lesion, a finding that was consistent with the presence of the labeled cells. By day
14 (E), the hypointense signals at the injection sites had faded, and another dark signal (white arrowhead) had appeared and spread along
the border of the damaged brain tissue. By day 21 (F), the dark signal had thickened and extended further along the lesion (white arrow).
The scans in panels G and H, from the patient who underwent implantation of unlabeled cells, were obtained on days 0 and 1, respectively,
and the magnified views in panels I, J, K, and L were obtained on days 1, 7, 14, and 21, respectively. A slightly hypointense signal is
present around the injection sites in panels I, J, K, and L. In these panels, the black arrows indicate the hypointense signal, and the asterisks
indicate the lesion; Reprinted with permission from ref 444. Copyright 2006 Massachusetts Medical Society.

ms, and a flip range of 20 deg at 24 h and then every 7 days the injection sites were visible on the first day after
(for a period of 10 weeks) after implantation was employed. implantation (Figure 9B). The hypointense signal at each
Pronounced hypointense signals were not found at the injection site faded thereafter (Figure 9C—F). NSCs ac-

injection sites before implantation (Figure 9A). In contrast, cumulation and proliferation caused detectable changes in
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Table 2. Efficiency and Toxicity of MRI Contrast Agents for Stem Cell Labeling
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cell type MRI contrast agent nanoparticle coating environment ref
hMSCs gadodiamide chelate compared N/C in vitro 399
to iron oxide nanoparticles
hMSCs ferucarbotran (Resovist) carboxydextran-coated in vitro 402, 403
SPIONs
rMSCs Fe;0,@Si0, silica-coated core—shell in vitro 412
SPIONs
R & hMSCs SPION poly(N,N-dimethylacrylamide) in vitro 308
(PDMAAmMm)-coated
SPIONs
R & hMSCs SPION PDMA Am-coated in vitro 415
hMSCs SPION low molecular weight in vitro 416
protamine
(LMWP)-coated SPIONs
rNSCs gold-coated SPIONs compared SPIONs@Au/ in vitro 418
to dextran-coated SPIONs SPIONs@dextran
hMSCs very small superparamagnetic citrate-coated SPION's in vitro 419
iron oxide particles (VSOP)
hNSCs SPIONs poly-L-lysine in vitro 445
rNSCs SPIONs NGEF-f labeling achieved in vitro 421
with SPIONs-+fugene
rMSCs Fe-Pro complex SPIONs in vivo 27
(Feridex)-protamine
sulfate complex
hMSCs Feridex suspension dextran-coated SPIONs in vivo (rat brain) 35
BM-MSCs SPIONs Tat peptide-derivatized in vivo (rat heart) 86
dextran-coated
nanoparticles
BM-MSCs SPIONs Fe-Pro complex in vivo (rabbit knee) 27
rMSCs SPIONs 1-hydroxyethylidene-1, in vitro 432
1-bisphosphonic acid
(HEDP)-coated SPIONs
HMSCs Resovist carboxydextran-coated in vivo 399
SPIONs
dentritic stem cell Endorem (Feridex) dextran-coated SPIONs in vivo (intranodally) 443
HNSCs SPIONs N/C in vivo (human brain) 444

the signals during 1—10 weeks after implantation (Figure
9D). An interesting result was noted on the migration of
NSCs from the injected site to the area of the damaged site
(Figure 9E,F). The same procedure was applied for the
control patient, in which the cultured NSCs were not labeled
with SPIONs. After injection of NSCs to the brain tissue,
there was no trace of a pronounced change in the signal
around his lesion; instead, a slightly hypointense signal
around the injection sites was detected (Figure 9G—L). No
considerable change was observed in the signal intensity
during the testing period.

7. Conclusions and Further Perspectives

Stem cells have enormous potential for therapeutic and
pharmaceutical applications because they can give rise to
various cell types. Given that clinical trials are ongoing or
about to start with many different categories of stem cells,
there is a need for in vivo stem cell imaging to monitor cell
motility after inoculation, and to follow the location and
expansion of the stem cells thereafter. Despite their thera-
peutic potential, many challenges, including the monitoring
of cell fate in vivo, remain to be elucidated. Thus, a greater
understanding of stem cell biology that can be used to expand
and differentiate embryonic and adult stem cells in a directed
manner offers great potential for tissue repair and regenera-
tive medicine. These challenges may be addressed by using
magnetic labeling approaches such as iron derivative
nanoparticles.

As can be seen by the increasing number of examples in
the application of magnetic techniques for stem cell biology,
many advances have already been made; however, much

progress still remains to be made to fully utilize these
technologies in a safely and efficiently manner. Moreover,
the rejection of transplanted stem cells is another concern
that needs further investigation.

We provided examples of a variety of MRI contrast agents
with different nanoparticle coatings on rodent and human
mesenchymal and neural stem cells in different environmen-
tal conditions that would help other investigators to access
updated published data (Table 2).
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