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Abstract

Iron oxide nanoparticles (IONPs) have been extensively used during the last two decades, either as
effective bio-imaging contrast agents or as carriers of biomolecules such as drugs, nucleic acids
and peptides for controlled delivery to specific organs and tissues. Most of these novel
applications require elaborate tuning of the physiochemical and surface properties of the IONPs.
As new IONPs designs are envisioned, synergistic consideration of the body's innate biological
barriers against the administered nanoparticles and the short and long-term side effects of the
IONPs become even more essential. There are several important criteria (e.g. size and size-
distribution, charge, coating molecules, and plasma protein adsorption) that can be effectively
tuned to control the in vivo pharmacokinetics and biodistribution of the IONPs. This paper reviews
these crucial parameters, in light of biological barriers in the body, and the latest IONPs design
strategies used to overcome them. A careful review of the long-term biodistribution and side
effects of the IONPs in relation to nanoparticle design is also given. While the discussions
presented in this review are specific to IONPs, some of the information can be readily applied to
other nanoparticle systems, such as gold, silver, silica, calcium phosphates and various polymers.

1. Introduction

Superparamagnetic iron oxide (y-Fe,O3 and Fe304) nanoparticles (IONPs) are
biocompatible, biodegradable and non-toxic and have been used for a wide range of
biomedical applications such as tumors or vascular imaging,1-3 drug delivery,* gene
therapy,® in vivo tracking of labeled cells,® magnetic separation of cells or molecules,” or as
an iron supplement for patients with anemia.® Immediately after their administration in vivo,
a host of innate immunological mechanisms start to recognize and collect these foreign
particles and direct them to the major elimination pathways of the body.® Therefore, there is
always a competition between the desired distributions of the IONPs in specific organs and
their highly active clearance mechanisms.10 The amount and distribution pattern of the
IONPs in different organs and tissues, during or after any clinical diagnostic or therapeutic
application, is generally considered as biodistribution and the rate of their recognition and
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removal by the immune system, metabolism and excretion from the body is usually referred
to as pharmacokinetics. Knowing these two parameters is crucial to enhance the expected
functionality of the IONPs in any selected region or organ of the body and to minimize their
toxicological side effects due to any undesirable biodistribution or pharmacokinetic
behavior.11

Recent progress in synthesis, characterization and most importantly, surface functionality of
the IONPs have enabled researchers to improve these two important parameters and answer
some important questions related to their clinical applications.1? It is well known that whilst
the size of the iron oxide crystals determines the magnetic properties of IONPs, the
additional molecules on their surface act as the main interface between the IONPs and the
body's immune system.! Therefore, depending on how the IONPs were synthesized, their
surface chemistry, the desired application and administration methods, the expected
pharmacokinetic and biodistribution behavior of the IONPs may be different.13

Iron oxide nanoparticles are prepared by two major chemical methods. Co-precipitation of
Fe2* (ferrous) and Fe3* (ferric) ions in an alkaline solution is a well-established
conventional IONPs synthesis method.14 Further, these IONPs can be coated in situ with
different types of polymers (e.g. dextran,1® chitosan* and starch6) by the synthesis of the
IONPs in the presence of these molecules in solution. These types of IONPs have been
extensively investigated during the last two decades and have been successfully translated to
the clinic.1” While the method can be easily scaled up for mass production of the IONPs, it
is difficult to obtain uniform iron oxide core sizes with narrow size distributions and
controlled magnetic properties using such aqueous co-precipitation methods.# Alternatively,
thermal decomposition of organic complexes of iron (e.g. iron pentacarbonyl, iron oleate or
FeOOH) in the presence of capping agents (e.g. oleic acid and oleyl amine), results in
excellent control of size, shape and monodispersity of the IONPs, and the desired magnetic
properties.18-21 The main drawback of this approach is the hydrophobicity of the
synthesized IONPs, which requires elaborate, multi-step surface modifications to transfer
them to aqueous media and improve their bio-functionality.* 12

This paper provides a comprehensive review of the in vivo biological barriers encountered
by IONPs. Furthermore, parameters that play key roles in the clearance pathways, body
distribution and ultimate fate of IONPs are discussed. We will show that synergistic
consideration of all these parameters is required in order to develop standard criteria for
tuning the pharmacokinetics and biodistribution of the IONPs for a specific clinical
application. The interpolation of this carefully classified information to future studies will
help decrease costs associated with clinical trials and potentially reduce the number of
animal studies by avoiding unnecessary experiments. Also, it can expedite the clinical
translation of the IONPs to various imaging or therapeutic applications (e.g. early diagnosis
and treatment of cancers, heart and brain plaques and lesions and efficient regenerative
tissue engineering). Additionally, pharmacokinetics, biodistribution and clearance pathway
of the IONPs administrated through various in vivo routes such as intravenous and retro-
orbital injection, intrapulmonary or oral delivery, will be discussed along with their
physiological limitations and the IONPs properties required for each one of them. Recent
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progress in successful clinical applications of IONPs and any reported side-effects on
humans will be also discussed in detail.

2. IONPs pharmacokinetics

Depending on the desired biomedical applications, iron oxide nanoparticles have been
mostly administrated through intravenous injection (1V), oral delivery or intranasal
(inhalation) pathway (also see § 2.2). Regardless of the biological barriers (e.g. acidic gastric
pH and the general stability of the IONPS) specific to each administration method, the
body's immune system responds quickly to the presence of IONPs, trying to eliminate them
through phagocytic, metabolic and degradative processes in immune cells (i.e. circulating
white blood cells such as monocytes and residential tissue macrophages). Based on previous
reports, summarized in this review, tissue (e.g. liver and spleen) macrophages are the most
critical cells in the elimination of IONPs from the blood circulation. In this section, we
describe the pharmacokinetic performance and the desired characteristics of the IONPs for
each administration method.

2.1 Intravenously injected IONPs

Intravenous injection is the most commonly used approach for administration of IONPs,
specially for their use as MRI contrast agents. Basic characteristics of some of the IONPs
that are approved for clinical use as intravenously injected contrast agents for MRI are
shown in Table 1. In the 1990's, ultrasmall superparamagnetic iron oxide (USPIO)
nanoparticles were developed for diagnostic and therapeutic clinical applications by
Weissleder et al.22 and other research groups,2® with the most commonly used ones being
AMI-227 (Sinerem® by Guerbet and Combidex® by Advanced Magnetics, also called as
monocrystalline iron oxide nanoparticle or MION23: 24), SHU55C (Schering AG) and
NC100150 (Clariscan, Nycomed). Compared to the first generation of IONPs with
hydrodynamic size, dq ~ 150nm, USP10s were smaller (dy ~20-30nm) and showed a longer
blood circulation time (e.g. 4h 30min in rats).25 26 This enabled the use of USPIOs
extensively as blood pool MRI contrast agents. Later, cross-linked iron oxide (CLIO)
nanoparticles were prepared to prevent the detachment of the dextran coating because of its
weak bonding with hydroxyl groups on the surface of the IONPs.27 In contrast to USPIOs,
CLIO series of IONPs had several iron oxide crystallites as their core.2” This group of
IONPs has also been widely investigated for different types of biomedical imaging
applications. Further, for each application, it is important to know the blood circulation time
of the injected IONPs (i.e., the time between injection and elimination from the blood) and
utilize this data to tune the IONPs characteristics based on the desired circulation time for
that specific application

2.1.1 Blood half-life—Blood or plasma half-life (t;,) of the NPs is the time it takes for
the concentration of the injected NPs in the blood to decrease to half its initial value and is a
helpful measure to monitor the pharmacokinetics of the NPs. This decrease in concentration
is due to the elimination of the NPs through various organs (details to be discussed in the
next sections of this review). For magnetic nanoparticles (i.e. IONPs) the half-life can also
be defined as the time in which the MRI T, or Ty relaxation rates of the blood reduces to
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half its initial value immediately after the injection of the NPs.28: 29 Assuming a one-
compartment pharmacokinetic model for IONPs, i.e. they do not disintegrate after injection
and their distribution in blood after injection remains uniform, the decrease in concentration
often follows a mono-exponential decay function (equation 1). A simple fitting of the data
(e.g. IONPs concentrations or changes in MRI contrast or fluorescent signal intensity of the
blood samples) to this equation is used to calculate half-life (t1,) accurately (equation

2).16. 22 The general form of the expression is as follows:

ED=IDexp(—t+R) (1)

where, R is the elimination rate constant, ED is the effective dose (the dose remaining in the
blood plasma at the desired therapeutic time point, t) and ID is the injected dose. From
equation (1), we get the following expression for the blood half-life (t;/5):23

In(2)
R

t1/2= @

The blood half-life of different types of IONPs, shown in Table 1, ranges from several
minutes?? to several days®C in rodents and from 1 hour (VSOP-C184)31 to 24 hours
(AMI-227)32 in humans. Further, blood half-life values are highly dependent on dose levels
of the injected IONPs (this parameter is discussed later in §2.1.4).

2.1.2 Mononuclear phagocytic system (MPS): the major clearance route—
Intravenously injected IONPs, are selectively taken up by the liver and spleen, with few
reports also showing the presence of a smaller fraction of the injected IONPs in the

lung.59: 70 Liver and spleen are, in fact, the major clearance pathways for the IONPs in the
blood and these organs form part of the important immune system known as mononuclear
phagocytic system (MPS) or monocyte-macrophage system also known classically as
reticuloendothelial system (RES).’1: 72 In this section, details about the various
physiological components of the MPS and their role in the clearance pathways are provided.
Later (82.1.4), we will consider the physicochemical properties of IONPs (e.g. size, surface
charge, surface coating density) that affect their biodistribution and clearance by the MPS.”3

The MPS system includes monocytes circulating in the blood and macrophages located in
different organs, such as liver, spleen, lymph nodes, bone marrow, lung and brain.”*
Generally, macrophage precursor cells form from hematopoietic stem cells in bone marrow
and then get released into circulation as monocytes. These circulating monocytes then
extravasate through the endothelium and migrate to tissues followed by differentiation into
various larger size macrophage subsets, depending on their anatomical location and
functional phenotype.”® The major specialized tissue-resident macrophages are Kupffer cells
in liver, alveolar macrophages in lungs, osteoclasts in bones and histiocytes in interstitial
connective tissues. Distinct macrophage populations also exist in secondary lymphoid
organs, including the macrophages residing in spleen marginal zones and sub-capsular sinus
macrophages in lymph nodes. Tissue-specific macrophages also patrol highly immune-
privileged organs such as brain (microglia), eyes and testes.”® All these tissue-distributed
macrophages clear the body of the presence of pathogens or foreign bodies such as bacteria,
viruses, abnormal and old cells and IONPs, by phagocytosis (i.e. engulfing them followed
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by their degradation and metabolism, as discussed in §3), or by recruiting additional
macrophages from circulation (during infections or injuries).”’

In general, liver and spleen are usually the dominant organs for clearance of the
nanoparticles from the bloodstream.>® However, when injected in high dosages, the liver
and spleen macrophages can only eliminate a fraction of the IONPs from the bloodstream
and the excess IONPs get accumulated in other macrophage-rich tissues such as lung and
adipose tissue.’® Uptake of the IONPs by the macrophages of liver and spleen is usually
preceded by a) opsonization, b) recognition by the macrophages and c) phagocytosis (Fig.
1). Briefly, during the opsonization process, plasma proteins deposit on the surface of the
injected IONPs, a process similar to other immunogenic species (e.g. viruses and bacteria)
and one that specifically signals the Kupffer or reticular macrophages to recognize and
eliminate them from the circulation.2’: 28

Kupffer cells are located inside the sinusoidal blood vessels of the liver (Fig. 2) and are the
most active phagocytes in uptaking the IONPs. Kupffer cells first attach themselves to the
approaching IONPs. Then they form foot-like extrusions around the IONPs, called
pseudopodia, and encapsulate them in phagocytic vesicles or phagosomes. The wall of the
phagosomes comes in contact with lysosomes, which are intracellular organelles containing
an acidic environment responsible for degradation and metabolism of internalized species,
and their membranes fuse with each other. Then, digestive enzymes are released from the
lysosomes, which degrade the IONPs. The exact intracellular degradation rates of the IONPs
remain unknown.

IONPs that are carefully synthesized to stealthily pass the Kupffer cells, usually have longer
circulation time but may have greater uptake by phagocytic cells of MPS organs other than
liver. For example, Cole et al.”® reported a higher uptake of the nanoparticles in spleen
compared to liver, after addition of a polyethylene glycol (PEG) layer around the cross-
linked starch-coated IONPs. The exact mechanism of such selective uptake of these IONPs
by spleen macrophages is still unknown. The authors reported two possible scenarios for this
observation: first, PEGylation reduced the uptake by liver Kupffer cells, increased the half-
life from 7.29h to 11.75h, and therefore macrophages in spleen had more time to remove the
IONPs from the blood. Second, the higher spleen uptake might be due to increase of the
hydrodynamic size of the IONPs to values larger than 200nm after injection, because of
plasma proteins adsorption or possible aggregation. The critical role of the hydrodynamic
size on liver and spleen uptake will be discussed later in §2.1.4.

Recent reports also demonstrate that either nanoparticles or monocyte-macrophages can be
selectively manipulated to facilitate their phagocytosis and targeting abilities.80: 81 For
instance by either specific coating of nanoparticles (e.g. IgG coated IONPs0) or by pre-
treating phagocytic cells with specific cytokines8! the phagocytic and tissue or lesion
homing capabilities of particle containing phagocytes can be influenced. These approaches
can potentially enable nanoparticle containing monocytes or macrophages to be targeted to
sites of infection, inflammation or neoplasia for therapeutic or imaging purposes.82
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It is also possible to manipulate the immune system of the body to prolong the circulation
time of the IONPs. For example, reducing the number of active Kupffer cells by pre-
injection of another material, such as liposome particles coated with a chelated Ni2* layer.
Ni2* has a higher affinity to adsorb the plasma protein through opsonization and therefore it
has a high rate of initial macrophage uptake. The IONPs injected after this pre-treatment
step showed a prolonged half-life up to 5 times more than the IONPs directly injected
without administration of decoy liposome particles.83 However, for further clinical
applications of this approach, it is also necessary to evaluate the long-term toxicity of these
decoy particles, in addition to all other concerns related to safety of the IONPs. As an
alternative approach, Wang et al 84 labeled red blood cells with IONPs and observed a
significantly longer blood circulation time and efficient tumor targeting after intravenous
administration of these cells.

It is important to note that macrophage uptake of the IONPs can have either beneficial or
detrimental effects, based on the desired application.8> For example, for targeting cancers in
various tissues,8® or identifying metastatic cancers in the lymph nodes,®’- 8 and vascular
angiography,8: 90 Jonger circulation time as a result of lower macrophage uptake is desired.
On the other hand, for some other imaging applications such as evaluation of brain
lesions,?1-93 assessment of rejection of the transplants or grafts, %4 visualization of heart
plagues*”- 95 and various other inflammation-mediated diseases?’: 9698 higher uptake rates
of the injected IONPs by specific macrophages (other than the Kupffer cells) or circulating
monocytes and their subsequent homing to specific tissues is desired.

* Liver: Liver blood vessels contain highly fenestrated sinusoids, with a certain average
pore size of 100-200nm (depending on the animal or human species), lined by Kupffer cells
(Fig. 2).100. 101 As described earlier, Kupffer cells are the most effective macrophages to
quickly phagocytize the nearby IONPs from the blood.192 Liver uptake of IONPs has been
reported as the most effective elimination pathway of the nanoparticles, even when the
IONPs are tuned for specific targeting of tissues or organs (e.g. tumors).%® Due to the high
rate of IONPs accumulation in the liver,193 the organ can be easily imaged using the IONPs
as T, contrast enhancement agents in MRI or as tracers for the newly emerging technique of
magnetic particle imaging (MP1).% In particular, this is helpful in MR imaging of potential
liver cancers, since the IONPs that are taken up by the Kupffer cells in the healthy liver
generate a dark contrast in To-weighted MRI and the tumor sites, lacking Kupffer cells and
thus phagocytized IONPS, appear as bright regions.104. 105

Hepatocytes are physically separated from the sinusoids by a region called the space of
Disse (Fig. 2).106 As discussed in §3.1, hepatocytes also accumulate the biodegradation
byproducts of IONPs in the form of a protein-iron complex, called ferritin. Although the
Kupffer cells found in the sinusoids are normally the main entrapment sites,107 if suitably
functionalized, IONPs can also accumulate in hepatocytes.108 Hepatocyte delivery of the
IONPs can be enhanced by addition of molecules with high hepatocyte binding affinities
(e.g. linoleic acid!®® and lactobionic acid!10) to the surface of the IONPs, or by increasing
the percentage of antifouling molecules such as PEG19 on the surface of the IONPs to
decrease their rate of opsonization.
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Accurate mapping of the distribution of IONPs in the liver demands detailed experimental
studies. For example, Van Beers et al.111 used different imaging techniques to study the
distribution of ultrasmall dextran coated IONPs (Ferumoxtran, core size, dc ~5nm, dy
~30-35nm) in the liver using a rat model. They used chemical staining of the ferric ions
(Fe3*), in liver sections and showed by light microscopy analyses that maximum uptake of
the IONPs (injection dose of 15 umol Fe/kg) by the Kupffer cells occurred after 1-4 hours of
injection. This peak was delayed to 8-24 hours when the dosage was increased to 150 pmol
Fe/kg. MR images on the other hand, showed a change in liver contrast, 1 hour after
injection of the higher dosage (150 umol Fe/kg), suggesting IONPs were still distributed in
the extracellular blood and interstitum, rather than Kupffer cells or hepatocytes. Closer
inspection using electron microscopy analysis in ultrathin sections of the liver showed only
sparse IONP uptake in the hepatocytes after 24 hours of administering the higher dosage
(150 pmol Fe/kg).

* Spleen: Macrophages residing in the reticular meshwork of the spleen and bone marrow
also act as efficient filters for removing the IONPs from the bloodstream. For example, an
artery entering the splenic pulp terminates in small, highly porous capillaries that allow the
blood to enter into the marginal and red pulp zones and then get squeezed into collecting
veins through the fenestrated venules in the red pulp regions (Fig. 3).112 The macrophages
present in marginal and red pulp zones of the spleen phagocytize the IONPs.113 Studies on
rats and mice have shown the presence of the IONPs either in the red pulp or particularly in
the marginal zones around the white pulp regions of the spleen.%5: 114 The filtered blood then
passes through the endothelial walls of the venous sinusoids and finally returns to
circulation. Macrophages lining these venous sinuses also act as the secondary filtering
barrier for the IONPs.112

» Lymph nodes: Lymph nodes are widely distributed in the body and linked together by a
network of lymphatic vessels. If IONPs enter a tissue, they ultimately may enter the lymph
surrounding that tissue.112 They, then get directed to the regional lymph nodes by way of
afferent lymphatics and get trapped in the sinusoidal reticular meshwork lined with
macrophages.116-118 The IONPs in tissues may also be phagocytized by histiocytes present
in the interstitum. These histiocytes then migrate to the lymph nodes through lymph vessels
as shown in Fig 4.116. 117 The filtered lymph passes out of the node through efferent
lymphatic vessels and finally reaches the venous blood.118 The major fraction of the IV
injected IONPs usually get filtered first by the liver and spleen, before reaching any other
organs and their surrounding lymph nodes. An exception would be IONPs that are injected
intramuscularly or subcutaneously. In these cases regional lymph nodes may be the initial
filter point.

2.1.3 Renal clearance: a non-phagocytizing pathway—Nephrons are the major
functional and structural units of the kidney and each kidney has over a million nephrons.
They help the kidneys maintain the homeostasis of body fluids and electrolytes among
intracellular, extracellular, and extravascular compartments. They are also responsible for
selective filtering of carbohydrates and proteins from the blood, as well as ions and even
nanoparticles with dy < 10-15nm, if present. The generally agreed size range constraints for
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clearance of the nanoparticles through kidneys and other organs (e.g. liver and
spleen)0. 119,120 | be discussed in detail in §2.1.4.

The intravenously injected IONPs enter the blood vessels of the nephrons through the renal
hilum and are eventually excreted in urine via the ureter, then via the urinary bladder.
However, first they must pass through the glomerulus. During this clearance pathway, the
IONPs or their degradation products, first reach the glomerular capillaries — the blood
filtration sites in the nephrons — through afferent arterioles and the filtered blood leaves the
glomeruli through efferent arterioles. The elements for excretion that are filtered from the
blood, (ultrafiltrates), enter Bowman's space after passing through gaps between the
podocytes forming the glomerular basement layer of the capsules (Fig. 5).121 These
intercellular filtering slits are also referred to as fenestrae. Note that the filtration mechanism
in the kidney is physically different from the mechanisms in liver and spleen. The kidney
fenestrae act as filters that only allow species smaller than a certain size (dy~10-15nm) to
leave the bloodstream and get excreted from the body, but liver and spleen sinusoids act as
filters that entrap blood borne elements larger than a certain size (see §2.1.4). The
hydrodynamics of the blood pressure, flow and viscosity and the filterable elements size and
charge determine the filtering efficiency of the nephrons.122 In addition, the number and size
of these channels is controlled by physiological and pathological conditions and varies from
species to species. Eventually, the ultrafiltrate solution containing any IONPs reaches the
renal pelvis, where they get transferred to the urinary bladder via the ureters.

If renal clearance is the appropriate clearance route for a specific type of IONPs, a large
percentage of the administrated IONPs dosage should be excreted through urine.119
However, due to size constraints, no specific reports describe the presence of the non-
degraded IONPs in urine.123 However, small coating molecules that are detached from the
surface of the IONPs due to their weak bonding and other small biodegradation byproducts
may be excreted through kidney (Fig. 5).124. 125

Note that labeling of IONPs by coating molecules (e.g. by fluorescent molecules) is not
necessarily a reliable approach to prove the presence of the IONPs in urine, since in most of
the cases the coating materials can get degraded and independently be cleared out of the
body through the kidneys much faster than the iron oxide core of the IONPs.126. 127 \When
IONPs coating molecules are labeled with fluorophores, it is possible to study the co-
localization of the IONPs and their coatings in tissue sections by confirming the presence of
blue foci generated by the Prussian Blue staining of the iron in the core and the fluorescent
signal from the coating of the IONPs at the same location in tissues.56 Even though there are
some reports of the accumulation of the IONPs in kidney,128. 129 the critical evidence for
renal clearance, i.e. traces of IONPs in urine, were not presented in these studies. The
observed MRI or fluorescent contrast enhancements in the kidney might be only due to the
presence of the blood circulating IONPs or their micron size aggregates in the efferent and
afferent blood in the capillaries and arterioles in the renal cortex and not necessarily from
the glomerular uptake.56: 79. 130, 131
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2.1.4 Parameters determining the blood clearance pharmacokinetics

* Hydrodynamic size and stability of the IONPs: Hydrodynamic size of the IONPs is one
of the most important factors that determines their biodistribution kinetics.132 The effect of
hydrodynamic size, dy, on the pharmacokinetics of polymer and gold nanoparticles have
been discussed at length,®- 119. 120, 133, 134 3 it js reasonable to expect similar behavior for
IONPs as well. A recent study has clearly shown the decrease of the blood half-life of
IONPs from 50 to 3 minutes by increasing their hydrodynamic size from 20 to 85nm.13% As
shown in Fig. 6, IONPs with dy > 100nm quickly accumulate in the liver and spleen through
macrophage phagocytosis and entrapment in liver and spleen sinusoids (§2.1.2).%8: 136 |n
addition, it has been reported that IONPs with dy > 200nm have higher rates of uptake by
the spleen when compared with the liver, due to their mechanical filtration followed by
macrophage phagocytosis in spleen.”9: 137,138 pinocytosis (a mechanism for cellular uptake
of the smaller nanoparticles occurring by a non-specific and non-receptor mediated cell
membrane absorption) by liver and spleen macrophages has been reported as the main
internalization pathway for dextran-coated IONPs with dy < 20nm. 139 140 |_arger IONPs
can get internalized through receptor-dependent endocytosis.139 In both cases, the
internalized IONPs get transferred to lysosomes. Finally, it is highly likely that IONPs with
dy, < 10-15nm73: 119 are eliminated via the kidneys according to the mechanisms discussed
earlier in §2.1.3 (Fig. 6). Due to variation in IONPs characteristics and experimental
parameters (such as animal models, quantification techniques etc.) used in different studies,
the exact upper and lower size limits to avoid or enhance hepatic and renal clearance are not
well-defined, but the range of sizes provided here are the most agreed upon values for each
of the IONPs elimination mechanism discussed above.13

Blood half-lives of different types of IONPs with a wide range of hydrodynamic sizes are
briefly listed in Table 1. Generally, MPS elimination of the IONPs is the dominant
mechanism since the hydrodynamic size of the IONPs are usually larger than the size limits
for renal elimination.141 Therefore, as a simple rule of thumb, by tuning the hydrodynamic
diameter of the IONPs between approximately 10-100nm, it is possible to extend their blood
half-life and increase the access of the IONPs to other organs such as lymph nodes, 142 143
arterial walls,?8 brain144 or tumors.2 However, it is important to note that even if
dy=10-100nm on average, there may be some fraction of the IONPs (or their aggregates)
with sizes beyond this range. The percentage of these fractions depends on the distribution,
or the polydispersity index (PDI) of the hydrodynamic size of the IONPs, which is typically
determined in solution using dynamic light scattering (DLS). PDI is a dimensionless
number, usually ranging from 0.05 to 0.7 and describing the amount of non-uniformity of
nanoparticles hydrodynamic size distribution. PDI values smaller than 0.05 are rarely seen,
only for highly monodisperse standards and values greater than 0.7 show that the
nanoparticles are highly polydisperse, having a very broad hydrodynamic size distribution.
A high PDI indicates a broad distribution of nanoparticle diameters, which results in their
multi-stage clearance since larger nanoparticles circulate for shorter periods compared to
smaller IONPs 145_ For instance, Briley-Saebo et al.#? used filtration to fractionate Feridex
(dy= 121nm, with polydispersity index, PDI, of 0.4) IONPs based on their size and only
used the smaller size (dy=15nm, PDI=0.2) portion of the original batch for biodistribution
studies. They found that fractionation of Feridex increased the blood half-life in mice from
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0.46h to 15.9h and decreased the liver accumulation dosage from 60% of the injected dose
to only 6.4% after 44h post-injection. In general, the lowest possible PDI is preferred in
order to get more reliable and repeatable in vivo blood clearance pharmacokinetics and
subsequent biodistribution results.

Size instability caused by aggregation of the injected IONPs also plays a detrimental role in
their clearance kinetics.1® When the injected IONPs are not stable in the blood, they form
aggregates to decrease their surface energy, which results in their rapid entrapment by the
MPS system. IONPs aggregates can form due to various reasons; for example, they form
when the steric hindrance or electrostatic repulsion forces between the individual IONPs are
not strong enough to prevent the nanoparticles from forming these clusters.146 Alternatively,
when the coating molecules are weakly bound to the IONP cores, they are easily detached in
the presence of highly ionic species in the surrounding biological media, resulting in IONP
aggregation.147 Usually, in these cases, cross-linking of the coating molecules can improve
the IONPs stability and blood half-life.15 52 Adsorption of plasma proteins on the IONPs
can also increase the size and MPS elimination rate of the IONPs.148 Therefore, by
utilization of a proper surface modification approach (see Coating Molecules section below),
both stability and circulation time of the IONPs can be improved.149

* Core size: Biomedical IONPs are usually made of crystalline iron oxide cores with
superparamagnetic properties.! Core size, dc, of the iron oxide nanoparticles plays a very
important role in determining their saturation magnetization and dictates their Ty, To* and Ty
relaxation times when used as MRI contrast agents.19: 150. 151 For example, increasing dc of
IONPs from 5 to 14nm, increases T, relaxation rate of the surrounding protons (ro
relaxivity) by a factor of three.152 In the recently developed biomedical imaging technique,
called magnetic particle imaging (MPI1), IONPs behave as tracers — unlike MRI, where the
IONPs simply alter contrast of surrounding tissue, IONPs in MPI are the source of the
imaging signal — and larger crystallite sizes (dc ~ 23-27 nm) generate images with higher
resolution and brightness.18: 153 However, faster biodegradation rates in liver and spleen has
been recently reported for monodisperse 5nm iron oxide cores in comparison with 15 and
30nm IONPs and coated with the same coating molecules.1%7 This may raise long-term
toxicity issues for larger core sizes, because of a longer dwell time.

In an ideal surface modification process that results in a uniform coating thickness with the
same type of molecules, larger core sizes should result in larger hydrodynamic sizes.
However, larger crystal sizes have strong magnetostatic or dipolar interactions with each
other, which often results in the formation of clusters of the cores with larger hydrodynamic
sizes. This also makes their surface modification more challenging. As discussed in the
previous section, for larger hydrodynamic sizes, especially when dy > 200nm, a shorter half-
life is expected due to the rapid hepatic and splenic filtration of the nanoparticles. Also, for a
constant iron dosage, the total surface area is less for larger core sizes, which mean less
chemically or physically active sites are available for conjugation or loading of the desired
polymer coatings and therapeutic biomolecules on the IONPs.154 Therefore, there is always
a competing role between higher imaging efficiency and longer blood residence time with
accompanying therapeutic performance of these larger contrast agents both in MPI and a
wide range of T, MRI applications.

Chem Soc Rev. Author manuscript; available in PMC 2016 December 07.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Arami et al.

Page 11

For example, as shown in Table 2, r, relaxivity of the ultrasmall IONPs (LUSPIO) with
smaller core (dc ~2-5nm) and hydrodynamic (dq ~ 10nm) sizes was about one third of
LSPIO nanoparticles, (dc ~7-12 and dyy ~35nm).58 However, the blood half-life of LUSPIO
was ~1.5 times more and its liver accumulation was 30% lower than the LSP1O
nanoparticles. When different antibodies were conjugated to these IONPs for targeting of
heart lesions, the blood half-life of the LUSPIO was again 30% more and the liver uptake
was about 10-15% less than LSPIO. Note that smaller IONPs have a higher rq (the T,
relaxation rate of the water protons surrounding each nanoparticle) and are thus often used
as contrast agents, which provide brighter images in T;-weighted MRI.19 A longer
circulation time is generally expected due to their smaller sizes, but more systematic studies
are needed to evaluate their short-term and long-term size-dependent biodistribution.132

In addition to size, monodispersity and shape uniformity of the iron oxide cores — important
parameters often tuned to improve the imaging performance of the IONPs — may also affect
their biodistribution and pharmacokinetics. Controlled high temperature decomposition of
iron organometallics (e.g. iron pentacarbonyl and iron oleate) results in highly uniform and
monodisperse IONPs.195 156 However, these IONPs are coated with hydrophobic surfactant
molecules (e.g. oleic acid and oleyl amine) and complex surface modification processes are
usually needed to transfer them to aqueous media. Due to limitations of the phase transfer
approaches, these IONPs have not shown a significant improved circulation time yet,
specially compared with IONPs prepared by conventional co-precipitation in the presence of
polymers such as dextran (Table 1).

» Core morphology: Generally, one-dimensional nanostructures such as polymer
filaments, 157 carbon nanotubes>8 and gold nanorods®® with a high length to width aspect
ratio have shown longer blood circulation times over the spherical counterparts.160 The
longer circulation time of one-dimensional nanoparticles has been attributed to lesser uptake
by macrophages due to an opsonin-independent phagocytosis phenomenon.159 The same
trend is expected for iron oxide nanostructures with high aspect ratios.!! For example, a
prolonged blood half-life of up to 19h has been reported for iron oxide “nanoworms” with
longitudinal size of 70nm, comprising a linearly aligned set of IONPs (~25nm) encapsulated
in dextran-PEG copolymer.>0 However, the largest fraction of the injected nanoworms
accumulated in the lymph nodes (~40%), followed by the spleen (~15%) and liver (~9%).161
This is in contrast to the more frequently reported results for spherical IONPs, in which liver
has the highest uptake rate among the other MPS organs. Other recent studies 162 163
indicate that more systematic comparative analyses are needed to identify the exact
clearance mechanisms and the optimum aspect ratios that enhance the blood half-life and
pharmacokinetic performance of one-dimensional nanoparticles. It is also important to note
that, experimentally, it is a difficult fabrication process to maintain all the other parameters
(such as number of coating molecules, polydispersity and stability) effectively the same, and
only change the core morphology and compare the pharmacokinetics and biodistribution
results.16. 164 Sych studies are even more complex when hybrids of iron oxide with other
materials such as gold, carbon nanotubes, quantum dots, gadolinium or silica are used for in
vivo investigations, 113, 129, 165-173
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Other IONPs morphologies such as cubes have also been used for in-vivo studies, but the
effects of these specific shape on their pharmacokinetics and biodistribution mechanisms are
still unknown.174 A recent study has shown that iron oxide nanocubes tend to form
aggregates in the endosomes of the liver and spleen macrophages at the earlier stages of
uptake, which decreases their endosomal degradation rate.1’> When shuttled from
endosomes to lysosomes, the lysosome enzymes and proteins redispersed the aggregated
nanocubes and subsequently increased their degradation rate.1”> TEM analyses showed that
degradation happens faster at edges of these cubes (along (220) lattice planes), which are
thermodynamically less stable crystallographic sites (Fig. 7).17°

» Coating molecules: Un-coated IONPs are often colloidally unstable, form aggregates and
get eliminated by the MPS system quickly. The biodegredataion rate of these aggregates is
slower than the individual IONPs and can cause serious long-term safety issues, as discussed
in §5.175 There are some recent methods reported for developing colloidally stable un-
coated IONPs.176-179 However, further studies are required to evaluate the in vivo
performance of these IONPs formulations. Different types of natural (e.g. dextran, !
chitosan,# starch,8: 79 human serum albumin (HSA)80 and phospholipids or

liposomes181. 182y and synthetic polymers (PEG,107 Pluronic,183 and different types of co-
polymers!27) have been used to improve the blood circulation time of the IONPs. Table 1
lists some of the most commonly used types of coating materials and the blood half-life of
the corresponding IONPs. All these polymers and their prospective alternates are relatively
non-toxic.1%1

Among these different types of the polymers, PEG has been the most popular coating
option. It stabilizes IONPs primarily via steric hindrance, and has excellent anti-fouling
characteristics (resists interaction with blood and serum proteins and therefore, reduces
opsonization, macrophage uptake and subsequent MPS clearance of the IONPs).%° Multiple
mechanisms have been proposed in the literature regarding the stealth behavior of the
PEGylated IONPs; the most accepted one is based on the shielding of the surface charge of
the IONPs and increasing their hydrophilicity, which results in their reduced interactions
with opsonin proteins.18 For a wide range of therapeutic applications, it is desirable to
combine the stealth characteristics of PEG with the novel functionalities of other polymers
that enable conjugation of drugs or targeting molecules,®® or sensitivity to pH and
temperature changes in the surrounding environment.185 186 Taple 1 shows some examples
of PEG-grafted-polymers that have been used for this purpose.

Although PEG is still the best candidate for coating of IONPs, there are some recent studies
showing some possible drawbacks regarding its role in the enhancement of the nanoparticles
pharmacokinetics when multiple injections are required (e.g. multiple IONPs administration
is required to monitor tumor sizes over a specific period); specifically, the pharmacokinetics
of the nanoparticles can be different with repeated injections. For instance, a very high rate
of MPS uptake has been reported for some types of PEGylated IONPs in their second run of
injection.187 This phenomenon is called accelerated blood clearance (ABC) and its
mechanism is not well understood.188 A suggested mechanism is that anti-PEG IgM
antibodies form in the spleen after the first IONPs injection, which remain in the blood and
bind to PEGylated IONPs administered through subsequent injections; as a result, their
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uptake by Kupffer cells in the liver is enhanced.189 190 ABC not only decreases the
therapeutic performance of the IONPs by reducing half-life, but also raises serious concerns
regarding the potential for liver damage, especially when IONPs act as carriers for highly
toxic anticancer drugs.19%: 192 Zwitterionic (or dipolar) materials such as dopamine
sulfonatel93 and poly(amino acids),1%4 polymers with heteroatoms in the main chain
(polyglycerol128) and vinyl polymers (poly(vinylpyrrolidone)104 195) have been introduced
as the best alternative materials for PEG.1% The preliminary results show that nanoparticles
coated with these novel polymers can have a long circulation time in blood.1%7 However, the
occurrence of ABC phenomenon for repeated administration of these novel polymers is still
unknown.

The molecular weight, shape, charge and grafting density of the coating molecules on the
surface of individual IONPs can also change the pharmacokinetic performance of the
IONP.16. 106, 164 For example, increasing the molecular weight of the PEG molecules
enhances the stealth characteristics of the IONPs by covering a larger surface area of the
IONPs, which results in their slower elimination and degradation by MPS

macrophages.16: 79 Also, when the distance between the attachment sites of the coating
molecules to the IONPs surface is large (low surface density), a “mushroom-like” coating
forms, with a shorter half-life in comparison with the “brush-like” conformation observed in
high surface density coatings (Fig. 8).99: 198,199 This is due to better shielding of the IONPs
surface against the opsonin proteins, provided by the denser brush like coatings.184. 200, 201
The effect of charge on IONPs circulation will be discussed in the next section.

Some coating polymers such as PEG have highly flexible chains, with a large number of
possible conformations. This makes a conformational “cloud” around the IONPs,196
Statistically, when the rate of the transition of the coating molecules between their different
conformations is high, the probability of the interaction of the plasma proteins with the
IONPs is reduced and the blood half-life of the IONPs is longer.292 The flexibility and
stiffness of these polymers depends on their molecular structure parameters, such as size of
the side groups and presence of polar groups or side chains in their backbone.2%3 Polymers
with higher glass transition temperatures (Tg) usually have higher rigidity.204
Thermogravimetric (TG) studies are the standard way to determine Tg of the different
polymers. More systematic studies are needed to identify exactly the role of these
parameters on pharmacokinetics of the IONPs,119

The uniformity of the molecular weight of the polymer used for functionalizing the IONPs
can also be an effective parameter for determining the circulation time of individual IONPs.
For example, natural polymers such as chitosan and dextran usually have higher molecular
weight polydispersity index (PDI) compared to synthetic polymers prepared by controlled
chemical routes such as reversible addition fragmentation chain transfer (RAFT)
polymerization.29% In terms of producing uniform biodistribution performance, a low PDI
might be more desirable.

Circulation time of the IONPs usually decreases when additional biomolecules such as
cancer targeting agents and drugs are conjugated to the surface of the IONPs.% Increasing
the average number of these molecules on IONPs decreases the blood half-life and
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consequently the targeting ability of the IONPs.0 This is due to the increase in the
hydrodynamic size of the IONPs after loading of these targeting agents. Therefore, there
should be an optimum number of these molecules required on each IONP in order to get the
highest therapeutic performance. This variation depends directly on the type, size and charge
of the targeting molecule.5% A PEG linker between the IONPs surface and the targeting
molecules increases their residence time in the blood stream, due to steric hindrance and
anti-fouling characteristics of PEG molecules.>0 127

Finally, the binding strength of coating molecules with IONP cores has an effect on
circulation time. Coatings that form weak non-covalent bonding to IONPs are prone to
detachment from the IONPs in vivo after injection;2’ as a result, a large fraction of these
separated small molecules or their biodegradation by-products accumulate in the kidney and
are cleared via urine, while the remaining IONPs get aggregated and are delivered to the
liver.125. 127,196 Cross-linking of the coating molecules forms a hydrogel around the IONPs
that protects them against opsonization and increases their blood half-life.206 For example,
dextran molecules have a weak interaction with the surface of the IONPs through the
hydrogen bonds between the hydroxyl groups of the dextran moiety and surface oxide
hydroxide groups.2%7 When the dextran molecules are cross-linked with each other using 1-
chloro-2,3-epoxypropane (or epichlorohydrin) as an alkylating cross-linker, the blood half-
life of the IONPs is increased up to 12h in mice.50: 208 |ncreasing the dextran cross-linking
percentage decreases the protein adsorption and prolongs the blood circulation time of the
IONPs.>2 The same effects were reported recently for IONPs coated with cross-linked
starch.16

» Surface charge and zeta potential: The surface charge of IONPs directly depends on the
molecular structure of the coating materials. For example, a positive charge is expected for
IONPs with a higher number of amine groups,6: 209 while hydroxyl, sulphate and carboxyl
groups usually contribute to a negative charge on IONPs.12: 197 Since charge affects the
degree of protein adsorption on IONP surface, the types of the functional groups present on
the surface of the IONPs are important in determining the blood circulation time of the
IONPs.299 Unfortunately, there is only limited information available regarding the direct
role of these functional groups on the pharmacokinetic and biodistribution of the IONPs.

Zeta potential (which is measured in units of mV) has been routinely used as a parameter for
estimating the surface charge of the nanoparticles. However, it is important to note that this
parameter is calculated from the electrophoretic mobility (speed of the IONPs in an electric
field) of the IONPs and is not an accurate representative of the nanoparticles surface
charge.210 Therefore, it is possible to see similar zeta potential values for different batches
of IONPs that are coated with different numbers of the charged species on their surface.211
These different charge densities on the surface of the IONPs might change their electrostatic
interactions with the surrounding proteins and cell membranes and alter the blood
circulation pharmacokinetics.212 Therefore, considerable care must be taken to
comparatively interpret the pharmacokinetic behavior of the IONPs based only on their zeta
potential values.
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The blood half-life of some IONPs with neutral, positive or negative charges are shown in
Table 1. It is generally agreed that IONPs with a neutral surface charge have a slower rate of
MPS or renal elimination.”3: 213. 214 For example, for IONPs with the same size and coating
type (i.e. dextran), the half-life of the neutral Ferumoxtran-10 (dy = 35nm) IONPs in human
body was longer than that of anionic Ferumoxytol (dy = 17-31nm) IONPs (24-36h vs.
10-14h).48. 136 A much faster blood clearance is generally expected for positive charge
IONPs in comparison with negative charge IONPs,215 because positively charged IONPs
have a higher affinity to adsorb plasma proteins?16 and bind to macrophage or other cell
membranes.?1’

However, there are still some discrepancies about the exact role of zeta potential ranges on
the MPS clearance rates in different studies. For example, some reports link higher liver
uptake of the IONPs only to positive charged IONPs with dy > 100nm.119 But, on the other
hand, it is also reported that negatively charged USPIO (SHU555C, dy = 21nm) coated with
carboxydextran have a much higher uptake by macrophages as compared with non-ionic
Ferumoxtran-10 (dy = 20-50nm) IONPs coated with unmodified dextran.218 In another
study, liver accumulation of different sizes of PVP-coated IONPs with zeta potentials
ranging from +12-14mV were compared with Feridex (dy = 58nm and —25mV).104 It was
shown that liver uptake of the positively charged IONPs was less than Feridex with slightly
more accumulation observed in the liver for PVP coated IONPs, with dy = 118nm. In a
separate study, Sakulkhu et al.216 reported an almost similar blood circulation time for
negatively charged (zeta potential~-6mV) and neutral (zeta potential~1.5mV) PVA coated
IONPs, with respective hydrodynamic sizes of ~38 and ~28nm. Also, Cole et al.1® reported
a half-life of up to 12 hours in rats for PEG-modified starch coated IONPs with a zeta
potential of about +25mV.

These apparently controversial conclusions might be due to the fact that blood clearance of
the IONPs is a complex phenomenon depending on the combination of the various
parameters discussed above, i.e. size, shape, charge and the nature and density of coating
molecules. In fact, it is technically difficult to maintain all the other parameters the same and
compare the biodistribution results based only on one parameter such as zeta potential.®

* Proteins adsorption: As discussed in §2.1.2, opsonization is a process by which the
IONPs get encased by plasma opsonin proteins, making them recognizable by macrophages
(Figs. 1 & 6).199 Opsonization is usually followed by receptor-mediated phagocytosis of the
nanoparticles by these macrophages or other phagocytic cells.21? In addition, surface protein
accumulation usually increases the hydrodynamic size of the IONPs, which accelerates their
hepatic clearance.104 209

Various parameters determine the thickness and composition of the plasma protein corona
forming around IONPs.220 For example, the type, functional groups (e.g. amines, carboxyls
and etc.) and charge of the coating molecules can significantly change the composition of
the protein corona forming around IONPs.216: 221 Also, the amount of the adsorbed proteins
is enhanced by increasing the size and surface roughness of the nanoparticles.222: 223
Mahmoudi et al 209 incubated different sizes of IONPs with fetal bovine serum (FBS) and
analyzed the composition of the protein corona formed around the nanoparticles. They
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reported that the larger molecular weight fraction of the proteins showed higher adsorption
onto the surface of the larger IONPs, and smaller proteins interacted more with smaller
IONPs. This is because protein molecules have a different conformational arrangement on
nanoparticle surfaces compared to flat surfaces of the same material — a phenomenon that
depends on the curvature of the binding surface.223 The relatively larger curvature of smaller
size nanoparticles limits the binding of large protein molecules, thus decreasing the corona
size.224 Also, the physiochemical and mechanical characteristics of the coating molecules
can significantly alter the rate of the protein adsorption by the IONPs.151: 225 Anti-fouling
coatings (such as PEG?26 and zwitterionic materials1®3) help minimize interactions with
opsonin proteins. This can be achieved by either shielding the surface charge, increasing the
hydrophilicity or decreasing the interfacial surface tension of the IONPs.184 223 Alsg,
protein interactions with nanoparticles decrease when the coating molecules have a high
vibrational mobility and flexibility.18* Additionally, some coatings have a high affinity for
adsorbing dysopsonin proteins that suppress the macrophage uptake.184 220 Finally, it is still
not clear whether adsorption of a specific type of protein or a combination thereof is the
most critical factor for the rapid recognition of the IONPs by MPS macrophages.119

Depending on their net charge, plasma proteins bind either to the iron oxide core or the
coating layer; for instance, differential proteomic studies of dextran coated IONPs incubated
with different types of plasma proteins has shown that cationic plasma proteins such as
histidineproline rich glycoprotein (HPRG) and high molecular weight kininogen (HMWK)
bind to anionic magnetite cores, while immunoglobulins (IgG) and mannan-binding lectins
(MBL) bind to the cationic dextran coating.4! The slightly anionic characteristic of the core
crystals was due to partial dissociation of Fe(OH)3 during the co-precipitation

synthesis.227: 228 Simberg et al 1 compared the half-life of the IONPs in knockout mice and
wild type (WT) mice (without any genetic manipulation and with all proteins existing in
blood plasma) to find which plasma proteins play the dominant role in opsonization and
recognition of the IONPs by liver macrophages. They also measured the half-life of
Clodronate liposome nanoparticles in mice with impaired liver uptake as a control for
circulation of IONPs. It was shown that these plasma proteins do not play a significant role
in blood clearance of the IONPs (Fig. 9(a)). Liver Kupffer cells recognized the IONPs with
the same rate, regardless of the specific type of adsorbed proteins present in plasma (Fig.
9(b)).*! Also their results showed that the proteins present in plasma do not completely
mask the surface of the dextran coating or iron oxide core, suggesting that the IONPs could
be directly recognized by Kupffer cells, with minimal influence from the opsonin protein
coating.

Similar studies were used to determine the role of protein adsorption on blood residence
time of IONPs nanoworms, coated with a cross-linked dextran layer.296 Cross-linking
created a stealth hydrogel around the IONPs and increased their half-life in mice from less
than 1 hour to about 10 hours. It has been assumed for more than a decade that the cross-
linked layer forms a barrier around the IONPs, preventing the adsorption of the opsonin
proteins and diminishing their recognition by MPS macrophages.>?: 208 However, the results
of this recent study showed that while cross-linking increased the half-life of the IONPs, it
did not change the adsorption of the plasma proteins to the iron oxide core or coating layers.
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The longer circulation time of the cross-linked IONPs was attributed to the diminished
binding rate of the anti-dextran antibody to the surface of the IONPs due to decreased
number of surface hydroxyl groups after cross-linking. These two studies show that to
prolong IONPs circulation time, it is not necessary to completely prevent proteins adsorption
to the nanoparticles. More investigations are needed to show if these results are specifically
related to dextran coated nanoworms studied in these reports or they can be generalized to
other types of IONPs and coatings.

* Technical factors: In addition to the characteristics of the IONPs described above, there
are some important technical factors that can affect the circulation and pharmacokinetics of
the IONPs. For example, the blood half-life of the IONPs is dose-dependent in both animal
models®” and humans.55 229 An earlier study has shown that MPS elimination of the
nanoparticles by macrophages in rat liver and spleen, gets saturated, when more than 101°
nanoparticles are injected.239 The remaining nanoparticles usually circulate in the blood for
longer times and have more chance to reach other organs.5” A recent study in rodents has
shown that the clearance rate of the nanoparticles is also dependent on the mice strain type
and their particular immune systems.81 Further, the circulation time usually increases with
age, due to the reduced phagocytic activity.5°

Except for a limited number of the iron oxide nanoparticles that are clinically approved
(such as Ferumoxytol or Ferumoxide) or those that are undergoing clinical trials, most of the
available half-life information of IONPs are limited to data derived from animal models.
Therefore, it is important to know how to correlate the half-lives in different species for
better prediction of IONPs circulation times in human patients. Usually, the blood half-lives
in rodents are much shorter than in human due to faster heart rates and circulation time in
rodent models (e.g. about 670, 420 and 75 beats per minute for mice, rats and human,
respectively).134 For example, the blood half-life of 45 pmol Fe/kg of AMI-227 IONPs is
24h and 2h in humans and rats, respectively.231

2.2 Pharmacokinetics and clearance of IONPs in other administration methods

Intrapulmonary delivery (inhalation or intratracheal instillation) of the IONPs is
predominantly used for imaging and treatment of lung diseases.232 IONPs administrated
using the intranasal pathway eventually enter the alveoli spaces in the lungs.233 In studies of
mice, the inhaled IONPs mostly accumulated in the central lung region — about 2.5 times
more than in the peripheral lung zones — without any considerable difference between the
right and left lungs.234 The respiratory innate immune system acts as the major barrier
against their entrance into blood and other organs.23: 236 The macrophages that are present
in the alveolar spaces phagocytize the IONPs, digest them and their by-products get released
into the pulmonary lymphatics or they are swallowed.237: 238 A recent study has shown that
the presence of the IONPs can increase the number of lung macrophages by the migration of
monocytes into the lung, which enables faster ingestion of the IONPs.23 The intranasal
pathway is also known as a feasible way to deliver molecules to the brain.240 However, the
reported results related to IONPs are still controversial and the mechanisms for overcoming
the BBB through this method are still unknown.241-243
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The size, charge, coating and state of agglomeration of IONPs also play an important role in
their clearance kinetics through the lung macrophages. Al Faraj et al.23% instilled uncoated
IONPs (d. = 20-30nm) via an intratracheal plastic catheter and showed that even 14 days
after administration of the IONPs, about 88% of the dosage was still present in the lung but
other organs were not different from control values (Table 3). The biodistribution of the
injected IONPs was also presented in this table for comparison, showing that major part of
the 1V administrated IONPs were accumulated in the MPS organs. Cho et al.236 used
negatively charged cross-linked IONPs (dy = 36nm) after labeling them with fluorescent
molecules (Cy5.5) and reported that major fraction of the IONPs were cleared from the lung
3h after administration due to increased macrophage uptake in the lung. Using a fluorescent
tag, they showed that the nanoparticles were mostly excreted in the urine in 24h. Additional
studies are required to confirm if these observed fluorescent signals in urine were from the
degradation by-products or detachment of the coating molecules after administration of the
IONPs or not. Also, the presence of any excreted magnetic iron oxide cores in urine could
be quantified by determination of any magnetic signal from the urine. Other studies by
Kwon et al.243: 244 3150 showed that after 28 days of inhalation exposure to silica coated
IONPs (dy = 50nm) a high percentage of the IONPs were accumulated in the liver, kidney
and testis and the percentage of the IONPs remaining in the lung was similar to other tissues
(e.g. brain, heart, spleen, etc.). Further studies are required to clarify the degradation
mechanisms, clearance pharmacokinetics and exact biodistribution of the IONPs
administered by this method.

Oral administration of the IONPs has been mainly used for MR imaging of the
gastrointestinal (GI) tract. The IONPs used for this method are usually larger than the IONPs
used for 1V or inhalation.24> For example, Ferumoxsil (AMI-121, coated by silica, dy
=300nm diameter) has been tested for pioneering clinical studies in the 1990's.246: 247 There
are some major biological barriers against the successful Gl delivery of the IONPs. For
example, the gastric acids and enzymes can degrade the IONPs in a short time. However,
proper coating materials (such as casein protein, silica and poly(lactide-co-glycolide acid))
with pKa values lower than 3-5, helps to efficiently protect the nanoparticles against these
active digestion mechanisms.248-251 Here, pKa is a constant parameter for each type of
coating and is defined as a pH value above which the coating starts to dissociate.

Depending on the type of application, the IONPs that survive the acidic environment in the
Gl tract might need to pass the transport barrier of the intestinal epithelium. This can be
achieved by using epithelial permeation enhancers such as peptides that can specifically
bind to FcRn receptors in intestine epithelial layer.252 Then, IONPs should pass through the
liver sinusoids before entering the general blood circulation system. This means that most of
the surviving IONPs might be taken up and eliminated by the Kupffer cells present in these
sinusoids. In fact, the liver is again the major clearance organ in the pathway of these
IONPs, unless special surface modifications have been used to enable stealthy behavior to
resist phagocytosis by these macrophages. The IONPs remaining in the intestine are
excreted through the feces, as reported recently by Smith et al.253 The iron ions and
detached or decomposed coating molecules, formed by digestion of the IONPs can also get
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shuttled to the portal blood or excreted from the Gl track following the intestinal fluid
flow.254

Other injection routes such as intra-peritoneal (IP)2%5-257  retroorbital, 51 58, intravitreal
(inner cavity of the eyes for intraocular drug delivery),2%8: 259 intra-muscular and
subcutaneous injections have also been used as alternative methods for administration of the
IONPs. Tsuchiya et al.2%° showed that intra-peritoneally injected IONPs mainly distributed
in liver, lymph nodes and lung. Kim et al 256 showed that IP injected IONPs can pass the
blood-brain- and blood-testis-barriers in addition to usual accumulation in MPS organs.
Biodistribution of the IONPs injected via the eye depends on their route of administration.
For example, IONPs can enter into general blood circulation pool by retroorbital (as
opposed to intraorbital) injection and reach other organs such as liver and targeted
tissues.®1: 58 However, no traces of the IONPs were observed in other organs after their
intravitreal injection.258: 259 Nanoparticles administered by this method accumulated at
corneal, retinal, scleral and optic nerves.260 Intra-muscular and subcutaneous injections of
the IONPs have been recently used for adjuvant-free malaria vaccine delivery261 or non-
invasive imaging of the sentinel lymph nodes to monitor breast cancer metastasis.262: 263
However, more studies are required to determine the long-term biodistribution and clearance
of the IONPs injected by these methods.

2.3 Biodistribution of IONPs in other organs and tissues

» Brain—The blood capillaries found in different locations of the body are formed from
endothelial cells and the exchange of small molecules (such as gasses, inorganic ions,
monosaccharides and amino acids) between the blood and interstitial fluids occurs through
the gaps between these cells. In the brain, endothelial cells are tightly fused in the capillary
walls, due to some contribution by astrocytes. This forms a minimally penetrable layer,
known as the blood brain barrier (BBB), that protects the brain from some toxins,
hydrophilic molecules and in general, against many infectious agents (Fig. 10). Gasses and
other hydrophobic molecules such as transport facilitating peptides can pass this barrier by
diffusion through the hydrophobic lipid bilayer membrane of the cells. These peptides
facilitate the transport of hydrophilic molecules (e.g. carbohydrates and amino acids)
through the BBB.

Unfortunately, the BBB also prevents the delivery to the brain of desired therapeutics such
as drugs and nanoparticles needed for a wide range of tumor diagnosis and treatment trials;
consequently requiring more direct and invasive administration methods such as intracranial
injections.2%4 In order to avoid such invasive administration routes, researchers are taking
advantage of the selective permeability of BBB transport facilitating peptides or sugars and
other penetrating molecules to deliver therapeutic agents to the brain 265 266 For example, it
has been shown that when the IONPs are coated with a co-polymer of chitosan (a
polysaccharide natural polymer) and PEG (dy=30nm), they can pass the BBB.8® This was
attributed to 1.) the high lipid solubility of the amphiphilic PEG that increases the
endothelial permeability of the IONPs, 2.) the electrostatic interaction between the cationic
chitosan and negatively charged brain endothelium that may facilitate the adsorptive-
mediated transport across the BBB and 3.) the small hydrodynamic size of the IONPs.86 As
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another example, intra-peritoneal injection of silica coated magnetic nanoparticles has been
reported as an effective method for facilitating the passage of the IONPs through the
BBB.256 This was described based on probable entry of the nanoparticles into the brain from
discontinuities of the BBB in ganglia. Raut et al.?57 have shown that application of an
external magnetic field can also enhance the permeability of the BBB; however, the
mechanisms of overcoming this barrier through these approaches and possible adverse
effects when nanoparticles pass BBB are still under investigation.288 A recent study used
stereotactic injection of the IONPs to brain for effective stimulation of the neurons at deep
brain tissues using an external magnetic field.259 This opens new possibilities for treatment
of various brain diseases such as Alzheimer or Parkinson using IONPs. The nanoparticles
were in the injected area one month after their administration. However, the long-term
biodistribution and clearance mechanisms and kinetics of these nanoparticles require further
investigations. Preliminary studies by Engberink et al.270 suggest that cervical lymph nodes
play a key role as a drainage pathway for the IONPs accumulated in the brain after passing
the BBB. The exact clearance mechanisms of the IONPs from the brain and their probable
side-effects (e.g. human neurodegenerative diseases due to changes in brain iron
homeostasis) require extensive studies.2’1

» Tumors—~Fast growing tumors require new blood vessels (neovascularization) or
rerouting of the existing vessels adjacent to the tumors to provide enough oxygen and
nutrition for their survival.2’3 This generates abnormal fenestrated endothelial structures
around the tumors that are highly permeable for IONPs.201. 274 These leaky vessels, which
lack any associated lymphatic drainage drive a unique process known as the enhanced
permeability and retention (EPR) effect (Fig. 11) that is helpful in the effective delivery of
the IONPs to the solid tumors.27> These inter-endothelial pores can be as large as a few
micrometers.273. 276 However, the desired nanoparticle hydrodynamic size range to evade
MPS and renal elimination and enter the tumors by EPR is variably reported to be 30-200nm
by Albanese et al.10, 10-100nm by Ranganathan et al.2’” and 50-600nm (preferably smaller
than 100nm) by Melancon et al.”3 Further, the exact range of the pore sizes and effective
NPs size can vary in different species and different types of tumors. Nanoparticles larger
than 100nm mainly get trapped in the extracellular spaces and cannot penetrate further after
extravasation from these leaky blood vessels.10: 278 However, smaller IONPs (dy < 20nm)
can penetrate deep into the perivascular area of the tumors, but they may have a short
retention time because of hydraulic forces that can easily push them out of the tumor
tissue.10: 73. 279 After administration, these smaller nanoparticles can effectively evade liver
and spleen uptake, but are rapidly eliminated from the blood by kidneys, specially for
hydrodynamic sizes below 10-15nm.280 A recent study has shown that IONPs decorated
with tumor-homing peptides that can specifically bind to fibrin and fibrin-associated clotted
plasma in tumor vessels can block blood flow through leaky tumor blood vessels and
subsequently inhibit tumor growth.281 Variations in the tumor targeted delivery of the
IONPs through the EPR effect, might be due to differences in animal models and biological
diversity of the tumors.282

In addition to the passive targeting mechanism described above, the IONPs can be directed
to tumors, by attaching tumor specific antibodies or peptides to them.283 These targeting
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molecules have high affinity for the unique receptor molecules found in specific tumor cells.
Also, a magnetic field gradient can be used to drive the IONPs toward the desired location in
the body.30: 284 A recent study, for example, shows that using an external magnet around the
tumor sites, significantly enhances the targeting ability of the peptide loaded IONPs and
decreases the liver uptake.285 However, in some cases IONPs redistribution through the
MPS organs (mainly liver and spleen) has been reported after removing the external
magnetic field.286 Such directed accumulation of the IONPs in the tumors is called active
targeting.”® The effect of active targeting on enhancing the accumulation of the IONPs in
the tumor tissue is currently unclear, because of contradictory findings reported in the
literature.10 For effective targeting the nanoparticles loaded with antibodies or targeting
peptides should have a long blood circulation time, which requires evading the elimination
through MPS organs and kidneys. Therefore, as discussed in §2.1.4, the hydrodynamic size
range of 10nm <dy <100nm is required to minimize the MPS and renal clearance. Usually
the hydrodynamic size increases considerably after conjugation of the targeting molecules to
nanoparticles. This decreases the targeting ability due to shorter blood half-life. On the other
hand, larger number of the targeting molecules can improve the targeting efficiency of the
nanoparticles. Therefore, optimum numbers of targeting molecules should be added to
IONPs in order to ensure the longest blood half-life.287: 288 The required number of
targeting molecules on NPs depends on the type of the tumors and the affinity of these
molecules for specific and selective binding to tumor cells.

» Skin—For all the administration methods and routes (e.g. IV, oral, intrapulmonary and
intratracheal delivery) described in this review, there is usually no distribution of the IONPs
to the skin. Recent studies, however, showed a transdermal pathway and distribution of the
IONPs directed through an incision in the skin. Lee et al.289 studied the penetration of the
IONPs into the skin when physical (sonophoresis) and chemical (oleic acid) stimuli were
used to enhance the permeability of the stratum corneum (SC) by disrupting its lipid bilayer
structure. It was shown that even in the presence of these enhancers, only restricted
penetration of the IONPs to SC-stratum granulosum (SG) interface or upper SG layer was
observed. Baroli et al.2%, however, showed earlier that metallic nanoparticles can penetrate
hair follicles and the SC layer and reach the skin epidermis, without application of any
enhancer.

Ziv-Polat et al.2%1 studied the clearance kinetics of the IONPs (d,=20nm) from the incised
rat skin. They found that 3 days after administration of the IONPs, they mostly resided in the
extracellular spaces within the fibrin clot. The macrophages and fibroblasts actively took up
the IONPs, so that after 8-14 days, IONPs were observed in both extracellular and
intracellular spaces of these cells. Later, after 28 days, the majority of IONPs were cleared
from the skin tissue with only negligible traces in intracellular vesicles of these cells. No
further analyses were used to track the cleared IONPs or their degradation by-products in
liver, spleen or kidneys.
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3. Biodegradation and the fate of the IONPs in the body
3.1 Metabolic pathway of the IONPs

In a normal human body, 65% of the iron is present within the hemoglobin protein, 4% in
myoglobin, 0.1% in transferrin and 15-30% in ferritin, which is mainly stored in the liver
hepatocytes.112 Ferritin (dy~13nm) is composed of a protein shell surrounding an ultrasmall
iron oxide nanoparticle in their central cavity (dc~8nm) (Fig. 12).123 It is believed that the
mechanisms involved in intracellular degradation of any IONPs are very similar to those
related to ferritin. In ferritin, the protein shell first gets dissolved by lysosomal proteases and
then the internal iron oxide nanoparticles get released followed by rapid dissolution in acidic
environment of the lysosomes.123

After degradation of the IONPs, there is an excess of iron in the organs, which needs to be
regulated through the innate clearance mechanisms of the body.2%2 Transferrin and ferritin
are two principal iron-protein complexes that help to shuttle and store the iron ions resulting
from the degradation of the IONPs in the body.52 Nissim292 and Richter2%4 were the
pioneering researchers who reported the in vivo biodegradation of the iron oxide particles
and role of transferrin and ferritin in the biodistribution of their degradation by-products
more than six decades ago. Related investigations are still ongoing with the development of
more advanced types of IONPs and characterization methods; for example, Levy et al.’8,
recently used a combination of multiple magnetic characterization techniques (EPR and
SQUID) accompanied by intracellular TEM imaging and ICP quantification techniques (see
84 for description of these characterization methods) to precisely monitor the long-term
(over three months) transformation of the iron oxide to ferritin in mouse liver and spleen.

Intravenously injected IONPs, taken up by the macrophages in different MPS organs,
especially liver and spleen, get dissolved in the acidic environment of the lysosome
compartments of these cells.29%: 296 A slower IONPs degradation rate has been shown in
spleen macrophages in comparison with liver Kupffer cells, as a result of the presence of
less iron storage proteins available in spleen.1’® The degradation rate is also highly
dependent on the type of materials coating the surface of the IONPs.297 IONPs with coatings
that allow limited water diffusion to their cores usually degrade slower in the
macrophages.2%8 Also, the degradation rate is slower for higher dosages of the injected
IONPs.299: 300 The released iron ions bind to iron-binding apoferritin proteins existing in the
cytoplasm of the macrophages and form ferritin.218 Iron ions can easily detach from the
ferritin and bind to apotransferrin to form transferrin.3%1 Plasma transferrin circulates in the
body to transport iron to different tissues such as bone marrow and muscles. In bone marrow
they transform into hemoglobin in red blood cells (RBC) and in muscles they become
myoglobin, an iron and oxygen binding protein responsible for carrying oxygen to muscle
tissues in vertebrates.

In the bone marrow, transferrin can strongly bind to the receptors on the membrane of the
erythroblasts, followed by endocytosis and release of the iron ions into the mitochondria to
form hemoglobin, which later gets stored in the red blood cells as the principal oxygen
carrier.112. 118 Senescent RBCs (the lifespan of RBCs is about 120 days in humans) are
fragile and burst in the tight capillary spaces of the red pulp in the spleen, thus releasing
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their hemoglobin. This can cause an increase in the amount of iron in the spleen as reported
by Levy et al.”® MPS macrophages then phagocytize these hemoglobin molecules and
transform a part of them into ferritin and then transferrin, which can again go back to bone
marrow, be used to make new RBCs or get stored in the liver hepatocytes in the form of
ferritin.392 This ongoing cycle maintains the iron ions in the body for a long time with a
slow clearance rate (Fig. 12).301 303 Macrophages also transform a fraction of these
hemoglobin molecules to bilirubin (a normal breakdown product of heme catabolism),
which then gets excreted in bile and urine. If the amount of iron in the body is more than the
available amount of apoferritin, large microscopic insoluble aggregates known as
hemosiderin, form in the liver cells.3%4 The iron-releasing rate from hemosiderin is much
slower than ferritin.304

The iron ions released from the IONPs administered orally into the GI tract usually get
absorbed through the small intestine. The apotransferrin protein secreted by the liver flows
to the small intestine through the bile and then binds to these iron ions to form transferrin.112
Transferrin molecules bind to the receptors of the intestinal epithelial cells and get
internalized by pinocytosis and finally reach the plasma.112 Transferrin transfers the iron
ions into liver hepatocytes, where they release their loosely bound iron ions into the
cytoplasm of these cells. Iron ions immediately bind with apoferritin to form ferritin as the
main iron storage supply of the body and again iron enters the same metabolic cycle as the
IV injected IONPs (Fig. 13). Generally, the GI absorption mechanism is much slower and
less efficient than iron absorbed followed by IV injection of the IONPs, which is an
important factor to consider when the IONPs are administrated for increasing the iron supply
in the body for patients with anemia.30%: 306 However, delivery of iron orally is safer since
overdosing via this route is difficult.

The clearance of the iron released from inhaled IONPs in the lung also follows the same
mechanism by incorporation of ferritin and transferrin. Alveolar macrophages take up and
degrade the IONPs and form intracellular ferritin. Released ferritin transforms to transferrin
in the bronchial and epithelial lining fluids and eventually gets cleared quickly by lung
mucociliary system.237 Transferrin can be also transported to the MPS system for the long-
term storage, as described above.

The degradability and clearance of the coating materials should also be considered as an
additional criterion for evaluation of the biodistribution of the IONPs. Radiolabeling of the
iron oxide core and coating molecules is a common method for tracking of their movements
along different excretion routes307-39% or monitoring their integrity in blood circulation after
administration.310: 311 For example, labeling of the iron oxide core by °6Fe and dextran
coating by 14C tags, showed that dextran molecules have a much faster clearance kinetics
compared to the iron core.312 In a rat model, ~88.6% and ~12.9% of the injected coating
molecules got degraded and cleared through urine and feces, respectively, after 56 days. On
the other hand, only 16.8-21.8% and 1% of the administered iron was excreted in the feces
and urine, respectively, and the remaining dosage was still circulating in the body as part of
the iron metabolic cycle even 84 days after injection. Alternatively, conjugation of
fluorophores to the coating molecules and optical microscopy of the urine and feces have
also been used to monitor clearance through the kidneys and the hepato-billiary
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pathways.124 However, it is important to test the co-localization of the iron and fluorescent
signals to make sure that the fluorescent signal is not just from the detached coating or
fluorescent molecules due to their faster degradation and clearance rates. In a separate study,
Tate et al.313 determined the amount of the IONPs in mice organs, 14 and 580 days after
injection, and showed the complete clearance of the IONPs after 580 days. Note that this
report only showed the results 14 and 580 days after injection without any intermediate time
points and therefore the exact clearance time cannot be exactly established.

Iron ions resulting from the degradation of the IONPs can be incorporated in the RBC
hemoglobin either as ferrous (Fe2*) or ferric (Fe3*) ions. However, only Fe2* jons are active
in transporting the oxygen molecules between lung and other tissues.314 Simply put, this is
because ferric ions are at their highest state of oxidation and cannot react with the oxygen
molecules.31® Ferrous ions from hemoglobin, on the other hand, make weak and reversible
bond with oxygen molecules, which are then released from red blood cells as they
circulate.112 Methemoglobin reductase enzyme can reactivate the non-functional ferric ions
of the hemoglobin by reducing their oxidation state to ferrous.31® Therefore, there might be
some additional variations in the metabolic pathway of the different forms of IONPs (i.e.
FeO, Fe,03 or Fe30,) and future studies can be helpful to investigate their
pharmacokinetics more precisely.316 Note that hemoglobin also transports carbon dioxide
(CO,), by forming a carbamate group between its terminal amino groups and CO,
molecules.317

3.2 Organs half-lives

For safer application of the IONPs, the degradation rate of the IONPs in MPS organs should
be specified by their half-life in each organ.6% For example, it has been shown that for lower
injected dosages (1mg/kg body weight), IONP degradation in rat liver follows a mono-
exponential decreasing rate, but for higher dosages (2 and 5mg/kg body weight), it is a bi-
exponential function comprising two separate fast and slow decay curves.3%3 Knowing the
tissue half-life is also important in monitoring the retention time of the IONPs in tumors
when their therapeutic applications such as controlled release of the drugs are

desired.66: 73. 318 The half-lives of the IONPs in different organs can be determined using
the same techniques that are used for measuring their blood half-lives.31?

4. Methods for determining pharamacokinetics and biodistribution of

IONPS

Various methods have been used for the detection of very low concentration of IONPs in
blood and organs (i.e. nanomoles of iron per gram of the tissue).320 These methods can be
roughly categorized into imaging, spectroscopy and magnetometry. Imaging methods used
for characterizing biodistribution of IONPs include, but are not limited to, transmission
electron microscopy (TEM), optical microscopy, Magnetic Resonance Imaging (MRI) and
Magnetic Particle Imaging (MPI) — a novel imaging modality that is sensitive solely to the
magnetic signal from IONPs. The high magnification and resolution capabilities of TEM are
helpful for observing IONPs distributed in the intracellular and extracellular regions of
ultrathin tissue slices (i.e. 0.2um).321 Furthermore, TEM offers additional tools such as
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electron beam diffraction2%9 and elemental analysis322: 323 that can be used to differentiate
iron oxides encapsulated in ferritin from the crystalline and superparamagnetic IONPs
encapsulated in the lysosomes of liver and spleen macrophages; thus, TEM can provide
detailed information about the pharmacokinetic and degradation pathways of IONPs.”® It
should be noted, however, that TEM needs electron transparent samples requiring costly and
elaborate preparation procedures. Furthermore, due to its small field of view, TEM only
provides limited information from selected regions of the sample. New emerging techniques
can be used as more feasible alternatives for TEM. For example, in a recent study by Abe et
al.130, a new non-destructive method called X-ray scanning analytical microscopy (XSAM)
has been introduced for elemental mapping of iron in whole mice based on the analysis of
energy-dispersed fluorescent X-rays in air, even when the samples contain water.

Histology, which is the analysis of tissue sections using optical microscopes, is a routine
method that is usually more cost-effective than TEM and can provide helpful information
about the distribution of iron ions (from the blood or IONPS) in larger areas of tissue. Tissue
sections are chemically stained with Prussian Blue or similar chemical agents that are
specific for identifying iron ions. However, Prussian Blue staining for histology has its
limitations — the technique is only usable for visualization of the iron ions and may not
detect IONPs prior to degradation.”® Also, it can't distinguish the endogenous iron in tissues
from the administered iron. For quantitative studies, tissue sections (e.g. 100-200mg) should
be first dissolved in an acidic solution (e.g. 1mL, aqua regia). Then Prussian Blue should be
added to this solution, followed by absorbance measurements at 690 nm to quantify the
amount of iron in each sample compared to tissues excised from control mice.324 As an
alternative method, IONPs intrinsic peroxidase-mimicking activity can be used to catalyze
the oxidation of peroxidase substrates and produce a color foci at the site of the
nanoparticles accumulation in tissues. Zhuang et al.32° reported a higher sensitivity and
therefore more accurate quantification of iron in tissues by using this method compared with
traditional Prussian Blue staining.

In addition to ex vivo imaging methods described above, in vivo imaging with MRI and MPI
can be used for characterizing biodistribution of IONPs. MRI is a non-destructive method
that has been extensively used for biodistribution studies of IONPs in live animals.326
Although MRI with T, contrast has been extensively used for in vivo tracking of the IONPs,
it is not optimal when high concentrations of IONPs are localized in the organs (specially
liver and spleen), which saturates the T signal and results in dark images without any
specifically useful information. Hoopes et al.327 used a new technique named as ultra-short
T, MRI to generate positive contrast from the IONPs and overcome the sensitivity
limitations of the conventional MRI. MPI can also generate real-time positive contrast
images that are solely generated from the IONPs. The technique is based on the nonlinear
magnetic response of the IONPs to an applied AC magnetic field which induces a signal that
is localized with a strong DC magnetic field gradient — additional details about the imaging
technique can be found elsewhere.328: 329 This method is still under extensive investigations
and will be commercially available in the near future.330: 331 Both MRI and MPI can detect
very low iron concentrations down to nanograms per liter (ng/L) in solutions.18 332
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Elemental analysis with spectroscopic methods, such as inductively coupled plasma-atomic
emission spectroscopy (ICP-AES), is often used for quantitative chemical analysis. It is a
destructive method that is used for quantifying the amount of elemental iron in the acid
digested tissues.2%1 Reports have shown that this technique can determine the iron
concentrations down to orders of nanomoles of iron per gram of the tissue (nM Fe/gr
tissue)320 However, like Prussian Blue staining, ICP-AES cannot differentiate the
endogenous iron originating from the blood from the exogenous iron released from
IONPs.”8. 107,320 Tq resolve this challenge, Bellusci et al.333 synthesized MnFe,0,4
nanoparticles instead of pure magnetite (Fez04) and then using ICP, they measured the
manganese concentration in organs to monitor the biodistribution of the injected
nanoparticles more accurately. However, addition of manganese may raise some toxicity
concerns or significantly change the magnetic performance of the IONPs.

Electron paramagnetic resonance (EPR), ferromagnetic resonance spectroscopy (FMR),
magnetic susceptibility measurement (MSM) and superconducting quantum interference
device (SQUID) are magnetometry techniques that can detect IONPs based on their
magnetic properties and can be efficiently used to delineate iron from the IONPs and the
endogenous iron in the blood pool. EPR has been recently used as a convenient method for
quantification of the IONPs in tissues with very high sensitivity (i.e. nM Fe/gr

tissue).285. 320, 324, 334 sample preparation is easy, but destructive and only usable for pieces
of tissues excised from organs.’8: 320, 324 SQUID magnetometry is also a highly sensitive
method that can detect even very weak magnetic fields in the body, such as mapping the
brain or gastric activities (i.e. magnetoencephalography and magnetogastrography,
respectively). For biodistribution studies, however, it has been used for quantifying IONPs
from tissues excised and prepared similar to EPR method. Due to technical limitations and
high costs of the device, it has been used only for limited number of IONPs biodistribution
studies.50: 78,107

Labeling of the IONPs by radioactive atoms (e.g. 99Fe312. 335 111|336 51337 g 69Ge309)
or near infrared fluorescent molecules (e.g. Cy5.5,%6: 86. 338 SBD/SDA339 or VivoTag
800275 fluorophores) have also been used for quantification of the IONPS in the tissues.
These methods are based on loading of these radiating species onto IONPs and then
measuring the emitted radioactive or fluorescent signals of the tissue samples or organs at
different stages of the pharmacokinetic studies. Both techniques are relatively costly and
require special training and facility, particularly for radioactive labeling. Also, loading of the
fluorophores might change the hydrodynamic size of the IONPs. A non-radiation approach
has been introduced for biodistribution studies of the IONPs. Crayton et al.340 first doped
different types of lanthanides (i.e. Ho, Eu, Gd and Sm) into different batches of IONPs with
various sizes (dy~15, 29 and 70nm) and surface charges (ranging from -20 to +14mV).
They injected these different types of IONPs to the same group of animals and then they
used ICP to quantify each of these lanthanides in tissues to compare the pharmacokinetics
and biodistribution pattern of these IONPs with different characteristics. Such studies help to
determine the biodistribution of different types of the IONPs synergistically in only one
experiment, without any concern for subject-to-subject variability. However, in a recent
study, Naha et al.3*1 doped bismuth into IONPs, since this element enhances the contrast in
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computed tomography (CT) imaging. They showed a significantly different clearance
pharmacokinetics for iron and bismuth ions after degradation of the nanoparticles and
therefore, such studies are only valid before the degradation of the IONPs starts. Also,
similar to drugs and small molecules, theoretical modeling of the pharmacokinetics of the
IONPs can be used as an efficient and cost-effective approach to predict the biodistribution
of the IONPs.342 However, these studies are still in their early stages.

5. In vivo toxicity of the IONPs

Iron oxide nanoparticles are generally considered as safe, biocompatible and non-toxic
materials. LD-50 (the median lethal dose or the dose required to kill half of the tested
animals during a specified time) of the uncoated iron oxide nanoparticles was reported to be
300-600 mgFe/kg body weight.343 This value was increased to 2000-6000 mgFe/kg when
the IONPs were coated with stabilizing and biocompatible dextran molecules.343 A LD-50
value of 35 mmol Fe/kg was also reported for carboxy-dextran coated IONPs.4” However,
systematic toxicity studies are required when different types of molecules such as synthetic
capping agents (e.g. oleic acid and oleyl amine) or different types of polymers, fluorophores
and radioactive tags, or other therapeutic molecules are incorporated into the coating layer
of the IONPs.107

5.1 Toxicity of the IONPs in animal models

In vivo toxicity studies of IONPs in animal models usually need long-term monitoring
investigations for months or even years,312: 313 due to prolonged circulation of the degraded
IONPs in the body. Measurement of the LD-50 of the materials historically raised some
ethical concerns due to sacrificing of a large number of the animals.344 However, use of
traditional LD-50 testing is no longer required by the FDA. Different degradation rates and
pharmacokinetics of the iron oxide cores and coating molecules make the studies even more
complicated.132 For example, while almost all the dextran molecules coating the IONPs
were cleared from rats 56 days post-injection, about 80% of the injected IONPs were still
circulating as iron-protein complexes in the blood after 84 days.312 Due to this complexity,
most of the toxicity results reported for IONPs are based on in vitro assays, in which the
metabolic activity of a limited number of cell lines are measured for toxicity evaluation of
IONPs. Although these experiments provide very helpful preliminary information, their
results might not be necessarily applicable for all the different cell types and organs present
in the body.345 Nor may they satisfy regulatory requirements.

Toxicity in animal models is studied by evaluating changes in blood chemistries and
variation of blood cell parameters, gene expression profiles in liver or change in gross or
histologic features of organs as well as monitoring clinical and weight changes (among other
endpoints) after administration of the IONPs.107. 132,346 jain et al.347 studied the toxicity of
Pluronic coated IONPs (dy=186-206nm in water) in rats, by monitoring the amount of
alanine aminotransferase (ALT), aspartate aminotransferase (AST) and alkaline phosphatase
(AKP) in serum after injection of the nanoparticles. Also, the amount of lipid hydroperoxide
(LHPO) in different tissues were used to analyze the levels of their oxidative stresses due to
administration of the IONPs. They showed that the IONPs only caused minor transient
changes, over a period of 6-24h in the liver enzyme levels. The small amount of oxidative
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stresses in different tissues also declined after 3 days. These results were also confirmed, by
histological analyses of the organs, showing no apparent abnormal changes. In a recent
study, Yang et al.132, analyzed the gene expression changes in mice liver after injection of
IONPs with core sizes of 10, 20, 30 and 40nm and hydrodynamic sizes of 14, 25, 34 and
43nm, respectively. Their preliminary results (1 and 7 days after injection) showed that
smaller nanoparticles (i.e. 10 and 20nm IONPs) induced more changes in expression level of
some susceptible genes such as Pcsk9 (proprotein convertase subtilisin/kexin type 9) and
Hmox1 (heme oxygenase 1), indicating oxidative stress and possible changes in metabolic
processes.

Gu et al.197 also studied the in vivo toxicity of the monodisperse oleic acid capped IONPs
(dc =5, 15 and 30nm), coated with a layer of phospholipid-PEG co-polymer. Their
hematology studies showed an increase in the number of neutrophils, 1 day after injection,
which returned back to its normal amount through the next 30 days. This was attributed to
the host defense response of the body to the presence of IONPs. There was also a consistent
increase in ALT and AST enzymes possibly due to transfer of oleic acid molecules from
liver macrophages to hepatocytes. All the other parameters were within the normal range.
The differences between the results of this report and those shown by Jain et al 347 for
Pluronic coated IONPs was attributed to different species (mouse vs. rat) and the IONPs
preparation approaches.

Monge-Fuentus et al 346 also did a series of toxicity evaluations for dimercaptosuccinic acid
(DMSA) coated IONPs in monkeys. Previous reports have shown some preferential
accumulation in lung348. 349 and brain3°0 for DMSA coated IONPs, due to some unknown
mechanisms. However, no significant toxicity issue was observed in the nonhuman primate
models during the 120-day study period.346

Feng et al.3%1. 352 rgported that surface chemistry and size of the IONPs can affect the lipid,
glucose and amino acid metabolism pathways, by disturbance of renal, hepatic and cardiac
performance. Using high-resolution nuclear magnetic resonance (NMR) coupled with
multivariate statistical analysis, they analyzed urine, plasma, spleen, liver and kidney in rats
after administration of the dextran coated and uncoated IONPSs. They observed metabolic
changes such as elevation of urinary a-hydroxy-n-valerate, o- and p-HPA, and nicotinate,
decreasing levels of urinary a-ketoglutarate, succinate and citrate, gradual increase in
plasma glucose, saturated fatty acid, and individual amino acids and decrease of plasma
unsaturated fatty acid and triacylglycerol.

Similar to IV injected IONPs, the type of the coating material plays an important role in
toxicity level of the IONPs administrated through intranasal pathway. Park et al.253 showed
that intratracheal instillation of uncoated IONPs causes multiple adverse effects such as
decreasing the level of intracellular reduced glutathione in the cells of bronchoalveolar
lavage (BAL) fluid, increasing of pro-inflammatory cytokines in BAL fluid, expression of
inflammation related genes and formation of microgranuloma. No toxicity was found when
IONPs were coated by an anti-biofouling cross-linked polymer and administered through the
same pathway.23¢ However, silica coated IONPs did not show any pulmonary effect, but
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changed the level of the white blood cells in the blood and caused extramedullary
hematopoiesis in the spleen.244

The oral administration of lower doses of the IONPs has also been reported as a generally
safe route, with mild side effects such as nausea, vomiting or flatulence.34 A study reported
by Wang et al.35% showed that increasing the dose of the IONPs (dy ~ 44nm, from 300 to
1200 mg Fe/kg mice weight, did not change the splenocyte proliferation and release of
cytokines but changed the proportions of the T-lymphocyte subsets in peripheral blood,
showing that higher doses influenced the immune function of the mice. Also, acute oral
exposure to IONPs can cause severe side effects such as inhibition of acetylcholinestrase in
red blood cells, inhibition of Na()-K(*), Mg(®*), and Ca(®*)-ATPases activities in brain and
activation of the hepatotoxicity marker enzymes in serum and liver.356 Di Bona et al.3%7 also
reported that intra-peritoneally injected IONPs can easily cross the placental barrier in
pregnant mice and increase the risk of fetal deaths due to excessive accumulation of the
IONPs in the fetal liver.

5.2 Clinical safety of the IONPs for human

Extensive pre-clinical and clinical research has been done during the last two decades to
evaluate the side effects of IONPs administered to humans. However, these studies have
been limited to dextran coated IONPs (e.g. Ferumoxide or Feridex, Fermoxytol or
Feraheme, Resovist) by IV injection and silica coated IONPs (Ferumoxsil) by oral
administration. Satisfactory toxicological profiles with no clinically significant side effects
have been reported for these IONPs according to the standard pharmacological tests,
following either 1V injection3%8 or oral administration.354 A recent study using
Ferucarbotran (Resovist) to map lymph node metastasis in 22 patients with thoracic
squamous cell esophageal cancer showed no side effects from the IONPs.3%9 Howarth et
al.360 ysed another type of dextran coated IONPs (Sinerem) for diagnosis of carotid
inflammatory plaques in 20 patients without any adverse side effect. In another human trial,
the safety of Ferumoxtran-10 was tested in 1777 adults and at least one adverse effect (e.g.
back pain, pruritus, headache, and urticarial) was reported for 23.7% of the patients.361 7
patients (0.42%) experienced severe adverse effects (e.g. anaphylactic shock, chest pain,
dyspnea, skin rash, oxygen saturation decreased, and 2 cases of hypotension). Also, one
death was reported due to bolus injection of un-diluted IONPs. Bolus IV administration is no
longer recommended for IONPs. This resulted in development of a safer formulation using
lower molecular weight dextran to coat IONPs (Ferumoxytol or Feraheme).3%8

One of the most recent developments in the clinical applications of IONPs, is the approval
of Ferumoxytol (or Feraheme) in June 2009 by the US Food and Drug Administration
(FDA\) for the treatment of iron deficiency in adults with chronic kidney disease.® Later in
2012, these IONPs also received European authorization, with a brand name of Rienso.362 A
high dose tolerability of up to 510mg in one injection and an increase in hemoglobin level
has been reported in patients using this product.363 In a recent study, no serious adverse
events were observed in 396 US patients following a total of 570 IV injections of these
IONPs.17 22 patients reported minor adverse side effects such as headache, myalgia, nausea,
chest discomfort, flushing, nasal congestion and pruritus or needed modified injections.
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Also, Hasan et al.364 studied the unstable cerebral aneurysm by early uptake of these IONPs
and none of the 22 patients experienced any adverse events. In a one-year retrospective
observational study of 8666 US patients treated with IONPs, some severe adverse effects,
including hypotension (0.12%), hypersensitivity (0.06%), dyspnoea (0.05%), loss of
consciousness (0.03%), syncope (0.02%), unresponsive to stimuli (0.02%) and
anaphylactoid reaction (0.02%) were reported.3%8: 365 Gastrointestinal effects such as
nausea, vomiting, abdominal pain, diarrhea and constipation were among the most frequent
adverse effects reported in a clinical study of 1562 patients reported from Europe and ~7.9%
of the patients experienced some adverse effect.362 However, some investigators still believe
that the possible long-term safety effects of these IONPs have not been fully evaluated.366

6. Conclusions and future outlooks

Iron oxide nanoparticles incorporate excellent biocompatibility and safety factors with their
unique magnetic properties, which can be easily optimized by tuning their size and
distribution. Therefore, they are one of the most reliable candidates to be used in a wide
range of biomedical applications such as cancer imaging and therapy, magnetic separation of
malignant cells and stem cells labeling. Clinical success of the IONPs depends on three
major parameters: pharmacokinetics, short and long-term tolerability in the body and
therapeutic or diagnostic functionality in the desired organ. Biodistribution and toxicity of
injected dextran coated iron oxide was first tested in animal models in the 1940's by
Nissim.293. 367 |n spite of the extensive research accompanied by development of more
advanced characterization techniques and instruments during the previous six decades, there
are still major un-answered questions regarding the preparation of safe and effective IONPs
for different types of clinical diagnostic and therapeutic applications.

Different types of IONPs prepared by various synthesis methods and functionalized with a
diverse range of coating molecules have been introduced during the last decades. However,
clinical trials have been done for only two families of IONPs, i.e. those coated with
polysaccharides or silica. In reality, various IONPs characteristics such as core and
hydrodynamic size, morphology, size polydispersity, surface charge and type of the coating
molecules affect the in vivo performance of the IONPs significantly. Other experimental
variations such as method of administration, variations between animal models and humans,
and different characterization techniques used can be also considered as influential factors.
Preparation of standard databases for categorizing different pharmacokinetics,
biodistribution and toxicity results based on specific IONPs characteristics and well-defined
experimental factors can help investigators to find the required information in a much faster
and cost effective way. The same approach has been successfully used for categorizing the
mechanical, physical and chemical properties of a wide range of metallic alloys and
compounds based on their elemental composition and complex processing parameters.
These materials databases have been used as one of the key tools during the industrial
revolution of 20t century. This can help to efficiently address various clinical challenges by
providing a wide range of valuable proof-of-concept results.

The effects of various additional molecular parameters such as mechanical flexibility or
rigidity, molecular weight, density on the surface of the nanoparticles and molecular
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structure (e.g. presence of side-chains, functional groups on the backbone) of the coating
molecules on pharmacokinetic performance and consistency of the IONPs need to be studied
systematically. Also, effects of size, administered dose and crystalline structure of the iron
oxide (amorphous, FeO, Fe;03 or Fe30y) on their degradation rates in MPS macrophages
and transformation to plasma ferritin are still unknown. Recently developed characterization
tools with higher mass sensitivities should be utilized to study these effects in more accurate
ways.
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Fig. 1.

Agsorption of the plasma proteins on the IONPs followed by their uptake by Kupffer cells
and their accumulation in liver; Presence of PEG prevents the opsonization and decreases
the uptake of the IONPs by macrophages. Re-printed with permission from ref. 99,
Copyright 2011, Future Medicine.
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el O 3. PEGylated nanoparticles avoid opsonization and may
penetrate the fenestrated endothelium, entering the space
. of Disse
Sinusoid 4. Once within the space of Disse, nanoparticles can enter
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Fig. 2.

(a) Scanning electron microscopy (SEM) image of the liver sinusoids. (b) Kupffer cells
located in liver sinusoids phagocytize the IONPs from the bloodstream. Adapted with
permission from refs. 100 and 106, Copyrights 2002, Elsevier B. V. and 2011, American
Chemical Society.
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The spleen microstructural anatomy and pathway of the IONPs entering the spleen through

its central arteriole. This artery terminates in highly porous small capillaries that direct the
IONP into the marginal zones around the white pulp where macrophages actively take up

the nanoparticles. Re-printed with permission from ref. 115, Copyright 2009, Nature

Publishing Group.
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Fig. 4.
Pathway of the IONPs in lymph node system. IONPs get taken up from the blood vessel by

the lymph node macrophages (histiocytes) and then get shuttled to the lymph vessel through
afferent lymphatics. Adapted with permission from ref. 117, Copyright 2003, Massachusetts
Medical Society.
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Fig. 5.
(A) Excretion pathway of the IONPs or their degradation products through kidney. IONPs

enter the glomerular capillaries through the afferent arterioles. IONPs smaller than 10-15nm,
their detached coating molecules, therapeutic agents (e.g. sSiRNA) or degradation bi-products
present in the blood can pass the glomerular endothelium and fenestrations between the
podocytes, where they actually get transferred to renal tubules and are excreted in the urine
via the bladder. Transmission electron microscopy (TEM) images in parts (B), (C) and (D)
show that nanoparticles (NP) were trapped in these fenestrae due to their large sizes
(~60-100nm). (BM: Basement membrane; FB: Filtration barrier, (I/D)-NP: (intact/
disassembling) nanoparticle; P: podoyctes; U: Urinary space; PF: podocyte foot process; M:
Mesangium, PC: peritubule capillary; E: Endothelial cell; R: Erythrocyte). Re-printed with
permission from ref. 125, Copyright 2012, National Academy of Sciences.
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Fig. 6.

chhematic showing the size dependent physiological barriers against nanoparticles blood
circulation. (A) In human kidneys, nanoparticles with dy < 15 nm in diameter are filtered
out, thus imposing a lower size limit for designing long circulating nanoparticles. (B)
Sinusoidal capillaries in the liver are fenestrated (50-180 nm) and lined with the Kupffer
cells, which rapidly uptake large nanoparticles or agglomerates tagged with opsonins, and
smaller nanoparticles are trapped in the Disse space and can be taken up by hepatocytes.
Meanwhile, nanoparticles <100 nm in diameter with non-fouling (prevent protein
adsorption) and non-immunogenic (prevent immune response) coatings continue circulating.
(C) The Spleen imposes the true upper limit in optimal size for circulation — nanoparticles
larger than about 200 nm get trapped in the marginal zones and red pulp, where they are
sequestered by the splenic macrophages. (D) Finally, opsonization is the tagging of
nanoparticles with specialized proteins called opsonins for removal by phagocytic cells of
mononuclear phagocytic system (MPS), which includes the Kupffer cells in the liver and the
splenic macrophages in the marginal zones and red pulp.
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Fig. 7.

Single crystalline iron oxide nanocubes (left) and their biodegradation in crystallographic
directions with higher atomic surface energies after incubation in lysosome-like solution
(right). Adapted with permission from ref. 175, Copyright 2013, American Chemical Society.
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Fig. 8.
(A) Mushroom-like configuration of the coating molecules on the surface of the IONPs

which results in a lower density of the coating molecules and (B) brush-type assembly of the
coating molecules which provides a high density coating layer. Re-printed with permission
from ref. 9. Copyright 2011, Future Medicine.
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Fig. 9.

(A?) The half-lives of the dextran coated IONPs in different types of knockout mice (each
lacking a specific plasma protein). The half-lives in various genetically engineered knockout
mice (MBL, IgG, HPRG, HMWK, Fibronectin, Vitronectin, Fibrinogen and complement C3
deficient mice) were almost similar to their half-life in wild type (WT) control mice with all
plasma proteins present in blood. Mice treated with Clodronate liposomes had impaired liver
phagocytic function which served as a control (right bar). (MBL: mannose-binding lectins;
Immunoglobulin G: 19gG; HPRG: histidine—proline rich glycoprotein; HMWK: high
molecular weight kininogen (HMWAK)). (B) Histology of the liver sections confirm the
results in part (A) and show that the Kupffer cells recognize and take up these IONPs (green
dots due to presence of fluorescent molecules on their surface) regardless of the type of the
proteins adsorbed to the surface of the nanoparticles after their injection. (Panel labels: 1,
HMWK-deficient; 2, wild type; 3, complement C3-deficient; 4, MBL-deficient; 5,
clodronate-treated mice). Re-printed with permission from ref. 41. Copyright 2009, Elsevier
B. V.
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Fig. 10.
Comparison of the typical blood capillaries found in most parts of the body (left) with the

blood brain barrier (BBB, right). Small hydrophilic molecules can diffuse between blood
and interstitial fluids through the pores between the endothelial cells in normal capillaries.
Hydrophobic molecules and large size proteins can only pass this barrier by transcytosis.
Endothelial cells in brain capillaries are connected by tight junctions. Proteins transcytosis is
not possible in BBB and only selected hydrophilic molecules can pass the barrier by
mediated carriers. Hydrophobic molecules can cross the BBB by transcytosis. Re-printed
with permission from ref. 272, Copyright 2008, Pearson Education, Inc.
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Fig. 11.
(A) Tumors leaky vasculators and their enhanced permeability and retention (EPR). (B)

Presence of an externally applied magnetic field can increase the accumulation of the IONPs
in tumor area. Re-printed with permission from ref. 286, Copyright 2012, Elsevier B. V.
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< 8nm >
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Fig. 12.
Ferritin (~13nm) is the main form of iron storage in the liver after degradation of IONPs in

macrophages. It is formed from a protein shell (~13nm) surrounding iron oxide ultrasmall
nanoparticles in their central cavity (~8nm). Re-printed with permission from ref. 123,
Copyright 2010, Elsevier B. V.
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Fig. 13.
IONPs biodegradation and general iron transport and metabolism pathway in the body. The

intravenously injected IONPs, with hydrodynamic sizes larger than 10-15nm, get degraded
in MPS (or RES) macrophages and free iron ions transform to ferritin and hemosiderin iron-
protein complexes. Ferritin can transform to transferrin and then get transported to bone
marrow, where they are used for making hemoglobin in red blood cells (RBC) that circulate
in the body. A part of this iron also forms myoglobin, an iron-protein complex carrying
oxygen to muscles. Senescent RBCs are fragile and burst in the tight capillary spaces of the
red pulp in the spleen and release their hemoglobin. This can cause an increase in the
amount of iron in the spleen. MPS macrophages then phagocytize these hemoglobin
molecules, form ferritin and again transform them into transferrin, which can go back to
bone marrow to make new RBCs or get stored in the liver hepatocytes in the form of ferritin.
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Table 1

Blood half-lives (t1/,) of the different types of iron oxide nanoparticles (IONPs) after their injection into

animal models or human. The iron dosages are reported here based on mg Fe/kg body weight unit for easier
comparison.

CS/HS Coating molecule Name Charge (mV) | Model Dose (mg Fe/kg) | t!2 Applications/Notes
4-7/72 Dextran SPIO (AMI25) NA Rats 0.224 6m General MRI applic:
4-6/150 1.12 16m
4-6/20 USPIO (AMI 227) NA 1.12 2h
4-7/17 MION-46 NA 0.224 81lm MRI/Made by size fi
of AMI-25
4-6/NA USPIO NA 15 2h MRI of spinal cord
NA/35 Ferumoxtran-10 (Sinerem) NA Rabbits | 56 Several days MRI of Atherosclerc
5/30 NA Human 2.6 21-30h MRI of lymph nodes
5/30 BMS 180549/USPI10 NA Rats 0.14-1.68 3.7h General MRI evalua
NA Human | 1.7 >24h General MRI evalua
5/30 USPIO Sinerem NA Rats 11.2 4h30m Tumor MRI
4-6/227 Ferumoxides (Feridex) or NA Human 0.56-0.84 2h Liver MRI
Endorem
NA/121 Feridex NA Rabbits | 4.8 0.46h MR Imaging of Athe
NA/15 Fractionated Feridex 15.9h
NA/50-80 | Dextran (20kDa) Aminodextran SPIO-Micromod | —-4.95to-0.77 | Mice 4 5-60m Protein adsorption a
12/50 Dextran (40kDa) NA 0 Rats 5 50m MRI of myocardial i
brain tumor
3-5/60-80 | Carboxy dextran SHU 555 C (Resovist) Anionic Rats 5.6 56+17m Imaging of Inflamm.
Disease
Rats 2.8 35m General MRI applice
Human NR 6h
NA/25 SPIO -20 Rats 11.2 90m MR Lymphography
USPIO NA Rabbits 6h MRI of atherosclero
7/30 Ferumoxytol (AMI17228) Anionic Human <4 10-14h MR angiography
Rats 2.24 67m
20/42 Dextran+antibody Ocean Nanotech NA Mice NR 7.5h Brain tumor targetin
(0.2mL, concentratic
30/30x70 Dextran-PEG Nanoworms NA Mice 3 16-19h Tumor targeting
NA/30 Dextran-PEG+targeting molecule | NA NA 17.9-19.6h
NA Nanoworms NA Mice 3_3(a) 12h(b) Atherosclerotic plaq
dimensional clusters
80-110nm length an
NA/250 Cross-linked dextran (20kDa) Nanoworms NA Mice ~5(a) 10h MRI, protein adsorp
blood half-life analy
5-7/20 Starch FeO-BPA NA Pigs 4 150m Abdominal MR Ang
Rodents | 1-3 45-100m
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CS/HS Coating molecule Name Charge (mV) | Model Dose (mg Fe/kg) | t12 Applications/Notes
NA/60-90 NA -12.3t03.9 Rats 11.2 13m MR Lymphography
5-7/20 PEG+ starch NC100150 (Clariscan) Anionic Rabbits | 0.25-1 45-120m MRI of renal perfusi
5-7/25 Human 34 3-4h MR angiography
<10/142 (© NA +24.4 Rats 12 7.29h Tumor targeting-By
PEG (5kDa)-starch the PEG MW to 20k
half-life increased to
11.75h
7/30 Chitosan-PEG-chlorotoxin-cy5.5 | NA 0 Mice 6 7(a) 7-8h Cancer targeting anc
: imaging/NIR fluores
Scanner for half bloc
5/10 PEG+ lipid NA NA Rats 6 45m Kidney targeting /i
Fe,03 core crystals)
10-15/35 LSPIO NA Mice 3.9 1 02h(b) MRI detection of ath
: lesions / The Half-li
type mice reduced tc
NAL0 LUSPIO NA 1.52h(b) targeting) and 1.12 (
— - targeting) for LSPIC
10-15/36 PEG+ lipid+ antibody LSPIO NA 7987 42h(b) to 1.41 (no targeting
i (with targeting) for |
NA/12-16 LUSPIO NA 9-9.3h(b)
4/8.6 Citrate coating VSOP-C184 NA Rats 2.52 21+5m MRI Pre-clinical che
Pigs 36+4m
a17 NA Human 0.84-4.2 0.5-1.5h General MRI applice
NA/12 VSOP-C43 NA Rats 1.68 8.4 +0.9m Effect of age on half
increased to 15.9+2.
19.6/117.3 | PEG+polyaniline+BC NU drug NA NA Mice 15 (d) Brain tumor imaginc
62h .
delivery
8/24 DMSA NA Anionic Mice 22.4 Several hours | Tumor MRI and tarc
(Maghemite core cry
12/42 DMSA NA -35 Rats 5 10m General MRI applic:
monodisperse cores
12/49 DMSA-PEG(2kDa) -15 20m
17/86 PMAO-PEG(5kDa) NA Neutral Mice 7 4m Designed for magne
imaging (MPI)/highl
20/42 19m monodisperse cores
27/78 PMAO-PEG(20kDa) 160m
19.7/98 PEG NA -3to-7 Mice 7 12-14m
19.7/43 12-14m
10/63 Polyacrilamide+PEG (0, 0.6, 2, NA NA Rats 7 28, 25, 38 Brain tumor MRI/Le
10kDa) and 150m MWs increase the he
4-8/21 phosphonate P904 NA Rabbits | 56 3.5h MRI of atherosclero
70/NA Silica+PEG NA NA Rats 5.7 2.5h General MRI
NA/L.6pm | P(S/V-COOH) polymer MPIO-Bangs NA Mice 0.0145 im MRI of myocardial i

Abbreviations: [Core size and hydrodynamic size (CS/HS)]-[Blood half-life (tll 2)]—[Not available (NA)]-[monocrystalline iron oxide
nanoparticles (MION)]-[Lipid-coated ultra-small superparamagnetic iron particles (LUSP10s)]-[larger lipid-coated superparamagnetic iron oxide
particles (LSP10s)]-[meso-2,3-dimercaptosuccinic acid (DMSA)]-[1,3-bis(2-chloro-ethyl)-1-nitroso-urea (BCNU)]-[poly(maleic anhydride-alt-1-
octadecene) (PMAO)]

@
(b)

Assuming that each mouse weighed 30g.

IONPs injected through retro-orbital route.
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cross-linked starch

Half-life reported for the BCNU drug loaded to the IONPs.
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Table 2

Page 63

Effect of hydrodynamic size of the IONPs on their ry and r, relaxivities in MRI, their blood half-lives in

normal and wild type mice and dosage percentage accumulated in the liver. The hydrodynamic sizes were
based on number percentage average and the injection dose (ID) was 3.9 mg Fe/kg body weight.

Formulation Size (nm)  ry (sTmmol/lY) 1y (s mmol/Ih) Blood Half-Life Blood Half- %ID In Liver (24 h
ApoE~- (h) Life WT (h) p.l)

Untargeted LUSPIO 10+3 14+1 35+2 1.52 1.41 25

Untargeted LSPIO 35+%5 121 103+ 4 1.02 1.01 35

MDAZ2 LUSPIO 14+3 13+1 37+2 9.01 1.55 31

MDAZ2 LSPIO 384 11+1 1175 7.28 112 37

IK17 LUSPIO 12+2 141 35+%2 9.12 31

IK17 LSPIO 36+4 10+1 106 +5 7.30 34

E06 LUSPIO 16+4 12+1 38+2 9.32 30

E06 LSPIO 395 111 119+6 7.42 35

(ApoE'/': apolipoprotein E deficient: WT: wild type mice; IK17: human antibody; LSPIO: lipid-coated superparamagnetic iron oxide particle;

LUSPIO: lipid-coated ultra-small superparamagnetic iron particle; MDA2 and E06: murine antibodies.) Re-printed with permission from ref. 58,

Copyright 2011, Elsevier B. V.
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Table 3

Page 64

Biodistribution of the IONPs administered through intratracheal instillation in comparison with intravenously
(1V) injected IONPs and control mice instilled with saline.

Iron Assay by ICP-OES in pg/g of Organ in the Follow-up Study after Sacrifice at Day 14

Iron Assay Control (n=2) Instilled (n = 4) Injected (n =2)
Lung 67.9+56 278.1+6.8 93.5+6.7
Liver 103.5+30.4 104.6 + 21.6 339.5
Spleen 3479+ 455 341.8 £64.7 4923 £78.7
Kidneys 68.2+95 59.7+8.1 91.4+123
Blood 384.8+9.6 410.2+61.4 487.8 £45.8
Brain 13.8+0.9 176+2 223+45
Heart 91.9+281 95.8 +20.6 96.1+24.4
Thymus + LN 328+11 35.0+9.9 39.1+94
Testicles 151+14 142+13 13.7+18

The instilled IONPs are mostly accumulated in the lung, while the IV injected IONPs are mainly entrapped in MPS system. Re-printed from
ref. 235, Copyright 2008, Wiley-VCH Verlag GmbH & Co. KGa.
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