Characterization of Iron Oxide Nanoparticles
(IONPs) for Brain Targeted Delivery

By
Zhizhi Sun

A thesis submitted to
the Faculty of Graduate Studies
in partial fulfillment

of the requirements for the degree of
DOCTOR OF PHILOSOPHY

Department of Pharmacology and Therapeutics
Faculty of Medicine
University of Manitoba

Copyright © 2016 by Zhizhi Sun



Abstract

The restrictive nature of the brain endothelial cells that form the blood-brain barrier (BBB) limits
both the paracellular and transcellular passage of many molecules into the brain. Therefore,
effective treatment of brain disorders requires a focus on improving drug permeability across the
BBB. This thesis focuses on characterization and optimization of iron oxide nanoparticles
(IONPs) as a potential platform for drug delivery to the brain. Given concerns with metal toxicity
in the brain, we first examined the biocompatibility and cellular uptake profile of positively and
negatively charged IONPs in brain endothelial cells, astrocytes, and neurons. These in vitro
studies showed both IONP formulations were well tolerated at concentrations less than
100ug/mL, and that positively charged IONPs have a greater uptake profile than negatively
charged IONPs across all cell types examined. It is hypothesized that transient disruption of the
BBB combined with the application of a magnetic field, a process we have termed “Magnetic
Field Enhanced Covective Diffusion” (MFECD), could be used to enhance IONPs penetration of
the BBB. Using the cell culture model of the BBB, disruption of tight junctions with a
hyperosmotic mannitol solution resulted in significant increases in permeability for the
negatively charged IONP. Even further enhancement of negatively charged IONP permeability
was observed when an external magnetic field was applied. Positively charged IONPs showed no
significant change in permeability to osmotic disruption or magnetic field. Encouraged by the in
vitro permeability studies, the pharmacokinetic properties of negatively charged IONPs was
examined in healthy mice under control conditions or following transient BBB disruption using
lysophosphatidic acid (LPA). Under normal conditions, IONPs had half-life of 6 minutes and
liver and spleen were the major organs of IONP deposition, with limited distribution to the brain.

Treatment with LPA significantly enhanced the brain accumulation of IONPs. In addition,
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examination of microglia and astrocyte activation showed transient BBB disruption and
enhanced IONP accumulation in the brain did not lead to inflammation or toxicity. Together, our
findings suggest transient disruption of the BBB, alone or coupled with MFECD, may be a safe

and effective method for increasing IONP delivery to the brain.
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Chapter 1 : Introduction to Iron Oxide
Nanoparticles (IONPs) as a Drug Delivery

Platform Targeting the Brain



1.1 Introduction

Nanoparticles (NPs) generally refer to synthetically engineered materials that are 1 to
100 nm in diameter in at least one dimension. Human use of nano-sized materials can be traced
back thousands of years where lead based nanocosmetic preparations were used by ancient
Egyptians and nanocrystal-containing hair dye formulations were used by Greeks and Romans'.
Although NPs have been used several millennia ago, the idea of nanotechnology was introduced
in 1953 by Richard Feynman, a physicist at Cal Tech. His talk entitled “There’s Plenty of Room
at the Bottom™ has been considered the first to deal with materials at the level of atoms and
molecules”. The discovery and understanding of unique properties of nanoparticles has been
growing significantly since. Figure 1 shows the number of publications in PubMed with title or
abstract containing “nanoparticles” in each year. In 2014, the number of publications related to
nanoparticles was 6 times more than 10 years ago. Indeed, the field of nanotechnology has
rapidly expanded to various biomedical applications such as drug delivery, cancer hyperthermia,

imaging applications, and cell tracking and migration.
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Figure 1.1 Number of scientific studies published in PubMed with title or abstract
containing “nanoparticles” in recent years.

1.1.1 Iron oxide nanoparticles (IONPs)

Iron oxide nanoparticles (IONPs) generally refer to NPs with a core made of y-Fe,O3
(maghemite) or Fe;O4 (magnetite). IONPs are biocompatible and possess magnetic moment
potentially suitable for MRI or magnetic enhanced drug targeting. IONPs administered to
humans can be incorporated into natural iron metabolism pathways and biological process such
as hemoglobin synthesis. IONPs can be metabolized, stored and transported by proteins
including ferritin, and transferrin. The metabolized iron is incorporated into the iron pool in the
body. Moreover, it is easy to graft various ligands, dyes, proteins, antibodies, and polymers onto

IONPs. These characteristics make IONPs promising candidates for biomedical applications. To
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increase magnetic susceptibility, other metals such as manganese or cobalt (e.g., MnFe;O4, FeCo
and CoFe,04) can be incorporated into IONPs. However, these [ONPs are much less common in
biomedical application mainly due to rapid oxidization and toxicity related issues™*. Most of the
IONPs in the literature are magnetite or maghemite due to their excellent chemical stability and
biocompatibility. Depending on the publication, magnetite and maghemite NPs may also be
referred to as SPIONs (superparamagnetic iron oxide NPs), USPIONs (ultrasmall
superparamagnetic iron oxide NPs), or MIONs (magnetic iron oxide NPs).

IONPs are composed of domains each containing large numbers of atoms. A micron
sized iron oxide is composed of many domains. When particle size is reduced to less than 50nm,
the particle is said to have a single domain’. In absence of magnetic field, the magnetic moment
of the domain is randomly oriented giving a zero magnetic moment of the material. In contrast,
when IONPs are placed in a magnetic field, the magnetic moment in each domain aligns with the
applied magnetic field and IONPs become magnetized to their saturation magnetization. Upon
removal of magnetic field, no residual magnetic moment is present and IONPs become randomly
oriented again. This unique property of being magnetic when in an external magnetic field and
displaying no magnetic properties when the external magnetic field is removed is termed
“superparamagnetic”. This feature is crucial for biomedical applications as they have the ability
to form stable colloidal suspensions. Furthermore, the superparamagnetic properties of IONPs
provide the additional advantages of being traceable within the body, using magnetic resonance
imaging (MRI), as well as being targetable to selected tissues with application of magnetic fields.
The latter property is of particular interest to overcome obstacles such as non-specific toxicity
due to general systematic distribution of nanoparticles as well as poor therapeutic effect due to

sub-therapeutic concentrations at target site.



1.1.2 Agglomeration of IONPs and Ways to Overcome the Problem

Agglomeration of IONPs occurs when two or more particle surfaces come in contact
with each other and thermodynamically favor particle—particle interaction. Generally speaking,
the smaller the NPs, the higher the tendency to agglomerate. As NPs get smaller, the surface
energy increases and agglomeration is thermodynamically favored to reduce the free energy in
the system®. Uncoated IONPs are particularly susceptible to agglomeration when placed in an
aqueous environment. The agglomeration problems observed with uncoated IONPs are
emphasized in the presence of an external magnetic field. Surface coating of the NPs has been
used to overcome the problem of agglomeration by enhancing electrostatic, steric, or electrostatic
repulsive forces between NPs. Figure 1.2 demonstrates the increased colloidal stability provided
to IONPs by coating with negative or positively charged coatings. The electrostatic repulsion
keeps charged IONPs from agglomeration. Uncoated IONPs quickly settled down to the bottom
of the vial, as the increase in size and Brownian motion can no longer keep them suspended in
water. Other factors influencing agglomeration include, ionic strength in solution, concentration

of NPs, temperature, and gravitational force®.



Figure 1.2 Uncoated (left), positively charged (middle) and negatively charged IONPs
suspension in water after 2 hour of settling time.

1.1.3 Protein Corona

When exposed to biological fluid, various proteins and biomolecules may adhere
onto the surface of the IONPs to form a protein corona. The protein corona generally consists of
two layers. The first protein layer that interacts directly with the nanomaterial surface and is
tightly attached to the surface via hydrogen bonds, solvation forces, electrostatic and
hydrophobic interactions is called the “hard corona”. A secondary protein layer, the so called
“soft corona” interacts with the proteins forming the hard corona via weak protein-protein
interaction®. The soft corona undergoes rapid exchange with surrounding proteins responding
dynamically to its environment compared to hard corona that has a slow protein exchange rate.
The formation of a protein corona depends on the physiochemical characteristic of IONPs

surface as well as the proteins present in the media®. A recent publication investigated the effect



of temperature on the composition of protein corona and the affinity of various proteins to the
surface of NPs to demonstrate change of body temperature can also affect protein corona
formation’.

A common method for analyzing the protein-NP complex is to expose the NPs to the
biological sample and then isolate the protein-NP complex by centrifugation. However, with this
method, many proteins can be false-positively identified as bound to NP surface due to
insufficient washing. Sakulkhu et al., 2014 developed magnetic separation method to remove
IONP-attached protein coronas'’. Besides common drawback on separation methods,
contribution of various proteins on IONP surface is still questionable. Different
association/dissociation rates, and variation in amounts and types of protein available in the cells
or tissues to complex with IONPs play essential roles in determining the impact of the protein
corona on the biological fate of the IONPs''. For example, opsonin interaction with IONPs will
lead to elimination by macrophages resulting in reduced plasma half-lives, whereas albumin
interaction with IONPs might lead to prolonged circulation time. However, due to difficulties in
acquiring a comprehensive understanding of the corona, the dynamic nature and dependence of
corona when interacting with cell or tissue is not clearly elucidated. The general understanding is
that the soft corona contributes more to the circulation half life of IONPs while the hard corona
contributes more to cellular interaction / uptake.

Surface coating can influence formation of a protein corona. For example,
multiphosphonic acid polyethylene glycol (PEG) copolymer coating of IONPs provide long term
stability in culture media and prevent protein corona formation'*. Surface modification of IONPs
play an essential role in determining the amount and types of protein absorbed. For example,

there is a significantly lower amount of proteins in the hard coronas of positively charged



dextran IONPs compared to negatively charged dextran IONPs'>. Calatayud et al., 2014 reported
the formation of large protein-MNP aggregates (1-3 um) with a negative surface charge within 4
hours, irrespective of the MNP-core charge In contrast, positively charged polyethyleneimine
(PEI) coated IONPs favor uptake in neuroblastoma cells compared to negatively charged
poly(acrylic acid) (PAA) coated NPs in 15 and 72 hour of incubation time'®. This finding is
consistent with our observations of positive charged IONPs. Figure 1.3 shows the effects of
surface charge on corona formation. Two IONP formulations displaying opposing surface
charges in water have similar charges when in culture media containing proteins (Figure 1.3).
These observations together seem to suggest protein corona composition alters the size, surface
charge and interactions between cell and IONPs.

Protein corona composition can be influenced by size of IONPs. This was
demonstrated by the studies of Ashby et al., 2014'". Keeping the surface ligand coating the same,
authors showed that increasing the size of IONPs resulted in a more dynamic protein corona with
a larger portion of the involved proteins with fast exchange rates''. A recent study reported that
protein with low molecular weight would preferentially bind to small IONPs; whereas the
protein with large molecular weight would mostly interact with large IONPs even though the
composition and concentration of protein corona were random'”. Based on the above
observations regarding IONP size and resulting protein corona, small nanoparticles with
diameters between 20 and 50nm appear to provide the least amount of tissue accumulation and

longest circulating half-life.
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Figure 1.3 Effect of DMEM media with 10% FBS on zeta potential measurement of
positively charged aminosilane (AmS) coated and negatively charged carboxylic acid
(COOH) coated IONPs.

1.1.4 Biocompatibility of IONPs

IONPs are generally considered biocompatible with the iron from the NPs being
incorporated into iron metabolism pathway'®. The breakdown of IONPs most likely occurs in the
lysosome of cells'”. The free iron ion in the lysosome is then transferred to the intracellular iron
metabolic pool by divalent metal transporter 1 present on the lysosomal membrane'®. As free,
unbound iron in the cell is tightly regulated, the added iron entering into the cellular pool is
accompanied by an increased expression of the iron storage protein, ferritin'’. Evidence that
IONPs are metabolized in the manner described above are the reports of increased cellular iron

content following exposure to IONPs and the associated robust up-regulation of ferritin®. This
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phenomenon has been observed in many different cells including oligodendrocyte cells*,
macrophages’, and astrocytes™. Free iron ion can be transported out of the cell by ferroportin
protein on the plasma membrane™*.

Although IONPs are generally considered biocompatible, cellular toxicity has been
reported with regard to production of reactive oxygen species (ROS) such as hydrogen peroxide,
hydroxyl radicals, and superoxide anion by Fenton and/or Haber—Weiss reactions®. Elevated
ROS within the cell can lead to oxidative stress that is associated with the onset and/or
progression of a variety of pathological conditions such as neurodegenerative disease,
inflammation, cardiovascular disease, and cancer. The detrimental effects of ROS within the cell
are multi-centered with alterations in cell membrane leading to the generation of lipid
peroxidation products, disruption of DNA, altered protein expression and interrupted
mitochondrial respiration®®. Several lines of evidence suggest that maghemite NPs induce a
higher level of reactive oxygen species, proinflammatory cytokines and autophagosome-like

vacuoles than magnetite® >’

. However, oxidative toxicity has also been reported for magnetite
species of IONPs’. Nonetheless, compared to other metal oxide nanoparticles, IONPs appear to
have the least toxicity’ . This is illustrated in Figure 1.4 showing the effect of different metal
oxide nanoparticles on lactate dehydrogenase (LDH) leakage and ROS generation in human
cardiac microvascular endothelial cells. In the cultured endothelial cell preparation, neither
Fe,O3 nor Fe;O4 NPs displayed significant effects on cytotoxicity and ROS production at

concentration up to 100pg/mL while ZnO, CuO, and MgO NPs produced cytotoxicity in both a

concentration and time-dependent manner.
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Figure 1.4 Effect of nanoparticles on lactate dehydrogenase (LDH) leakage (A) and ROS
generation (B) in human cardiac microvascular endothelial cells after 24 hour incubation
time. The respective metal nanoparticles had no surface coatings and thus represent the
core metal oxide unit. Reproduced with permission from Sun et al. Cell Biol Toxicol. 2011
Oct;27(5):333-42. Copyright © Springer.

Because ROS were generated from the core of the IONPs, coating the IONPs surface
with a more biocompatible shell can minimize potential toxicity. [ONPs can be coated with
organic (e.g. dextran, chitosan, and polymers) or inorganic materials (e.g. gold and silica)
thereby shielding the IONP core from interaction with biological matrices such as cells and
tissues. Because of this it is important when discussing the biocompatibility of IONPs to note the
specific surface coating applied. Studies have shown uncoated IONPs at both 5 and 30nm
diameter induced a 6 fold increase cellular toxicity and ROS production compared to IONPs
coated with dextran, or PEG in endothelial cells®. It has been confirmed that dextran or PEG
coated IONPs did not increase intracellular ROS production compared to uncoated IONPs. The
level of inflammatory cytokines such as Tumor necrosis factor alpha (TNF-a) and interleukins
IL-6, IL-8, and IL-1B were also not changed compared to control’®. Such findings are not
confined to the cell culture setting as in vivo studies in mice reported no genotoxicity with silica
coated IONPs®’. Another recent study investigated biodistribution and toxicokinetics of different

sized (from 10nm to 40nm) carboxyl coated IONPs in mice. Hematological analyses and
11



histological examination demonstrated that there was no apparent acute toxicity caused by
intravenous administration of IONPs although genes related to oxidant stress, iron transport,
metabolic processes were altered®. It should be noted that not all coatings result in reduced
toxicity. Oleate-coated IONPs induce cytotoxicity in a dose-dependent manner in human
lymphoblastoid cells”. Positively charged polycationic IONPs may lead to increased cytotoxic
effect and ROS production compared to negative or neutral IONPs*’. These studies suggest that
hydrophilic surface coating can reduce toxicity whereas hydrophobic coating increase toxicity.
The in vitro assessment of toxicity of many IONPs has been limited to simple
proliferation assays such as MTT or LDH assay. This is understandable, as the MTT and LDH
assays provide an inexpensive, quick and quantitative assessment of toxicity. However, as they
only examine toxicity in the form of cell death, these assays may miss more subtle cellular
responses to the [ONPs. Because of this, assays for inflammatory stress, oxidative stress, and
genotoxicity have gained interest for determining the biocompatibility of IONPs. Figure 1.5
summarizes the various in vitro assays that have been used to probe the potential toxicity of
IONPs. It has been reported that IONPs with different surface charges and sizes induced no
significant reduction in cell viability as measured by LDH assay; however, genotoxicity assay
results revealed potential DNA damage at concentration higher than 200 ug/mL regardless of the
charge and size*'. Authors also indicated that the high cellular uptake profiles are directly
correlated with increased toxicity. Di Bona et al., 2014 examined the effect of IONPs with
positive or negative surface charges on toxicity and biodistribution in pregnant mice. The results
indicated the positively charged PEI coated IONPs with a high tissue uptake profile significantly

decreased maternal weight gain, crossed the placenta and accumulated in the fetal liver*”. Thus
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coatings that restrict or limit uptake (i.e. dextran, carboxylic acid) will have reduced toxicity,

while coatings that enhance uptake (i.e. oleic acid, PEI) will display increased toxicity.

Often in vitro toxicity screening will be conducted first. If the IONPs pass the in vitro
toxicity assays, then in vivo assay can be carried out on a relevant animal model. However,
because different research groups utilize different assay parameters such as cell types, cell
culture growth conditions, dosing regimen of IONPs, it is quite difficult to obtain consistent data
on the toxicity of IONPs to allow for comparison across the different studies’. Furthermore, the
different coating and physiochemical properties (size, colloidal stability) of IONPs add another
layer of complexity to the big picture of determining IONPs biocompatibility. Many of the
IONPs used in toxicity reports are poorly characterized with issues of aggregation, and unclear
coating procedures (i.e. covalently attached or non-covalently absorbed onto IONPs). For
example, in a study conducted by Guadagnini and coworkers, several of the IONP formulations
displayed bimodal distribution of hydrodynamic size, as determined by dynamic light scattering
(DLS)*®. This is a clear sign of agglomeration and low colloidal stability. For this reason, these
particular IONPs should not be used in biomedical applications as they are too heterogenous and
potential toxicity related with agglomerated IONPs does not necessarily carry over to the
individual IONPs. Moreover, other reports suggest coating of IONPs with a biocompatible
compound, sodium oleate increased toxicity. If the coating was simply absorbed onto the [ONPs
by sonication, it is likely that free oleic acid is also present during the IONPs incubation with
cells. If the coating were covalently attached onto the IONPs, the IONPs would be hydrophobic
with high uptake profile, which in turn leads to toxicity. There is an urgent need not only for
standardizing various in vitro and in vivo toxicity assays, but also applying these assays to well-

characterized, highly colloidal stable, and pure IONPs. For this, a good understanding of the
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physiochemical properties of IONPs to be used is necessary for studying their biological

behavior.
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Figure 1.5 Prominent in vitro assays that are used to determine the impact of
nanomaterials on cells; (b) TEM of HepG2 showing the mechanism of action of
representative cell assays (i.e., MTT, checking mitochondria activity; PI, DNA staining;
BrdU, DNA replication staining; LDH, membrane integrity assessment). Reproduced with
permission from Mahmoudi et al. Chem Rev. 2012 Apr 11;112(4):2323-38. Copyright ©
American Chemical Society.
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1.2 Importance of Physiochemical Properties of IONPs

To develop a successful drug delivery platform, the physiochemical properties of
IONPs such as size, shape, and surface coating play a pivotal role in determining the behavior in
a biological system (cellular internalization and pharmacokinetic properties).

1.2.1 Size

The size of IONPs can be determined by two different methods: Transmission
electron microscopy (TEM) or DLS. The size determined by TEM represents the size of iron
oxide core; whereas the size determined by DLS represents the hydrodynamic size of the IONPs.
The DLS estimate the hydrated NPs in Brownian motion suspended in an aqueous solution based
on scattered light intensities. Of note, DLS assume that the NPs are spherical. Ambiguous results
may be obtained when measuring non-spherical NPs using DLS. When protein corona is present,
DLS will capture the size of NPs-protein corona complex. This leads to an increase in size
measurement of NPs dispersed in media compared to ones dispersed in water. When protein is
present in solution, the size measured by DLS depends on the types and amount of proteins
present. Therefore, when reporting the hydrodynamic size of NPs, it is assumed that the
measurement was performed in water unless indicated otherwise.

There is a clear size dependent uptake of IONPs in vitro. The uptake profile of
various different sized (26, 53, 76 and 98 nm) IONPs with positive charge was studied with
Caucasian colon adenocarcinoma cell line (Caco2). The large IONPs (76 and 98 nm) exhibited a
higher uptake rate compared to small IONPs (26 and 53 nm)**. A size-dependent effect has also
been reported in macrophages. In these studies, a library of PEGylated IONPs, spanning a range

of 30—100 nm in diameter were synthesized and their internalization rate in macrophages were
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determined in vitro. As observed in the Caco-2 cells, as the size of IONPs increased, the non-
specific uptake of IONPs also increased™.

The size of IONPs not only affect cellular uptake but also influence their
biodistribution in vivo. Yang et al., 2015 recently have shown that small IONPs (10nm)
accumulate more in the liver whereas the large IONPs (40nm) accumulate more in the spleen’®.
The plasma half-life of IONPs was found to be dependent on their size, with an inverse
correlation between size of IONPs and plasma half-life. The half-life of 20nm carboxydextran
coated was 49 minutes while the 50nm IONPs with identical coating had a plasma half-life of 5
minutes*®. The reduced half-life observed with IONPs of increasing size appears to be
attributable to increased macrophage clearance of large IONPs™.

The size of IONPs plays an important role in selective tumor cell accumulation. Due
to poor perfusion, poor lymphatic drainage, heterogeneity and leakiness of the tumor vasculature,
an increased accumulation of macromolecules in solid tumor including primary and metastatic
tumor were observed. This phenomenon was called enhanced permeability and retention (EPR)
effect’’. The EPR effect is also apparent in the increased tumor permeability reported for various
types of NPs*®. It is speculated that the small IONPs can re-enter the blood stream after tumor
extravasation resulting in reduced amounts retained within the tumor, while the larger IONPs are
trapped within the tumor site. In contrast to these studies, IONPs targeting human epidermal
growth factor receptor 2 (HER2) receptor show increased tumor tissue accumulation for 30 nm
compared to 100 nm IONPs in a tumor xenograft mouse model*. Such apparent discrepancy
may be explained by the presence of targeting ligand on the surface of IONPs. The smaller size

IONPs may be advantageous with regards to ligand directed tumor penetration.
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There are several MRI imaging studies investigating the effect of size on the
lymphatic distribution of IONPs. Injection of IONPs with size ranging from 50 to 1000 nm into
footpad of mice and sequential MRI imaging of popliteal and inguinal lymph nodes revealed
IONPs less than 100 nm can be used to visualize the lymphatic structure by crossing lymphatic
walls. In contrast, IONPs larger than 200nm were quickly phagocytized by macrophages and
resulted in poor imaging of lymphatics™. Another study utilized IONPs up to 20 nm in diameter
and suggested 20nm diameter IONPs were best for lymph node detection'. In these studies, 15,
27 and 58 nm diameter PEGlyated IONPs were examined for their uptake in sentinel lymph
nodes. These studies reported that the 15nm diameter IONPs accumulated the most quickly and
to the greatest extent in sentinel lymph nodes compared to the other larger sized IONPs".
However, another study performed by Pouw et al., 2015 examined the effect of dextran-coated
IONPs of different size (32, 59, and 111 nm diameter) as tracers for sentinel lymph node biopsy
within an in vivo porcine model. In these studies, the 59 nm diameter IONPs resulted in a
significantly higher lymph node accumulation compared to the 32 nm diameter IONPs.
Interestingly the largest IONPs examined (111 nm diameter) were detected in lymph nodes,
although the time required was significantly longer (i.e. 4 hours). The extended time required for
lymph node distribution suggests that these particles may be taken up by macrophages and as
such more likely to image the higher echelon nodes beyond the sentinel lymph node’*. While
these studies provide insight into the influence of size on cell and tissue distribution of IONPs,
caution should be taken as the coating of the IONPs will also have an impact and may explain

some of the discrepancies in the literature.

1.2.2 Surface Coating
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Surface coatings of IONPs are necessary to increase colloidal stability, to allow
complexation with a drug payload, and to establish a multifunctional drug delivery system. More
importantly, the biological properties of IONPs are predominately determined by their surface
coating. This section will discuss the effect of surface coating on cellular uptake of IONPs.

The effect of surface charge has been extensively studied. Several lines of evidence
suggest that positively charged IONPs show a higher cellular uptake profile compared to
negatively charged IONPs. For example, compared to bare, dextran coated, and silica coated
IONPs, aminosilane coated IONPs exhibited the highest cellular uptake efficiency in various
macrophage, fibroblast, cancer and epithelial cell lines™. In the human oral squamous carcinoma
cell line (KB), the cellular uptake of positively charged chitosan coated IONPs were higher than
negatively charged dimercaptosuccinic acid coated IONPs>*. Similar studies also confirmed that
IONPs with neutral surface charge were not internalized into the human cervical epithelial
adenocarcinoma cell line (HeLa); negatively charged IONPs show low cellular uptake with non-
toxic effects; and positively charged IONPs show effective internalization in the endosome
without any cytotoxicity””. The electrostatic interaction between the positively charged NPs and
the negatively charged glycocalix certainly favors fast attachment to the cell membrane and
subsequent internalization of cationic species’’. However, some studies have reported increased
cellular uptake with negatively charged IONPs. For example, the uptake of IONPs coated with
varying amounts of carboxymethyl dextran and thus varying surfaces charges was evaluated in
Caco? cells. Increased uptake of nanoparticles with greater negative charge was observed.
Mechanistic studies suggest that uptake of the most negatively charged particles occurs via
macropinocytosis®’. Another study compared cellular uptake of 28 and 74 nm alkali-treated

dextran coated IONPs (-15mV zeta potential), to carboxymethyl dextran IONPs (-24mV zeta
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potential) of similar size in a macrophage cell line, RAW264. No significant difference was
found in the cellular accumulation of the large (74 nm diameter) and small (28 nm diameter)
IONPs of the same coating. In contrast, carboxymethyl dextran IONPs show significantly greater
cell labeling than alkali-treated dextran coated counterparts™®. This study suggested surface
coating is a more important factor than size with regard to uptake in macrophage. More
importantly, macrophage, specialized in phagocytosis, can take up either charged IONPs to a
great extent.

To improve the targeting efficiency, various ligands are often grafted onto the
surface of the IONPs. However, the relationship between the density of ligands and targeting
efficiency is not linear and varies depending on both the IONPs and targeting ligand. Comparing
the influence of ligand grafting density (6 -36 ligands per IONP), Elias and colleagues showed
optimal binding and targeting to cells with IONPs having an intermediate ligand grafting density
(11 and 23 ligands per IONP)*’. The optimized number of ligands per IONP is dependent on the
size of IONP as well as types of targeting ligand. Other factors such as ligand orientation,
receptor mobility and receptor internalization can also influence the targeting efficiency”".
Targeting efficiency can also be optimized by alternative variant antibody against target of
interest. Fiandra and colleagues assessed tumor-targeting efficiency against HER2 in vitro and in
vivo of IONPs coated with trastuzumab, or lower molecular weight variants of the half-chain and
scFv fragments of the antibody. They found that IONPs coated with half-chain antibody were the
best candidates owing to their increased affinity to HER2 positive cells and tumor homing
ability®.

1.2.3 Shape
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There are few reports regarding the biological properties of non-spherical IONPs.
Examination of the nanoparticle literature show only limited reports where a side-by-side
comparison of how non-spherical nanoparticles and their spherical counter parts interact with
biological milieu. These relatively limited studies are highlight below to provide an assessment
of the effect of NP shape on biological response.

Chauhan and colleague have studied the effect of nanoparticles shape on tumor
penetration®'. In this study, colloidal quantum dot-based nanospheres and nanorods were
designed to have tunable size but identical surface PEG coating and charge. The size of nanorods
was measured to be 15 nm diameter and 54 nm length while hydrodynamic size of nanosphere
was 35nm. Thus these studies provide an assessment of the general uptake and tissue distribution
properties of a non-targeted NP. The nanorods had significantly better permeability across semi-
permeable membrane and higher tumor penetration compared to the nanospheres. Such improved
transport rate into tumor might be attributed to reduced steric hindrance near the pore walls®'.

Antibodies have been commonly grafted either chemically or physically onto the
surface of the nanoparticles for active targeting or therapeutic applications in various disease
models including cancer. Recently, it has been reported that nanoparticles shape affects the
avidity and specificity of antibodies attached on the surface for their cellular targets. Barua et al.,
2013 investigated the effect of polystyrene particles of different shape (ie. spheres, rods, and
disks) for cell targeting and therapeutic efficacy of trastuzumab, a human epidermal growth
factor receptor2 (HER2) monoclonal antibody in different breast cancer cell lines*. Trastuzumab
coating significantly enhanced uptake of both the nanorod and nanodisk in HER2+ breast cancer
cells compared to nanosphere counterparts. However, trastuzumab coated nanorods exhibited the

highest uptake profile in both HER2+ breast cancer cell line BT-474 and SK-BR-3. Pretreatment
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of the cells with free trastuzumab reduced the uptake profile of the trastuzumab coated nanorod,
suggesting a specific targeted uptake role for trastuzumab. Furthermore, the shape enhanced
nanoparticle uptake was more prominent in larger size (1pm) compared to smaller nanoparticles
(200nm). The authors elegantly demonstrated that such enhanced uptake of nanorod over
nanosphere is due to enhanced binding of trastuzumab coated nanorods to the cell membrane
receptor over their nanosphere counterparts. Most importantly, there was a significant
enhancement of therapeutic effect of the trastuzumab-coated nanorods compared to either
trastuzumab alone or trastuzumab labeled nanospheres.

In accordance with this study, shape-dependent adhesion kinetics of non-spherical
nanoparticles under shear flow using a Brownian motion dynamics computational model was
examined®. Spherical particles with 380nm size and rod shaped nanoparticles with 1000nm
length and aspect ratio of 5 were considered in this study. Nanorods were predicted to contact
and adhere to the vascular bed much easier than their spherical counterparts under shear rate of
8/s due to their tumbling motion. Furthermore, nanorods have higher binding probability
compared to nanospheres at the same shear rate. As the shear rate increases, there is a larger
difference in adhesion probability between nanorods and nanospheres. These studies collectively
contribute understanding of how particle shape affects the transport and targeting efficiency of
nanocarriers. The development of shape specific nanomedicine is a very promising approach for
targeted drug delivery applications.

Besides shape-dependent differences in nanoparticle uptake and cell association,
nanoparticles shape can also influence cell function such as cell adhesion and migration. This is
illustrated in studies using mesoporous silica nanoparticles with aspect ratios (ARs) (the ratio of

the width to the height) of 1 (sphere), 2 (short rod), and 4 (long rod)**. A decreased expression of
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important adhesion molecules such as ICAM-1 and MCAM-1 was observed upon treatment of
NPs, leading to diminished cell adhesion ability and altered cell proliferation and homeostasis®*.
NPs with larger ARs had a greater effect on cellular function including cell proliferation,
cytoskeleton formation, adhesion and migration®. This study suggests that different shaped NPs
can mediate biological effect in addition as a drug carrier.

The shape of NPs can affect their in vivo biodistribution and clearance. It has been
shown that rod shaped PEGylated gold NPs have higher circulation half-life and higher level of
accumulation in tumor compared to spherical shaped counterparts®. The increased half-life of
rod shaped NPs is attributed to decreased uptake by macrophages. However, both nanospheres
and nanorods accumulated to a significant extent in the liver and spleen®. It has been shown that
PEGylated short rod silica NPs with 1.5 aspect ratio accumulate more in liver whereas
PEGylated long rod shaped NPs with aspect ratio of 5 deposited more in spleen®. In addition,
although there is more renal clearance of short rod NPs, long rod NPs exhibited faster clearance
rate from the tissues. It is speculated that biodistribution and retention ability of particles in
tissues may be relative to the uptake ability of various types of immune cells in different tissues.
Another study also demonstrated differential biodistribution and clearance of different shaped
NPs®’. The accumulation of discoidal particles in heart and lung were increased with decreased
liver deposition compared to spherical particles. This might be associated with larger rotational
inertia and surface of adhesion of discoidal particles. In contrast, cylindrical particles were most
concentrated in liver than other peripheral tissues due to increased internalization in Kupffer

cells®’.
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1.3 Internalization and Cell Fate of NPs

For certain applications like siRNA delivery, an IONP formulation that possesses a
high internalization rate is preferred. In contrast, IONP formulations that minimize cell uptake
are preferred to optimize pharmacokinetic parameters such as half-life. Thus, it is important that
the basic physicochemical properties governing the tissue and cellular accumulation of IONPs be
identified. Biotransformation and degradation of IONPs in vivo can be studied by monitoring the
loss of magnetic properties and total iron content in tissue®®. Moreover, as cell toxicity is likely
directly correlated to the tissue and cellular uptake of IONPs such an understanding of the
important physicochemical properties involved in NP uptake is likely to lead to a better
management of toxicity concerns®.

It is generally understood that endocytosis is the primary mechanism by which
IONPs enter the cells.”’ Some early works revealed that the amount of IONPs uptake in
macrophages is directly correlated with cellular phagocytic activity’'. Endocytosis is an energy
dependent process often associated with other cell trafficking events such as secretory pathways
and autophagy’>">. Although many questions regarding endocytosis still remain unknown,
continued research examining IONPs internalization has enhanced our understanding of this
particular cellular response and ultimately assisted in the rational design of IONP formulations
that can take advantage of specific endocytosis pathways’*. The various types of endocytosis is
illustrated by Figure 1.6. Conventionally, endocytosis is categorized as a “cell drinking” process
called pinocytosis and “cell eating” process called phagocytosis. Based on the proteins involved
in initial adhesion and internalization at the plasma membrane, pinocytosis is further classified
into clathrin mediated, caveolae mediated, macropinocytosis, and clathrin and caveolae

independent endocytosis”.
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Figure 1.6 Classification of endocytosis.

It is of note that IONPs internalization pathway is not mutually exclusive. There are
many reports that show IONPs internalization utilize more than one pathway. For example, a
recent study reported IONPs accumulate in three different cells using clathrin mediated and
macropinocytosis pathways’®. Another study shows that internalization of silica coated IONPs in
HeLa cells were mediated by caveolin-1 and Cdc42””.

1.3.2 Clathrin Mediated Endocytosis

Clathrin mediated endocytosis has been extensively characterized. It is responsible
for uptake of essential nutrients like cholesterol by low density lipoprotein (LDL) receptor, or
iron by transferrin receptor’". Therefore, transferrin has been used as marker to probe the clathrin
mediated endocytosis pathway’’. The hallmark of clathrin-mediated endocytosis is formation of

clathrin coated pits around the membrane invagination following transmembrane receptor

24



activation™. The size of clathrin coated pits can reach up to 200 nm diameter®'. Once the
membrane vesicle is internalized into the cytosol, the clathrin coated pits will lose their clathrin
coating and fuse with various other endocytic vesicles to form early endosomes. At the same
time, early endosomes can be recycled back to the cell surface and release their contents, or fuse
with the lysosome for degradation®”. Figure 1.7 illustrated the events occurring during clathrin

mediated endocytosis.
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Figure 1.7 Cell fate of clathrin mediated endocytosis. Reproduced with permission from El-
Sayed et al. Mol Ther. 2013 Jun;21(6):1118-30. Copyright © Nature Publishing Group.

To determine if cells employ clathrin mediated endocytosis to internalize NPs,
pharmacological inhibitors, such as chlorpromazine, are widely used®. Positively charged
IONPs are most commonly internalized by clathrin mediated endocytosis, although additional

endocytic pathways have also been reported. Studies by Huth et al., 2004 reported cell-dependent
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mechanism of entry of PEI coated IONPs. In both human lung epithelial cells (BEAS-2B) and
liver cancer cell lines (HepG2), clathrin mediated endocytosis played an important role whereas
in human cervical cancer cells (Hela), both clathrin and caveolae dependent pathway were
utilized®. It is hypothesized that albumin binding to PEI facilitated the endocytosis process via
clathrin®. A recent study shows that in the presence of fetal calf serum, primary rat neurons
treated with a clathrin mediated endocytosis inhibitor displayed significantly reduced uptake of
dimercaptosuccinate (DMSA)-coated IONPs*®. In contrast, inhibitors of other endocytosis
pathways had no effect. Based on these findings, it is suggested that protein absorbed onto
IONPs surface could regulate their internalization pathway™. This effect is more dominant for

clathrin dependent endocytosis pathways due to abundance of albumin protein in blood stream.
1.3.1 Caveolae Mediated Endocytosis

Recently, El-Sayed et al., 2013 suggested classifying endocytosis based on the cell
membrane location where internalization occurs (i.e. lipid raft)®’. Lipid rafts are small patches of
cell membrane that are heterogeneous and rich in cholesterol, sphingolipid and
glycosylphosphatidylinositol (GPI) anchored proteins®®. Caveolae are inward, flask-shaped
curvatures of the plasma membrane formed when a group of caveolin proteins bind to cholesterol
in the lipid raft region of cell membrane®. The typical size of the caveolae are approximately 60-
80 nm diameter in size, however, studies have demonstrated that caveolae can accommodate up
to 100 nm NPs”’. Caveolae are particularly enriched in endothelial cells, but also present in
fibroblasts, and adipocytes’' . Following of the initial internalization of the caveolae from lipid
rafts, the fate of caveolae is dependent on the cell type in which endocytosis occurs. In non-
endothelial cells, caveolae are subjected to endosomal-lysosomal system processing, while in

endothelial cells, caveolae may bypass the lysosome and transport cargo across the endothelial
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cell layer®””?

. Bovine serum albumin (BSA) and cholera toxin B (CTB) are known markers for
caveolae mediated endocytosis’. Therefore, they can be used as probes for caveolae mediated
endocytosis. Several pharmacological inhibitors of this pathway have been described.
Cholesterol depletion agents like Methyl-B-cyclodextrin (MBCD) and other cholesterol
interacting molecules like nystatin and genestin have been widely used as inhibitors for caveolae
mediated endocytosis™.

Although negatively charged IONPs show lower uptake profile compared to
positively charged IONPs, IONPs with negative surface charge still interact with the cellular
membrane and are taken up by different cells. It has been reported that negatively charged
IONPs can interact with cationic lipid domains in the lipid raft. For this reason, the
internalization of negatively charged IONPs was often mediated by caveolae dependent
endocytosis”. These findings are important as they suggest that surface chemistry and functional
groups present on the outside of the IONPs dictate the route of internalization in the cell. Further
evidence of this are the studies by Hsu et al., 2012 demonstrating that positively charged
chitosan coated IONPs and negatively charged hyaluronan-modified chitosan coated IONPs may
activate different endocytosis pathway. In these studies, chitosan coated IONPs favored uptake
by clathrin mediated endocytosis, while the hyaluronan modified chitosan favored more caveolae
mediated endocytosis routes’.

1.3.3 Macropinocytosis

Macropinocytosis begins with ruffing of the plasma membrane and actin
polymerization’’. The ruffled membrane folds over and eventually forms a closed loop called
“macropinosomes”. The macropinosomes can be quite large (0.5-10 pm) and accommodate a

large payload. Once in the cytosol, the macropinosomes shed off actin filament on the surface
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and fuse with lysosomes for either degradation or recycling back to the cell surface depending on
the cell type®’. Macropinocytosis can be inhibited by actin polymerization inhibitor cytochalasin
D, the Na'/H" exchanger inhibitor amiloride. Figure 1.8 shows a schematic drawing of
macropinocytosis and inhibitors. There are only few cell types where macropinocytosis is absent,
such as macrophages and brain microvessel endothelial cells. Thus, in most cell types, it can

serve as a non-specific entry point into the cells”.
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Figure 1.8 Schematic overview of macropinocytosis and inhibitors. Reproduced with
permission from El-Sayed et al. Mol Ther. 2013 Jun;21(6):1118-30. Copyright © Nature
Publishing Group.

Examples of IONPs using macropinocytosis as a route of entry can be found in

several different cells. Panariti and colleagues demonstrated L-3,4-dihydroxyphenylalanine (L-
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DOPA) coated IONPs activated macropinocytosis pathways in lung epithelial cells”. In addition,
entry of oleic acid coated IONPs into HeLa cells were mediated by a macropinocytosis-like
mechanism as a reduced number of IONPs accumulated inside the cell upon treatment with
macropinocytosis inhibitors like wortmannin®. Once inside the cell, IONPs were subject for

lysosomal degradation™.
1.3.4 Clathrin and Caveolae Independent Endocytosis

This type of endocytosis consists of any endocytosis process that does not take place
through clathrin or caveolin coated regions of the plasma membrane. Based on regulator proteins
involved in this process, it is now further classified as Arf6- dependent, flotillin-dependent,
Cdc42-dependent and RhoA-dependent pathways’. Arf6 is a small GTPase protein that not only
plays an active role in clathrin mediated endocytosis, but also implicated in a distinctive
endocytic pathway involving the uptake and recycling of class I major histocompatibility
complex (MHC-I)'". This pathway requires the activation of Arf6 and the presence of actin

100

filaments . In addition to MHC-1, B1-integrin, cellular prion protein and E-cadherin can also

undergo this pathway'*'"'*

. Flotillin dependent pathway is similar to caveolae mediated
endocytosis expect the vesicles does not contain caveolin. The vesicle membranes are enriched
with flotillin-1 and flotillin-2 proteins. There is no selective chemical inhibitor for flotillin-
dependent endocytosis available®’. Cdc42 dependent pathway is sensitive to cholesterol
depletion and requires actin polymerization, which is mediated by Cdc42 activation'*. The
vesicles are different from macropinosome and free of clathrin coating and caveolae

enrichment'”. A specific inhibitor for this pathway is not available, however, a small molecule

inhibitor “Secramine A” for Cdc42 GTPase can be used'*®. RhoA dependent pathway was first
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discovered in internalization of IL-2 receptor on T cells'’”. This pathway seems to have a limited
number of substrate such as Clostridium toxins and also sensitive to cholesterol depletion'®.

Researchers are still working out the molecular details regarding endocytosis
pathways and developing specific inhibitors. Very few IONPs have been reported to undergo
clathrin and caveolae-independent endocytosis. Using genetic tools, a recent study demonstrated
that Cdc42 and caveolin-1 facilitate internalization of negatively charged silica coated,

carboxylated and PEGylated IONPs in HeLa cells’’.
1.3.5 Phagocytosis

Phagocytosis often occurs in specialized immune cells such as macrophages or
dendritic cells for the purpose of internalization of micron sized large particles like fungi,
bacteria or viruses'". There are some similarities between phagocytosis and macropinocytosis
with regards to actin cytoskeleton reorganization. Particles are internalized into uncoated vesicles
called “phagosomes”. Phagosomes fuse with early endosomes and fuse with other early
endosomes to create later endosome. Eventually, phagosome will fuse with lysosomes to digest

the particles''’

. To date, there is no inhibitor specifically for phagocytosis. However, it has been
shown that phagocytosis depends on dynamin-2 and actin polymerization. Phagocytosis may be
identified by the combined treatment of cytochalasin D and dynasore, which are inhibitors for
actin polyermerization and dynamin-2, respectively’”.

Macrophages are specialized for recognition of foreign particles. Absorption of
opsonins including complement proteins, serum proteins, and immunoglobulin allows receptor

on macrophage to bind to opsonized particles. This process is called “opsonization”. Fc receptor

or complement receptors play a direct role in opsonization’. Other receptors may also play a role
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in phagocytosis of IONPs. Scavenger receptor expressed on the surface of macrophage can

recognize both positively and negatively charged IONPs'"".
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1.4 Barriers of the Brain

German scientist Paul Ehrlich made important observations in 1885 when he
discovered that intravenous injection of trypan blue dye stained all peripheral organs except the
brain and spinal cord. Ehrlich believed that this phenomon was attributed to the fact that brain
possessed lower binding affinity for the dye. Later, Edwin E. Goldmann, an associate of Paul
Ehrlich, found that brain tissue stained with the trypan blue dye following injection of the dye
into the cerebrospinal fluid (CSF), thus confirming a cellular barrier between the blood and the

. 112
brain

. In the late nineteenth century, Bield, Kraus and Lewandowsky coined the term “blood-
brain barrier” to describe this observation. The development of electron microscopy greatly
unraveled the mystery of the BBB formed by brain endothelial cells. However, the barrier
property of brain vasculature is not uniform throughout the brain. It is found that the capillaries
around circumventricular organs near the third and fourth ventricle region of the brain are more
permeable to allow release of hormones from brain into blood'"®. Moreover, the epithelial cells
of the choroid plexus formed the blood cerebral spinal fluid (CSF) barrier. The blood-cerebral
spinal fluid barrier, together with the BBB, together have a protective role limiting toxic
molecules and drug accumulation in the brain as illustrated in Figure 1.9''.

The blood-CSF barrier consists of a single layer of epithelial cells surrounding
extensive network of capillaries in choroid plexus that are specialized structures projecting in
ventricles of the brain and are responsible for the active secretion of CSF. A drawing of choroid
plexus and blood-CSF barrier is shown in Figure 1.9. Despite the fact that blood-CSF barrier is
considered smaller than BBB, the presence of microvilli on the apical epithelial surface of the
blood-CSF barrier provides considerable surface area'"”. Tight junctions are also present between

choroidal epithelial cells, providing restrictive paracellular diffusion within the blood-CSF
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barrier''°. However, the tight junction proteins expressed on blood-CSF barrier are different than
the ones in BBB. For example, claudin 2, characterized as a monovalent cation selective channel,
expressed on blood-CSF barrier belong to pore forming category whereas claudin 5 on BBB

belong to barrier tightening category'"’

. A thin endothelium resting on basal membrane shows
fenestration allowing free movement of fluid and molecules such as solutes and proteins''®.
Choroid plexus epithelial cells transport various nutrients, including folate and vitamins, and
proteins like prolactin and leptin from blood to CSF where they can readily enter the brain across

the permeable ependyma and pia-glia'"*"'*°

. The characteristics of choroidal epithelium include
high level of pinocytotic vesicles and large number of mitochondria to maintain energy required

. . . . : 121
for ionic gradients and fluid secretion .
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Figure 1.9 Choroid plexuses and blood-CSF barrier. (A) The choroid plexuses are present
in the two lateral, third and fourth ventricles (red ribbons). (B) Each of the plexuses is
comprised of fenestrated vessels, with a single layer of intimately opposed choroid
epithelial cells, joined by tight junctions—forming the blood-CSF barrier. CPEC: choroid
plexus epithelial cells. Blood-CSF barrier: blood-cerebrospinal fluid barrier. Reproduced
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with permission from Liddelow SA. Front Neurosci. 2015 Mar 3;9:32. Copyright ©
Liddelow

1.4.1 Structure and Physiology of the BBB

The BBB consists of brain microvessel endothelial cells surrounded by pericytes,
astrocyte end feet, and neuronal terminations as shown in Figure 1.10. Astrocyte end feet spread
over the basal lamina of the brain endothelial cells and contribute to the barrier properties by
releasing various signaling molecules such as transforming growth factor-g (TGF-p), glial-
derived neurotrophic factor (GDNF), basic fibroblast growth factor (bFGF), interleukin (IL) 6,
and neurotrophins'**"'**, Astrocyte end feet also possess a high density of orthogonal arrays of
particles (OAPs) including water channel aquaporin 4 and the Kir4.1potassium channel, which
facilitates ion and water volume regulation capability. It has been found that the expression of
OAPs correlates with expression of agrin on the basal lamina membrane of endothelial cells.
Agrin regulates integrity of the BBB. Astrocytes and brain endothelial cell coculture exhibit
higher transepithelial electrical resistance (TEER) readings compared to brain endothelial cells

alone, indicating astrocytes enhance the integrity of the BBB'*!1?¢

. Pericytes lie between the
astrocyte end feet and capillary wall. The ratio of pericytes to endothelial cells is proposed to be
1:3'*". The pericytes have similar function as smooth muscle, which control vasculature tone,
and endothelial growth'*®. Pericytes regulate BBB-specific gene expression patterns in
endothelial cells, and induce polarization of astrocyte end-feet surrounding CNS blood
vessels'>’. Dysfunction of pericytes in animal model leads to loss of BBB integrity and reduction
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in regional cerebral blood flow “”. Finally, neuronal terminations are linked and supplied with

oxygen and nutrient by astrocytes. In brain capillaries, blood cells, such as polymorphonuclear
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cells, lymphocytes and monocytes adhere and roll along the vascular lumen and providing

. . o1
surveillance for brain activity'*".
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Figure 1.10 Anatomical structure of the BBB. Reproduced with permission from Abbott
NJ. J Inherit Metab Dis. 2013 May;36(3):437-49. Copyright © Springer.

Although brain capillaries are morphologically similar to other capillary beds, they
have the following distinct features: 1) low pinocytic activity; 2) absence of fenestrations; 3)
presence of tight junctions; 4) high mitochondrial content; 5) specialized transport systems'>'.
The physical barrier of the BBB is attributable to the presence of tight junctions and absence of
macropinocytosis and fenestrations, that together limit transcellular and paracellular permeability

of hydrophilic molecules'*?

. For hydrophobic molecules, brain endothelial cells are able to utilize
the ATP energy generated by high mitochondrial volume to actively transport a broad range of

substrates back to the blood stream via drug efflux transporters.
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1.4.2 Tight Junction Proteins

The tight junctions between endothelial cells limit the paracellular diffusion of
hydrophilic molecules into the brain. Generally, there is little paracellular diffusion of
hydrophilic molecules with greater than 600 Da across the tight junction'*’. The transepithelial
electrical resistance (TEER) across the BBB can reach up to 2000 Q.cm® compared to less than
50 Q.cm” in other tissues'>*. Tight junctions consist of transmembrane proteins including
occludin, claudins, and junctional adhesion molecule (JAM) as illustrated in Figure 1.11. These
proteins are located on the apical side of the plasma membrane. Occludin is one of the first tight
junction proteins discovered. It contains two identical extracellular loops of occludin, four
transmembrane domains and a conserved C terminus that connects with zonula occludens protein

(ZO) via a helical structure'>

. ZO proteins can directly bind to F-actin, and interact with
regulatory proteins such as protein kinase C (PKC), tyrosine kinase c-Yes, PI3K and gap
junction component, connexin 26. It is reported that the enhanced junctional properties of
occludin in brain endothelial cells is due in part to a high degree of phosphorylation compared to
the occludins found in the peripheral endothelium'*®"*”. Similar to occludin, claudins can form
homophilic interactions with each other. Claudins and occludin can also form heteropolymers
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that regulate diffusion of ions and hydrophilic molecules °°. The expression of claudins seems to
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contribute to high TEER reading . Transfection of MDCK cells with claudin-1 increased the

transepithelial resistance about 4- fold and reduced the paracellular flux'*°. Claudin-1, -3, -5 and

-12 were found in endothelial cells'*!

. However, the presence of claudin-1 in the blood brain
barrier seems to be variable among different species and is not definitively clarified'*®. This may

attribute to the fact that certain antibody against claudin-3 may also cross-reactive with claudin-

1. The claudin-5 mRNA level of cerebral capillaries is 600—700 times higher compared to
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claudin-1, -3 or -12 mRNAs'**"'*. The cloudin-5 knockout mice show BBB impairment and die
10 hour after birth'*. JAMs belong to the immunoglobulin superfamily. JAMs can form homo or
heterodimers between different JAM family members as well as other adhesion molecules such
as integrins that contribute to tight junction structure'*®. JAMs regulate the formation of tight
junctions during the acquisition of cell polarity'*’. JAMs are also associated with monocyte

. 14
extravasation 8.

Figure 1.11 Tight junction structures. Reproduced with permission from Tajes et al. Mol
Membr Biol. 2014 Aug;31(5):152-67. Copyright © Informa Healthcare.
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Besides tight junction proteins, adherens junction proteins are also present between

brain endothelial cells and help maintain cell-cell contact'*®

. The main components of adherens
junctions are vascular endothelium cadherin (VE-cadherin) that forms homotypic adhesive
complexes with adjacent cells in the presence of calcium'*’. Cadherin proteins are linked to the
actin cytoskeleton through 3-catenin, a-actinin, and vinculin protein. Although cadherin proteins
have generally been considered to have a minor role maintaining BBB integrity, studies have
shown VE-cadherin promotes claudin-5 expression'*’. Furthermore, p-catenin plays an essential
role in regulating tight junction permeability as a transcription factor. As part of the downstream
Whnt signaling pathway, B-catenin induces formation, maturation, and maintenance of BBB
during developmental. Another adherens junction protein is platelet endothelial cell adhesion
molecule (PECAM-1), also known as CD31. While CD31 does not appear to be important in
maintaining BBB integrity it has a role in restoration of the barrier properties following injury. A
study by Graesser et al., 2002 demonstrated CD31 knock down mice results in early onset of
experimental autoimmune encephalomyelitis with increased leukocyte migration across the
BBB".

1.4.3 Transporters

Due to restricted paracellular diffusion, many transporters are expressed on brain
endothelial cells to facilitate the entry of nutrients into the brain. For example, glucose and
amino acid can be transported into the brain via specific transporter proteins located on the
plasma membrane of the endothelial cells. Besides various solute uptake transporters, the
expression of efflux transporters plays a protective role in limiting the entry of hydrophobic

molecules into the brain. P-glycoprotein (P-gp), multidrug resistance associated proteins (MRP),
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and breast cancer resistance protein (BCRP) can greatly affect the brain distribution of many

132 Therefore, they significantly contribute to the barrier function of the BBB.

drugs

P-gp, MRP and BCRP belong to ATP-binding cassette (ABC) protein superfamily.
They are expressed in various tissues including the apical side of human brain microvessel
endothelial cells that form the BBB. They play a critical protective role in normal BBB function
effluxing potential toxic compounds/xenobiotics out of the brain through an ATP-dependent
process'>. Generally speaking, P-gp and BCRP binds to positively charged molecules whereas
MRP binds to negatively charged compounds. In disease condition, the expression and function
of these efflux transporters may be altered and in turn contribute to pathology of the disease such
as Alzheimer’s disease'>.

P-gp possesses the ability to efflux out its substrates directly from the plasma
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membrane ~°. P-gp can binds to its substrate with molecular weight up to 2000 Da. It is very

common for P-gp substrate to have two aromatic rings and a basic nitrogen atom. Recent reports
suggest that P-gp but not BCRP can actively transport p-amyloid protein out of the brain'**"*’.
There is a continuous interest to develop specific and highly potent P-gp inhibitors. Especially in
the field of cancer research, due to expression of P-gp on various cancer cells, inhibition of P-gp
activity can result in increased cellular concentration of chemotherapeutics that are P-gp
substrates. The first generation of P-gp inhibitor includes verapamil and cyclosporin A with low
specificity and profound side effect. They inhibit by competitive binding to active site of P-gp.
The second generation of P-gp inhibitor includes dexverapamil and dexniguldipine with

decreased side effect. The third generation includes tariquidar and elacridar as non-competitive,

non-substrate with increased specificity.
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MRP was first identified in 1992 with the initial cloning of MRP1 from a small cell
lung cancer cell line'*®. The MRP family now consists of 9 MRPs (MRP1 — 9). Besides brain,
MRP can also expressed on other tissues such as liver, kidney and small intestines. It has been
reported that MRP2 is expressed on apical membrane whereas MRP3 is expressed on basolateral
membrane of hepatocytes'>”. MRP1 and 4 are expressed in brain endothelial cells'®. MRP1 and
4 are expressed on apical membrane of brain endothelial cells and basolateral membrane of
epithelial cells forming the blood-cerebrospinal fluid barrier (blood-CSF barrier)'®'. The MRP
family members play multiple roles in limiting the drug accumulation in CNS.

BCRP was initially discovered in the MCF-7 breast cancer cell line after observing
that the cells are resistant to several chemotherapeutics including mitoxantrone, doxorubicin, and

- - 162
daunorubicin

. BCRP is considered as a half-transporter with 72 kDa molecular weight. BCRP
is expressed on the apical membrane of brain endothelial cells. It limits the brain accumulation of
endogenous substrates such as sulfate and glucuronide conjugates of estrone and

163,164

dehydroepiandrosterone . BCRP also interacts with many xenobiotics, many of which are

also substrates of P-gp.
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1.5 NP Delivery across the BBB

1.5.1 Receptor Mediated Transcytosis

Receptor mediated delivery of NPs to the brain has attracted much attention in recent
years due to the non-invasive nature and potential for targeted delivery to the brain. The design
of NPs to utilize specific receptor-mediated vesicular transport processes in the brain capillary
endothelial cells represents what has been termed the “Trojan Horse” approach for enhancing
transcellular permeability across the BBB. The most well characterized receptor-mediated

transport processes in the BBB are discussed below.

1.5.1.1 Low-Density Lipoprotein Receptor Mediated Delivery
The low-density lipoprotein receptor related protein 1 (LRP1/CD91/a2-
macroglobulin receptor) is a member of the LDL receptor family and it is highly expressed at

1% Upon binding to their

both luminal and ablumenal of brain microvessel endothelial cells
ligands, the receptors carry the ligand across the BBB through a receptor-mediated transcytosis
process. There are two forms of LRP1 receptor, one is membrane bound, and the other is soluble
form. This section focuses mainly on membrane bound form of LRP1. The natural ligand of
LRP1 includes beta amyloid, ApoE, lactoferrin, RAP, 0:2-macrogloblin and many others'®. It
has been reported that LRP1 mediates cellular internalization of ligands and their transport
across the BBB.

Angiopep has demonstrated high transcytosis capacity in brain capillaries and
substantial parenchymal brain accumulation due to binding and transport via LRP1'*’. The

Angiopep peptides have been advanced as potential BBB targeting vectors for drug delivery

applications to the brain, especially for delivery of chemotherapeutics for treating brain tumors.
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A potential advantage of Angiopep targeted brain delivery of therapeutic molecules is the ability
of the targeting vector to localize in tumors with increased LRP1 expression'®. Particularly
attractive, in addition to the high transcytosis of the peptide, is the capability to attach multiple
drug molecules to the peptide. With the ability to attach up to three small molecules onto the
Angiopep peptide backbone, the relatively low efficiency of the trancytosis pathway can be
countered.

Recently, the use of Angiopep targeting vectors to deliver NPs to the brain has also
been reported. Using angiopep coated nanoparticles, a significant increase in survival rate was
observed in a mouse glioma model compared to both control and temozolomide treatment
groups'®. In these studies the angiopep peptide was used to deliver DNA loaded nanoparticles to
the tumor cells, taking advantage of the relatively potent activity of the gene based therapy.
Additional studies have used angiopep peptide to deliver paclitaxel loaded nanoparticles (ANG-
PEG-NP)'”. These studies showed an enhanced tumor response to paclitaxel loaded ANG-PEG-
NP compared to paclitaxel loaded nanoparticles without the ANG vector in a mouse
glioblastoma model'”’.

The most clinically advanced angiopep delivery molecule is GRN1005, a paclitaxel—
Angiopep-2 peptide—drug conjugate that has successfully completed phase I clinical trial for the

treatment of recurrent glioma'”'

. Additional angiopep conjugations with doxorubicin have shown
good response in pre-clinical brain tumor models'’>. However, phase II clinical trial of

GRN1005 in non-small cell lung cancer patients with brain metastases was discontinued and it is
likely not to advance past phase III due to absence of significant effect. This discrepancy may be

due in part to the substantial smaller size of rodent brains used in the pre-clinical trials.

Leakiness within a rodent brain tumor may result in greater brain exposure than that observed in
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human brain tumor patients. Currently, GRN1005 is undergoing a phase II study conducting in
patients with high-grade glioma.

Besides angiopep, apoE is another ligand used for LRP1 mediated transcytosis across
the BBB. Instead of using apoE as a targeting ligand directly, polysorbate 80 (Tween-80) is often
used. It has been reported that polysorbate 80 coated NPs are capable for delivering BBB-

13 However, the same NPs do not

impermeable molecular imaging contrast agents into the brain
cross the BBB in apoE knockout mice, demonstrating polysorbate 80 can absorb apoE on NPs

surface and cross the BBB via receptor-mediated transcytosis' .

1.5.1.2 Diphtheria Toxin Receptor Mediated Delivery

Another novel ligand for transport cross the BBB is cross-reacting material 197
(CRM197), a non-toxin protein mutant of diphtheria toxin. Like diphtheria toxin, it binds to
diphtheria receptors that are expressed in the BBB and are up regulated in ischemic stroke and
glioma'’*'”>, CRM197-grafted polybutylcyanoacrylate (PBCA) nanoparticles were able to

176
% In

traverse a monolayer of human brain-microvascular endothelial cells (HBMECs) in vitro
addition, an increase in the grafting quantity of CRM197 enhanced the permeability and the
uptake efficiency of NPs by HBMECs'"®. Another study suggested that CRM197 can increase

BBB permeability via up-regulation of caveolin-1 protein, increased pinocytotic vesicles, and

redistribution of tight junction-associated proteins in brain microvessel'’’.

1.5.1.3 Considerations of Receptor Mediated Transport across the BBB

Drug delivery utilizing receptor-mediated transcytosis in the BBB certainly shows
great potential to enhance drug accumulation in the brain. However, the most limiting drawback
associated with this method is its low efficiency. For example, transferrin conjugated micelles

have been reported with 0.03% ID/g inside the brain'’®. By fusing with an insulin receptor
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antibody, there was 0.02% of ID/g of human erythropoietin taken up by brain'”’. This represents
a very small fraction of the drug reaching its intended target within the primate brain. While the

LRPI receptor has shown substantially better delivery efficiencies (approximately 10-fold better
using angiopep modified Polyamidoamine dendrimers) there was still only 0.25% ID/g delivered

to the brain'®°

. The best efficiency to date is with doxorubicin and etoposide conjugated
angiopep, with reported delivery of 0.5% and 1% ID/g in mouse brain tissue and brain tumor
tissue, respectively' . These data collectively suggest that 1% of the ID/g is the upper limit for
receptor mediated transport across the BBB. With this relatively low efficiency of delivery,
receptor mediated transport would be limited to high potency therapeutic agents, and would
substantially limit the drug delivery options.

One of the limitations in evaluating the various receptor-mediated vesicular transport
routes for delivery of drugs to the brain is a lack of standardization in terms of both the drug
being delivered and the pre-clinical model used to examine effectiveness of delivery approach.
However, studies by van Rooy and colleagues provide an initial assessment of the various
receptor-mediated delivery approaches by comparing the brain delivery efficiency of five
targeting ligands including transferrin, RI7217 (an antibody against transferrin receptor),
COG133 (an apoE-mimetic peptide targeting LRP1), angiopep-2, and CRM197'®'. Each
targeting ligand was attached to a liposome drug carrier using similar chemistry and
stoichiometry and evaluated for BBB permeability using the same in vitro and in vivo models'®'.
In vitro experiments show that only CRM197-modified liposomes were able to bind to murine
endothelial cells (bEnd.3) while both CRM197 and R17217-modified liposomes associated with

human endothelial cells (hCMEC/D3). Interestingly, only the RI7217 was able to significantly

enhance brain parenchyma uptake of liposome. However, despite a 4.3 fold increase in delivery
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to the brain with RI7217 modified liposomes there was only 0.18% of the injected dose detected

in the brain after 12 hours'®!

. In light of the positive in vitro findings, the possible explanation
for failure of CRM197 modified liposome to cross the BBB in vivo, is low expression level of
target receptor in healthy mice.

A recent review has summarized the ligand-targeted nanomedicines currently

undergoing clinical trials'®

. None of the nanoparticle formulations have progressed into phase
III clinical trials. This is due to the fact that comparison of PK and tissue distribution of ligand-
targeted versus non-targeted nanomedicine is often inconclusive and the contribution of targeting
ligands has yet to be proven to enhance delivery efficacy'**. Given the lack of translation of
Trojan horse technology to the delivery of NPs in the clinic, alternative routes should be
considered, some of which are discussed below.

1.5.2 Disruption of the BBB

It is reported that more than 98% of small molecules cannot penetrate the BBB'®.

Many attempts to modulate the permeability of BBB and to enhance drug localization in brain
have been made. Various endogenous and exogenous compounds modulate the BBB
permeability. For example, vasogenic agents histamine, and bradykinin, growth factors vascular

endothelial growth factor (VEGF), basic fibroblast growth factor bFGF and transforming growth

184-186

factor—f (TGFp), have been used to regulate BBB permeability . In addition, inflammatory

mediators including the cytokines, interleukin-1f, tumor necrosis factors-a., interferon-y and
chemokines (CCL2 and CXCLS); matrix metalloproteinases (MMP2 and MMPY); and lipid

mediators including prostaglandin E2 and lysophosphatidic acid (LPA) have been reported to

187-189

increase BBB permeability . Many endogenous compounds modulate the BBB permeability

. . .. . . . .. 190.191
are released during pathological conditions such as ischemia-reperfusion injury .
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1.5.2.1 Osmotic Disruption

From a drug delivery standpoint, the disruption of tight junctions has to be transient
and reversible in order to limit the risk of brain trauma. One of the most established methods for
transient disruption of the BBB is intracarotid infusion of a high concentration of mannitol
solution. The exposure to hypertonic solution leads to shrinkage of brain endothelial cells and
opening of the tight junctions of the BBB. This technique has been extensively studied and has
progressed into clinic practice being used in treatment of brain tumors that have poor prognosis
and limited chemotherapeutic response due to restricted BBB penetration'*>'**. Several clinical
studies demonstrated the enhanced delivery efficacy for drugs such as bevacizumab and

193195 ‘While mannitol disruption technique is

methotrexate using osmotic BBB disruption
promising to deliver drug to the brain, there is a correlation between brain toxicity and the
duration of BBB disruption. Mannitol-induced opening of BBB can last up to 4 to 6 hours
depends on the type of animal model used'””. Long recovery periods associated with the
disruption allows immune cells as well as small and large molecules to enter the CNS. Water
accompanied with cells and molecules induces a transient increase in intra-cranial pressure.

200

These adverse effects are the major concern for brain tumor treatment™ . As a result, several

other chemical disruption methods with a shorter window of opening have been proposed.

1.5.2.2 Activation of Receptors on Brain Microvasculature

Bradykinin and its analog RMP-7 (also called Cereport) bind to bradykinin receptors
on brain endothelial cells leading to increased permeability across the BBB via disruption of the
tight junctions. In contrast of osmotic disruption, the window of opening by bradykinin can only
last 20min. Intravenous injection of RMP-7 enhanced accumulation of carboplatin in rat brain

tumour tissue®®"***. Although several in vivo and uncontrolled phase II studies of RMP-7 showed
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very promising results, a randomized, double blind, placebo controlled phase II study of RMP-7
in combination with carboplatin failed to demonstrate clinical benefit for recurrent malignant

glioma®”

. The potential reason for the negative results might be the low dose of RMP-7 or
individual differences in expression of bradykinin B2 receptor in glioma patients; or
tachyphylaxis to bradykinin receptor-induced effects on BBB permeability occurring within
minutes following the continuous or multiple administrations of the compound***,

Another agent to modulate tight junction permeability for BBB disruption is
lysophosphatidic acid (LPA). Lysophosphatidic acid is capable of producing a variety of
responses in mammalian cells by binding to receptors on the surface of plasma membrane and
initiating their response through G-protein coupled receptor (GPCR) signaling pathways. There
are currently at least 6 different types of LPA receptors (LPAR1-LPAR6)***%. Within the brain,
LPARI is the most highly expressed; although LPAR2 and LPAR3 are also present™”. Recent
studies by On et al., 2013 demonstrated that intravenous injections of LPA produced dose-

dependent disruption of BBB integrity'*

. Modulation of BBB permeability with LPA was rapid
in onset (within 3 minutes) and short in duration, with complete restoration of BBB integrity
observed within 20 minutes'**. Furthermore, disruption of the BBB by LPA promote an
increased paracellular diffusion route through altered tight junction between the brain endothelial

192
cells

. There are several advantages to targeting LPA receptors for pharmacological modulation
of BBB permeability. One is the fast onset of BBB disruption observed following LPA exposure
and the relatively short time course for restoration of BBB integrity. A second advantage is the
wide range of molecules that could be delivered with this approach. Additionally, unlike RMP-7

that appears to have non-uniform disruption of BBB, LPA produced similar magnitudes of BBB

opening throughout all areas of the brain examined'*>. While there are multiple LPA receptors
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expressed within the brain microvasculature, there is the possibility that targeting selected LPA
receptors with more selective pharmacological agents would further refine the extent of BBB
modulation. Thus there is reason to be guardedly optimistic about the potential for modulation of

BBB permeability through phospholipid receptors on the brain microvasculature.

1.5.2.3 Ultrasound Disruption

Besides chemical disruption of the BBB, focused ultrasound combined with
circulating microbubbles presents a physical disruption method that has gained favor in the past
decade. This method can be achieved by IV injection of microbubbles that consist of semi-rigid
lipid or albumin shells that encapsulate a gas followed by application of a focused ultrasound
field*””. The size of microbubbles can range from 1 to 10 micron. Under an ultrasound field,
microbubbles oscillate and interact with vessel endothelium causing BBB disruption through
widening of tight junctions and activation of transcellular mechanisms>”. This technique is non-

209

invasive and showed no apparent neuronal damage™ . The BBB disruption occurred immediately

following the ultrasound. Similar to osmotic disruption, the opening window of ultrasound
disruption is about 6 hours®'**'!.

The integration of nanomedicine and ultrasound to enhance and monitor delivery of
multifunctional NPs to the brain was first published in 2010. Liu et al., 2010 combined the use of
focused ultrasound and magnetic targeting to synergistically deliver therapeutic IONPs across
the BBB*'. This technique can be extended to other types of NPs such as gold and polyer based
NPs***'*_ For example, gold nanoparticles were found in perivascular and intraparenchymal
regions in the brain following ultrasound disruption®"”. Studies demonstrated the feasibility of

using gold nanoparticle as contrast agent for photoacoustic imaging to quantitatively monitor

focused-ultrasound induced BBB opening in a rat model*'®. It was shown that MRI guided
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transcranial-focused ultrasound can be used to open the BBB to allow entry of gold nanoparticles
used for imaging of brain tumor margin®'’. Fan et al., 2013 proposed injection of IONPs and
doxorubicin containing microbubbles and followed by ultrasound disruption method. Combined
with magnetic targeting, IONPs deposition in tumor area was greatly increased”'®. While
ultrasound certainly holds promise in delivering NPs across the BBB, the efficiency of such
approach has not been determined. The efficiency of NP delivery using ultrasound disruption of
the BBB in a normal animal model is also lacking and needed to better understand and further

optimize the parameters of ultrasound for applications in CNS related pathologies.
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1.6 Statement of the Problem

The blood-brain barrier that restricts drug molecules from entering the brain remains
a major challenge to the development of drugs targeting brain disorders. Many therapeutic agents
are ineffective in treatment of brain disorders due to poor BBB permeability. Effective treatment
of brain disorders requires a focus on improving drug permeability across the BBB. Indeed, the
clinical failure of many potential effective therapeutic agents is often not due to a lack of drug
efficacy at the target site, but rather to shortcomings in the method by which the drug is
delivered.

The research objective of the current dissertation is to identify safe and effective
approaches for delivery of IONPs to the brain. It is hypothesized that transient disruption of the
BBB combined with the application of a magnetic field, a process we have termed “Magnetic
Field Enhanced Covective Diffusion (MFECD) can be used to enhance IONPs penetration in
brain. Testing of this hypothesis requires identification of suitable [IONP properties for utilizing
MFECD, as well as determination of the biocompatibility of this approach.

The main objectives are:

1) To investigate the effect of surface charge and magnetic field on toxicity and
uptake of IONPs in various brain related cell cultures.

2) To examine the use of an external magnetic field in combination with
disruption of tight junctions to enhance the permeability of IONPs across an in
vitro model of the BBB.

3) To determine pharmacokinetic properties of IONPs and capability of using

LPA to disrupt the tight junction to allow IONPs to enter the brain.
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4) To examine the effect of nanoparticle shape in regulating preferential uptake in
endothelial cells compared to epithelial cells.
This study has important implications in nanoparticle based drug delivery in the treatment
of different brain disorders. Our strategy of delivering nanoparticles into the brain has broad
applicability. MFECD approach has the potential for efficient, targeted and safe delivery to the

brain.
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Chapter 2 Characterization of cellular
uptake and toxicity of aminosilane-coated
iron oxide nanoparticles with different
charges in central nervous system-relevant

cell culture models

This chapter was published: Sun Z, Yathindranath V, Worden M, Thliveris JA, Chu S, Parkinson
FE, Hegmann T, Miller DW. Characterization of cellular uptake and toxicity of aminosilane-
coated iron oxide nanoparticles with different charges in central nervous system-relevant cell
culture models. Int J Nanomedicine 2013;8:961-70. Zhizhi Sun performed cell culture, uptake of
IONPs, quantification of IONPs, toxicity studies, and wrote the manuscript. Vinith
Yathindranath and Matthew Worden carried out the synthesis and characterization of [ONPs.
James A. Thliveris performed electron microscopy analysis. Stephanie Chu isolated primary

neuron and astrocytes from mice.

Reproduced with permission from DOVE Medical Press.

Copyright © DOVE Medical Press
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2.1 Introduction

Iron oxide nanoparticles (IONPs) have been proposed for various biomedical applications
targeting the brain, including cell labeling®'?, cancer hyperthermia,*** and drug delivery**'. Due
to their superparamagnetic properties, IONPs as potential drug carriers offer the additional
advantages of being traceable within the body, using magnetic resonance imaging (MRI), as well
as being targetable to selected tissues with application of magnetic fields. The latter property is
of particular interest to overcome obstacles, such as off-target toxicity due to accumulation of
nanoparticles in nontarget tissue and suboptimal therapeutic response due to inadequate
concentrations of nanoparticles at the target site. However, a major liability in using uncoated
IONPs is the tendency for aggregation when placed in an aqueous environment. Furthermore,
these aggregation problems observed with uncoated IONPs are accentuated in the presence of an
external magnetic field’. In addition, uncoated IONPs lack functional groups on the surface of
the nanoparticles that limit the extent to which surface modifications can be made to enhance
cellular uptake or colloidal drug stability. Thus, surface modification of IONPs is necessary to
prevent aggregation and allow the addition of specific functionalities to IONPs, including
polymer coating, ligand-targeting specific protein, and fluorescent dye.

As central nervous system (CNS) applications for IONP drug delivery and imaging
platforms are of growing interest, the potential toxicity of these nanoparticles in the CNS is a
concern. High levels of iron have been found in autopsy section from patients with
neurodegenerative disease, for example, Alzheimer’s disease, Huntington's disease, and
Parkinson’s disease’***>, leading to the suggestion that elevated iron concentrations within the
brain contribute to the development of neurodegenerative disease. However, it is not clear

whether the imbalanced iron homeostasis in the brain is the cause of the disease state or the
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consequence of the disease process™". Similar arguments can be made about the current debate
concerning beta amyloid plaques being an important component of Alzheimer’s disease or a late
stage disease marker. Such issues are inherently difficult to assess.

The use of IONPs to track and monitor grafted stem cells during stroke and traumatic
brain injury and image various inflammatory CNS pathologies in both preclinical and clinical

trials speaks to the general safety profile®*>**°

. However, the amount of IONPs actually delivered
to the brain is much reduced in comparison to applications involving CNS drug delivery.
Ultimately, toxicity will likely be dependent on both the amount of IONPs in the brain and the
composition of the [IONP. Maghemite (Fe,Os) and magnetite (Fe;O4) are the most common core
components of IONPs. Exposure to these core components could lead to the production of free
radicals via Fenton and/or Haber—Weiss reactions™. Oxidative toxicity associated with both
maghemite and magnetite species of IONPs has been reported®”*?’. It has been shown that the
generation of reactive oxygen species and increased oxidative stress contribute to IONP toxicity
in murine macrophages***. However, little is known about potential toxicity of IONPs in brain-
specific cells. Studies by Rivet and colleagues reported neuronal cell death following exposure to
polydimethylamine functionalized IONPs; however, other surface coatings of the IONPs, such as
aminosilane and dextran coating, produced minimal toxicity**’. Potential toxicity in other CNS
cells, such as astroctyes and cerebral vascular endothelial cells, have not been evaluated.
Information concerning IONP toxicity in astrocytes is of particular interest given the role of

astrocytes in propagating inflammatory signals within the brain®°

. Furthermore, the variety of
cell types found in the brain and the diversity of chemical constructs of IONPs make it difficult

to translate toxicity data obtained in one particular cell type with a specific IONP composition.
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Several surface modification methods using different silane constructs have been
explored”'***, However, little is known about the effect of surface charge on biocompatibility of
aminosilane-coated IONPs (AmS-IONPs) for brain-related drug delivery applications. To this
end, the aim of this study was to investigate and compare the cytotoxicity and uptake profile of
positive- and negative-charged AmS-IONPs in CNS- relevant cell culture models (ie, brain
endothelial cells, neurons, and astrocytes). It was hypothesized that toxicity would be a function
of cellular accumulation and the modifications that enhanced uptake, such as changes in surface
charge or the application of a magnetic field, would directly affect toxicity. To test this we
examined cellular accumulation and toxicity of AmS-IONPs with positive surface charges due to
the presence of amine functional groups and COOH-AmS-IONPs with negative surface charges

due to COOH functional groups in the presence and absence of a magnetic field.
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2.2 Material and methods

2.2.1 Materials

All reagents were purchased from Sigma—Aldrich (St. Louis, MO) and cell culture

reagents from Invitrogen Canada Inc (Burlington, ON, Canada) unless otherwise specified.
2.2.2 Nanoparticle synthesis and characterization

Iron-oxide nanoparticles were prepared under mild conditions of solvent and temperature
as previously described””. Aminosilane coating of the IONPs was performed by rapidly adding
3-aminopropyltriethoxysilane (APTES, 17 mmol) to the IONPs in a reaction vessel and stirring
continuously overnight at room temperature. The crude product was purified by dialysis
(molecular weight cut-off 30,000) against deionzed (DI) water over 48 hours and was stored in
DI water until further studies or chemical modifications. The resulting AmS-IONPs had a
magnetite core and aminosilane outer shell with free amine functional groups. The COOH-AmS-
IONPs were prepared by one additional step in which bromoacetic acid (BAA, dissolved in DI
water) was titrated dropwise into the AmS-IONPs dispersion, followed by mechanical stirring at
room temperature overnight. This resulted in the displacement of bromide groups on the a-
carbon of BAA by amine functional groups of AmS-IONPs. Excess BAA was then removed by
dialysis to yield COOH-AmS-IONPs with negatively charged surface properties. Both AmS-
IONP and COOH-AmS-IONP compositions formed colloidal dispersions in water that were
stable over at least a 2-month period. Hydrodynamic diameter and zeta potential of the IONP
dispersions were measured using a Nano-partica SZ-100 series instrument (Horiba Scientific,
Kyoto, Japan) with a diode-pumped solid-state (DPSS) 532 nm, 10 mW Class 1 laser, real
refractive index of 2.42. The medium viscosity at 20°C was 1.002 cp. The dielectric constant was

80.100. The dielectric constant is 80.100. The scattering angle in both cases was set at 90°.
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2.2.3 Cell culture

A mouse brain-derived microvessel endothelial cell line, bEnd.3 (American type tissue
culture collection, Manassas, VA), was used as a cell culture model of the blood—brain barrier
(BBB). The bEnd.3 cells (passage number 15-30) were cultured in Dulbecco's Modified Eagle
Medium (DMEM) (Hyclone, Logan, UT) supplemented with 10% heat-inactivated fetal bovine
serum (FBS; Hyclone), 50 U/mL penicillin and streptomycin (MP Biomedicals, Solon, OH) at
37°C and 5% CO,. Cells were expanded in T-75 tissue culture flasks and seeded at 2 x 107 cells
per cm” on six- or twelve-well plates for uptake and cytotoxicity studies, respectively. Culture
medium was changed every 2 days. All experiments were performed on confluent monolayers
(typically 4-5 days post seeding). Primary neurons and astrocytes were isolated from cortices of
wild-type mice (CD1 neuron and C57BL6 astrocyte) as described previously™*. Isolated neurons
were plated at 15,000 cells/cm” on six- or twelve-well plates coated with poly-D-lysine with
neurobasal media supplemented with B-27. Astrocytes were seeded at 50,000 cells/cm” on six-
or twelve-well plates in DMEM-F12 media containing 10% FBS. Neurons were used between 11

and 15 days in culture, while astrocytes were used between 7 and 15 days in culture.
2.2.4 Cellular uptake of IONP compositions

Confluent monolayers of bEnd.3 cells grown on six-well culture plates (Costar, Lowell,
MA) were treated with culture media containing either positively or negatively charged
aminosilane-coated IONP compositions (1 pg/mL—50 pg/mL of Fe). After treatment with IONPs,
cells were placed in a humidified CO; incubator maintained at 37°C. At various time points (05
hours), the IONP solutions were removed and the cell monolayers were washed 3X with ice cold
phosphate-buffered saline (PBS) to remove unbound nanoparticles. Cells were lysed by the

addition of 500 puL of 0.2 N NaOH, and IONP content was determined based on the ferrozine
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assay described below. Cellular accumulation was examined in both the presence and absence of
a static magnetic field created by placing the cells over a platform containing cylindrical rare
earth magnets (19 mm diameter, 3 mm height) (Lee Valley, Winnipeg, MB, Canada). Cells
remained in the magnetic field for the duration of the experiment. Cellular accumulation in
astrocyte and neuronal cell cultures were performed under similar conditions except that the
COOH-AmS-IONP accumulation in primary neuronal cultures was obtained by subtracting the
amount of COOH-AmS-IONP adsorbed to the poly-D-lysine-coated plates without cells. This
was necessary to account for the potential interaction of COOH-AmS-IONPs with the poly-D-

lysine coating on the plates.
2.2.5 Cell viability studies

Cells were grown in twelve-well plates (Costar, Lowell, MA) and treated with various
concentrations (0.1-224 pg/mL) of AmS-IONPs or COOH-AmS-IONPs for 24 hours at 37°C.
Cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay as previously reported””. Briefly, MTT dye (5 mg/mL in PBS) was added
to each well and incubated for 3 hours at 37°C. Cells were solubilized in dimethylsulfoxide, and
the formazan product resulting from mitochondrial metabolism in viable cells was measured by
absorbance at 567 nm using a Synergy HT plate reader (BioTek, Winooski, VT). Absorbance
readings following IONP exposure with and without magnetic field to that in cells receiving only
media (control) were compared. Cell viability was expressed as a percentage of the absorbance

levels observed in the control cells.
2.2.6 Analytical assay for measuring IONPs
Quantitative determination of IONP content in cell and media samples was performed

using the ferrozine assay. As the ferrozine assay is an absorbance-based assay for determining
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soluble iron concentrations, IONPs in the cell lysate and media samples were first solubilized by
adding 500 pL of concentrated HCI (~12 M) to 500 pL of cell lysate or media samples. This
mixture was incubated for 1 hour at room temperature with gentle shaking and then neutralized
with 500 pL of 12 M NaOH. Once the samples were neutralized, 120 pL of hydroxylamine
hydrochloride (2.8 M) in 4 M HCI was added and the samples incubated for 60 minutes at room
temperature with gentle shaking. Following this incubation, 50 pL of 10 M ammonium acetate
solution (pH 9.5) and 300 pL of 10 mM ferrozine in 0.1 M ammion acetate solution was added
to each sample. Absorbance was measured at 562 nm using a Synergy HT plate reader.
Quantitative assessment of IONP concentration was based on a standard curve prepared using
1000 ppm iron atomic absorption standard (Fisher Scientific, Ottawa, ON, Canada). Samples
from the cell lysates were normalized for protein content using the bicinchoninic acid assay kit

(Pierce, Rockford, IL).
2.2.7 Electron microscopy

The cellular localization of AmS-IONP and COOH-AmS-IONP compositions was
examined using transmission electron microscopy. For these studies, bEnd.3 cells were incubated
with I[ONPs at a 50 pg/mL concentration in media for 2 hours. After incubation cells were
washed 3X with PBS and collected using 0.25% trypsin EDTA (Hyclone). After centrifugation
the cell pellets where fixed in 3% glutaraldehyde in 0.1 M phosphate buffer (pH 7.3), followed
by postfixation in 1% osmium tetroxide in 0.1 M phosphate buffer (pH 7.3). Cells were then
dehydrated and embedded in Epon 812 using standard techniques®”. Thin sections were stained
with uranyl acetate and lead citrate, viewed, and photographed in a Philips CM 10 electron
microscope (FEI, Hillsboro, OR, USA). In order to eliminate observer bias, sections were

examined without foreknowledge of their source.
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2.2.8 Statistical analysis

All data were expressed as mean + standard error of the mean. All values were obtained
from at least three independent experiments. Statistical significance was evaluated using one-
way analysis of variance followed by post hoc comparison of the means using the Fisher's least

significant difference test.
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2.3 Results

2.3.1 Physicochemical characterization of IONPs

The properties and schematic representation of the IONPs used in the present study are
provided in Figure 2.1. The uncoated IONP form a quasi-spherical (polyhedral) nanoparticle,
which is maintained following aminosilane coating®>. The average hydrodynamic size of both
the AmS-IONP and COOH-AmS-IONP compositions were approximately 27 nm as determined
using dynamic light scattering in water (Figure 2.1). While the sizes of the IONPs were similar,
surface charge characteristics were substantially different, with the AmS-IONPs having a zeta
potential of +23.9 mV compared to the —17.0 mV observed in the COOH-AmS-IONP

compositions.

AmS-IONP COOH-AmS-IONP
Charge +23.9+1.2mV -17.0£3.9mV
Size 26.95+3.2 nm 26.8+8.9nm

Figure 2.1 Schematic of positively charged (AmS-IONPs) and negatively charged (COOH-
AmS-IONPs) nanoparticles and their physical properties. Measurements were performed
in triplicate samples using a Nano-partica SZ-100 series instrument from Horiba. Values
represent the mean + standard error of the mean (n = 3).

2.3.2 Cytotoxicity of AmS-IONPs
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The MTT assay, which measures mitochondrial metabolic activity, is a common method
used to measure toxicity mediated by nanoparticles. In these experiments the viability of bEnd.3
cells, mouse primary astrocytes, and neurons was evaluated after 24 hours incubation in the
absence and presence of a magnetic field (Figure 2.2). No significant toxicity was observed in
bEnd.3 cells at any concentration examined. Significant toxicity resulting in a 25% reduction in
cell viability was observed in astrocytes at the highest concentration (224 pg/mL) of AmS-
IONPs examined but only in the presence of a magnetic field (Figure 2.2). Neurons displayed an
even greater decrease in viability (approximately 50%) following exposure to 224 ng/mL AmS-

IONPs, and this was observed with or without the presence of a magnetic field (Figure 2.2).
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Figure 2.2 bEnd.3 cell (a), astrocyte (b), and neuron (c) viability following a 24-hour
exposure to various concentrations of AmS-IONPs. Iron content was used to normalize the
concentration of various formulated IONPs. Values represent the mean + standard error of
the mean of three samples per treatment group. * indicates 0.01 <P < 0.05 compared to
control, ** indicates P < 0.01.

2.3.3 Cytotoxicity of COOH-AmS-IONPs

While there was no toxicity observed in the endothelial cell culture model at any
concentration examined, exposure of COOH-AmS-IONPs exhibited significant toxicity at high
concentrations (ie, >100 pg/mL) for astrocytes and neurons (Figure 2.3). Significant decreases in

cell viability in astrocyte cultures were observed at concentrations of COOH-AmS-IONP of 100
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pg/mL compared with the control group (P < 0.001). Further decreases in viability were
observed at concentrations of 150 pg/mL with only 65% of astrocytes being viable after 24 hours
of exposure to COOH-AmS-IONP. The presence of a magnetic field increased cytotoxicity to the
COOH-AmMS-IONP at higher concentrations (ie, >100 pg/mL) in astrocytes (Figure 2.3). In
contrast, negatively charged COOH-AmS-IONP produced no toxicity in cultured neurons at
concentrations below 150 pg/mL. However, at concentrations above this level an approximately
25% loss of viability was observed. Statistical significant decreases in viability were observed
following application of a magnetic field at the 100 pg/mL concentration of COOH-AmS-IONPs
compared to the control group; however, there was no significant difference in viability without

a magnetic field at the same concentration.
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Figure 2.3 MTT assay of COOH-AmS-IONPs to bEnd.3 cells (a), astrocytes (b), and
neurons (c). Iron content was used to normalize the concentration of various formulated
IONPs. Values represent the mean + standard error of the mean of three samples per
treatment group. *** indicates P < 0.001 compared to control; + indicates P < 0.05
compared to the same concentration without a magnet.

2.3.4 Cellular uptake of AmS-IONPs and COOH-AmS-IONPs

The initial parameters for examining cellular accumulation of the aminosilane-coated IONPs
were determined in bEnd.3 cell monolayers. Accumulation of AmS-IONPs in bEnd.3 cells was

both time and concentration dependent, with maximal uptake observed at concentrations of 10
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ng /mL or greater and at the 5 hour time period (Figure 2.4a). As accumulation was maximal at
concentrations of 10 pg/mL or greater at all time points examined, subsequent accumulation
studies were performed at concentrations at or below 10 pg/mL. Cellular accumulation of AmS-
IONPs was also dependent on temperature, with much higher accumulation observed at 37°C
compared to 4°C (Figure 2.4b,c). Application of a magnetic field enhanced accumulation of
AmS-IONPs at all concentrations examined and at both 37°C and 4°C (Figure 2.4b,c). The
uptake difference between 37°C and 4°C upon exposure to a magnetic field was also increased at

various concentrations.
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Figure 2.4 Cellular uptake of AmS-IONPs in bEnd.3 cells. Amount of iron accumulation in
the cells normalized to protein in time- and concentration-dependent manner (a). The cells
were incubated with AmS-IONPs for 1.5 hours at 37°C (b) or 4°C (c). Values represent the
mean * standard error of the mean of three samples per treatment group.

A similar cellular accumulation profile for AmS-IONP was observed in cultured bEnd.3
and primary cultured astrocytes and neurons (Figure 2.5). Application of a magnetic field
enhanced the amount of cell-associated AmS-IONPs at all concentrations examined. The effects
of a magnetic field were most apparent in the 5 pg/mL treatment group in bEnd.3 cells (Figure
2.5a). In contrast, the effects of a magnetic field were most apparent in the 10 pg/mL treatment
group for neurons and 2.5 pg/mL treatment group for astrocytes (Figure 2.5b,c). There was a

threefold increase in cellular accumulation of AmS-IONPs in astrocytes compared to neurons.
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The rank order of accumulation with the AmS-IONPs was astrocytes > endothelial cells >

néurons.
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Figure 2.5 Cellular uptake of AmS-IONPs and COOH-AmS-IONPs in bEnd.3 cells (a),
astrocytes (b), and neurons (c) at 37°C. Values represent the mean + standard error of the
mean of three samples per treatment group.

Compared to the AmS-IONP uptake profile, cellular accumulation of COOH-AmS-
IONPs was significantly reduced at all concentrations examined. In contrast to the AmS-IONP
compositions, which displayed concentration-dependent uptake, the accumulation of COOH-
AmS-IONPs was similar at all concentrations examined. The negatively charged COOH-AmS-
IONPs showed the same low uptake profile in both neurons and astrocytes, with less than 5 ng of
iron per pg of protein accumulation in the cells. Magnetic field exposure increased uptake of
COOH-AmMS-IONPs to 15 ng of iron per pg of protein. Electron micrographs of bEnd.3 cells
further support the differences in cellular uptake of the various IONP compositions (Figure 2.6).
While bEnd.3 cells exposed to AmS-IONPs displayed many intracellular vesicles containing
nanoparticles, cells exposed to COOH-IONPs had substantially fewer intracellular organelles

containing nanoparticles (Figure 2.6).
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Figure 2.6 TEM images of bEnd.3 cells that were incubated with AmS-IONPs (left) or
COOH-AmS-IONPs (right). Electron-dense particles are visible in intracellular vesicles.
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2.4 Disscussion

This study is concerned with the biocompatibility of AmS-IONPs formulations and the
influence that surface charge has on both cellular accumulation and toxicity in cells within the
brain. While additional nanoparticle modifications will undoubtedly be required for enhancing
brain delivery and drug release, AmS- and COOH-AmS-IONPs represent the building blocks
from which a variety of functionalized IONP compositions will be created. Thus, establishing the
cellular uptake and toxicity of AmS- and COOH-AmS-IONPs represents a baseline from which
additional surface modifications can be evaluated for potential CNS drug delivery applications.
As the IONPs in the present study have the same core and aminosilane coating but are at two
different ends of the surface charge spectrum, these studies provide an excellent opportunity to
probe the influence of surface charge on cell accumulation and toxicity in brain-relevant cells.

There are several different strategies that have been examined for enhancing BBB
permeability of nanoparticles. One involves various surface modifications using specific ligands
to overcome the BBB by receptor-mediated transcytosis™***”. For example, apolipoprotein E-
modified human serum albumin nanoparticles cross the BBB via low-density lipoprotein-
mediated endocytosis®®. Another strategy involves magnetic targeting of long circulating

239

magnetic nanoparticles and disruption of the BBB”". For example, magnetic targeting and the

BBB disruption by focused ultrasound synergistically enhanced delivery of magnetic

nanoparticles into the brain*'?

. We demonstrated that the positively charged AmS-IONPs favor
an endocytosis pathway and therefore may be useful starting material for combining with ligands
to enhance the transcytosis route. In contrast, the negatively charged COOH-AmS-IONPs
showed minimal uptake by cells, so these particles, and derivatives thereof, may be good

candidates for magnetic targeting through a transiently disrupted BBB.
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The results of the present study indicate that both AmS- and COOH-AmS-IONPs were
well tolerated by neurons, astrocytes, and brain microvessel endothelial cells. Toxicity, when
present, was only observed at relatively high concentrations. This is different from other metal-
based nanoparticles, including zinc and titanium oxide nanoparticles, that have substantial
toxicity in neurons and astrocytes®****. Compared to these other metal nanoparticles, the IONP-
based compositions used in the present study appear to have good biocompatibility with
concentrations required to produce toxicity being rather large and not likely to be obtained in
vivo or in clinical applications®***.

We had hypothesized that the extent of nanoparticle accumulation in cells would have
important implications in the extent of potential toxicity produced. In the current study there was
an approximately threefold increase in the accumulation of AmS-IONPs in astrocytes and
bEnd.3 cells compared to neurons. However, of the three cell types examined, neurons showed
the greatest toxicity to the AmS-IONP compositions. Conversely, cellular accumulation of
COOH-AmS-IONPs was substantially less than that observed with AmS-IONPs in astrocytes
and yet the COOH-AmS-IONP produced greater toxicity than the AmS-IONPs. Taken together,
these observations suggest it may be the surface coating that is the primary factor in determining
the toxicity response observed.

In support of the surface coating and its influence on toxicity, it has been noted that
cationic hydrogels produce significant decreases in neuron cell viability, whereas neutral
hydrogels show no toxicity>**. This is consistent with the findings in the present study that
positively charged surface coatings affect neuronal function to a greater extent than the
negatively charged nanoparticles. While the exact mechanism explaining the toxicity observed

with high concentrations of negatively charged COOH-AmS-IONPs in astrocytes is unknown, it
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may be related to the potential responses to reactive oxygen species in astrocytes and neurons.
Studies using a hippocampal slice culture model reported astrocytes exhibited a significantly
higher sensitivity to reactive oxygen species than neurons>*’. The recent studies of Haase and
colleagues support this possibility as astrocytes were found to be more sensitive to silver oxide
nanoparticles compared to neurons due to the oxidative stress responses produced in the
astrocyteSZ%.

Previous studies using a human neuroblastoma cell line reported 60% cell viability at a
2.25 mM concentration of AmS-IONPs**’. The toxicity was correlated with the upregulation of
genes associated with cell growth arrest and apoptosis in the case of AmS-IONPs, while genes
associated with cell proliferation response were upregulated upon negatively charged IONPs due
to its reactive oxygen species generation properties>* . The present study used primary cultured
neurons and astrocytes to more accurately reflect potential toxicity within the brain. We found
that both AmS- and COOH-AmS-IONPs were well tolerated in primary neuron and astrocyte
preparations, with toxicity observed only at high concentrations. Studies to identify potential
cellular pathways influenced by IONP exposure and potential cell-specific differences are
currently ongoing.

As the brain endothelial cells that form the BBB have restricted paracellular permeability
under normal conditions, the cellular accumulation of the AmS- and COOH-AmS-IONPs has
important implications in the potential passage of IONPs across the BBB. Based on the present
study, there is a clear preference for positively charged AmS-IONPs in regards to both
attachment to the plasma membrane and vesicular internalization within brain endothelial cells.
The positively charged AmS-IONPs displayed a higher rate of endocytic activity, which was

concentration dependent. In this regard our results are in accordance with a previous report
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conducted using various mammalian cell lines™. The present studies showing increased cellular
accumulation of the positively charged AmS-IONP are consistent with the enhanced adsorptive
endocytosis observed following cationization of albumin in brain endothelial cells**®. The
negatively charged COOH-AmS-IONPs were less likely to interact with the cell membrane,
resulting in decreased uptake and a lack of concentration dependency. Such characteristics are
consistent with nonspecific, fluid-phase, endocytosis mechanisms for the COOH-AmS-IONPs.
Applying a magnetic field resulted in increased amounts of IONPs associated with the cells. This
was expected as in the presence of a magnetic field the IONPs dispersed in the media will move
toward a high-gradient magnetic field at the bottom of the culture plate, increasing the
interactions with the cells. However, even in the presence of a magnetic field the cellular uptake
of COOH-AmS-IONPs was fourfold less than AmS-IONPs in neurons and tenfold less in bEnd.3
cells and astrocytes.

Nanoparticles in contact with cells can either be adsorbed on the cellular membranes or

internalized into membrane-bounded endocytic compartments*

. Uptake studies in bEnd.3 cells
performed both at 4°C and at 37°C allowed us to distinguish between the adsorbed and
internalized AmS-IONPs. Because endocytosis processes are strongly temperature dependent
and internalization of NPs was inhibited at 4°C**°, the amount of iron detected at 4°C represents
AmS-IONPs adsorbed on the plasma membrane of the cell. Furthermore, the difference in the
AmS-IONP uptake profile at 37°C and 4°C represents internalized NPs. Similar temperature-
dependent uptake of IONPs has been reported in astrocytes™ . Of note, the presence of a
magnetic field greatly increased both intracellular and extracellular accumulation of IONPs,

suggesting a nonspecific AmS-IONP interaction with the cell that may be exploited for drug

delivery purpose. Such effects of a magnetic field on cellular accumulation of IONPs have been

70



reported in other cells and are postulated to be a result of the physical pulling of AmS-IONPs
toward cell membranes down the magnetic gradient™'. Studies to determine optimal magnetic

field strength for both AmS-IONPs and COOH-AmS-IONPs are currently ongoing.
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2.5 Conclusion

This study evaluated the toxicity and cellular accumulation of differently charged
aminosilane-coated IONPs in brain endothelial cells, neurons, and astrocytes. There was no
toxicity observed with either the positively charged AmS-IONPs or the negatively charged
COOH-AmS-IONPs in cultured brain microvessel endothelial cells. High concentrations of
positively charged AmS-IONPs displayed toxicity to neurons and the astrocytes appeared more
vulnerable to the negatively charged COOH-AmS-IONPs. The IONP toxicity did not correlate
with the magnitude of accumulation as the COOH-AmS-IONPs had the lowest accumulation in
all cell types but caused greater toxicity in astrocytes than the AmS-IONP compositions. This
suggests toxicity is dependent on surface coating more than the IONP core. AmS-IONPs
displayed the highest cell accumulation in all cell types tested. Application of a magnetic field
had a minimal impact on the cytotoxicity but significantly enhanced uptake of both IONP
formulations in all cell types examined. These studies establish the baseline parameters for
aminosilane-coated IONP uptake and biocompatibility and will help facilitate the design of more

complex IONP compositions for CNS drug delivery applications.
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culture model of the blood-brain barrier

This chapter was published: Sun Z, Worden M, Wroczynskyj Y, Yathindranath V, van Lierop J,
Hegmann T, Miller DW. Magnetic field enhanced convective diffusion of iron oxide
nanoparticles in an osmotically disrupted cell culture model of the blood-brain barrier. Int J
Nanomedicine 2014;9:3013-26. Zhizhi Sun performed cell culture, uptake of IONPs,
quantification of IONPs, permeability studies and wrote majority of the manuscript. IONP
synthesis and characterization was carried out by Matthew Worden, Yaroslav Wroczynskyj, and

Vinith Yathindranath.

Reproduced with permission from DOVE Medical Press.

Copyright © DOVE Medical Press

73



3.1 Introduction

CNS drug candidates have the lowest approval rate compared to other drug categories
during drug development process™>. A principle challenge to develop CNS drugs is obtaining
sufficient permeability across the BBB to achieve adequate therapeutic concentrations in the
brain. The brain capillary endothelial layer is morphologically distinct compared to other
vascular beds because it lacks fenestrations, has reduced pinocytic activity and contains complex
tight junctions™’. In addition to the restricted paracellular diffusion of solutes, the expression of
P-gp, MRP, BCRP, and various other drug efflux transporters in brain microvessel endothelial
cells limit the transcellular diffusion of a wide variety of solutes and drugs'*******°. While it is
generally accepted that large molecules have limited BBB permeability, smaller molecules also
face restricted BBB permeability with an estimated 95% of traditional small molecule
compounds in drug discovery libraries unable to penetrate the BBB in pharmacologically
relevant amounts™’. Therefore, the effective treatment of CNS diseases requires an
understanding of both the pharmacological target and the BBB permeability properties of a drug.

The applications of IONPs as potential drug carriers have been explored actively over the

218,258-261

last few years . To date, the application of IONPs for imaging and therapeutic

interventions of CNS disorders remains a great challenge. Under normal conditions, the

permeability of IONPs across the BBB is restricted with little to no detectable penetration of

221,262

IONPs reported with in vitro and in vivo models . Indeed, the majority of studies reporting

IONP delivery to the brain have been under conditions where the BBB is compromised, such as
in brain tumor models where the EPR effect contributes to the accumulation of IONPs to

263,264

tumors . However, as the extent of BBB disruption observed in brain tumor models is
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variable and dependent on the stage of tumor development”®, other methods of delivery to the
brain are required

An additional concern with nanoparticles is distribution in non-target tissue. Non-specific
uptake of IONPs in the body will lead to systemic distribution and potential toxicity. The
reticuloendothelial system (RES) consists of monocytes and macrophages in the liver, spleen,
and blood efficiently eliminate the majority of intravenously administered IONPs preventing
delivery to the target tissue site. One way to circumvent this problem is to modify the surface
chemistry of the IONPs as nanoparticle-cell interactions depend on the physiochemical
properties of the NPs. Recently, we have established the biocompatibility and cell accumulation
of both positively and negatively charged IONPs in a variety of different CNS relevant cell

%% While these studies showed a high degree of biocompatibility with all cell types

systems
examined, there was a substantial difference in the cellular accumulation, with the positively
charged IONPs having much greater uptake in brain microvessel endothelial cells compared to
the negatively charged IONPs of similar size*®.

The present study extends these initial observations by evaluating the impact of IONP
surface charge on permeability across an in vitro cell culture model of the BBB. Based on our
previous study, it was hypothesized that negatively charged IONPs would favor paracellular
diffusion routes while the positively charged IONPs would primarily undergo transcellular
vesicular transport. Further, it was postulated that while the paracellular route would normally be

insufficient to support IONP delivery, MFECD approach could be used to enhance BBB

penetration.
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3.2 Materials and methods

3.2.1 Materials

All chemical reagents were purchased from Sigma Aldrich (St. Louis, MO) and cell

culture reagents from Invitrogen Canada Inc. (Burlington, ON) unless otherwise specified.
3.2.2 Nanoparticle synthesis and characterization

Iron oxide nanoparticles were prepared under mild conditions at room temperature as
previously described®’. Aminosilane coating of the IONPs was performed by rapidly adding 3-
aminopropyltriethoxysilane (APTES, 17 mmol) to the IONPs in a reaction vessel and stirring
continuously overnight at room temperature. The crude product was purified by dialysis
(MWCO 30000) against deionized (DI) water over 48 hours and was stored in DI water until
further studies or chemical modifications. The resulting AmS-IONPs had a magnetite (Fe;O4)
core and aminosilane outer shell with free amine functional groups. The EDT-IONPs were
prepared by adding N-(trimethoxysilylpropyl)ethylenediaminetriacetate trisodium salt (EDT, 3
mmol, from a solution concentration of 45% in water) (Gelest, Morrisville, PA) directly to a
reaction vessel containing IONPs. The mixture was allowed to react overnight with stirring and
the final product was purified by dialysis as described for AmS-IONPs. Both NPs are filtered
through 0.2um nylon filter before experiments.

The IONP size distribution in DI water was determined initially through photon
correlation spectroscopy (PCS) at a fixed scattering angle (90°) using a Horiba Nano-Partica SZ-
100 series instrument (Horiba Instruments Inc., Irvine, CA). The same instrument allowed for the
assessment of particle surface charge (zeta potential) by the measurement of IONP
electrophoretic mobilities using phase analysis light scattering. Further characterization of IONP

hydrodynamic size distribution was performed by PCS using a Photocor Complex (Photocor
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Instruments Inc., College Park, MD) allowing for measurements over a range of scattering

angles.
3.2.3 Cell culture

A mouse brain derived microvessel endothelial cell line, bEnd.3 (American type tissue
culture collection, Manassas, VA), was used as a cell culture model of the BBB. The bEnd.3
cells (passage number 30-50) were cultured in DMEM (Hyclone, Logan, UT) supplemented with
10% heat-inactivated fetal bovine serum (Hyclone, Logan, UT), 50 Units/mL penicillin and
streptomycin (MP Biomedicals, Solon, OH) at 37°C and 5% CO,. Cells were expanded in T-75
tissue culture flasks, and then passaged and seeded at 2x10° cells per well on six well plates and
six well inserts for uptake and permeability studies, respectively. Culture medium was changed
every two days. All experiments were performed on confluent monolayers on typically day four

or five post seeding.
3.2.4 Cellular Uptake of IONP compositions

Confluent monolayers of bEnd.3 cells grown on six well culture plates (Costar, Lowell,
MA) were treated with culture media or culture media with 1.4M mannitol containing various
IONP concentrations (2.5 pg/mL — 50 pg/mL of Fe). After treatment with IONPs, the cells were
placed in a humidified CO; incubator maintained at 37°C. After five hours, the culture media
was removed and the cell monolayers were washed three times with ice cold PBS to remove the
unbound NPs. Cells were lysed with 500 uL of 0.2 M NaOH, and the IONP content was
determined from the Ferrozine assay described previously*®. Cellular accumulation was
examined in both the presence and absence of a static magnetic field. For studies involving a
magnetic field, the cells were placed over a platform containing commercial cylindrical rare-

earth magnets (Nd-Fe-B, 19 mm diameter, 3 mm height). Under these conditions, the cell
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monolayer was positioned approximately Imm above the magnets (field strength of 0.13T). Cells

with I[ONPs remained exposed to the magnetic field for the duration of the experiment.
3.2.5 Permeability studies

Permeability studies were performed on confluent monolayers of bEnd.3 cells grown on
semi-permeable polycarbonate membrane inserts (3 wm pore size; 24 mm diameter) (Corning
Incorporated, Corning, NY) and maintained with DMEM. Permeability was assessed by adding
1.5mL of 50 pg/mL of either AmS-IONPs or EDT-IONPs to the apical (luminal) compartment.
Permeability studies were performed at 37°C in a CO; incubator in the presence and absence of a
static magnetic field as described above. Under these conditions, the cell monolayer was
positioned approximately 3 mm above the magnets (magnetic field strength of 0.06T). To
determine the integrity of the cell monolayers, 70 000 molecular weight fluorescein labeled
dextran (FDX; 250 pg/mL) (Life Technologies, Burlington, ON) was also added to the apical
compartment of each monolayer at the beginning of the permeability study and its appearance in
the basolateral compartment was determined using a Biotek Synergy HT plate reader (excitation
488 nm and emission 510 nm) (BioTek Instruments Inc., Winooski, VT). At various times, the
IONP concentration in the basolateral compartment was determined by the Ferrozine assay.
Quantitative assessments of IONP permeability were determined by the fraction of Fe in the
basolateral compartment relative to the amount of Fe loaded in the apical compartment. The
apparent permeability coefficients P for FDX and IONPs were calculated using the following

equation:

AQ/At
»_ 80/
AC,

Where AQ /At is the linear appearance rate of the compounds on the receiver, A is the membrane

surface area, and C, is the initial concentration in the donor chamber.
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In separate studies, permeability of the IONP compositions was examined in bEnd.3
monolayers in DMEM containing 1.4M mannitol to disrupt the tight junctions and reduce
monolayer integrity.

3.2.6 Analytical assay for measuring IONPs

Quantitative determination of IONPs content in cell and media samples was performed
using the Ferrozine assay”®’. As the Ferrozine assay is an absorbance based assay for
determining ionic iron concentrations, [IONPs in the cell lysate and media samples were first
solubilized by adding 500 uL of concentrated HC1 (~12M) to 500 pL of cell lysate or media
samples. This mixture was incubated for one hour at room temperature with gentle shaking and
then neutralized with 500 pL of 12M NaOH. Upon neutralization, 120 pL of hydroxylamine
hydrochloride (2.8M) in 4M HCI was added and the samples were incubated for 60 minutes at
room temperature with gentle shaking. Following this incubation, 50 uL of 10M ammonium
acetate solution (pH 9.5) and 300 uL of 10mM ferrozine in 0.1M ammonium acetate solution
was added to each sample. Absorbance was measured at 562 nm using a Synergy HT plate
reader (BioTek, Winooski, VT). Quantitative assessment of IONPs concentration was based on a
standard curve prepared using 1000 ppm iron atomic absorption standard (Fisher Scientific,
Ottawa, ON). Samples from the cell lysates were normalized for protein content using BCA
protein assay kit (Pierce, Rockford, IL).

3.2.7 Statistical analysis

All data were expressed as mean + SEM. All values were obtained from at least three
independent experiments. Statistical significance was evaluated using one-way ANOVA

followed by post-hoc comparison of the means using the Fisher's least significant difference test.
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3.3 Results

3.3.1 Physico-chemical characterization of IONPs

Characterization of AmS-IONPs by Transmission electron microscopy (TEM), X-ray
powder diffraction (XRD), thermogravimetric analysis (TGA) and Fourier transform infrared
spectroscopy (FTIR) spectroscopy have been recently published*’. Specific data concerning
EDT-IONPs can be found in the supplementary information. A schematic drawing of the IONPs
used in the present study is provided in Figure 3.1. The mean hydrodynamic diameter of the
AmS-IONPs and EDT-IONPs suspended in water were 25 + 1 nm and 29 + 1 nm, respectively,
as determined by PCS at a fixed scattering angle (Figure 3.1). While the sizes of the IONPs were
similar, surface charge characteristics were substantially different, with the AmS-IONP having a
positive zeta potential of +21 £ 4 mV compared to -39 = 3 mV observed with the EDT-IONP
composition. As the AmS and EDT coated IONPs have effectively the same hydrodynamic size
in DI water, the selected coatings provided a platform for analyzing the influence of surface

charge in uptake and permeability in bEnd3 monolayers.

AmS-IONPs EDT-IONPs
Charge +21+£4 mV -39+£3mV
Size 25+ 1 nm 29 £ 1 nm

Figure 3.1 Schematic drawing of the positively charged AmS-IONPs and negatively
charged EDT-IONPs and their physical properties. Measurements were performed in
triplicate samples using a Nano-partica SZ-100 series instrument from Horiba. Values
represent the mean + SEM (n=3).
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3.3.2 Permeability studies of AmS-IONPs and EDT-IONPs

Permeability of IONPs across an intact model of the BBB were assessed using confluent
monolayers of mouse bEnd.3 cells grown on polycarbonate (PC) membrane inserts (3um pore
size) in the presence and absence of an external magnetic field. In the absence of IONPs, 2 and
5% of FDX-70000 crossed confluent bEnd.3 monolayers at 8- and 24-hour time points,
respectively (Figures 3.2A and 3.2C). The resulting permeability coefficients for FDX-70000 in
intact bEnd.3 cells monolayer (Table 1) is consistent with literature reports®®®. Treatment of the
monolayers with either AmS-IONPs or EDT-IONPs (50 ug/ml) had no effect on the magnitude
of FDX-70000 permeability, suggesting that neither of the nanoparticle preparations
compromised monolayer integrity (Figures 3.2A and 3.2C; Table 1). In the intact cell
monolayers, the permeability of AmS-IONPs was minimal with less than 1% of the AmS-IONPs
in the basolateral compartment after 24 hours (Figure 3.2B). The presence of a magnetic field did
not enhance the permeability of the AmS-IONPs in the intact bEnd.3 monolayers. A similar low
permeability profile was observed with EDT-IONPs in either the presence or absence of an

external magnetic field (Figure 3.2D).
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Figure 3.2 Permeability of FDX-70000 and IONPs in confluent bEnd.3 cells monolayers in
the presence and absence of a magnetic field. FDX-70000 flux was determined in control
monolayers and monolayers treated with AmS-IONPs (A) and EDT-IONPs (C). The
permeability of AmS-IONPs (B) and EDT-IONPs (D) was determined at 8 and 24-hours.
Quantitative determination of IONP permeability was based on the amount of Fe in
basolateral compartment divided by the amount of Fe loaded in apical compartment and
recorded as a percentage. Values represent the mean + SEM of 3 samples per treatment
group. n.s indicate not significant

Osmotic disruption of the BBB has been extensively studied and is a clinically proven
method for enhancing the brain delivery of poorly permeable compounds. As expected, treatment

of the cells with 1.4M mannitol significantly enhanced FDX-70000 permeability compared to the
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intact BBB model (Figures 3.3A and 3.3C). However, it should be noted that the apparent
permeability coefficients of FDX and both IONP formulations were higher in blank membrane
than disrupted BBB model, suggesting some cellular resistance to passage of solutes remained
even in disrupted state (Table 3.1). Under high osmotic conditions, permeability of the positively
charged AmS-IONPs was found to be less than 5% in absence of a magnetic field and no
significant change was observed with the application of a magnetic field (Figure 3.3B). This was
in contrast to the negatively charged EDT-IONPs that displayed a 30% flux after 24 hours
(Figure 3.3D) in the mannitol treatment group. In addition, the application of an external
magnetic field further enhanced the permeability of EDT-IONPs in the mannitol treated
monolayers, which significantly exceeded the flux observed with the FDX permeability marker
at the 24 hour time point (Figures 3.3C and 3.3D). These results support our conclusion that

MFECD may improve IONP based drug delivery to the brain.
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Figure 3.3 Permeability of FDX-70000 and IONPs across osmotically disrupted bEnd.3 cell
monolayers in presence and absence of a magnetic field. FDX-70000 flux was determined in
control monolayers and monolayers treated with AmS-IONPs (A) and EDT-IONPs (C).
The permeability of AmS-IONPs (B) and EDT-IONPs (D) was determined at 8 and 24
hours. Quantitative determination of IONP permeability was based on the amount of Fe in
basolateral compartment over the amount of Fe loaded in apical compartment expressed as
a percentage. Values represent the mean + SEM of 3 samples per treatment group. **
indicates p < 0.01 compared to the same treatment group but without magnetic field.

Table 3.1 Permeability coefficient obtained in blank membrane, intact and disrupted BBB
model for paracellular marker FDX 70000 MWT, AmS-IONPs, and EDT-IONP with or
without magnet. The unit is 10 cm/s. Values represent the mean = SEM of 3 samples per
treatment group. ** indicates p < 0.01 compared to FDX-70000; *** indicates p < 0.001
compared to FDX-70000; 1 indicates p < 0.001 compared to same group in absence of
magnetic field.
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Blank membrane Intact BBB Disrupted BBB

FDX 70k no magnet 11.3+0.1 0.20+0.02 1.25+0.04
FDX 70k with magnet N/A 0.18 £ 0.02 1.11 +£0.03
AmS-IONP no magnet 24+02 0.03+0.01** 0.10 £ 0.04 ***
AmS-IONP with magnet N/A 0.03+0.01** 0.11 £0.02***
EDT-IONP no magnet 11.1+£0.3 0.04 + 0.02** 1.03+£0.05
EDT-IONP with magnet N/A 0.12+0.04 1.62+ 015" 1

To examine potential factors that could be responsible for the limited AmS-IONPs
permeability in the osmotically disrupted BBB model, the permeability of the IONP formulations
were determined across blank PC membranes (Figure 3.4A). Both IONPs showed similar trends
with rapid flux to the basolateral compartment observed within 4-hours of incubation. The AmS-
IONPs reached 10% flux at 4 hours and a steady-state permeability of 19% within 24 hours
compared to less than 5% permeability in the disrupted cell culture model (Figure 3.4B). This
suggests that the bEnd3 cells, regardless of monolayer integrity, act to reduce the permeability of
the AmS-IONPs. In contrast, the EDT-IONPs reached 30% flux at 4 hours and continued to
increase to 47% flux after 24 hours across the blank PC membranes. Compared to osmotically
disrupted model of the BBB, no significant difference was found in the EDT-IONPs permeability
(Figure 3.4B) indicating the cells were not a limiting factor to EDT-IONP penetration in the

disrupted model of the BBB.
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Figure 3.4 Permeability of AmS-IONPs and EDT-IONPs across blank membrane inserts
(A) and compared with NP permeability in disrupted model of the BBB at 24 hours (B).
Values represent the mean +£ SEM of 3 samples per treatment group. * indicate p < 0.05

3.3.3 IONPs size distribution at physiological pH

To further understand the reduced permeability of the AmS-IONPs across the blank PC
membrane, particle size distributions for the AmS- and EDT-coated IONPs were determined by
PCS in water (pH 7.8 as measured before particles were dispersed) with the addition of NaOH to
simulate more closely the pH conditions used in the permeability studies. Auto-correlation
functions of the AmS- and EDT-IONP suspensions were measured at different times after
sample preparation (Figure 3.5) and showed clearly the formation of AmS-IONP aggregates over
time. EDT-IONPs did not show aggregation with time, consistent with a stable suspension. The
average aggregate diameter of AmS-IONPs was 300 nm, and was observed to vary with

scattering angle, indicating non-spherical aggregates>®’

. The fraction of the IONP population
displaying aggregation was determined from the relative contributions to the scattered light
intensity and was observed to increase during the first few hours after sample preparation, after

which it remained constant (Figure 3.6). Similar results were also found in DMEM cell culture

media. As PCS measures only particles in suspension, it is likely that the aggregates grew in size

86



until thermal fluctuations were insufficient to keep the aggregates in suspension. A collection of
several aggregates with average sizes of 300 nm could obstruct the 3 um pores of the PC

membrane leading to the observed reduced permeability of the AmS-IONPs.
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Figure 3.5 Auto-correlation functions obtained by PCS for AmS-IONPs (top) and EDT-
IONPs (bottom) in water at a scattering angle of 90 degrees. Symbols indicate time of
measurement after suspension. Correlation at larger time scales is indicative of the
presence of second, aggregated size distribution as seen only in the AmS-IONPs.
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Figure 3.6 Contributions to the scattered light intensity from AmS-coated NPs (top) and
NP aggregates population (bottom) in water with physiological pH as a function of time
from sample preparation. Scattering intensities are reported as the ratio of scattered light
from a particular population to the total scattered light intensity. An increase in the
relative population of aggregates is observed at small times (< 3 hours). The aggregates
continue to grow in size past the point of stability and fall out of suspension, no longer
contributing to the scattered light intensity

3.3.4 Cellular uptake of AmS-IONP and EDT-IONP in bEnd.3 monolayers

To investigate if the endocytic transport of IONPs was altered by hyperosmotic
conditions, the cellular accumulation of both IONPs in bEnd.3 monolayer were examined

(Figure 3.7). The uptake of AmS-IONPs was found to be concentration dependent with
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maximum of 30 ng of Fe accumulation per ug protein observed with the 50 ng/mL concentration
of AmS-IONPs. Application of a magnetic field enhanced the accumulation of AmS-IONPs in
the bEnd.3 cells by 5-fold at all concentrations tested (Figure 3.7). Similar studies performed
with the EDT-IONPs resulted in substantially lower magnitude of cellular uptake compared to
AmS-IONPs (Figure 3.7). In contrast to the AmS-IONPs, application of a magnetic field did not
enhance the cell accumulation of EDT-IONPs (Figure 3.7). Furthermore, using hyperosmotic
media had no significant impact on the cellular accumulation of either the AmS-IONP or EDT-

IONP formulation (Figure 3.7).
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Figure 3.7 Cell accumulation of AmS-IONPs in absence (A) and presence (B) of a magnetic
field as well as EDT-IONPs uptake in absence (C) and presence (D) of a magnetic field.
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Values represent the mean = SEM of 3 samples per treatment group. No significant
difference was found between the D-mannitol treated and the control group.
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3.4 Discussion

The present studies describe the potential application of MFECD as an approach for
increasing IONPs delivery to the brain. While NP-based drug delivery is a rapidly progressing
field, drug delivery applications in the CNS are severely limited due to the inability of most NPs
to cross the BBB. Indeed, few publications have demonstrated transport of the NPs across the
BBB*"?"%, It has been shown that uncoated, oleic acid-coated, and polyvinylamine-coated
IONPs were impermeable across an endothelial cell culture model of the BBB, even in presence
of a magnetic field**'. In contrast, a size dependent permeation of polyethylene glycol (PEG)
functionalized (non-magnetic) gold NPs was reported using rat brain microvessel endothelial cell
culture model*”. However, as these previous studies did not examine monolayer integrity with a
permeability marker, the permeability observed may be attributable to the intrinsic leakage of the
modeling system used.

This study utilized the magnetic properties of the IONPs to improve permeability through
a MFECD process. With this technique, a magnetic field is used to enhance the bulk flow
movement of IONPs. While there was a tendency for increased permeability of the EDT-IONP
across intact bEnd.3 monolayers in the presence of a magnetic field, such effects were not
statistically significant with the magnetic field strengths achieved in the present. This was
expected, as tight junctions between the endothelial cells would restrict the bulk flow movement
of the IONPs. However, enhancement of IONP permeability with MFECD was observed in the
bEnd.3 monolayers following osmotic disruption of the tight junctions using 1.4 M mannitol.
The extent of EDT-IONP permeability with MFECD following hyperosmotic disruption of the
tight junctions surpassed that of the FDX 70000 permeability marker which has roughly the same

size as albumin. Transient disruption of the BBB has been used to enhance chemotherapy
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delivery in both preclinical and clinical treatment of brain tumors'*>. Several disruption methods
have been developed. These include pharmacological disruption via the administration of
compounds such as cadherin peptides®’*, and phospholipids*”, infusion of hyperosmotic agents
such as mannitol*’®, and physical disruption via the application of techniques such as
ultrasound®’’. Transient opening of the BBB with either osmotic disruption®”® or focused
ultrasound (FUS)*' has been used previously to increase IONP deposition in the brain. The
development of FUS has attracted much attention as a non-invasive method for BBB disruption.
When combined with microbubbles, FUS causes localized and reversible disruption of the
BBB*”. While the current study used osmotic disruption to remove water from the cell and break
the tight junction complexes, MFECD as an approach to increase delivery of IONPs to the brain
would work with any transient disruption technique. The key factors to consider in choosing a
disruption protocol are the magnitude and duration of BBB opening since prolonged disruption
of the BBB can result in pathological conditions such as extravasation of plasma components,
edema formation, and neuroinflammation. The present studies provide the initial proof-of-
concept for MFECD as a means to increase IONP delivery to the brain.

While the present studies demonstrate the utility of MFECD when combined with
disruption of the tight junctions, it is important to note that not all IONPs formulations benefit
equally from MFECD. The IONPs used in the present study possess the same core structure and
size with surface chemistry modifications leading to different charges. As such the two IONP
formulations examined provide an excellent platform from which to examine the effect of
surface charge on MFECD of IONPs across the BBB. Our results confirmed that differently
charged IONPs do not pass across the intact endothelial cell layer; however, in osmotic disrupted

model of the BBB, the permeability of EDT-IONP increased substantially and was further
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enhanced by the presence of a magnetic field. The observed permeability with the EDT-IONP in
the absence of a magnetic field was comparable to that of the FDX permeability marker. After a
24 hour exposure to a static magnetic field, the EDT-IONP permeability (44%) was substantially
greater than that observed with FDX (30%), and essentially of similar magnitude to that
observed in blank membranes without cells. In contrast, AmS-IONPs displayed much lower
permeability (less than 5%) in the osmotic disrupted model of the BBB compared to blank
membrane permeability (19%). This suggests that even in its disrupted state, the bEnd.3 cells
remain a barrier to positively charged AmS-IONPs. The effect of MFECD was most apparent
after 24 hour with the EDT-IONPs having significantly greater permeability than the FDX
permeability marker. While this study examined the effects of MFECD following a relatively
long duration of barrier disruption, it is expected that increasing the magnetic field would allow
for MFECD under less extensive BBB disruption conditions. Indeed, studies examining the
influence of magnetic field strength are currently ongoing.

In vivo application of an external magnetic field for targeting of IONP to the brain is
certainly more difficult than the current proof-of-concept studies in vitro. Pre-clinical studies in
mice have used Nd-Fe-B magnets placed either on the outside skull or implanted intracranially to

280,281
d B

apply a local magnetic fiel . These studies show a greater accumulate of the IONPs in the

cortex near the magnet, with progressively lower accumulation in brain tissue farther from the

282,283

magnetic field. Another group implanted tumor between the poles of an electromagnet ,and

demonstrated at least a 5 fold increase in magnetic targeting efficiency compared to non-targeted
ones™®*. While this is the current state of the art, and has some limitations, it is not out of the

question to consider the use of devices for generating “on/off” magnetic fields in discrete brain

regions. Such system would provide even greater application for this technology.
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Besides magnetic targeting, physio-chemical properties of IONPs such as surface charge
are of great importance to application of MFECD. One reason for this may be the greater cellular
uptake profile of the positive charged AmS-IONP. As reported previously, the negatively
charged EDT-IONPs have a lower cellular uptake compared to positively charged AmS-IONPs
Furthermore, the differences in EDT-IONP and AmS-IONP accumulation profiles in the bEnd.3
cells were unaffected by hyperosmotic conditions, suggesting endocytotic activity was not
altered by hyperosmotic conditions. These findings, together with the increased permeability of
EDT-IONPs in hyperosmotic conditions suggest the negatively charged IONP are more likely to
favor the paracellular route and thus are more suitable for applications with MFECD.

An additional consideration for the differences in permeability of the IONP is the
influence of surface charge on colloidal stability. The stability of a colloidal suspension is
estimated by the magnitude of the surface (zeta) potential ({) with || > 20 mV corresponding to a
well dispersed suspension®®’. NP surface charge is affected strongly by the properties of the
suspension medium (e.g. pH, ionic strength, presence of plasma protein). At physiological pH
there is a slight excess of hydroxide ions in solution. The positive surface charge of the AmS-
IONPs attracts electro-statically a fraction of the excess hydroxide ions, effectively lowering the
zeta-potential by means of charge cancellation. It is possible that at physiological pH, there are
sufficient counter-ions in solution to reduce the surface charge of the AmS-IONPs below the
point of stability, leading to aggregation. This is seen clearly in the PCS results collected for
AmS- and EDT- IONPs. As demonstrated in previous studies he aggregation observed with the
AmS-IONP may be further enhanced through interactions (e.g. electrostatic and friction)

249,286-288

between NPs and the various proteins present in the cell culture media . The combination

of these effects leads ultimately to the reduced permeability of the AmS-IONPs across the blank
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PC membrane when compared with the EDT-IONPs. Aggregation of the positively charged
AmS-IONPs along with their high uptake in endothelial cell monolayers comprising the BBB
suggest that IONPs with negative surface charge benefit most greatly from MFECD. Our results
suggest that in order to maximize the effectiveness of MFECD on NP permeability, great care
must be exercised in the design of NP coating to ensure long term colloidal stability at
physiological pH.

The use of MFECD together with transient disruption of BBB permeability as a method
for enhancing IONP delivery to the brain represents a substantial departure from vesicular
transport pathways commonly examined. Multifunctional NPs have been developed by grafting
BBB targeting moieties such as Angiopep-2 targeting low density lipoprotein receptor related
protein (LRP) receptor and transferin antibodies targeting transferrin receptor to improve the

BBB penetration via receptor mediated transcytosis' >

. Besides active targeting, adsorptive
mediated transcytosis triggered by electrostatic interactions between the positively charged
moiety on the NPs and negatively charged cell membrane of nanoparticles has also been

evaluated for BBB delivery””

. Although NP delivery to the brain via receptor mediated and
adsorptive transcytosis has been reported, there are significant hurdles that remain. For example,
the physiochemical properties of the particles can be altered by the covalent attachment of
ligands resulting in reduced circulation times, which offset the potential benefits of active
targeting®'. Most importantly, the delivery efficiency via transcytosis as a percentage of the
injected dose is rather limited. Only 0.25% of an injected dose of angiopep conjugated
polyamidoamine dendrimer NPs per gram of brain tissue two hours after tail vein injection in

Balb/c mice has been reported'™. Even lower brain delivery efficiency was obtained using NPs

coated with 29-amino-acid peptide derived from the rabies virus glycoprotein 4 hours after
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intravenous injection in mice” ". In addition, several in vivo studies have reported low

. . . . . 181,203
efficiencies for brain delivery using the transcytosis route

. Examination of transcytosis in
cell culture models of the BBB show relatively low permeability with prion labeled NPs (i.e. 6%
flux) and cationic polyethyleneimine (PEI) coated NPs (i.e. 3.4% flux) following 18 hour

ermeability studies>”*. These permeability rates are consistent with the low permeabilit
p y p y p y

observed for the positively charged AmS-IONP in the present study.
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3.5 Conclusion

This proof-of-concept study is concerned with feasibility of using MFECD to enhance the
permeability of charged IONPs for potential brain targeted drug delivery. These studies show
that MFECD when paired with disruption of tight junctions can significantly enhance IONP
permeability in an in vitro model of the BBB. The effects of MFECD were most apparent with
the negatively charged EDT-IONPs consistent with enhanced bulk flow permeability of [ONP
across transiently disrupted brain microvessel endothelial cells. The MFECD of EDT-IONPs
provided higher delivery efficiency compared to either passive or active targeting of BBB
vesicular transport processes. The use of MFECD in combination with methods for transient
disruption of BBB permeability represents a potential method for enhancing drug delivery to the

brain.
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Chapter 4 Biodistribution of negatively
charged iron oxide nanoparticles (IONPS) in
mouse and enhanced brain delivery using

lysophosphatidic acid (LPA)

This chapter was submitted to Nanomedicine: Nanotechnology, Biology and Medicine and
currently under review. Zhizhi Sun performed pharmacokinetic and biodistribution studies, brain
capillary depletion, near infrared fluorescence imaging, and wrote the manuscript. IONPs
synthesis and characterization was carried out by Matthew Worden, Histopathological and
immunofluorescence analysis was carried out by Dr. Sabine Hombach-Klonisch. Electron

microscopy was conducted by Dr. James A. Thliveris
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4.1 Introduction

Iron oxide nanoparticles (IONPs) have attracted a great deal of attention as a potential
drug delivery platform to treat cancer””. The deposition of NPs into a tumor through the so-
called EPR effect relies on a leaky tumor vasculature. However, a heterogeneous tumor
vasculature and low permeability at the early stages of tumor development limits this

265295296 rrps . . . )
approach . This is especially true in case of a brain tumor due to the presence of tight
junctions between the endothelial cells and multiple efflux transporters, including P-gp, BCRP,

and MRP on the brain endothelium'®’

. To overcome these challenges, NPs have been grafted
with ligands to improve transcytosis capacity by targeting specific receptors on the BBB. For
examples, angiopep, a ligand targeting low-density lipoprotein receptor related protein 1 (LRP1),
mediate cellular internalization of NPs and transport across the BBB*”’. Besides the LRP1
receptor, transferrin, insulin, and Diphtheria toxin receptors have also been utilized as “Trojan
Horse” approaches for brain targeted drug delivery''®'",

Transient disruption of BBB presents an alternative approach for delivering NPs into the
brain. While there are several approaches for transient modulation of BBB using either
pharmacological®”, osmotic**® or ultrasound mechanisms®”’, our laboratory has recently
demonstrated that the phospholipid lysophosphatidic acid (LPA) induced rapid disruption of
tight junction complexes in brain capillary endothelial cells, resulting in increased BBB
permeability for both small and large molecules'**. Importantly from a toxicity standpoint, the
short circulation half-life of LPA provided rapid restoration of BBB integrity””. As the BBB

permeability effects of LPA are similar across all areas of the brain'®?, this agent appears to be an

ideal way to provide a proof-of-concept for the delivery of IONP to the brain.
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An additional advantage of transient disruption of the BBB as a method to increase the
delivery of IONPs to the brain is the potential for magnetic targeting of IONPs to the brain. Our
previous work introduced the concept of magnetic field enhanced convective diffusion
(MFECD) in vitro®”®. We have shown that combining disruption of the tight junctions of brain
endothelial cells coupled with an external magnetic field enhanced the permeability of negatively
charged ethylenediaminetriacetate coated IONPs (EDT-IONPs) in a cell culture model of BBB.
The purpose of the present study was to evaluate the feasibility of such an approach in an in vivo
mouse model. Using systemically administered LPA to transiently open the BBB, we report a
significant increase in the brain deposition of EDT-IONPs. The potential biocompatibility of this
approach was also examined. Using activation of microglia and astrocytes as a measure of
inflammation, neither LPA nor LPA in combination with EDT-IONPs produced any adverse
effects. Our findings suggest that the transient disruption of the BBB by LPA is a safe and

effective method for increasing IONP delivery to the brain.
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4.2 Materials and Methods

4.2.1 Nanoparticle synthesis and characterization

Iron oxide nanoparticles were prepared under mild conditions at room temperature as
previously described**%"*%® The EDT-IONPs were prepared by adding N-
(trimethoxysilylpropyl)ethylenediaminetriacetate trisodium salt (EDT, 3 mmol, from a solution
concentration of 45% in water) (Gelest, Morrisville, PA) directly to a reaction vessel containing
IONPs. The mixture was allowed to react overnight with stirring and the final product was
purified by dialysis (MWCO 30,000) against deionized (DI) water over 48 hours, and was freeze
dried and resuspended in sterile PBS immediately prior to the experiments. The resulting
nanoparticles had a magnetite (Fe;O4) core with a negatively charged surface coating. The IONP
size distribution in DI water was determined initially through photon correlation spectroscopy
(PCS) at a fixed scattering angle (90°) using a Horiba Nano-Partica SZ-100 series instrument
(Horiba Instruments Inc., Irvine, CA). The same instrument allowed for the assessment of
particle surface charge (zeta potential) by the measurement of IONP electrophoretic mobility
using phase analysis light scattering.

4.2.2 Pharmacokinetic and biodistribution studies

The study was approved by the University of Manitoba Animal Care Committee on
Animal Research, and was performed in accordance with the Canadian Council on Animal Care
guidelines. Female Balb/c mice weighing 20 + 5 g were obtained from the University of
Manitoba breeding colony and maintained in the Central Animal Care Facility. Upon arrival, the
animals were allowed to acclimatize for at least one week before the start of the experiment. The
animals had access to food and water ad /ibitum, and were kept at a facility with a 12-hour

light/dark cycle; controlled humidity (55% + 5%), and controlled temperature (21°C + 2°C).
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Mice were injected intravenously with EDT-IONPs at dose of Smg Fe/kg via the tail vein
using a mouse restrainer. Control mice were injected with normal saline. For BBB disruption,
LPA (1mg/kg) was injected along with the EDT-IONPs via tail vein. For magnetic targeting,
animals were anesthetized using ketamine/xylazine mixture (87/13 mg/kg) and a Nd—Fe—B disk-
shaped magnet (9mm diameter X 2mm thickness) was placed outside of the mouse skull on the
surface of mouse skin following injection of EDT-IONPs. At various time points (2, 5, 15, 30
min), blood and tissue samples were collected. Tissue was weighed, and stored at —80° C before
inductively coupled plasma (ICP) analysis and serum fractions were immediately separated by
centrifugation (15 min at 2000 g) and stored at —80 °C.

For ICP analysis, all dilutions were done using in-house deionized water (=18 MQ-cm)
obtained from a Millipore water purification system. The samples were weighed and digested
overnight with 2 mL of 70% nitric acid: 36% hydrochloric acid (1:1 v/v) at 70 °C. The solution
was diluted with deionized water to a final volume of 10 mL and filtered through 0.2 wm
polyethersulfone (PES) filter. The samples were analyzed for 238.204 nm and 259.940 nm using
an Elan 6100 ICP-MS (Perkin Elmer, Shelton, CT, USA) at the Manitoba Chemical Analysis
Laboratory, University of Manitoba, Department of Chemistry, Winnipeg, MB, Canada.

Plasma data were subjected to non-compartmental pharmacokinetic analysis using Excel
and pharmacokinetic parameters were calculated. The initial serum concentration (Cpg) of IONPs
was obtained directly from the concentration - time curves (log scale). The elimination rate
constant (ke) was calculated by linear regression of the initial linear part of plasma concentration
(log scale) against time. The elimination half- life (T;,) was calculated from the formula T, =
0.693/ke. Volume of distribution (Vd) and clearance (Cl) was calculated by formula Vd = dose/

Cpo and Cl1 = ke x Vd, respectively.
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4.2.3 Brain capillary depletion

To accurately measure the EDT-IONPs in brain parenchyma, capillary deletion was
performed as described by Triguero D et al., 1990°*. Brain buffer solution (10 mmol/L HEPES,
141 mmol/L NaCl, 4 mmol/L KClI, 2.8 mmol/L CaCl,, 1 mmol/L. MgSO,, and 1 mmol/L
NaH,POy4, 10 mmol/L D-glucose at a physiologic pH of 7.4) was added at a volume of 5 times
the weight of the brain tissue and the brain tissue was homogenized with a glass homogenizer for
a total of eight strokes. An equal volume of 26% dextran solution was added and the resulting
homogenate was then centrifuged at 5400 x g for 15minutes at 4°C. The supernatant fractions

were collected for ICP analysis of the iron content in brain parenchyma.
4.2.4 BBB integrity assessment using near infrared fluorescence imaging

Confirmation of LPA-induced increases in BBB permeability was examined using NIRF.
For these studies, mice received IRdye800cwPEG (0.01 umol/kg), a pegylated dye of
approximately 25 kDa used previously for assessing BBB permeability to large

192
macromolecules

. The IRdye 800cwPEG was administered either alone or in combination with
LPA (1 mg/kg) via tail vein injection. The mice were killed 15 minutes after treatment via
cardiac perfusion with PBS solution. The brain was removed and the accumulation of NIRF dyes
examined ex vivo using an Odyssey near infrared imaging system (Licor, Lincoln, NE, USA).

4.2.5 Histopathological and Immunofluorescence analysis

The expression of GFAP and Iba-1 in mice brain was examined using
immunofluorescence at day 2 and day 7 following exposure to vehicle, LPA or LPA with IONPs.
The mice were anesthetized and cardiac perfusion was done with 15mL of PBS followed by
40mL of 10% formalin. Whole brains were collected with the right hemisphere being used for
ICP quantification of IONP accumulation, and the left hemisphere being used for histopathology
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assessments. The left hemispheres were post-fixed, paraffin embedded, sagittal sectioned at 10
um thickness and stained by H&E. For analysis of GFAP and Iba-1 expression, sections were de-
paraffinated and antigen retrieved using a citrate buffer followed by 5% normal goat serum used
as a blocking buffer. Slides were incubated with rabbit anti-mouse GFAP (Abcam, Toronto, ON)
or rabbit anti-mouse Iba-1 (Wako Chemicals USA, Richmond, VA) or isotype-matched control
antibodies followed by a secondary Dylight 594 goat anti-rabbit IgG (Thermo Fisher Scientific,
Rockford, IL). The slides were washed with TBST three times for 45 min prior to DAPI
counterstain for 2 min. Slides were mounted using Fluoromount G (eBioscience, San Diego, CA)
and fluorescence microscopy imaging was performed using a ZEISS HB050 inverted microscope

system and images were processed by Image-Pro Plus 6.0 software (Media Cybernetics, USA).
4.2.6 Western blot analysis

Brain samples were homogenized at 4 °C in lysis buffer [S0 mM Tris—HCI, 150 mM
NaCl, 10 mM EDTA, 10 mM NaF, 1 mM sodium orthovanadate, 1% NP-40, 10 mM sodium
pyrophosphate decahydrate, 0.5 mM DTT, 0.2 mM PMSF and Complete Mini Protease Inhibitor
Cocktail (Roche Diagnostics, Laval, QC, Canada); pH 7.4]. The lysates were centrifuged twice at
10,000 x g for 10 min. The protein concentration of the supernatant was determined using a BCA
protein assay kit (Pierce, Rockford, IL, USA). Protein samples were denatured in a protein-
loading buffer, separated on a 15% polyacrylamide gel, and subsequently transferred to
polyvinylidene difluoride membranes (Biorad, Hercules, CA, USA). Anti-GFAP mouse mAb
(Abcam, Toronto, ON, Canada) at 1:50,000, anti-Ibal mouse mAb (Wako Chemicals USA,
Richmond, VA, USA) at 1.5ug/mL were used to blot membranes at 4 °C overnight. These
membranes were then incubated with HRP-conjugated anti-mouse or anti-rabbit secondary

antibody for 1 h at room temperature. Blots were visualized by enhanced chemoluminescence
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(Biorad, Hercules, CA, USA) according to the manufacturer’s instruction. As an internal control,
anti-B-actin (Santa Cruz, CA, USA) at 1:1000 was used to re-blot minimally stripped
membranes. The bands were scanned and their densities were quantified using the Bio-Rad
Laboratories Quantity One Software (Hercules, CA, USA). All target proteins were quantified by
normalizing to B-actin on the same membrane, and then standardized to the corresponding
control group.

4.2.7 Electron microscopy

The tissue localization of IONPs was also examined using transmission electron
microscopy (TEM). For these studies, mice were perfused with 15 mL of PBS followed by 3%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). Brain, liver, spleen, kidney, and lung tissues
were cut into 1-2 mm pieces and immersed in 3% glutaraldehyde in 0.1 M phosphate buffer for 3
hours. The tissues were then immersed over night in 0.1 M phosphate buffer containing 5%
sucrose (pH 7.4) Tissues were then post-fixed in 1% osmium tetroxide in 0.1 M phosphate buffer
(pH 7.4) for two hours. The tissues were dehydrated and embedded in Epon 812 using standard
techniques™”. Thin sections were prepared from the fixed tissue and stained with uranyl acetate
and lead citrate. The resulting sections were viewed and photographed in a Philips CM 10
electron microscope. In order to eliminate observer bias, sections were examined without

foreknowledge of their source.
4.2.8 Statistical analysis

All data were expressed as mean + SEM. All values were obtained from at least three
independent experiments. Statistical significance was evaluated using one-way ANOVA

followed by post-hoc comparison of the means using the Fisher's least significant difference test.

105



4.3 Results

4.3.1 Physico-chemical characterization of IONPs

The physicochemical parameters of EDT-IONPs are provided in Table 4.1. The EDT-
IONPs showed a narrow size distribution with a polydispersity index of 0.2. The mean
hydrodynamic diameter of the EDT-IONPs suspended in water was 29 + 1 nm as determined by
PCS at 90° scattering angle. EDT-IONPs were silanized and had free carboxylic acid functional
groups on their surfaces, resulting in a zeta potentials of approximately -39 mV. A more detailed
description of the nanoparticles’ characterization, including TEM images has been reported
298

previously

Table 4.1 Characterization of EDT-IONPs

Hydrodynamic size  Polydispersity Index Zeta Potential
EDT-IONPs 29+ 1nm 0.215 + 0.002 -39+3 mV

4.3.2 Pharmacokinetic and biodistribution of EDT-IONPs

EDT-IONPs (dose: 5 mg Fe /kg) were injected into mice via tail vein. The serum and
tissue distribution of EDT-IONPs were quantified by ICP (Figure 4.1). Mice receiving saline
served as control, and provided background iron content for the tissue and serum samples.
Volume of distribution, half-life, and clearance were calculated to be 1.4 mL, 5.9 minutes and
0.16 mL/min, respectively. The EDT-IONPs were quickly cleared from the blood compartment
within 30 minutes following i.v. injection (Figure 4.1). Tissue deposition of EDT-IONPs
indicated that the liver and spleen were the primary organs of deposition (Figure 4.1b-f). While
the accumulation of IONPs in the liver increased over the time period examined, the spleen

maintained a constant level of EDT-IONPs throughout all time points examined. At the 30
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minute time point, 80% of the injected dose of EDT-IONPs was taken up by liver, and 10% had
accumulated in the spleen. Electron microscopy confirmed the accumulation of IONPs in both
the liver and spleen (Figure 4.2). Macrophages with IONPs were found in both white and red
pulp of the spleen (Figure 4.2). IONPs were also found in Kupffer cells that are numerous in
liver (Figure 4.2). EDT-IONPs were also found to a lesser degree in the kidney, with the amount
of Fe in the kidney reaching a maximum of about 15% of the injected dose at 5 minute and
quickly diminishing to 3% at 15 minute. Minimal amounts of EDT-IONPs were found in lung
and brain parenchyma (Figure 4.1b, c). Electron microscopy confirmed that no IONPs were

found in the brain (Figure 4.2).

b Brain c Lung

80: 10: 10:
) 8
Ea 5 s
g a o 6

X 6 X
£ =L
O 40 8 ]
o € 4 € 2.
o o o
z o o
rc_'—>zo £ £ o
[=]
w -2
0
) 150 2 min 5min 15min  30min 2 min 5min 15min  30min
Time (mins)

d Spleen e Kidney f Liver

50; 50; 100 *

*
— ey

40 40 80
a g8 g
§30 §30 i\i 60
t € €
2 2 2
g c c
8 20 8 20 8 40
@ - @
w w 'S

10: 10 20

0 [ o

2 min 5min 15min 30min 2 min 5min 15min 30min 2 min 5min 15min 30min

Figure 4.1 Pharmacokinetic properties of EDT-IONPs. The presence of EDT-IONPs in
serum (a), brain parenchyma (b), lung (c), spleen (d), kidney (e), and liver (f). Values were
expressed as percentage of ID of Fe. Data are mean = SEM, n =4 mice.
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Figure 4.2 Transmission electron micrographs of the brain, spleen, and liver in mice
treated with EDT-IONPs alone. Top panel represents low magnification and bottom panel
represents high magnification images; arrows point towards IONPs. There is no IONPs
were found in lumen of the brain, endothelial cells, or brain parenchyma. IONPs were
present in macrophages in spleen and Kupffer cells in liver.

4.3.3 Effects of LPA on tissue distribution of EDT-IONPs

Previous studies have demonstrated LPA can transiently modulate BBB permeability
allowing the movement of both small and large molecular weight contrast agents from the

192

vasculature to the brain . In the present study, LPA (1mg/kg) was co-administered with EDT-

IONPs via tail vein injection in the presence and absence of an external magnetic field. To

confirm that LPA increased BBB permeability, IRdye 800CW PEG, a 25,000 MW PEGlyated
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IRdye was co-administered with or without LPA (Figure 4.3). Under control conditions, there
was little if any appreciable dye accumulation in the brain. By contrast, exposure to LPA
significantly enhanced the penetration of IRdye800, suggesting that LPA disrupted the tight
junctions and enhanced paracellular diffusion within the cerebral microvasculature.

a b

B No LPA

B LPA treated
B LPA + Magnet
%k

Fe content (% ID)
o
o

Figure 4.3 Effect of LPA on BBB permeability as well as tissue accumulation of EDT-
IONPs. Assessment of IRdye800cw PEG accumulation in the brain following intravenous
bolus injections of control 2.5% bovine serum albumin in phosphate-buffered saline (top
panel) or LPA (1 mg/kg) (bottom panel) (a). Effect of LPA and magnetic field on
biodistribution of EDT-IONPs in liver, spleen, and kidney (b). TEM images showing EDT-
IONPs in liver, spleen, kidney, and lung following LPA treatment (c). Green arrows point
toward EDT-IONPs. * indicate P < 0.05 compared to control group in spleen.

Compared to less than 1% of the injected dose of IONPs that reached the brain under
normal conditions, 3.6% of the injected EDT-IONPs were found in the brain of LPA treated
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mice (Figure 4.4a). Electron micrographs of brain tissue clearly demonstrated the presence of
IONPs within the brain parenchyma, most likely within the microglia or astrocytes (Figure 4.4b).
While transient disruption of the BBB with LPA significantly increased IONP deposition into the
brain, the presence of a static external magnetic field did not further increase the accumulation of
IONPs in the brain. There was also a marked increase in the accumulation of EDT-IONPs in the
spleen of mice treated with LPA compared to mice treated with IONPs alone (Figure 4.3). All

other tissues examined showed no differences in EDT-IONP accumulation in LPA treated mice

compared to mice receiving no LPA.

a

Fe content (% ID)

EDT-IONP alone EDT-IONP + LPA

Figure 4.4 LPA enhanced accumulation of EDT-IONPs in mice brain. The effect of LPA
and magnetic field on IONP deposition in brain (a). Data are mean +£ SEM, n = 4 mice. *
represents p < 0.05. Transmission electron micrographs of EDT-IONPs in brain (b) with or
without LPA treatment; arrows point towards IONPs. The capillary lumen (CL) in the
brain micrographs are labeled to allow identification of capillary and surrounding cells.
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4.3.4 Impact of delivery approach on microglia and astrocyte activation

To determine the impact of the increased deposition of EDT-IONPs in the brain
following transient disruption of the BBB with LPA, the biocompatibility of the nanoparticles
and inflammation was assessed at 2 and 7 days following IONP administration. Histological
examination of H&E stained brain tissue sections showed no infiltration of peripheral immune
cells, and no detectable anatomical abnormalities upon treatment with LPA alone or in
combination with IONPs (Figure 4.6 in supplementary material). In addition,
immunofluorescence imaging of GFAP and Iba-1 in brains of mice at day 2 and day 7 following
PBS, LPA, or LPA + IONPs treatment were similar in all treatment groups (Figure 4.5a,b). For
comparison, immunofluorescence of GFAP and Iba-1 in brain tissue from mice with brain tumor
xenografts showed significant increases in GFAP and Iba-1 staining (Figure 4.7 in
supplementary material). The expression levels of GFAP and Ib-1 were also quantified using
Western blot (Figure 4.5¢,d). There was no significant difference in GFAP and Iba-1 expression
between the various treatment groups at either time point. Examination of EDT-IONP deposition
in the brain showed approximately 3% of the injected dose was retained in the brain parenchyma
at 2 and 7 days post-treatment (Figure 4.8 in supplementary material). These data collectively
indicate minimal activation of astrocyte and microglia following either LPA or LPA and EDT-

IONP.
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Figure 4.5 Protein expression of Iba-1 and GFAP at day 2 and day 7 after EDT-IONPs
delivery in the brain. Representative photomicrographs showed brain hippocampus
immunofluorescent staining (red) for Iba-1 (a) and GFAP (b); bar 50 um. Representative
western blot of GFAP and Iba-1 expression (c). Densitometry analysis of GFAP and Iba-1
expression normalized to B-actin (n=3) (d).
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4.4 Discussion

We report here the use of transient disruption of the BBB as a method to enhance the
brain penetration of negatively charged EDT-IONPs. The selection of negatively charged IONPs
in the present study is based on several previous findings. Negatively charged IONPs have

improved colloidal stability compared to positively charged IONPs**®

. Negatively charged
IONPs also showed lower levels of non-specific cell association compared to the positively
charged IONPs*'. Finally, in our in vitro cell culture models of BBB, EDT-IONPs were
significantly more permeable than positively charged IONPs following osmotic disruption and
magnetic field applications®”®. Thus, the negatively charged EDT-IONPs qualified as the most
likely candidates for the in vivo proof-of-concept studies using transient opening of the BBB to
enhance the delivery of IONPs to the brain.

In the current study, the half-life of negatively charged IONPs was found to be
approximately 6 minutes. The main contributors to the clearance of EDT-IONPs were liver and
spleen. Resident macrophages in both organs provide an active RES for efficient phagocytosis of

circulating nanoparticles®”

. The TEM images from liver and spleen are consistent with the
phagocytosis of EDT-IONPs. While the negative surface charge was likely involved in the
reduced distribution to other tissues, cells of the macrophage linage recognize both positively
and negatively charged surfaces via scavenger receptors'''~% 3%,

The approach used in the current study to improve IONPs delivery to the brain involved
transient disruption of the BBB using LPA to increase passage of the IONPs through paracellular
diffusion routes. Previous studies demonstrated the ability of LPA to transiently modulate BBB

permeability throughout all regions of the brain'*>. Systemic administration of LPA in mice lead

to a 20-fold enhancement of methotrexate accumulation as well as 3-fold enhancement of a large
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molecular weight contrast enhanced imaging agent in the brain'>. While the magnitude of BBB
opening was similar to that reported with osmotic disruption, the duration of LPA-mediated
opening of the BBB (approximately 20 minutes) more closely correlated with the circulation
time for the EDT-IONPs used in the present study.

Under normal conditions, there was minimal EDT-IONP penetration into the brain
following i.v. administration. However, transient disruption of the BBB using LPA resulted in an
>3-fold enhancement in brain penetration of IONPs. This is the first demonstration of
nanoparticle delivery to the brain using LPA to transiently modulate BBB permeability. The
amount of IONPs delivered to the brain following LPA-mediated BBB modulation was
approximately 3.6% of the injected dose of EDT-IONPs. The enhanced delivery of IONP
observed in the present study was greater than that reported previously, with targeted vesicular
transport routes through the BBB. Furthermore, examination of inflammatory activation of
microglia and astroctyes following the enhanced delivery of IONPs to the brain showed no
differences compared to control animals, suggesting this method for enhancing delivery of
IONPs to the brain, and EDT-IONPs delivered were safe on the brain.

It has been reported that accumulation of macromolecules in solid tumor, including
primary and metastatic tumors are increased due to poor perfusion, poor lymphatic drainage,
heterogeneity and leakiness of the tumor vasculature*’. This phenomenon, the so called EPR
effect, has been implicated in the increased permeability reported for various types of NPs in
brain tumor models*. For example, Schleich and colleagues found 0.135% of injected IONPs in

305

tumor bearing mice by passive targeting via EPR effect™ . Application of an external magnetic

field resulted in an even greater delivery of IONPs to brain tumor (approximately 8-fold larger

305

compared to EPR effect alone)™ . However even combined with a magnetic field, these studies
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have a lower efficiency for delivery than observed in the present study, indicating that the EPR
effect is most likely not sufficient to retain high concentration of IONPs within the tumor.
Furthermore, the tumor microenvironment of disorganized tumor vasculature, elevated
interstitial fluid pressure, and necrotic and hypoxic features limit homogenous accumulation of
IONPs within the tumor and ultimately reduce therapeutic response*’>%.

Studies using osmotic disruption of the BBB have also reported increased delivery of
various nanoparticles to the brain and brain tumor regions compared to non-disrupted
controls>’**"’. The advantage of the osmotic disruption approach for the delivery of IONPs
includes an improved delivery to tumor and non-tumor areas. Once delivered, the IONPs had a
long residence time within the brain and tumor regions®”. Although osmotic disruption has been
used clinically for conventional, small molecule chemotherapeutic delivery to the brain, the
disadvantage of this approach is that the extended BBB disruption allows macrophages as well as
other small and large molecules to enter the CNS, inducing a transient increase in intra-cranial
pressure”’>".

The majority of studies examining the brain delivery of nanoparticles utilize receptor-
mediated transport processes in the brain capillary endothelial cells (a Trojan horse approach) for
enhancing transcellular permeability across the BBB. Such an approach requires the grafting of
antibodies or ligands against various receptor targets on the brain endothelium, such as the
transferrin receptor, insulin receptor, low-density lipoprotein receptor related protein 1 (LRP1)
receptor, or diphtheria toxin receptor, to enhance drug accumulation in the brain. Although
therapeutic responses have been observed with nanoparticle delivery to the brain using the

Trojan horse approach, the actual amount of nanoparticle delivery in the brain was less than 1%

of the injected dose. For example, transferrin modified paclitaxel-loaded polyphosphoester
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hybrid micelles exhibited strong anti-glioma activity with only 0.03% injected dose per gram

178

(ID/g) localized inside the brain' . Furthermore, angiopep-modified polyamidoamine dendrimer

NPs showed higher brain delivery with 0.25% ID/g compared to unmodified NPs with only

180

0.03% ID/g entering into the brain ™. The same group reported accumulation of 0.6% ID/g of

angiopep-modified micelles in the brain®"

. These data collectively suggest that brain delivery of
0.25-0.6% of the administered dose is the upper limit for vesicular transport across the BBB. In
this work, we show that LPA disruption of the BBB led to 3.6% ID of IONPs in mouse brain
after 15 minutes. This represents a 5-fold increase over the receptor-mediated transcytosis
approaches for the brain delivery of nanoparticles.

While the ligand targeted Trojan horse approach has demonstrated effectiveness in pre-
clinical studies, translating ligand-targeted nanomedicine into the clinic practice is challenging.
So far, none of the ligand-targeted nanomedicines for brain applications have made progress into

phase III clinical trials'®

. The phase II clinical trial of GRN1005, a paclitaxel-angiopep-2
peptide drug conjugate, in non-small cell lung cancer patients with brain metastases is no longer
recruiting participants, and it is likely not to advance into phase III due to the absence of
beneficial effects. Yet, GRN1005 showed significantly improved delivery to the brain and brain

168,311 .
=", These studies

metastases of breast cancer compared to free paclitaxel in animal models
suggest a disconnect between the effectiveness of the Trojan horse approach in examining brain
delivery of nanoparticles in pre-clinical animal studies and human clinical trials. The present
approach of using transient disruption of the BBB and an unprecedented enhancement in the
delivery of IONPs to the mouse brain may provide a more suitable translation to the clinic.

Apart from demonstrating enhanced delivery of IONP to the brain, we examined the

biocompatibility of the IONPs. While previous in vitro studies showed little toxicity to either
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39 the absence of

positive or negatively charged IONPs in various CNS-relevant cell types,
significant changes in either Iba-1 (microglia activation) or GFAP (astrocytosis marker) suggest

minimal inflammatory effects following delivery of IONP to the brain. For metal oxide

nanoparticles, factors that influence toxicity include nanoparticle composition®?*, surface

27,35 39,41

coating”"”” and the amount and duration of exposure™"". The positive expression of GFAP have
been used as an indicator for astrocyte activation in mice. Aluminum oxide nanoparticles can
induce astrocyte activation in the mouse hippocampus region’'>. Another study reported that
titanium oxide nanoparticles can activate rat microglia, but not rat astrocytes using a
proinflammatory cytokine release profiling method®"’. We confirmed that transient BBB
disruption by LPA is safe without microglia or astrocyte activation, indicating minimal
inflammation within the rodent brain. This may be due to the protective effect of the EDT
coating since surface coating can greatly reduce microglia activation. For example, cationic
amine-C12 dendrimers can lead to activation of both astrocyte and microglia following
intraventricular injection. When coated with polyamidoamine dendrimers, the activatin of
microglia and astrocyte were greatly reduced’'*. These “toxic” side effects are proportional to the
amount of nanoparticles accumulating in the brain. Cupaioli et al., 2014 found in many
experiments examining the toxic effect of nanoparticles to the brain, the amount of nanoparticles
exposed is unrealistic compared to expected exposure following systemic administration, making
the toxicity assessment hardly representative of real risk’"”.

In addition to enhancing IONP accumulation in the brain, LPA treatment also resulted in
increased IONP deposition in the spleen. While the mechanism is currently unknown, increased

deposition of IONPs in the spleen following LPA treatment could be due to homing of

circulating monocytes or macrophages. LPA has an important role in monocyte chemotaxis and
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migration, and T cell homing to regulate immune response, which in turn might facilitate
migration of IONPs containing immune cells’'*'". There is also evidence to suggest that LPA
up-regulates the scavenger receptor A in monocytes and macrophages’'*. We speculate that LPA
stimulate uptake of EDT-IONPs in circulating monocytes and macrophages, and migration to

spleen.
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4.5 Conclusion

Transient modulation of the BBB by LPA achieved a significantly improved uptake of
IONPs (3.6% of ID) in brain parenchyma. This amount is substantially greater than that achieved
with transcytosis delivery of NPs across the BBB. The 20 minute window of opening of tight
junctions by LPA aligned well with the short half-life of EDT-IONPs'*?. The phagocytic RES
caused rapid uptake of EDT-IONPs. Future modifications to surface modalities of the IONPs are
expected to reduce the clearance of IONP by the RES. This and our ability to extend transient
BBB disruption to 1-2 hours may increase the accumulation of EDT-IONPs in the brain®"”.
Under the conditions used in the present study, we recorded no significant toxicity with regard to
infiltration of immune cells and no activation of microglia and astrocytes. LPA also facilitated
accumulation of IONPs in the spleen, presumably through homing of immune cells to lymphoid
tissues. This study has important implications in nanoparticle based drug delivery in the
treatment of different brain disorders. Our strategy of delivering nanoparticles into the brain has
broad applicability and, when combined with improved magnetic field enhanced drug-loaded

nanoparticle technology’>’, has the potential for efficient, targeted and safe delivery to the brain.

119



4.6 Supplementary Materials
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Figure 4.6 Images of brain sagittal sections stained with hematoxylin and eosin at day 2
and day 7 following treatment of LPA or IONPs; bar 200 pm.
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Figure 4.7 Immunofluorescence of Iba-1 and GFAP after delivery of EDT-IONPs into the
brain. We did not observe an increase in Iba-1 or GFAP immunostaining in the mouse
brains exposed to LPA and EDT-IONPs. Immunofluorescence was also examined in

[ba —1
(microglia)
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similarly fixed brain slices from human glioblastoma xenografts as positive control. Blue:
DAPI stain for nucleus. Red: GFAP in astrocyte (top panel) and Iba-1 (bottom panel).
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Figure 4.8 Accumulation of EDT-IONPs in right hemisphere of mice treated with LPA and
IONPs. * indicate P < 0.05 compared to mice receiving EDT-IONPs alone (control) and
LPA treatment group which received no IONP. This confirmed the presence of EDT-
IONPs of the left hemisphere of mice when subjecting to histopathology analysis.
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Chapter S Differential Internalization of
Brick Shaped Iron Oxide Nanoparticles by

Endothelial Cells

This chapter was submitted to Journal of Biomedical Nanotechnology and currently under
revision. Zhizhi Sun performed cell culture and the uptake of nanoparticles in various cells,
quantitative determination of IONPs, prepared cells for EM and wrote majority of the
manuscript. IONPs synthesis, characterization, and simulation of magnetic field profile were
carried out by Matthew Worden, Yaroslav Wroczynskyj, Palash K. Manna. Electron microscopy

was conducted by Dr. James A. Thliveris.
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5.1 Introduction

There is a growing interest in developing iron oxide nanoparticles (IONPs) as platforms

32132 I this regard, IONPs provide several advantages: 1) The

for drug delivery applications
ability to target to areas of interest using externally applied magnetic field, thereby increasing
local therapeutic concentration and decreasing potential toxicity related to systemic circulation.
2) Monitoring capabilities for [ONPs using MRI. 3) Favorable biocompatibility profile. 4)
Flexibility of surface modification to build multifunctional complexes for advanced drug
delivery applications involving intracellular or plasma membrane targets. The interaction
between IONPs and the cell membrane is largely determined by their physiochemical properties
such as the surface coating and shape’>****. Our group has previously examined the effect of

surface charge on the cellular uptake of IONPs>"!

. We found that positively charged IONPs have
a significantly higher uptake profile compared to negatively charged ones, likely due to
electrostatic interaction between positively charged IONPs and the negatively charged plasma
membrane of the cell. As a result, negatively charged nanoparticles appeared to be better
candidates to advance in our drug delivery platform due to the potential for longer circulation
times and reduced clearance. However, the charge related effects on internalization were non-
specific as they were present in a variety of different cell types™".

Various pathological conditions such as cancer, cardiovascular disease, inflammation,
and oxidative stress would benefit from the preferential delivery of nanoparticles to the vascular

326-328

endothelium . To achieve the cell specific delivery, targeting ligands are often grafted onto

the NPs to increase the delivery efficiency. For instance, intracellular adhesion molecule

(ICAM), vascular cell adhesion molecule (VCAM), and platelet-endothelial cell adhesion

329-331

molecule (PECAM-1) have been used to target endothelial cells . However, these
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approaches are often associated with variability in outcome due to different receptor expression
levels between patients or heterogeneity of endothelial cells within the tumor itself***. Therefore,
a generalized approach that preferentially target endothelial cells without ligand receptor
interaction would be advantageous.

In addition to surface charge, nanoparticle shape may also play a role in cell interactions.
To date, there are few reports concerning non-spherical nanoparticles. Recent work with
theoretical modeling revealed the role of nanoparticle shape and membrane rigidity on cellular

uptake™

. However, only a handful of studies provide side-by-side comparison of spherical and
non-spherical nanoparticle interactions with biological environments®>*. Recent advances in
synthesis techniques have enabled creation of brick shaped IONPs>*’. We hypothesize that
changing the IONP shape will influence both the cellular uptake in endothelial cells and the
ability to augment cell uptake with application of an external magnetic field. Toward that end,
the uptake profiles of iron oxide nanospheres and nanobricks in various cell types were
examined. In addition, the mechanism of preferential uptake of the nanobrick IONPs in
endothelial cells was determined with evidence suggesting a caveolin-dependent process. By

understanding the relationship between IONP shape and cell surface domains, our work provides

insight into the development of IONPs for specifically targeting endothelial cells.
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5.2 Materials and methods

5.2.1 Materials

All chemical reagents were purchased from Sigma Aldrich (St. Louis, MO) and cell

culture reagents from Invitrogen Canada Inc. (Burlington, ON) unless otherwise specified.
5.2.2 Nanoparticle synthesis and characterization

Sphere shaped iron oxide nanoparticles were prepared under mild conditions at room
temperature as previously described””®. They were prepared by adding N-
(trimethoxysilylpropyl)ethylenediaminetriacetate trisodium salt (EDT, 3 mmol, from a solution
concentration of 45% in water) (Gelest, Morrisville, PA) directly to a reaction vessel containing
IONPs . The mixture was allowed to react overnight with stirring and the final product was
purified by dialysis (MWCO 30000) against deionized (DI) water over 48 hours and was freeze
dried and resuspended in sterile PBS prior to experiments. Brick shaped IONPs with EDT
surface coating was synthesized and prepared as recently described®*’.

Nanoparticle crystallographic properties of both the nanospheres and nanobricks were
measured with powder x-ray diffraction experiments using a Briiker diffractometer (D8 Discover
with Davinci; Karlsruhe, Germany). Both nanoparticle systems were identified as iron oxide
through Reitveld refinement incorporating the effects of the nanocrystalline nature of the
samples (e.g. Scherrer broadening effects).

The IONP size distribution in DI water was determined initially through photon
correlation spectroscopy (PCS) at a fixed scattering angle (90°) using a Horiba Nano-Partica SZ-
100 series instrument (Horiba Instruments Inc., Irvine, CA). The same instrument allowed for the
assessment of particle surface charge (zeta potential) by the measurement of IONP

electrophoretic mobilities using phase analysis light scattering. The magnetization of dry
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nanoparticle powder samples were recorded at room temperature as a function of applied
magnetic field (0 — 4 T) using a Quantum Design MPMS XL SQUID magnetometer (San Diego,
CA).

5.2.3 Cell culture

A mouse brain derived microvessel endothelial cell line, bEnd.3 (American type tissue
culture collection, Manassas, VA), was used as a cell culture model of the blood-brain barrier
(BBB). The bEnd.3 cells (passage number 15-30) were cultured in DMEM (Hyclone, Logan,
UT) supplemented with 10% heat-inactivated FBS (Hyclone, Logan, UT), 50 U/mL penicillin
and streptomycin (MP Biomedicals, Solon, OH) at 37°C and 5% CO.. Cells were expanded in T-
75 tissue culture flasks, and seeded at 2x10* cells per cm” on 6 or 12 well plates for uptake and
cytotoxicity studies, respectively. Culture medium was changed every 2 days. All experiments
were performed on confluent monolayers (typically 4-5 days post seeding).

5.2.4. Cellular Uptake of IONP compositions

Confluent monolayers of various cell types including bEnd.3 cells, primary human lung
endothelial cells, primary brain endothelial cells, Madin-Darby canine kidney (MDCK) epithelial
cells, human hepatocellular liver carcinoma (HepG2) cells grown on 6-well culture plates
(Costar, Lowell, MA) were treated with culture media containing either nanosphere or nanobrick
compositions (2.5ug/mL — 100pg/mL of Fe). After treatment with IONPs, cells were placed in a
humidified CO, incubator maintained at 37°C. After 4 hours, the IONP solutions were removed
and the cell monolayers were washed 3X with ice cold PBS to remove unbound nanoparticles.
Cells were lysed by the addition of 500 pl of 0.2 M NaOH and IONP content determined based
on the ferrozine assay described below. Cellular accumulation was examined in both the

presence and absence of a static magnetic field created by placing the cells over a platform
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containing cylindrical rare earth magnets (19mm diameter, 3mm height) (Lee Valley, Ottawa,
ON, Canada). Cells remained in the magnetic field for the duration of the experiment.

For mechanistic studies of [ONP uptake, cells were pretreated with chlorpromazine (7
ug/mL), methyl-beta-cyclodextrin (10 mM), genistein (200 uM), monensin (25 uM), or
cytochalasin D (5 ug/mL) for 30 min at 37°C. Cells were exposed to the nanobricks for 1 h at
37°C in the presence of the various endocytotic inhibitors. Cell association of nanobricks was
determined as described below.

Additional studies using known markers of caveolae mediated endocytosis, alexa fluor
488-labeled cholera toxin subunit B (CTB) and tetramethylrhodamine conjugated bovine serum
albumin (BSA) were examined for cellular uptake. For these studies, cells were exposed to CTB
(3.5 ug/mL), BSA (10 ug/mL) for 2 h either alone or following 15-min pretreatment with
various concentrations of the iron-oxide nanobricks. Cells were washed and lysed and
fluorescence determined using a Synergy HT plate reader (BioTek, Winooski, VT).

5.2.5 Analytical assay for measuring IONPs

Quantitative determination of IONP content in cell and media samples was performed
using the Ferrozine assay. As the Ferrozine assay is an absorbance-based assay for determining
soluble iron concentrations, IONPs in the cell lysate and media samples were first solubilized by
adding 500 pL of concentrated HCI (~12M) to 500 uL of cell lysate or media samples. This
mixture was incubated for 1 h at room temperature with gentle shaking and then neutralized with
500 pL of 12M NaOH. Once the samples were neutralized, 120 pL of hydroxylamine
hydrochloride (2.8 M) in 4M HCI was added and the samples incubated for 60 min at room
temperature with gentle shaking. Following this incubation, 50 pL of 10 M ammonium acetate

solution (pH 9.5) and 300 pL of 10 mM ferrozine in 0.1M ammonium acetate solution were
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added to each sample. Absorbance was measured at 562 nm using a Synergy HT plate reader
(BioTek, Winooski, VT). Quantitative assessment of IONP concentration was based on a
standard curve prepared by serial dilutions of 1000 ppm iron atomic absorption standard (Fisher
Scientific, Ottawa, ON). Samples from the cell lysates were normalized for protein content using
BCA protein assay kit (Pierce, Rockford, IL).

5.2.6 Electron Microscopy

The cellular localization of IONPs compositions was examined using transmission
electron microscopy. For these studies, cells were incubated with IONPs at 50pg/mL
concentration in media for 2 hours. After incubation, cells were washed 3X with PBS and
collected using 0.25% trypsin EDTA (Hyclone, Logan, UT). After centrifugation, the cell pellets
where fixed in 3% glutaraldehyde in 0.1M phosphate buffer (pH 7.3), followed by post-fixation
in 1% osmium tetroxide in 0.1M phosphate buffer (pH 7.3). Cells were then dehydrated and
embedded in Epon 812 using standard techniques®’. Thin sections were stained with uranyl
acetate and lead citrate, viewed and photographed in a Philips CM 10 electron microscope (FEI,
Hillsboro, OR, USA). In order to eliminate observer bias, sections were examined without

foreknowledge of their source.
5.2.7 Statistical analysis

All data were expressed as mean + SEM. All values were obtained from at least three
independent experiments. Statistical significance was evaluated using one-way ANOVA

followed by post-hoc comparison of the means using the Tukey’s test.
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5.3 Results

5.3.1 Physico-chemical characterization of IONPs

Physico-chemical parameters of the nanobrick and nanosphere compositions are provided
in Figure 5.1. Both nanobricks and nanospheres were silanized and had free carboxylic acid
functional groups on their surfaces resulting in zeta potentials of approximately -40 mV. The
TEM images confirming the different shapes of IONPs have previously been published*”***°,
The dimensions of IONP core for the nanobricks were approximately 15 nm x 10 nm x 5Snm
while the nanosphere was around 8 nm in diameter. The saturation magnetization, determined by
fitting the high field magnetization to a straight line after background subtraction (diamagnetic
signal from the sample holder), was 50 + 5 A m”* kg™ and 10 £ 2 A m® kg™ for the nanobricks
and nanospheres, respectively. The saturation magnetization is the largest magnetization that a
material can exhibit in an applied magnetic field. Samples with larger saturation magnetizations
have greater magnetic response and thus are likely more useful for targeted delivery using an

externally applied magnetic field. A more detailed description of the nanoparticle’s

characterization is provided in the Supplementary Information.
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Figure 5.1 Physicochemical properties of nanosphere and nanobricks. IONP core size were
determined by TEM and charge were measured in triplicate samples using a Nano-partica
SZ-100 series instrument from Horiba. Values represent the mean £ SEM (n=3).

5.3.2 Preferential internalization of nanobrick in endothelial cells

Quantitative uptake analysis was performed in the bEnd.3 mouse brain endothelial cell
line. (Figure 5.2a) In absence of magnetic field, there was a significantly greater uptake of
nanobrick compared to nanosphere compositions at all concentrations above 5 ug/mL. In the
presence of external magnetic field, cell association of nanobrick was substantially increased
compared to nanosphere. At the highest concentration examined (100 ug/mL), there was a 30-
fold and 10-fold increase in uptake of nanobricks compared to nanospheres with and without a
magnetic field, respectively. This surprising finding suggests that despite the negative surface
charge, brick shaped IONPs are taken up by brain endothelial cells to a greater extent than
spherical counterparts. Furthermore, the shape of IONPs affected their magnetization value and

ability to interact with cells in the presence of an external magnetic field gradient.

a b
350+ . | 150+

300

2504 [] Nanosphere
2004 H Nanobrick

= -
i 1
] *kk

125+ D MDCK HitHH
B Primary HLEC
1004 [l Primary HBEC

754

50+

ng of iron uptake per ug protein
ng of iron uptake per ug protein

HiHH#
254 =
| | H
ol=m .ln H =
Magnet — + - + — + Magnet — + — + — +
Sug/mL 25ug/mL 100ug/mL 5ug/mL 25ug/mL 100ug/mL

Figure 5.2 Cellular accumulation of nanobricks and nanospheres in bEnd.3 cells (a).
Uptake of nanobricks in MDCK, primary human lung and brain endothelial cells (b).
Experiments were performed in the presence and absence of external magnetic field.
Values are expressed as the mean + SEM for three cell monolayers per treatment group.

130



#i, ##, #### indicate p<0.01, <0.001, <0.0001 respectively compared to the same treatment
group without magnetic filed exposure. *, **, *** and **** jndicate p<0.5, <0.1, <0.001,
and <0.0001.

Uptake studies with the nanobrick was expanded to include primary human lung and
brain endothelial cells as well as Madin-Darby canine kidney (MDCK) epithelial cell line with
two fold purpose: 1) To investigate whether there was any selectivity to endothelial cells versus
epithelial cells; and 2) To examine whether enhanced uptake of the nanobricks was specific to
brain endothelial cells compared to other endothelial beds. External magnetic field significantly
enhanced cellular uptake of nanobricks in both the lung and brain microvessel endothelial cells
but not in epithelial cells (MDCK) (Figure 5.2b). While accumulation of the nanobrick IONPs in
the presence of an external magnetic field was significantly greater in the endothelial cells
compared to the epithelial cell line, there was no apparent differences between endothelial cells
from different vascular beds (Figure 5.2b). TEM of the various cell preparations confirmed that
nanospheres were loosely bound on the cell surface and not internalized by bEnd.3 cells (Figure
5.3a) or human hepatocellular liver carcinoma cell line HepG2 (Figure 5.3b). By contrast, large
amounts of nanobricks were found inside the bEnd.3 endothelial cells (Figure 5.3c) but few were
found inside HepG2 (Figure 5.3d) or MDCK epithelial cell lines (Figure 5.3¢), confirming the

finding that the nanobricks were selectively internalized in endothelial cells.
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bEnd.3 MDCK

Nanosphere

Nanobrick

Figure 5.3 Representative TEM images of nanospheres (a, b) and nanobricks (c, d, ) in
bEnd.3 (a, ¢), HepG2 (b, d), and MDCK cells (e). The arrows point to nanoparticles.

5.3.3 Internalization of nanobrick in bEnd.3 cells via caveolae mediated
endocytosis

To understand the selectivity of nanobricks to endothelial cells, we examined the
potential mechanism of internalization via endocytosis. Confluent bEnd.3 cell monolayers were
pretreated with inhibitors for clathrin mediated endocytosis (chlorpromazine), caveolae mediated
endocytosis (MPCD, genistein), macropinocytosis (cytochalasin D), and endosome maturation
(monensin) for 30 min, and uptake of nanobricks at 100 ug/mL was determined (Figure 5.4a).
There was a significant inhibition of nanobrick uptake in the MBCD and genistein treatment
groups (Figure 5.4a). These findings were confirmed in TEM studies showing diminished IONP
association in bEnd3 in the presence of genistein compared to controls receiving the nanobricks
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alone (Figure 5.4b,c). None of the other treatment groups examined significantly impacted on
nanobrick accumulation in bEnd3 cells (Figure 5.4a). This suggested that nanobrick

internalization in bEnd.3 cells was mediated via a caveolae dependent endocytosis pathway.
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Figure 5.4 Effect of various endocytosis inhibitors on cellular uptake of nanobricks in
bEnd.3 cells. The internalization of nanobricks was significantly decreased by treatment
with MBCD and Genistein, inhibitors of caveolae mediated endocytosis. This is confirmed
by representative TEM that shows substantially greater internalization of nanobricks
under control conditions (b) compared to cells treated with genistein (c). The arrows point
to nanoparticles. Values represent the mean + SEM for three cell monolayers per treatment
group; * p<0.05 compared to control.

To ascertain whether elevated caveolae mediated endocytosis in endothelial cells
contributes to the selective internalization of nanobricks observed in endothelial cells, additional
studies were performed with known markers of caveolae-mediated endocytosis. The uptake of
CTB and BSA is 6-fold and 12-fold greater in bEnd.3 cells than MDCK cells, respectively.
(Figure 5.5a) The increase in uptake of CTB and BSA in the bEnd3 was correlated with an
increase in the expression of caveolin-1 compared to epithelial MDCK cell line. Expression of
caveolin-1 in another endothelial cell line hCMEC/D3 was also elevated. (Data not shown)
Additional evidence of potential interaction of nanobricks in caveolae-mediated endocytosis is
the ability of the nanobricks to inhibit the uptake of fluorescently-labeled BSA in a concentration

dependent manner. (Figure 5.5b)
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Figure 5.5 Probing caveolae mediated endocytosis pathway in bEnd.3 and MDCK cells
using fluorescently labeled BSA and CTB (markers for caveolae-mediated uptake).
Caveolae-mediated pathway is prominent in bEnd.3 cells and significantly lower in MDCK
cells (a). Western blot analysis shows higher level of caveolin-1 expression on bEnd.3 cells
(b). The ability of nanobricks to inhibit the uptake of fluorescently labeled BSA and CTB
in bEnd.3 cells suggests a competitive binding of the nanobricks to the caveolae (c). Values
are expressed as the mean = SEM for three cell monolayers per treatment group. ***
indicate p<0.001, **** indicate p<0.0001.
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5.4 Discussion

Previous studies by our laboratory and others™>2% have demonstrated the importance of
surface charge of IONPs for cellular uptake. In the present study, negatively charged IONP of
different shape were utilized to examine the influence of shape on cellular uptake. While there
are some publications regarding the synthesis of different shaped IONPs**>**° these methods are
typically thermal decomposition based generating nanoparticles that are not directly dispersible
in water and therefore not readily amenable to cell based interactions. With regards to the
possible impact of IONP shape on cell uptake, to date the shape-dependent impact on the bio-
based applications have been limited to macrophages™’. The current studies are the first to
demonstrate a shape related effect on IONP accumulation in endothelial cells. Our results
demonstrated that brick shaped IONPs were preferentially taken up by endothelial cells
compared to sphere shaped IONP with identical surface coatings. In addition, when studies were
performed in the presence of a magnetic field, the endothelial sensitivity for nanobrick
accumulation was even more apparent, being substantially greater than epithelial cell
preparations. The selective uptake of the nanobricks by endothelial cells appears to be due to
caveolae-mediated endocytosis, which is more prevalent in endothelial cells compared to
epithelial cells examined.

As the nanobricks are slightly larger than the nanospheres (15 x 10 x Snm for nanobricks
vs 8nm diameter nanospheres), there is a possibility that differences in size may also contribute
to the increased accumulation of IONP nanobricks in the endothelial cells. Previous studies
demonstrated a size dependent effect on IONP accumulation in the Caucasian colon
adenocarcinoma cell line (Caco2)*. However, it should be noted that those IONP had a positive

surface charge and were considerably larger (30 - 100 nm core diameter) than the IONP used in
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the present study. Given the EDT surface coating used in the present study, the studies of Saito et
al., 2012 reporting no size dependent effect on the accumulation of negatively charged IONP in
cells may be more relevant. In this study, the cellular uptake of alkali-treated dextran coated
IONPs (-15mV zeta potential) with particle sizes of 28 and 74 nm, were compared to that of
carboxymethyl dextran IONPs (-24mV zeta potential) of similar size in a macrophage cell line,
RAW264. While there was a clear surface charge dependency in cell accumulation, with the
alkali-treated dextran coated IONPs having greater accumulation than the carboxymethyl dextran
coated IONPs, no significant difference was found in the cellular accumulation of the large (74
nm diameter) and small (28 nm diameter) IONPs of the same coating™®. Taken together, these
studies would suggest that for the negatively charged particles with low membrane association,
size is not the predominant factor for determining cellular accumulation.

We found that brick shaped IONPs could enhance the affinity between surface coating
and cell membrane modality. An increased contact area with the cell surface provides potentially
more sites for interaction and has been previously identified as an important contributor to
enhance nanoparticle targeting effects’®. Our finding is in line with recent publications of shape
related effect on polystyrene NPs. Barua et al., 2013 reported that rod shaped polystyrene NPs
have enhanced antibody binding specificity to three breast cancer cell lines compared to
spherical and disk shaped NPs®. Using in silico and in vivo approaches, Kohlar and colleagues
demonstrated rod shaped polystyrene NPs with antibody against intracellular adhesion molecule
(ICAM) or transferrin receptor exhibit higher internalization in brain and lung endothelial cells
than spherical counterparts under flow conditions™. Hence, it is speculated that by changing the
IONPs from sphere to brick, the negatively charged surface coating interacts with multiple

discrete sites on the cell membrane that contributes to the selective binding of the nanobricks to
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endothelial cells. This may provide advantages especially when second-generation nanobrick
compositions are created that have additional endothelial ligand targeting capabilities. We further
hypothesize that a low affinity ligand grafted on nanobrick surface would exhibit a stronger
interaction to its receptor than grafted on nanospheres. Such studies are currently ongoing.

Of the various vesicular internalization processes, caveolae mediated endocytosis is

0 Therefore, targeting to endothelial cells may be

predominantly found in endothelial cells
achieved by interacting with caveolae localized in lipid rafts within the plasma membrane. The
current study certainly points to a caveolae-mediated mechanism for the endothelial selective
uptake of the nanobrick IONP. The evidence in support of this is the increased expression of
caveolin in endothelial cells compared to the epithelial cells and the ability of inhibitors of
caveolae-mediated uptake to significantly reduce nanobrick IONP accumulation in endothelial
cells. In addition, the nanobrick IONPs were able to prevent the cellular uptake of two
macromolecules, CTB and BSA, which are known to enter into endothelial cells through
caveolae-mediated endocytosis in a concentration dependent manner consistent with competitive
inhibition of caveolae biding sites. Previous studies grafting anionic polyelectrolytes of varied
hydrophobicity to nanospheres reported endothelial cell targeting of NPs via a caveolae-
mediated endocytic process®'. These findings together suggest that non-spherical nanoparticles
with negative surface charges are likely to have the greatest affinity for caveolae-based uptake.
Caveolae are formed by a group of caveolin protein binding to cholesterol in the lipid raft
region of the cell membrane®. Although surface chemistry and functional groups can influence
IONP cell interaction, it has been reported that negatively charged IONPs can interact with

cationic lipid domains in the lipid raft”. Caveolae are enriched in endothelial cells and present in

muscle, fibroblast, and adipocytes’'. Following the pinch off of caveolae from the lipid raft, the

137



fate of caveolae is dependent on the cell type in which endocytosis occurs. In non-endothelial
cells, caveolae are subjected to endolysosomal system. In endothelial cells, caveolae may bypass
the lysosome and transport cargo through vesicular processes across the endothelial cell

8792 For this reason, the nanobrick IONPs may potentially be exploited for drug and gene

layer
delivery applications to tissues underlying endothelial cells such as the brain. These studies are
currently ongoing.

Compared to nanospheres, the nanobricks have an increased responsiveness in an applied
magnetic field gradient. Based on the modeling and simulation data, (the nanobricks have a
preferred direction of magnetization along their largest dimension (see Supplementary
Information) As such, an externally applied magnetic field will act to more preferentially align
the smaller dimensions of the nanobricks along the cell surface, decreasing the area of interaction
and thus limiting the effect of the steric repulsion between the cell surface and nanobrick coating.
The proposed behavior of the nanobricks in the externally applied magnetic field may help
explain the significant increase in uptake of the nanobricks compared to the nanosphere observed
in the presence of a magnetic gradient in the present study. In addition to the potential for tissue
targeting using external magnetic fields, the magnetic properties of the nanobricks made them
ideal candidates for magnet resonance imaging agents. Nanobricks show large and constant
transverse relaxivity (r,) for medium and high-field MRI compared to gadolinium based contrast
agents that peaks at 20 MHz and decreases quickly with high magnetic fields**.

The preferential uptake of nanobrick IONPs within vascular endothelial cells combined
with the enhanced targeting through application of external magnetic fields has several potential

therapeutic applications. The ability to target to the endothelial cells within tumor

microvasculature is a prime application for this technology platform. It is generally accepted that
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angiogenesis is crucial for tumor growth, evasion and metastasis®**. The creation of new blood
vessels to supply oxygen and nutrients to tumor cells is a necessary requirement for solid organ
tumor growth. Thus, anti-angiogenesis therapy has emerged as a viable treatment strategy to
control tumor growth. Recent studies demonstrated the potential of PEG-PLGA nanoparticles for

¥ The ability to focus an

tumor neo-vasculature and tumor cells dual-targeting drug delivery
external magnetic field within the tumor stroma will not only increase the local concentration of
IONPs but also facilitate improved internalization of nanobrick IONPs in endothelial cells. An
anticipated result of such focused targeting of the IONPs would be enhanced delivery and
potential destruction of the tumor neovasculature. While current anti-angiogenic therapies have
been limited in the clinic due to the development of resistance®**, the targeting of nanobrick

IONPs to endothelial cells using shape and magnetic fields would make resistance to these

delivery vehicles less probable.
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5.5 Conclusion

Nanoparticle shape plays an important role in the cellular internalization process.
Targeting nanoparticles to endothelial cells can be achieved by modification of shape from a
sphere to a brick. Nanobricks exhibited an improved cellar uptake profile compared to
nanospheres despite a negative surface charge. The larger overall magnetization of the
nanobricks resulted in an enhanced uptake in the presence of an external magnetic field. The
preferential uptake of nanobricks in endothelial cells was mediated via caveolae dependent
endocytosis. Our results demonstrate that shape modification offers a general approach to

achieve targeted delivery.
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Chapter 6 Conclusion

6.1 Conclusion

It has been estimated that less than 2% of the compounds in the current drug discovery
pipeline have sufficient BBB permeability to actually enter the brain in therapeutically relevant
amounts®*. For example, many anticancer drugs, including paclitaxel, are ineffective in the
treatment of brain tumors, mainly due to poor BBB permeability, and the inability to reach

311346 While the newer kinase inhibitors are more

therapeutic concentrations at the tumor site
selective in producing tumor cell toxicity, achieving adequate BBB permeability with these
agents remains a problem and further highlights the need for improved methods for delivering
therapeutics to brain tumors. Therefore, there is an urgent need to focus on ways to deliver the
drugs to the brain in addition to the never ending quest for new and effective treatments for CNS
diseases.

This thesis characterized and identified important properties that govern the cellular
uptake, permeability and toxicity of IONPs. Such information is important to advance IONPs as
a potential drug delivery platform for brain related applications. To ensure IONPs were not
causing significant toxic effects on various brain related cells, we established the
biocompatibility and cell accumulation of both positively and negatively charged IONPs in
cultured brain endothelial cells, and primary mouse neurons and astrocytes. Acute toxicity
studies showed that both IONP compositions were well tolerated at concentrations below
100pg/ml. At concentrations above 100pug/ml, neurons appeared to be more sensitive to the
positively charged IONPs, while astrocytes were more sensitive to the negatively charged

IONPs. Brain endothelial cells showed no signs of toxicity with either of IONPs at any
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concentrations examined (0.1 — 225 ug/mL). An important observation from these studies was
that positively charged IONPs have a greater uptake profile than negatively charged IONPs in all
cell types tested. Application of a magnetic field enhanced the cellular uptake of both IONP
compositions.

This finding, which positive surface charges lead to increased cellular uptake, became a
key part of the current delivery approach involving MECD of IONPs across a transiently opened
BBB. Transient opening of the BBB in conjunction with MFECD is a unique approach that is
scientifically different from the most applications that are trying to boost transcellular transport
of the nanoparticles. We believe that the disruption of the BBB will help to overcome the
challenges when translating ligand-targeted nanomedicine to the clinical setting. Our in vitro
proof of concept study demonstrated the feasibility of MFECD approach for enhancing IONPs
across the BBB model. There was a significant increase in permeability of EDT-IONPs across
the disrupted brain endothelial cells compared to a normal brain endothelial monolayer and this
effect was most prominent when an external magnetic field was present.

Using a mouse model, we examined the biodistribution of EDT-IONPs and the ability to
deliver them into mouse brain combining magnetic field and LPA induced BBB disruption. In
this study, we found liver and spleen were the major organs of IONP deposition. There was
limited distribution of IONPs in lung and brain under normal conditions. The 3.6% of injected
dose of EDT-IONPs that accumulated in the mouse brain parenchyma within 20 minutes
disruption window by LPA represents a 3-6 fold increase compared to various ligand targeted
vesicular transport approaches reported in literature. Furthermore, immunofluorescence
examination of brain slices of LPA and IONP treated mice revealed no sign of peripheral

immune cell infiltration or activation of microglia and astrocytes. This suggested transient BBB
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disruption and enhanced IONP delivery to the brain did not lead to inflammation or toxicity. Our
findings support the potential use of MFECD approach to enhance brain delivery of EDT-IONPs
via transient disruption of the BBB as a safe and effective method.

The majority of IONP research involves spherical nanoparticles. Recent advances in
synthesis techniques have enabled creation of brick shaped IONPs. We studied the uptake of
brick and sphere shaped EDT-IONPs in various endothelial and epithelial cells. Nanobricks
showed improved cellular uptake profiles compared to nanospheres in spite of negative surface
charge. The increased magnetic response of the nanobricks resulted in enhanced uptake in the
presence of an applied magnetic field. Mechanism governing the increased uptake of nanobricks
involves preferential utilization of caveolae dependent endocytosis pathways present within the
endothelial cells. This study highlights that shape modification offers a general approach to

achieve targeted delivery to endothelial cells.
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6.2 Future directions

In chapter 4, we hypothesized that the magnetic targeting effect would enhance the brain
localization of EDT-IONPs in mice. However, the presence of an external magnet did not lead to
an increase in brain accumulation of IONPs. This might be due to the fact that the small size and
rather low magnetic moments of IONPs requires a larger magnetic gradient than the current set-
up can provide. In chapter 5, it was demonstrated that nanobricks have an increased
responsiveness in an applied magnetic field gradient compared to sphere shaped EDT-IONPs.
Therefore, we can extend MFECD approach to nanobricks. The disruption window of LPA is
only 20 minutes. Our lab is currently investigating different cadherin peptides and their ability to
modulate the BBB integrity’'**’. The advantages of cadherin peptides include rapid onset,
reversible, and controlled window of opening. There are now a number of cadherin peptides that
can bind to the external domain of cadherin and open the tight junction of the BBB for periods of
time that range from 1 to 4 hours. Cadherin peptides may therefore be ideal for MFECD
approach with nanobricks, as the duration of BBB modulation can be adjusted to match
circulating half-lifes of the next generation IONPs. More importantly, in preliminary
experiments examining the permeability of nanobricks across the in vitro BBB model, disruption
of tight junctions with a cadherin peptide followed by application of an external magnetic field
greatly enhanced the permeability of the iron oxide nanobricks. (Figure 6.1) Of note, no
significant differences were found between the permeability of the 70,000 MWT dextran across
the disrupted monolayer compared to that of intact monolayer. This observation suggests that
cadherin peptide modulate the BBB permeability in a size-controlled fashion. Furthermore, there
is minimal permeability of nanobricks across the intact brain endothelial monolayer with or
without magnetic field. In absence of a magnetic field, nanobricks cannot cross the cadherin
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peptide disrupted BBB model. However, magnetic field was able to pull the nanobricks across to

a greater extent than the macromolecule permeability marker.
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Figure 6.1 Permeability of FDX-70000 (a) and nanobricks (b) across intact and cadherin
peptide disrupted bEnd.3 cell monolayers in presence and absence of a magnetic field. ***
indicate p < 0.001 compared to cadherin treatment group without magnetic field.

A transcytosis approach to deliver nanobricks to mouse brain through a caveolae-
mediated endocytosis process may also be feasible. It has been reported that the caveolae
dependent endocytosis can be used to transport nanoparticles across the vascular endothelium®*®.
It would be interesting to see if nanobricks internalized in endothelial cells would transport
across the BBB.

The efficacy of using IONPs as drug delivery platform is the next step in the
development of this technology. Given the relative unresponsiveness of brain tumors to most
chemotherapeutic agents and limited BBB permeability, application of IONP for delivering
cancer drugs to brain tumors would seem an appropriate next step. Surface modification of
IONPs could also be made to allow encapsulation of a variety of drugs. An example of such
surface coatings would be the Pluronic™ block copolymers. The wide range of hydrophobic and

hydrophilic Pluronic compositions ensures that a proper balance can be identified for drug
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3% The Pluronic polymers have been used for enhanced

loading and release from the IONP
delivery and improved toxicity profile of several anticancer agents including doxorubicin and
paclitaxel. Proof-of-concept experiments for IONPs based anticancer drug delivery would be an
application for this technology. /n vitro studies regarding drug loading and release followed by in
vivo studies in normal and brain tumor-bearing mice will be needed to establish the bio-
distribution and biocompatibility of selected IONP compositions and to determine the

effectiveness of MEFCD approach for the delivery of IONP in the treatment of tumors in a

mouse brain tumor model.
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