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INTRODUCTION and BACKGROUND
Glioblastoma multiforme (GB) is the most common and most aggressive brain cancer in
adults with a median survival time after diagnosis of 12 months even with multimodal treatments.
1,2
Despite advances in therapy for many cancers over the last two decades, GB survival remains
similar to levels reported in 2000.3,4 One of the main reasons for such poor treatment outcomes
in this highly infiltrative cancer is the inability to achieve the effective levels of chemotherapeutics
within the tumor site due to poor blood-brain barrier (BBB) penetration and toxicity to off-target
neuronal cells. 5,6 In response to these challenges to treat GB, many researchers are investigating
the use of nanoparticles (NPs), synthetically engineered particulates that are < 100 nm in size, as
a novel drug delivery mechanism. Among various types of NPs, magnetic nanoparticles (MNPs)
are attractive in cancer treatment due to their inherent and modifiable properties such as
magnetism, size, shape, charge, and surface coating that allow their applications as both
diagnostic and therapeutic agents.7
We have chosen to study iron oxide nanoparticles (IONPs), also known as superparamagnetic
iron oxide nanoparticles (SPIONs), for the development of a drug delivery platform in the
treatment of brain tumors. The selection of IONPs as the foundation of the nanoparticle delivery
platform has several advantages. First, iron is biocompatible in the human body. Iron oxides
(magnetites and maghemite) are naturally found within the human heart, spleen, and liver.8 As
with all other NPs, IONPs get ingested by the reticuloendothelial system (RES) and but unlike
other potentially toxic metal oxides such as manganese, cobalt or nickel, it can be metabolized
and excreted from the body through the endogenous iron metabolic pathway. 9 Among metallic
oxides, iron oxide is the only material that has been approved by the U.S. Food and Drug
Administration (FDA) and many in vitro studies have shown that IONPs do not display cytotoxicity
in various cell culture models below a high concentration of 100 g ml-1.7,9,10 However, in order
to mitigate toxicity such as oxidative stress caused by IONPs, surface modification of the iron
oxide core is a common strategy for clinical applications. It is believed that surface properties,
rather than core material, determine the biological fates of almost all types of NPs because
biological entities only directly interact with the surface of IONPs.11
Secondly, successful surface modification of IONPs has already been accomplished by many
groups. Surface modifications are essential for clinical use of IONPs because (a) it prevents
agglomeration and aggregation of IONPs in biological matrixes, (b) it increases biocompatibility
by limiting non-specific cell interaction and increases bioavailability by protecting NPs against
reticuloendothelial system (RES) uptake and elimination, and (c) it provides chemical functional
groups as a handle for attachment of various ligands, dyes, proteins, antibodies and therapeutic
agents to the IONPs.7,9–11 The ability to decorate the surface of the NPs with various vectors or
targeting agents further enables NPs to enter into traditionally inaccessible areas of the body such
as BBB and selectively target cancer cells, an ability that current medicine lacks.
Thirdly, IONPs are excellent magnetic resonance imaging (MRI) contrast agents. Some IONPs
have already been approved by the FDA and European Medicine Agency (EMA) for various MRI
contrast agents in clinical application.7,9 These IONP imaging agents possess better
biocompatibility than commercial gadolinium-based contrast agents and also show greater
sensitivity at micromolar or nanomolar concentration than gadolinium complexes. 7 Lastly, IONPs
have superparamagnetic properties which means they exhibit magnetism only when it is exposed
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to an external magnetic field. This characteristic is useful in two ways. First, IONPs can be used
in magnetic hyperthermia therapy (MHT). This therapy involves administrating a magnetic fluid
within a tumor and selectively kills heat-sensitive cancer cells by applying alternating magnetic
field which will promote warming of the region.12 Due to the stability of IONPs, even multiple
treatments after a single injection is possible.13 A review published in 2011 compiled both in vitro
and clinical studies involving hyperthermia induced by superparamagnetic iron oxide
nanoparticles in glioma treatment.12 Secondly, this property allows extracorporeal controlled
guidance of IONPs to a desired region of the body by applying external magnetic field. 8
Nanoparticles enter cells by endocytosis. This process can be first broken down into phagocytosis
(“cell eating”) which can be only performed by specialized phagocytes such as macrophages,
neutrophils, monocytes and dendritic cells and pinocytosis (“cell drinking”) which can be carried
out by all cells. Pinocytosis can be further classified into clathrin-mediated, caveolae-mediated,
macropinocytosis, and caveolae and clathrin-independent processes and these multiple forms of
pinocytosis can take place in cells depending on the cell origin and function. 14 All these processes
are energy-dependent processes. Clathrin-dependent endocytosis is the “classical route” of
cellular entry which allows essential nutrients like cholesterol to enter the cell via the LDL receptor
or iron carried by transferrin (Tf) 14. Afterward, the endocytosed material ends up in degradative
lysosomes. This was a valuable discovery in drug delivery since drug-loaded nanocarriers can be
designed to release its content intracellularly by lysosome biodegradation 14. In contrast, some
find caveolae-mediated endocytosis to be advantageous in delivering drugs that are enzyme
sensitive (e.g. peptides, proteins, nucleic acid, etc.) since it may avoid lysosomal degradation 14.
However, it is important to note that a definitive distinction between lysosomal and non-lysosomal
endocytosis pathways cannot be made at the current time. 15
We have selected two non-spherical shaped IONPs, iron oxide nanodisc (IOND) and iron oxide
nanobrick (IONB) with an identical surface coating of N-(trimethoxysilylpropyl)
ethylenediaminetriacetate trisodium salt (EDT) to examine the mechanisms of cellular uptake and
potential drug delivery to GB cells in vitro prior to selection of optimal IONP formulations to take
to the in vivo studies. We chose to study non-spherical shaped IONP because our studies have
shown that endothelial cells uptake non-spherical IONPs such as bricked shaped IONPs better
than spherical shaped IONPs.16 In addition, studies suggest non-spherical IONPs perform better
than comparable spherical IONPs as T2 MRI contrast agents and are more easily heated in
response to alternating magnetic fields for hyperthermal therapy. 17 As a coating material, EDT
which confers a negative surface charge to IONP was selected based on our previous studies
which showed that (a) positively charged aminosilane-coated iron oxide (AmS-IONP) significantly
reduced neuron viability
compared to the negatively charged COOH-AmS-IONPs at
concentrations above 200 g ml-118 and that (b) negatively charged EDT-IONPs are able to cross
osmotically disrupted in vitro model of BBB far better than positively charged AmS-IONPs.19 In
addition, negatively charged particles have potential to have longer circulation times and reduced
clearance because of the negative-negative charge repulsion between the nanoparticle and
negatively charged plasma membrane of cells. 10 Doxorubicin (DOX) was chosen as a
chemotherapeutic agent to be loaded on to EDT-IONBs because of its positive charge which can
be used to interact with the negative charge of the EDT coating for drug loading purposes.
The present studies examined the feasibility of the nanodisc and nanobrick IONP compositions
for delivering drugs to GB cells. The first studies focused on the biocompatibility of the
nanoparticles and establishing the concentration range in which the nanoparticles could be used
without producing acute cytotoxicity. After confirming the biocompatibility of the nanoparticles,
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cellular uptake studies on both EDT-IOND and EDT-IONB in various cells including primary
glioblastoma cell lines were performed. The cellular uptake studies showed both a temperature
dependency and enhanced uptake in presence of an external magnetic field. Uptake studies
performed with various endocytosis inhibitors demonstrated that both IONPs were likely
internalized by the cells via a caveolae-dependent pathway. After confirming that EDT coated
non-spherical shaped IONP entered the cell without causing toxicity, we next examined cell
uptake and cytotoxicity of doxorubicin-loaded EDT-IONB. In addition, we explored the possibility
of enhancing the effect of cellularly internalized EDT-IONB/Dox by applying a non-toxic dose of
desloratadine, which is thought to weakens IONP containing lysosomes inside the cell. 20 This
study has shown that EDT coated IONB is one of possible NP candidates to move onto further in
vitro and in vivo studies. This study is a part of a greater effort of our group to find IONP with the
best physicochemical properties in order to graft ligands for active targeting of the glioblastoma
and to be used in in vivo models.
MATERIALS and METHODS
A. Materials
All chemical reagents were purchased from Sigma Aldrich (St Louis, MO, USA) and cell culture
reagents were purchased from Life Technologies Inc. (Thermo Fisher Scientific, Waltham, MA,
USA) unless otherwise specified.
B. Nanoparticle Synthesis and characterization
Synthesis of EDT coated nanodiscs21 and EDT coated nanobrick17 have been described
previously. Briefly, for EDT-IOND, FeCl2·4H2O (2.99 g) was dissolved in 30 mL of deionized water
followed by 3 mL of triethylamine and the mixture was stirred at RT for 25 min. Later, EDT was
added and stirred overnight. The crude product was washed with chloroform, methanol, and
ethanol multiple times by centrifugation to yield EDT-IOND. In the case of EDT-IONB, FeCl3 (2
mmol) and FeCl2•4H2O (1 mmol) in 20 mL of degassed water under nitrogen atmosphere was
heated to 50 °C. To this, 25 mL of degassed Triton X (X45) was added and mechanically stirred
at 100 rpm. After cooling the reaction mixture to 35 °C, NaOH (30 mmol) was added along with
mechanical stirring. After one hour, 15 mL of EDT (45% in water) was added to the reaction
mixture and stirred overnight. The crude product was purified by multiple washings with a
water/ethanol mixture using centrifugation and centrifugation.
C. Cell culture
Two human primary glioblastoma cell lines, U-87MG (passage 4-15) and U-251MG (passage 5 –
15) were cultured in Dulbecco’s Modified Eagles’ Medium/ F12 medium (DMEM/F12; Hyclone,
Logan, UT, USA) supplemented with 10% heat-inactivated fetal bovine serum (Hyclone) and 50
units mL-1 antibiotic-antimycotic (Hyclone) at 37 C and 5% CO2. A mouse brain-derived
microvessel endothelial cell line, bEnd.3 (passage 24-35) was used as a cell culture model of
BBB. The bEnd.3 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Hyclone)
supplemented with 10% FBS, 50 units mL-1 antibiotic-antimycotic, 50 units mL-1 non-essential
amino acid (Hyclone) and 2.5 mM LiCl. A canine kidney-derived epithelial cell line, MDCK
(passage 26 – 35) and murine N9 microglial cells (passage 10 – 20) were maintained in the same
media as bEnd.3 cells without the addition of LiCl at 37 C and 5% CO2. Cells were expanded in
T-75 tissue culture flask.
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D. Doxorubicin loading on EDT-IONB and Doxorubicin Loading Capacity
EDT-IONB and DOX were individually dissolved in PBS (pH 6; 200 uL) and incubated at room
temperature for 30 minutes. After 30 minutes, the EDT-IONB and DOX fractions were combined
and incubated overnight under ambient condition. Later the DOX-loaded IONB-EDT was isolated
by centrifugation (15000g; 15 minutes) and washed using PBS (3X). The pellet was further
dispersed in media for further cell studies. The drug loading capacity was determined by
quantifying the amount of DOX associated with the EDT-IONB. The DOX-loaded EDT-IONB was
dispersed in PBS (pH 7.4) and the supernatant was collected at 3 and 24 hours after centrifugation
(15000g; 15minutes). The amount of DOX released was measured fluorometrically using a plate
reader.
E. Cell viability studies
All cells were plated at a density where they could remain in the log phase of growth for the
duration of the experiment. U-87MG was plated at 10,000 cells/ well and all other cells were plated
at 5,000 cell/well on ninety-six well flat bottom plates (Costar, Lowell, MA, USA). Twenty-four
hours after plating the cells onto 96-well plates, the cells were treated with EDT-IONP, drugloaded EDT-IONP, and free drug. To determine the toxicity and EC50 of doxorubicin and
desloratadine for U-87MG and U-251-MG cells, the cells were treated with a range of
concentration of the two agents (3.2x10-5 – 10 M of doxorubicin or 0.097656 – 100 M of
desloratadine) for 24 hours. Similarly, to determine the toxicity of EDT-IONB and EDT-IONB/DOX,
the cells were treated with various concentrations of EDT-IONB and EDT-IONB/DOX (10, 30, 50
g mL-1) with and without 25uM desloratadine for 24 hours. Afterward, the treatment was removed
and the cells were washed with pH adjusted PBS before fresh media was added. The cells were
incubated at 37 C and 5% CO2 for 48 hours. After this period, cell viability was measured by the
3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay which measures
mitochondrial activity as a proxy for cell viability as previously described. 18 MTT dye (5 mg mL-1
in PBS) was added to each well and incubated for 2 hours at 37 C. Cells were solubilized in
dimethylsulfoxide, and the formazan product resulting from mitochondrial metabolism in viable
cells were measured by absorbance at 570 nm using Gen5 microplate reader (Biotek, Winooski,
Vt, USA).
F. Cellular uptake of IONP compositions
All cells were plated at 100,000 cells/well on twelve well plates (costar) and uptake experiments
were performed on confluent monolayers (4-5 days post seeding). The cells were treated with
either EDT-IOND, EDT-IONB or EDT-IONB/DOX (5 and 50 g mL-1). Half of the wells were
exposed to a static magnetic field by placing the cells over a platform containing cylindrical rare
earth magnets (19mm diameter, 3mm height) (Lee Valley, Winnipeg, MB, Canada) for the
duration of the experiment. Cellular association of nanoparticles was examined at 37 C and 4 C
conditions for 2 hours. After 2 hours, the treatments were removed and the cells were washed 1X
with ice-cold phosphate buffered saline (PBS) to remove unbound nanoparticles. The cells were
then lysed using 0.1% TritonX (TX)100 buffer and the collected lysate was analyzed for IONP
using the ferrozine assay described below. Protein was measured to express EDT-IONP uptake
values as protein normalized value to account for discrepancies in EDT-IONP internalized by the
cells due to differences in cell densities within the various cell line.
G. Analytical assay for measuring IONPs
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Ferrozine assay is an absorbance-based assay for determining soluble iron concentration. IONPs
in the 250 L of cell lysate in 0.1% TX100 were solubilized by adding 250 L of concentrated HCl
(~12M). This mixture was incubated at room temperature for 1 hour with gentle shaking and then
neutralized with 250 L of 12M NaOH. Afterward, 60 L of hydroxylamine hydrochloride (2.8M)
in 4M HCl was added and incubated for 1 hour at room temperature with gentle shaking. This
was followed by addition of 25 L of 10mM ammonium acetate buffer (pH 9.5) and 150 L of
10mM ferrozine in 0.1M ammonium acetate solution. Absorbance was measured at 562nm using
a Synergy HT plate reader (BioTek Instruments Inc., Winnoski, VT, USA). Quantitative
assessment of IONP concentration was based on a standard curve prepared using 1000ppm iron
atomic absorption standard (Fisher Scientific, Ottawa, ON, Canada). Samples from the cell
lysates were normalized for protein content using the bicinochoninic acid assay kit (Pierce,
Rockford, IL, USA).
H. Transmission Electron Microscopy (TEM)
U-87MG and U-251MG cells were seeded in two 12 well plates (100,000 cells/ well) and grown
to confluence. 50 g mL-1 of EDT-IOND was added and the plates were incubated at either 4 C
or 37 C for 2 hours as described in cellular uptake study described in F. After the incubation, the
cells were washed with PBS and collected using 0.35% trypsin EDTA (Hyclone, Logan, UT). After
centrifugation, the cell pellets were fixed with 3% glutaraldehyde and further processed and fixed
for TEM analysis as previously described 22.
I. Endocytosis inhibitor study
Accumulation of EDT-IONP was also examined in cells pretreated with either an inhibitor of
clathrin-mediated endocytosis, chlorpromazine (7 g mL-1), caveolae-mediated endocytosis,
genistein (200 M) and, endosome maturation, monensin (25 M), or no pretreatment (control)
for 30 min at 37 C. Following pretreatment, 50 g mL-1 of EDT-IONDs or either 10 g mL-1 or 20
g mL-1 of EDT-IONBs were added to each well and cells were further incubated at 37 C for 4
hours. Afterward, the treatment was removed and the accumulation of nanoparticles internalized
by the cells was determined in the same way as described in G.
H. Statistical Study
All data were expressed as mean standard error of the mean (n=3). Statistical significance was
determined using unpaired t-test of the two groups being compared (GraphPad Prism version 7.0
for Mac OS X, GraphPad Software, San Diego, CA).
RESULT
A. Physicochemical characterization of IONPs
The two non-spherical nanoparticles were characterized as to their physicochemical properties
and general aqueous solubility. Based on TEM images of the EDT-IONDs, the size was
approximately 41 6 nm in diameter and 5+1 nm in thickness.21 The hydrodynamic diameter
measured with dynamic light scattering (DSL) of EDT-IOND was 311.2 nm with a zeta potential
of 0.69 mV. On observation, EDT-IONDs dispersed well in aqueous media after mixing but there
was noticeable agglomeration formation over minutes. TEM image based size of EDT-IONB was
15 x 10 x 5 nm.16 The hydrodynamic diameter was determined as 62.2 nm and the zeta-potential
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of the nanoparticle was – 7.7 mV.17 In contrast to EDT-IONDs, EDT-IONBs stayed dispersed in
aqueous media for months.
B. Cytotoxicity of EDT-IONBs
Cell viability was measured by MTT assay, a common method to evaluate the cytotoxicity of
IONPs. The viability of two primary glioblastoma cells, U-87MG and U-251MG, and mouse brainderived microvessel endothelial cell line, bEnd.3, and murine microglial cell, N9 were examined
after 24-hour incubation with various concentration of EDT-IONB (10 – 50 g mL-1). There was
no significant reduction in viability at any of the concentration examined. This confirmed the
practical concentration range of EDT-IONPs that could be used throughout the studies.
C. Cellular Uptake of EDT-IONDs and EDT-IONBs
Once the concentration range that produced no noticeable acute toxic effects on the cell was
determined, quantitative studies examining the cellular association of EDT-IOND (Figure 1) and
EDT-IONB (Figure 2) in various cell lines (U-87MG, U-251MG, bEnd.3, and MDCK for IOND or
N9 for IONB) were performed. The cells were either treated with 5 g mL-1 or 50 g mL-1 EDTIONPs dispersed in media at either 4 C or 37 C with and without a magnetic field for two hours.
Both types of IONPs showed similar results. Cellular association of EDT-IONDs and EDT-IONBs
were dependent on temperature and the presence of magnetic field. The result showed that
cellular association of IONPs were statistically significantly greater at 37 C compared to 4 C for
U-87MG, U-251MG, bEnd.3 and N9 cells. Application of external magnetic field also enhanced
cellular association of IONPs. The effects of temperature and magnetic field on the cellular
accumulation of IONPs were observed with both nanoparticle preparations and across all
examined cell types. Although the effect of temperature suggested that cells were employing
energy-dependent pathways to internalize IONPs, this experiment was insufficient to prove that
a portion of associated IONPs was actually internalized by the cells. A definitive method of
confirming the ability of the cells to internalize EDT-IONPs was visualization via transmission
electron microscopy.
D. Transmission Electron Microscopy (TEM)
TEM images showed cells engulfing EDT-IOND into vesicles, most likely lysosomes, with
noticeably fewer EDT-IOND visible within the intracellular organelles at 4 C compared to 37 C
(Figure 3). As expected, the images show nanoparticles at various stages of endocytosis. While
some are fully internalized by the cells, some are merely attached to the periphery of the cells,
ready to undergo endocytosis. These images confirm that some of the measured EDT-IONPs in
cellular uptake study described in C have been internalized by the cells. The TEM studies
supported the quantitative cell accumulation studies described above and suggested the
endocytic routes of entry of the nanoparticles into the cells.
E. Mechanism of Cellular Internalization of EDT-IOND and EDT-IONB
Although TEM images showed cells using endocytosis to uptake EDT-IONPs, we wanted to find
out which endocytosis processes were involved in internalizing EDT-IONPs. This was done using
various pharmacological inhibitors of the different endocytosis processes. All cells showed a
decrease in uptake of both types of EDT-IONPs when cells were treated with genistein, a
caveolae-mediated endocytosis inhibitor (Figure 4 and 5). Statistically significant decreases were
seen in all cells lines. In addition, decreases in EDT-IONB uptake were seen in U-87MG and U-
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251MG cells when they were treated with monensin, an inhibitor of endosome maturation. This
evidence suggests that cells may primarily use caveolae-mediated endocytosis to internalize
EDT-IONPs and confirms once more that cells are internalizing EDT-IONPs. Consistent with this
mechanism, U-87MG, U-251MG and bEnd.3 expressed caveolin at the messenger RNA level.
F. Cytotoxicity of Doxorubicin and Desloratadine
Before electrostatically loading doxorubicin to EDT-IONB, we wanted to determine the cytotoxicity
of free doxorubicin. The cells were treated with a range of doxorubicin concentration for 24 hours.
The cells were then washed with PBS and incubated with fresh media for 48 hours before the
MTT assay was carried out. EC50 value for U-87MG was 0.04 µM and 0.12 µM for U-251MG.
Similarly, the highest concentration of desloratadine which exhibited no cytotoxicity was
determined as 25 µM by MTT assay.
G. Loading Doxorubicin on EDT-IONB
The percentage loading capacity of DOX on EDT-IONB was determined to be 2.4%. From the
release study, it was identified that a bulk of 66.7% DOX was released in 3 hours and the
remaining 33.3% was released in 24 hours. The release corresponds to 0.7 g mL-1 (or 1.2 µM)
DOX released over 24hours from 30 g mL-1 Fe of EDT-IONB. The hydrodynamic diameter and
zeta potential for DOX-loaded EDT-IONB was 69.4 nm and -0.3 mV respectively. The table below
summarizes the hydrodynamic size and zeta potential of IONP compositions examined in this
study.
Nanoparticle Composition
Hydrodynamic Diameter
Zeta Potential
EDT - IOND
311.2 nm
+ 0.69 mV
EDT- IONB
62.2 nm
- 7.7 mV
EDT - IONB/DOX
69.4 nm
- 0.3 mV
Table 1: Hydrodynamic diameter and zeta potential of studied nanoparticle compositions
H. Cellular Uptake of EDT- IONB/DOX
The quantity of EDT-IONB/DOX associated with the cells was examined in two glioblastoma cell
lines, U-87MG and U-251MG (Figure 6). Two cells were treated with 5 g mL-1 or 50 g mL-1
EDT-IONB/DOX dispersed in media at either 4 C or 37 C with or without a magnetic field for two
hours. On observation, agglomeration of EDT-IONB/DOX was seen especially after washing the
particles with PBS which required centrifugation. This is likely due to changes in the surface
charge from a negative surface charge of unloaded EDT-IONBs to a more neutral surface charge
of drug-loaded EDT-IONBs. All protein normalized Fe values (Fe/Protein) for cells treated with 5
g mL-1 were below 1 g mg-1 and neither the effects of temperature nor magnetic field were
appreciated at this concentration of EDT-IONB/DOX. At a higher concentration of nanoparticles
(50 g mL-1), the presence of a magnetic field increased cellular association with the EDTIONB/DOX. However, the effect of temperature was not as apparent as the results that were seen
in EDT-IONB without doxorubicin discussed in C. The data acquired from cells incubated at 4 C
was similar to that of acquired from cells incubated at 37 C.
I. Cytotoxicity of EDT- IONB/DOX and the Effect of Desloratadine
Cell viability after 24-hour treatment of EDT-IONB/DOX was measured using the MTT assay
(Figure 7). In addition to this, 24-hour treatment of EDT-IONB/DOX with 25 M of desloratadine
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was also evaluated (Figure 7). Desloratadine is an H1 antihistamine which is thought to increase
the permeability of lysosome. Hence we have hypothesized that the effect of doxorubicin will be
greater when EDT-IONB/DOX located inside the lysosome gets released into the cytosol. This
concentration of desloratadine was the highest tested concentration at which no reduction of cell
viability was observed in an initial study. EDT-IONBs at 10, 30 and 50 g mL-1 did not show any
toxicity as expected but doxorubicin loaded EDT-IONBs (EDT-IONB/DOX) reduced the cell
viability by at least half of their controls at all concentrations. Although dose response was
expected with increasing concentration of EDT-IONB/DOX on cell viability, no statistically
significant decrease of cell viability was seen between 10, 30 and 50 g mL-1 of EDT-IONB/DOX.
In presence of desloratadine, even greater reduction in cell viability than EDT-IONB/DOX was
seen. Although no statistical differences were seen except for one condition with 50 g mL-1 EDTIONB/DOX, it suggests that some of EDT-IONB were able to be internalized by the tumor cells
and that they could be released by the effect of desloratadine.
DISCUSSION
The versatility, multifunctionality and potential applications for precision medicine have led
to increased interest in nanoparticle research. While realization of nanoparticle-based
theranostics in the clinic is still limited, examples of U.S. Food and Drug Administration (FDA)
approved nanomedicine based drugs include liposomal doxorubicin (DOXIL), liposomal
daunorubicin (DaunoXome), liposomal vincristine (Marqibo) and nanoparticle albumin-bound
paclitaxel (Abraxane).23 Despite the advantages of nanomedicine-based therapeutics, the
nanoparticle drug delivery platforms still face a series of biological barriers that must be
overcome.23,24 Hence the purpose of this study was to examine physicochemical properties of two
non-spherical IONPs (EDT-IONDs and EDT-IONBs) to understand how the properties influence
the fate and biological activity of the IONPs and to identify optimal compositions of IONP to
advance into in vivo animal studies.
The hydrodynamic size and zeta potential of the two studied particles differed significantly.
Although both particles were synthesized to have EDT coating that conferred negative charge,
EDT-IOND unexpectantly had a zeta potential of +0.69 mV and hydrodynamic size of 311.2 nm
while EDT-IONB had a size of 62.2 nm and expected negative zeta potential of -7.7 mV. Size and
surface charge are properties of nanoparticles that have been extensively studied. Literature has
shown that an ideal size for nanoparticles is between 10 – 100 nm in order to avoid rapid renal
clearance when the particles are <10 nm and to avoid retention in organs such as spleen and
liver when they are >100 nm.9,10 This size limitation is especially important for treatment of
glioblastoma because the BBB is far more restrictive than most endothelial barriers and NPs >
150 nm in diameter are unlikely to pass.10 The surface charge of nanoparticles also needs to
balance between large positive and large negative charge. Due to the anionic plasma membrane
of cells, a number of researches have shown that cells are better at internalizing cationic
nanoparticles than neutral or anionic particles. Although this would increase the internalization of
nanoparticles or drug delivery in tumor cells, it will do so in a nonspecific fashion and subsequently
decrease circulation time due to enhanced clearance of the nanoparticles by circulating
macrophages. Of particular concern for the application of IONP to treat GB is the studies that
showed positively charged aminosilane coated iron oxide particles (AmS-IONPs) reduced neuron
viability by 50% at a concentration above 200 g mL-1 while only 20% reduction in viability was
seen with a negatively charged counterpart.18 Lockman et al. examined the effect of liposomal NP
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with positive (45.2 3.5 mV), neutral (-14.1 2.1 mV), and negative (- 59.6 2.9 mV), charge
and also demonstrated that certain cationic NPs have immediate toxic effects at brain
microvasculature endothelium unlike neutral and low concentration of anionic NPs. 25 In addition,
hydrophobic NPs exhibit short circulation time due to opsonization which can lead to recognition
from the reticuloendothelial system (RES) and removal from the circulation.10 Hence, hydrophilic
neutral nanoparticles and those with slight negative charge, show significantly prolonged
circulation half-lives compared to hydrophobic and highly cationic nanoparticles which are rapidly
cleared from circulation.23 This balance between positive and negative surface charge of NPs has
led researchers to design NPs that are responsive to pH changes of external environment. Yuan
et al. designed doxorubicin-containing zwitterionic nanoparticles that are negatively charged in
physiologic pH to prolong circulation but they are able to shed their anionic component upon
entering acidic pH of tumor environment to facilitate cell entry with their positive charged surface.26
Morphology of IONPs is another important property to consider for clinical use. Unlike size and
surface charge of IONP, shape is a lesser-known physicochemical property because until recently,
most synthetic methods for creating IONPs yielded particles of similar morphology (i.e. quasispheres).17 Studies suggest that non-spherical IONPs are not only superior in applications such
as hyperthermia and as T2 contrast agents than spherical IONPs17 but are also able to make
contact and adhere to vessel walls much more frequently than spherical counterparts due to their
tumbling motion while flowing through the channel. 23,27,28 Thus after consideration of these factors,
the characteristics of EDT- IONB were more favorable than EDT-IONDs with a hydrodynamic
diameter (62.2 nm) that fits within the range of ideal size (10 – 100 nm) and a zeta potential that
is slightly negatively charged (-7.7 mV).
After confirming that EDT-IONBs did not affect cell viability, a cellular uptake of EDT-IONDs
(Figure 1) and EDT-IONBs (Figure 2) was performed to examine if the cells can successfully
associate with the EDT-IONPs and whether temperature and magnetic field dependent increase
in nanoparticles can be seen. The results showed that the presence of a magnetic field and an
increase in temperature (4 C vs. 37 C) increased cellular association by 2-5 folds. This may be
of particular advantage as the nanoparticles progress into in vivo models. Using a polymer coated
IONP to deliver doxorubicin, Xu et al. demonstrated that more doxorubicin molecules were
accumulated in the brain tissue of rats when a magnet was placed directly outside their skulls
than rats without this device.29 Furthermore, this group showed that survival of rats with in situ
gliomas treated with DOX@Ps 80-SPIONs (DOX encapsulated iron oxide NP with
PEG/PEI/polysorbate 80 coating) in the presence of the external magnetic field (MF) had
significantly prolonged survival (79.2 1.8 days) compared to DOX@Ps 80-SPIONs group
without MF (38.5 1.9 days, P<0.01).29
Temperature-dependent association between the cells and EDT-IONPs were also shown in our
data. Generally, a warmer temperature led to more association between cells and the EDT-IONPs.
What this result tells us is that Fe measured by ferrozine assay after given treatment period was
not completely from EDT-IONPs that were simply attached to the periphery of the cells but some
of the particles were internalized via energy-dependent endocytosis. TEM images verified that
EDT-IONPs were internalized and ended inside cellular vesicles which are believed to be
lysosomes or endosomes (Figure 3). TEM images also showed that more EDT-IONPs were
internalized at a warmer setting than a cooler setting, a finding that is consistent with cellular
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uptake studies. We believe that a longer co-incubation period than 2h with IONPs can lead to
more dramatic difference between the two temperatures.
After establishing that cells were internalizing the EDT-IONPs, we investigated the mechanism of
the endocytosis responsible for EDT-IONP uptake. These mechanistic studies were done using
various endocytosis inhibitors and the result revealed that genistein (a caveolae-mediated
endocytosis inhibitor) decreased uptake of both types of EDT-IONPs, suggesting that caveolaemediated pathway is the predominant endocytosis mechanism in the cells that we have studied
(Figure 4 and 5). Identification of the particular type of endocytosis is important as further
modifications of the IONPs can be made to optimize the internalization process. While both
compositions of IONP appear to be taken up by caveolae-dependent processes, the EDT-IONBs
were advanced based on their superior drug loading properties and improved stability.
Temozolomide is a standard chemotherapeutic agent for glioblastoma. However, it is far less
potent than other cancer drugs with limited BBB-crossing ability, such as paclitaxel, doxorubicin,
vincristine, and vinblastine, leading to use of high doses with significant side effects. 30 The ability
to deliver more potent chemotherapeutic agents by incorporating with nanoparticle formulations
would significantly enhance the therapeutic effectiveness of chemotherapy in treating GB. As the
IONBs had negative surface charges, the positively charged doxorubicin was chosen as the initial
drug for loading onto the nanoparticles. This electrostatic association of doxorubicin with the
IONBs occurs rapidly under acidic conditions (pH 6) without further modification steps. 10
Furthermore, given the association of the IONB with lysosomal compartments (pH 4.5 – 5), the
doxorubicin would tend to dissociate due to loss of negative charge of EDT-IONB and facilitate
drug release from the nanoparticles. Drug loading studies indicated approximately 2.5% loading
capacity of doxorubicin on EDT-IONB. Of note, the amount of doxorubicin loaded onto the IONB
even at the lowest nanoparticle concentration examined were well above the EC50 concentration
of doxorubicin for both U-87MG and U-251MG cell lines (0.04 µM and 0.12 µM respectively).
Furthermore, doxorubicin-loaded EDT-IONB still had a favorable hydrodynamic size between 10
-100 nm (62.2 nm) and zeta potential (-0.3 mV).
The cellular uptake of EDT-IONB/DOX in the two glioblastoma cell lines showed that while uptake
was enhanced by the presence of a magnetic field, a temperature dependency was only observed
at the higher concentration of EDT-IONB/DOX examined. These effects were most likely
attributable to the change in surface charge from unloaded EDT-IONB with a negative charge to
close to neutrally charged doxorubicin loaded EDT-IONB. The relative loss of negative charge
may have made these nanoparticles less dispersible in aqueous solution. Hence agglomeration
of particles may have impacted the ability of cells to internalize these particles. The agglomeration
may have also impacted on the performance of the ferrozine assay used to measure IONP content
in the cells. Although poor temperature-dependent uptake results make it difficult for us to infer
that cells have undergone endocytosis to internalize EDT-IONB/DOX, the results from cytotoxicity
studies of EDT-IONB/DOX suggested that some of the drug-loaded particles entered the cells.
The cytotoxicity study with U-87MG and U-251MG showed that while EDT-IONBs were non-toxic
to cells at the studied range (10 – 50 g mL-1), the cell viability for both cells decreased around
50% or below with EDT-IONB/DOX at the same range (Figure 7). Additional evidence of
intracellular accumulation of the EDT-IONB/DOX is the enhanced cytotoxicity observed when
combined with desloratadine.
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It has been shown previously that addition of cationic amphiphilic drugs, such as desloratadine
can act as lysosomal sensitizing agents.20 In acidic conditions, the basic amine groups of the
cationic amphiphilic drugs are protonated and accumulate inside acidic lysosomes. 20 This
accumulation neutralizes the negative membrane charge and inhibits the function of several
lysosomal lipases. This, in turn, creates a leaky lysosomal membrane and allows escape of
lysosomal contents. In the present study, cells were treated with 25 µM desloratadine because it
was the highest tested concentration without cytotoxicity to U-87MG and U-251MG cells. While
desloratadine alone had no effect on cell viability, its addition with EDT-IONB/DOX resulted in
increased cytotoxicity (Figure 7). This finding was significant for two reasons: (a) although we
could not confirm whether the doxorubicin-loaded EDT-IONB was internalized by the cells via
cellular uptake study, these results suggested that some of EDT-IONB/DOX were internalized
and made it to lysosomal compartments, and (b) enhanced cytotoxicity with addition of non-toxic
dose of desloratadine suggested that our hypothesis of using desloratadine to improve the effect
of drug loaded IONP destined to lysosomes was valid. Ongoing studies to confirm this hypothesis
using fluorescent lysosome markers such as LysoTracker® dyes or Rhodamine-123 in the
presence and absence of desloratadine are underway. If desloratadine indeed destabilizes the
lysosomal membrane then fluorescent dyes would be visible all throughout the cells instead of
being confined in lysosomes.
CONCLUSION
The purpose of this study was to examine the physicochemical properties two non-spherical
shaped Iron oxide nanoparticles with EDT coatings (EDT coated iron oxide nanodisc and EDT
coated iron oxide nanobrick) for further studies. We have shown that EDT-IONB is a reasonable
candidate designed in the context of biological barriers to proceed onto further in vitro studies
and in vivo studies. EDT-IONB is (a) hydrophilic and dispersible in aqueous solutions, (b)
biocompatible with various brains cells in a range that is sufficient to load more than EC50 value
of doxorubicin for glioblastoma cells (10 – 50 g mL-1), and (c) EDT-IONB is able to be
internalized by the cells via caveolae-mediated endocytosis. We have also shown that
doxorubicin loaded EDT-IONBs are able to reduce cell viability below 50% in tumor cells while
still retaining ideal hydrodynamic diameter (69.4 nm) and zeta potential (-0.3 mV) fit for clinical
use. In addition, further studies with desloratadine or other similar cationic amphiphilic drugs are
worth pursuing to enhance the effect of drug loaded NPs which is thought to end up in
lysosomes. Moving forward, in vitro model of BBB constructed with a monolayer of brain
endothelial cells (bEnd.3) and semipermeable membrane insert will be used to see if EDTIONB/DOX can cross BBB by temporarily disrupting the barrier with agents such as 1.4M
mannitol which was successfully done by our group 19. Furthermore, while this study only
examined properties of IONPs that are favorable for passive targeting of tumor cells, future
study will involve conjugating ligands to the IONB that can actively target tumor cells.
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FIGURES

Figure 1: EDT- IOND uptake in A) U-87MG, B) U-251MG, C) bEnd.3 and D) MDCK cells
normalized to protein: at 4 °C and 37 °C, with (+) and without (-) magnetic field (MF). The values
represented are mean ± SE (n = 3). Unpaired t-test performed on two groups being compared:
P<0.05 (*), P<0.01 (**), P<0.001 (***), P<0.0001(****).

Figure 2: EDT-IONB uptake in A) U-87MG, B) U-251MG, C) bEnd.3 and D) N9 cells normalized
to protein: at 4 °C and 37 °C, with (+) and without (-) magnetic field (MF). The values
represented are mean ± SE (n = 3). Unpaired t-test performed on two groups being compared
P<0.05 (*), P<0.01 (**), P<0.001 (***), P<0.0001(****).
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Figure 3: TEM images of U-87MG and U-251MG cell. Images A-D shows U-87MG cells at various conditions. Image A shows cells
undergoing endocytosis to internalize EDT-IOND indicated by arrow (34,000X magnification). Image B shows U-87MG cells at 37 C
without EDT- IONDs. Image C shows U-87MG cells at 4 C with EDT-IONDs and image D shows cells at 37 C with EDT-IONDs
(7,900X magnification). Images E-H show U-251MG cells at various conditions. The order of images follow same order of conditions
as U-87 cells (image A-D) with same magnification.
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Figure 5: Uptake of 50 g mL-1 EDT-IONDs in A) U-87MG,
B) U-251MG, C) bEnd.3 and D) MDCK cells normalized to
protein. Cells were pretreated with either inhibitor of
clathrin-mediated endocytosis, chlorpromazine (7 g mL-1),
inhibitor of caveolae-mediated endocytosis, genistein
(200 M), or inhibitor of endosome maturation, monensin
(25 M), or no pretreatment (control) for 30 min at 37 C
before addition of 50 g mL- EDT-IOND. The values
represented are mean ± SE (n = 3). Unpaired t-test
performed on two groups being compared P<0.05 (*),
P<0.01 (**), P<0.001 (***), P<0.0001(****).

Figure 4: Uptake of EDT-IONBs in A) U-87MG, B) U251MG cells normalized to protein. Cells were pretreated
with either inhibitor of clathrin-mediated endocytosis,
chlorpromazine (7 g mL-1), inhibitor of caveolaemediated endocytosis, genistein (200 M), or inhibitor of
endosome maturation, monensin (25 M), or no
pretreatment (control) for 30 min at 37 C before addition
of 10 g mL-1 EDT-IONB to U-87MG cells and 20 g mL-1
EDT-IONB to U-251MG cells. The values represented
are mean ± SE (n = 3). Unpaired t-test performed on two
groups being compared P<0.05 (*), P<0.01 (**), P<0.001
(***), P<0.0001(****).
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Figure 6: EDT-IONB/DOX uptake in A) U-87MG and B) U-251MG cells normalized to protein: at 4 °C and 37 °C, with (+) and without
(-) magnetic field (MF). The values represented are mean ± SE (n = 3). Unpaired t-test performed on two groups being compared:
P<0.05 (*), P<0.01 (**), P<0.001 (***), P<0.0001(****)

Figure 7: Cytotoxicity of EDT-IONB, EDT-IONB/DOX 25 M desloratadine in A) U87MG, B) U251MG cells normalized to protein.
Cells were treated with either 10, 30, or 50 g mL-1 of EDT-IONB or EDT-IONB/DOX with and without 25 µM desloratadine for 24
hours. Afterward, the treatment was removed and the cells were washed with 1% PBS. Cells were then incubated in their media for
48 hours before the MTT assay was carried out. The values represented are mean ± SE (n = 3). Unpaired t-test performed on two
groups being compared: P<0.05 (*), P<0.01 (**), P<0.001 (***), P<0.0001(****).
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