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Abstract

This study explored the possibility of utilizing iron oxide nanoparticles as a drug delivery vehicle
for minimally invasive, MRI-monitored magnetic targeting of brain tumors. In vitro determined
hydrodynamic diameter of ~100nm, saturation magnetization of 94 emu/g Fe and T, relaxivity of
43 sImM™1 of the nanoparticles suggested their applicability for this purpose. In vivo effect of
magnetic targeting on the extent and selectivity of nanoparticle accumulation in tumors of rats
harboring orthotopic 9L-gliosarcomas was quantified with MRI. Animals were intravenously
injected with nanoparticles (12 mg Fe/kg) under a magnetic field density of 0 T (control) or 0.4 T
(experimental) applied for 30 minutes. MR images were acquired prior to administration of
nanoparticles and immediately after magnetic targeting at 1 hour intervals for 4 hours. Image analysis
revealed that magnetic targeting induced a 5-fold increase in the total glioma exposure to magnetic
nanoparticles over non-targeted tumors (p=0.005) and a 3.6-fold enhancement in the target selectivity
index of nanoparticle accumulation in glioma over the normal brain (p=0.025). In conclusion,
accumulation of iron oxide nanoparticles in gliosarcomas can be significantly enhanced by magnetic
targeting and successfully quantified by MR imaging. Hence, these nanoparticles appear to be a
promising vehicle for glioma-targeted drug delivery.

Introduction

Malignant gliomas are one of the most debilitating and lethal forms of cancer. Despite
advancement in treatments, the survival and quality of life for high-grade, malignant brain
tumor patients remain poor [1]. Current treatment modalities include surgery, radiotherapy and
chemotherapy [2]. Surgery and radiotherapy are hampered by the limited tumor accessibility
to resection and the risk of damaging the surrounding normal tissue that may carry critical brain

© 2007 Elsevier Ltd. All rights reserved.

*Correspondence and reprint requests should be addressed to: Victor C. Yang, Ph.D, Albert B. Prescott Professor of Pharmaceutical
Sciences, College of Pharmacy, University of Michigan, Ann Arbor, Michigan 48109-1065, Tel: (734) 764-4273, Fax: (734) 763-9772,
vcyang@umich.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chertok et al.

Page 2

functions, whereas a major pitfall in chemotherapy is the failure to accumulate and retain a
therapeutically relevant drug concentration at the tumor site [3]. Prolonged exposure of a tumor
lesion to sufficiently high drug concentrations is a prerequisite for therapeutic efficacy [4].
However, passive biodistribution of a systemically administered drug, which is governed by
the physicochemical properties (e.g. molecular weight, lipophilicity etc.) of the compound,
often results in subtherapeutic drug levels at the tumor site [5]. Exposure of the tumor to
subtherapeutic drug concentration does not only fail to irradicate the lesion, but can even
stimulate overgrowth of resistant malignant cells [6]. Moreover, most chemotherapeutic agents
possess poor selectivity toward the target tissue and can harm normal cells as well as cancer
cells. Thus, dose escalation in order to formulate an effective dosing regimen is limited by
possible systemic toxicity [4].

The failure to achieve therapeutic drug concentrations in brain tumors has been traditionally
attributed to the impermeable nature of the blood brain barrier (BBB), composed of tight
intercellular junctions and deficient in both pinocytotic vesicles and fenestrations [7]. Thus,
strategies for circumvention or temporary disruption of the BBB, such as direct intracranial
injection of chemotherapeutic drugs e.g. methotrexate [8] and drug-loaded liposomes [9],
tumor implantation of BCNU-loaded polymeric wafers [10], and osmotic disruption of the
BBB with hypertonic solutions of mannitol [11,12] have been attempted. However, it has been
well established that glioma microvasculature exhibits physiological characteristics quite
distinct from those of the intact cerebral BBB [13-16]. Structural abnormalities of the
endothelial lining, driven by an erratic angiogenesis, include open endothelial gaps
(interendothelial junctions and transendothelial channels), cytoplasmic vesicles and
fenestrations that contribute to leakiness and hyperpermeability of the tumor vasculature
[17]. Circumvention of the BBB, although it increases drug concentrations in the tumor, also
inevitably results in high concentrations of the cytotoxic drug in the normal brain — posing a
threat of severe neurotoxicity [18]. Similarly, direct intervention into delicate brain structures
often results in the loss of neurological and neurocognitive functions [19-21]. Therefore, a
reasonable approach for the design of less invasive and more selective brain tumor drug
delivery is to exploit the physiological differences in vascular permeability between the tumor
and normal brain to achieve potential selectivity.

Colloidal systems, such as liposomes and nanoparticles, have shown promise as drug carriers
to target brain tumors after minimally invasive intravenous administration [15,22]. For
example, systemic delivery of stealth liposomes loaded with the anti-cancer agent doxorubicin
was found to significantly increase the extent and selectivity of drug accumulation in gliomas
compared to administration of the free drug [23]. This advantage of colloidal carriers has been
attributed to the so-called enhanced permeability and retention (EPR) effect [24,25], whereby
macromolecules and nanoparticles, even as large as 300 nm, are able to extravasate into the
tumor interstitium through the hyperpermeable vasculature of most solid tumors [15,26].
Moreover, deficient lymphatic drainage retards the tumor clearance of the macromolecular
structures, rendering the use of nanoparticles a promising approach for “passive” tumor
targeting.

Magnetic nanoparticles, composed of a magnetic (e.g. iron oxide/magnetite) core and a
biocompatible polymeric shell (e.g. dextran, starch), offer a potential method for tumor drug
delivery with benefits that extend beyond the EPR effect. These additional advantages come
from such specific properties of magnetic nanoparticles as magnetic responsiveness and MRI
visibility. Several investigators have previously shown that magnetic nanoparticles can be
retained at tumor sites, after local administration combined with a locally applied external
magnetic field, due to the “magnetic responsiveness” of the iron oxide core, thereby enabling
magnetic targeting [27-30]. Additionally, it has also been demonstrated that detectable
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amounts of magnetic nanoparticles are able to reach the tumor of 9L-glioma bearing rats after
intravenous administration [31,32].

While colloidal carriers have been shown to accumulate in brain tumors, the assessment of
accumulation and retention is often hindered by a lack of non-invasive methods to monitor the
time-course of nanoparticle distribution within the brain. Since iron oxide magnetic
nanoparticles are known to be strong enhancers of proton spin-spin (To/T, ™) relaxation, MRI
is a suitable modality for non-invasive detection of such nanoparticles [33]. The resulting
reduction in signal intensity (negative contrast) at the spatial location of magnetic nanoparticles
renders them visible on MR images collected in vivo.

In the present study, we examined the applicability of magnetic nanoparticles for both
magnetically enhanced brain tumor accumulation and non-invasive MRI monitoring. We
hypothesized that the fraction of magnetic nanoparticles passively reaching the brain tumor
site after systemic administration would be actively retained by magnetic interaction with an
externally applied magnetic field, thus prolonging tumor exposure to the drug carrier. We
further hypothesized that the MRI visibility of magnetic nanoparticles could be utilized to
achieve non-invasive monitoring of nanoparticle accumulation, as well as to evaluate the effect
of magnetic targeting on the time-course of distribution and elimination of magnetic
nanoparticles, in brain tumors.

Materials and Methods

In vitro characterization of magnetic nanoparticles

Magnetic nanoparticles (G100) were kindly provided by Chemicell® (Berlin, Germany). Total
iron concentrations of nanoparticle preparations were determined by inductively coupled
plasma — optical emission spectroscopy (ICP-EOS) using an Optima 2000 DV spectrometer
(Perkin-Elmer, Boston MA). Samples were prepared by complete digestion of the colloidal
nanoparticles in 12M hydrochloric acid (HCI) at 70°C for 2 hours. Calibration curves were
constructed using standard iron solutions. Light-scattering measurements were carried out at
a 90° scattering angle using Nicomp 370 submicron particle sizer (Nicomp, Santa Barbara,
CA). For transmission electron microscopy (TEM) a few drops of diluted nanoparticle
preparation were deposited onto carbon-coated copper grids and the grids were allowed to air-
dry. TEM images were obtained using a CM-100 electron microscope (Philips Electron Optics,
The Netherlands) operating at 60 kV. Magnetization measurements were performed using a
MPMS-XL superconducting quantum interference device (SQUID) magnetometer (Quantum
Design Inc. San Diego, CA). The freeze-dried samples of nanoparticles were analyzed at 293
K in a DC magnetic field range of 0-55 kG. The MR T relaxivity (R,) of the nanoparticles
was determined using the same methods as employed in the in vivo experiments (as described
below). For these measurements a solution of nanoparticles with an iron concentration of 0.179
mM was used.

Animal model

Cell culture—Rat 9L-glioma cells (Brain Tumor Research Center, University of California,
San Francisco) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% heat-inactivated feral bovine serum, 100 IU/mL penicillin, 100 pg/mL streptomycin
and 0.29 mg of L-glutamine at 37°C in a humidified atmosphere of 5% CO,. Prior to
implantation, cells were grown to confluency in 100 mm culture dishes and harvested using
0.25% trypsin/0.1% ethylene-diamine-tetra-acetic acid (EDTA) solution. Cells were pelleted
by centrifugation at 1000 x g for 5 min, resuspended in serum free DMEM at a concentration
of ~10° cells/pL and kept on ice until use.
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Induction of brain tumors—All animal experiments were conducted according to the
protocols approved by the University of Michigan Committee on Use and Care of Animals
(UCUCA).

Intracerebral 9L tumor induction was carried out as previously reported [34]. Male Fisher 344
rats (125-150 g, Harlan Spraugue Dawley Inc., Indianopolis, IN) were anesthetized by
intraperitoneal injection of ketamine/xylazine mixture (87/13 mg/kg body weight). A small
skin incision was made over the right hemisphere and the tissue was carefully removed until
the bregma was identified. A 1-mm-diameter burr hole was drilled through the skull 1 mm
anterior to the bregma and approximately 5 mm lateral from the midline. Ten microliters of
9L cell suspension was injected through the burr hole at a depth of 3 mm beneath the skull.
The surgical field was cleaned with 70% ethanol and the burr hole was filled with bone wax
(Ethicon Inc., Summerfield, NJ) to prevent extracerebral extension of the tumor and the skin
incision was closed with tissue adhesive (3M Vetbond, Animal Care products, St Paul, MN).
Animals were imaged using MRI beginning at 10 days post-cell implantation to select tumors
between 50 and 70 pL in volume as previously described [34].

Magnetic targeting

MR imaging

G100 nanoparticle suspensions were diluted with PBS and filtered through a 0.2 um disposable
syringe filter to obtain a preparation of about 6 mg Fe/mL, as determined by ICP-EOS described
above. Animals were anesthetized with an inhaled mixture of 1.5 % isoflurane/air and tail veins
cannulated using a 26-gauge angiocatheter (Angiocath™, Becton Dickinson, Sandy, UT). The
animals were then placed ventrally on a platform with their head positioned between the poles
of an electromagnet. The magnetic field density within the air gap between the poles was
adjustedto O T (control) or 0.4 T (experimental). Animals were then injected with nanoparticle
suspension at a dose of 12 mg Fe/kg through the catheter and retained in the magnetic field for
30 min.

MRI was performed using a 12-cm horizontal-bore, 7 Tesla Varian Unity Inovaimaging system
(Varian, Palo Alto, CA). Animals were anesthetized with 1.5 % isoflurane/air mixture and
maintained at 37°C inside the magnet. The heads of the animals were positioned in the center
of a 35-mm-diameter quadrature RF volume coil (USA Instruments Inc, OH). A single-slice
gradient echo sagittal image was acquired to facilitate reproducible positioning of the animal
head within the coil using the base of the skull as a reference point. The time course of
nanoparticle distribution in the rat brain was monitored by serial acquisition of gradient echo
(GE) and T,-weighted MRI scans. Images were acquired before administration of nanoparticles
(pre-scans) and after magnetic targeting at approximately 45 min intervals over a 4 hour period.

All images were acquired with a field of view (FOV) of 30 x 30 mm over 128 x 128 matrix.
Since animals had to be repositioned within the magnet, quantitative information on
nanoparticle accumulation was inferred by measuring R, relaxivity. To-weighted images were
acquired using a multi-slice fast spin echo sequence. At each time point (t) of MRI data
acquisition, two consecutive sets of 13 axial 1-mm-thick slices of the brain were collected with
effective echo time (TE) fixed to either 30 or 60 ms. Relaxation time (TR) was set to 4 sec and
four signal averages were collected per phase encoding step. R, relaxivity maps were calculated
from signal intensities using the following equation:

1 In[S(TEy,1)/S2(TEy, 1)]
T>(1) TE, — TE, [1]

Ry (D)=
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where S1(TEq,t) and So(TEp,t) are the signal intensities at time (t) following the administration
of nanoparticles acquired with effective echo times TE1 and TE,, respectively.

The 13 sections of the rat brain collected with the T,-weighted spin echo MRI were used to
determine the position of the slice having best cross-sectional visualization of the tumor lesion.
Gradient Echo single slice scan was acquired at this position to provide qualitative information
on nanoparticle accumulation in the tumor. The image was produced with TR=20 msec, TE=5
msec and a slice thickness of 1 mm.

Quantitative analysis of MRI data

The R, values used to analyze the time course of R, relaxivity change after nanoparticle
administration were obtained from the mean signal intensity within defined regions of interest
(ROIs) on the R» relaxivity maps. The ROIs were manually drawn in the tumor lesion and
contra-lateral normal brain. The change in Ry relaxivity caused by the presence of the contrast
agent within the tissue of interest at time t was expressed as a percentage change of the initial
(pre-scan; t=0) relaxivity value:

Ra(1) - Ry(0)
dR» (%)= ——— x 100%
== " (2]

To compare the overall exposure of the glioma and contra-lateral normal brain tissue to
magnetic nanoparticles with and without magnetic targeting, the area under the curve (AUC)
of dR, versus time was calculated. The AUC was estimated numerically by a linear trapezoidal
integration method; integration interval was chosen to be 45-260 min after nanoparticles
administration, corresponding to the time period of data collection.

The selectivity of nanoparticle accumulation in tumor versus contra-lateral normal brain was
determined by calculating the target selectivity index (TSI). TSI was defined as follows:

AUC 45-260 min)(glioma)

TSI=
AUC 45-260 min)(contra — lateral brain) [3]

Ex vivo Electron Spin Resonance (ESR) analysis of nanoparticle concentrations

Excised tissues of targeted and non-targeted animals were analyzed for nanoparticle content
by ESR spectroscopy. In these studies, rats (experimental: n=6, control: n=6) were subjected
to magnetic targeting and 50 min after the administration of magnetic nanoparticles pre-
anesthetized animals were sacrificed. The brain was immediately removed and divided into
right and left hemispheres. The tumor was carefully dissected from the normal tissue of the
right hemisphere. The left hemisphere and the tumor tissues were frozen on dry ice and kept
at —80°C.

Nanoparticle concentrations in tissue samples were determined by a modified method of
Mykhaylyk et al. [11]. Briefly, ESR spectra of weighted tissue samples and standard
nanoparticle solutions were acquired using an EMX ESR spectrometer (Bruker Instruments
Inc., Billerica, MA) equipped with a liquid nitrogen cryostat. The acquisition parameters were:
resonant frequency: ~9.2GHz, microwave power: 20mW, temperature: 145K, modulation
amplitude: 5G and receiver gain: 5x10%. The ESR signal was collected as the first derivative
of the absorption of microwave power and plotted versus the magnitude of the applied magnetic
field. For quantitative purposes, a double integration was applied to obtain the AUC for the
absorption-field curve; data were corrected for background tissue absorption of the microwave
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radiation using tissue samples of glioma-bearing rats not exposed to magnetic nanoparticles.
A calibration curve was constructed by plotting integral intensities of the ESR spectra of
standard nanoparticle solutions versus their known iron concentrations, as determined by ICP-
EOS. The calibration curve was linear (R2=0.99) within the range of 0.1-9 nmol Fe.

Statistical analysis

Results

Data are presented as mean+SE, unless indicated otherwise. Nanoparticle accumulation and
target selectivity index in targeted and non-targeted groups were compared using the unpaired
t test. A p-value of <0.05 was considered statistically significant. Tumor elimination profiles
of nanoparticles in the non-targeted group was fitted to a monoexponential function with Curve
Fitting Toolbox of Matlab 7.1 software (The MathWorks, MA ) using the nonlinear least
squares regression method with Levenberg-Marquardt algorithm. Regression analysis of the
ESR versus MRI data sets were carried out using the linear least squares alogorithm (Excel,
Microsoft, CA).

In vitro characterization of magnetic nanoparticles

According to previous investigations [35], the success of magnetic targeting is generally
contingent upon the magnetic properties and size distribution of the nanoparticles. In addition,
the ability of the nanoparticles to enhance proton relaxation is a pre-requisite for their MRI
visibility [36]. The G100 nanoparticles consisted of an iron oxide core and a starch coating
(Figure 1A), and exhibited a narrow distribution of the hydrodynamic diameter of 110£22 nm
(meanzSD) (Figure 1B). The iron oxide core consisted of multiple separate crystals as
displayed by a TEM image of a typical single nanoparticle (Figure 1C). The nanoparticle
magnetization, induced by an applied magnetic field, increased with increasing applied field
strength and reached a saturation magnetization (M) value of 94 emu/g Fe (Figure 1D). The
magnetization curve displayed negligible hysteresis, indicating superparamagnetic behavior
of the sample (Figure 1D, inset). In fact, superparamagnetism can be of great advantage in
tumor targeting since superparamagnetic nanoparticles possess zero net magnetic moment in
the absence of an external magnetic field and therefore yield minimal self-aggregation tendency
outside of the targeted region [33]. The R relaxivity value of the G100 nanoparticles was
found to be 43.8+2.6 sImM~1 (mean+SD). This relaxivity is comparable to the R, of the
clinically relevant MR contrast agent Combidex® (Advanced Magnetics, MA, R2=53.1 + 3.3
s ImM1[37)).

In vivo Magnetic targeting

Figure 2 presents a subset of a typical series of MRI images obtained from targeted and non-
targeted animals before and after nanoparticle administration. The brain tumors are clearly
visible on the baseline T,-weighted images (Figures 2A and 2B). The GE images of the targeted
animal acquired 1 and 3 hours post injection (0.5 and 2.5 hours post magnetic targeting,
respectively) exhibited a region of pronounced hypointensity compared to the baseline GE
image (Figure 2A). This hypointense region indicated the presence of magnetic nanoparticles
within the tumor tissue. In contrast, the post-injection images of the non-targeted animal
(Figure 2B) showed almost no signal reduction within the glioma lesion. These results
qualitatively demonstrated that magnetic targeting improved glioma accumulation and
retention of the magnetic nanoparticles.

GE images, however, incorporate main magnetic field inhomogeneities, the spatial distribution
of which may vary with repositioning of the animal inside the magnet. Animal repositioning
between the scans at different time points was essential due to the interval of magnetic targeting
and long overall time frame of the kinetic monitoring. Therefore, quantitative information on
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nanoparticle brain distribution was inferred from R relaxivity maps for targeted (Figure 3A)
and control (Figure 3C) animals with the assumption that the change in relaxivity, relative to
the pre-scan (dR2), was dominated by the change in nanoparticle concentration.

The kinetic pattern of dR, variation within the ROIs of glioma and contra-lateral normal brain
in both targeted (Figure 3B) and control (Figure 3D) animals showed that magnetic targeting
profoundly altered the kinetic profile of nanoparticle accumulation within the tumor lesions.
In non-targeted animals the kinetic process observed within the tumor region during the data
collection interval (45-260 min post-injection) could be described as a typical first-order mono-
exponential elimination (decay rate: b=—1.17 min~1, R?=0.97, RMSE=0.55) (Figure 4A). In
contrast, the glioma disposition curve for the targeted animals could not be accurately fitted
by a monoexponential function (R2=0.51), indicating a more complicated disposition process.
The AUC analysis (Figure 4B) showed that overall tumor exposure to magnetic nanoparticles
was 5-fold greater (p=0.005) for the targeted animals (2,528 + 395 %*min, n=5) compared to
the control group (477 = 33 %*min, n=5).

Another prominent phenomenon observed in Figures 3 was that the pronounced increase in
glioma exposure to nanoparticles due to magnetic targeting was not accompanied by a
corresponding increase of nanoparticle accumulation in the contra-lateral normal brain. The
selectivity of nanoparticle accumulation in gliosarcoma over normal brain was significantly
enhanced (p=0.025) by magnetic targeting, as reflected by the 3.6-fold increase in target
selectivity index obtained for the targeted group (11.9 + 3.3, n=5) versus the control group (3.3
+ 1.1, n=5) (Figure 4C).

Ex vivo ESR tissue analysis

To validate the non-invasive, MRI-based nanoparticle quantification technique, nanoparticle
concentrations in the excised tissue samples of glioma and normal brain were also estimated
using ESR spectroscopy. As shown in Figure 5A, the tumor tissue excised from a targeted
animal (Spectrum #2 in Figure 5A) exhibited the same ESR spectrum as that of the calibration
solution containing G100 magnetic nanoparticles (Spectrum #1 in Figure 5A). The lack of an
ESR signal from glioma tissue of rat not exposed to the magnetic nanoparticles (Spectrum #3
in Figure 5A) further confirms that the signal measured in the targeted tumor tissue could be
primarily attributed to the presence of the magnetic nanoparticles.

Quantitative analysis of the ESR spectra (Figure 5B) demonstrated that the nanoparticle
concentration in tumor tissues obtained from targeted animals 50 min after injection was 11.5-
fold higher (p<0.0005) than that of control animals (29.8 + 7.9 versus 2.6 = 0.7 nmol Fe/g
tissue, for the targeted and control groups, respectively, n=6 in each animal group). A 9.5-fold
difference (p<0.0005) in the nanoparticle concentration was also observed between the targeted
tumor tissue (29.8 = 7.9 nmol Fe/g tissue, n=6) and contra-lateral normal brain tissue (3.1 £
2.1 nmol Fe/g tissue, n=6) of the animals exposed to the magnetic field. Moreover, the ESR
data obtained from the excised tumors were found to be linearly correlated (slope=0.57 g tissue/
nmol Fe, p=0.0001, R?=0.88) with the dR; results (Figure 5C).

Discussion

Established differences in the vascular architecture and permeability of brain tumors and

uncompromised normal brain tissues offer an attractive physiological basis to achieve tumor-
selective accumulation of drug carriers [15,17]. In addition to selectivity, residence time of the
carrier at the tumor site is of critical importance since it determines the total extent of exposure
of the tumor mass to the potential drug. A major goal of the present study was to assess whether
magnetic interaction between magnetic nanoparticles and a locally applied external magnetic
field could affect accumulation selectivity and retention of the nanoparticles at the brain tumor
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site after systemic administration. Since retention is a kinetic parameter, evaluation of the time-
course of nanoparticle disposition in the brain is essential.

Concentrations of magnetic nanoparticles in both tumor and normal brain tissues have
previously been quantified by methods involving tumor excision and nanoparticle extraction
[38]. These methods, aside from being invasive, are also hampered by high intersubject
variability, thereby impeding interpretation of the kinetic profiles of nanoparticle disposition.
Therefore, an additional goal of this study was to develop a relatively simple MRI-based
method for non-invasive monitoring of magnetic nanoparticle brain disposition. Previous
studies have demonstrated that the change in R relaxivity is related to the tissue concentration
of contrast agent [39-41]. We hypothesized that factors, other than nanoparticle concentration,
that could affect R, (e.g. blood volume, tumor oxygenation, vascular density) would exhibit
negligible fluctuation during the course of our experiments. To this regard, our method was
based on estimation of R, relaxivity as a measure of nanoparticle concentration. The validity
of this method was confirmed by the independent ex vivo ESR analysis of nanoparticle
concentrations (Figure 5).

The robustness of R, relaxivity as a parameter reflective of nanoparticle concentration stems
from the fact that R, relaxivity is independent of the effects of animal repositioning inside the
MRI magnet. This is because the SE based pulse sequence fully refocuses spin dephasing
induced by static field inhomogeneities of the main magnetic field, thus offsetting the
variability in field inhomogeneities distribution with animal repositioning. The total acquisition
time for relaxivity estimation was only about 8 minutes, permitting sufficiently frequent
sampling of the time-course of nanoparticle disposition.

The time-course of dR, within the gliosarcoma lesion of the magnetically targeted animals was
pronouncedly distinct from the control animals, suggesting the glioma retention effect of
magnetic nanoparticles induced by the presence of an external magnetic field (Figure 3). In
control animals, the glioma elimination of magnetic nanoparticles could be described by
monoexponential decay (Figure 4A). This is characteristic of a single-compartment elimination
profile suggesting an intravascular confinement of glioma-reaching magnetic nanoparticles in
the absence of external magnetic field. This observation also revealed a minimal contribution
of the EPR effect to glioma retention of magnetic nanoparticles. Low selectivity of nanoparticle
accumulation in the gliosarcoma over the normal brain in control animals, despite the
pronounced differences in vascular permeability between the intact blood-brain barrier and the
compromised blood-tumor barrier, was an interesting finding of this study. A possible
explanation for that would be a low rate of nanoparticle extravasation compared to their
residence time in the tumor vasculature. However, further studies are required to confirm this
hypothesis.

Nevertheless, an important finding of the present study was that in magnetically targeted
animals the glioma retention of nanoparticles persisted for approximately 100 minutes after
the removal of the external magnetic field. Susceptibility-based MRI signal reduction within
the glioma lesion due to the presence of magnetic nanoparticles cannot be used to discriminate
between extensive perfusion of glioma lesion and interstitial glioma accumulation of the
nanoparticles. However, the observation of about 11.5-fold higher nanoparticle concentrations
in excised glioma tissues of magnetically targeted animals over the control group strongly
suggested tumor entrapment of magnetic nanoparticles facilitated by the magnetic field (Figure
5B). Possibly, the magnetic field gradient acts to oppose the hemodynamics and mediates
retention of magnetic nanoparticles within tumor vasculature thus increasing the chances of
the nanoparticles to extravasate. Other researchers have demonstrated that magnetized
nanoparticles aggregate inside tumor interstitium and the aggregates remain entrapped within
the interstitial matrix [38]. When the magnetic field is discontinued, the aggregation might be
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slowly reversed due to magnetic relaxation of the superparamagnetic nuclei, allowing the
nanoparticles to clear from the glioma lesion. This previously proposed mechanism offers a
plausible explanation for the 4-fold increase in glioma accumulation selectivity induced by
magnetic targeting. However, confirmation of this mechanism of nanoparticle retention within
glioma requires further investigation.

Although the accumulation of nanoparticles was quantified indirectly by measurement of the
dR5 changes in vivo using MRI, it was confirmed by direct measurement of nanoparticle
concentrations ex vivo (Figure 5). ESR spectroscopy was the method of choice for the ex
vivo analysis. MRI and ESR techniques are both based on the phenomenon of magnetic
resonance; however MRI is only able to indirectly detect the presence of magnetic
nanoparticles via their effect on the water proton relaxation process. In contrast, ESR directly
measures the presence of paramagnetic species. Determination of the nanoparticles within the
tumor by ESR therefore served as a robust validation of the non-invasive MRI technique for
nanoparticle quantification.

The feasibility of utilizing magnetic nanoparticles as a platform for delivery of drugs to brain
tumors would depend on the toxicity, the route of administration and the accumulation
selectivity (i.e. towards the glioma over the uncompromised normal brain) of the nanoparticles,
as well as the desorption kinetics of the drug from the carrier. Although magnetically mediated
glioma targeting of magnetic nanoparticles has been previously demonstrated [38], the
nanoparticles were administered via the carotid artery involving permanent ligation of the
common carotid, external carotid, occipital and pterygopalatine arteries. In contrast, in the
present study the nanoparticles were administered intravenously. This minimally invasive
approach, which is not hindered by problematic post-surgical animal recovery, provides a
straightforward and clinically relevant method to investigate multiple-dose therapeutic
regimens of drug delivery to brain tumors via magnetic nanoparticle targeting. The magnetic
nanoparticles used in the current study have already been reported by other investigators to be
non-toxic and well tolerated in both preclinical and clinical trials after systemic administration,
even at doses 10-times higher than those employed in our experiments [42,43]. In addition,
previous studies have demonstrated the feasibility of loading drugs onto magnetic nanoparticles
and examined the kinetics of drug desorption. For example, it has been shown that a
nanoparticle-bound chemotherapeutic agent mitoxantrone could be completely released from
the carrier within 60 minutes [44]. Based on this release kinetics, the nanoparticle retention
time within the tumor tissue (about 150 minutes) achieved in the present study (Figure 3C)
seems to be sufficiently long for unloading the therapeutic cargo.

Conclusions

Results presented reveal that continued development of magnetic nanoparticle based systems
for the delivery of chemotherapeutic agents to brain tumors is warranted. Intravenous
administration, along with magnetic targeting resulted in a 5-fold increase in the total glioma
exposure to magnetic nanoparticles over non-targeted tumors and a 3.6-fold enhancement in
the target selectivity index of nanoparticle accumulation in glioma tissue over normal brain
parenchyma. In addition, the ability to monitor magnetic nanoparticle distribution in vivo using
clinically translatable MRI methods developed in this study offers a major advantage to non-
invasively validate the localization of the drug delivery vehicle at the respective target site.
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Figure 1.

Applied magnetic Tleld (G)

In Vitro characterization of magnetic nanoparticles. (A) Diagram of a magnetic nanoparticle
consisting of magnetite (Fe304) core and a starch shell. (B) Intensity —weighted NICOMP

particle size distribution of G100 colloid measured by Dynamic Light Scattering. (C) Typical
TEM image of a single nanoparticle composed of multiple magnetite cores. (D) Magnetization
curve of solid G100 at 293 K measured by SQUID exhibiting magnetic saturation (i.e. plateau
at high magnetic field). The inset demonstrates negligible remanent magnetization indicative

of superparamagnetic behavior.
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A: targeted B: non-targeted

T2, baseline

GE, baseline

GE, 3hr

Figure 2.

Representative subset of kinetic series of MRI scans demonstrating nanoparticle accumulation
in 9L gliosarcoma (A) with and (B) without magnetic targeting. The spin echo T,-weighted
baseline images illustrate the tumor location clearly observable as a hyper-intense lesion. GE
baseline images were acquired before the nanoparticle injection, while 1-hr and 3-hr images
were acquired 1 and 3 hours after nanoparticle administration, respectively.
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Figure 3.
Kinetics of nanoparticle accumulation monitored by MRI in (A, B) targeted and (C, D) non-
targeted groups of animals. (A, C) Representative series of R, maps (msec-1) of the tumor
tissue (color) superimposed onto the corresponding T2-weighted images acquired before
(baseline) and 1-3 hours after nanoparticle administration in (A) targeted and (C) control rats.
(B, D) Mean kinetic profiles of tumor and contra-lateral brain nanoparticle accumulation in
(B) targeted and (D) control rats. Data expressed as MEAN+SE, n=5.
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Analysis of nanoparticle distribution in the brains of 9L gliosarcoma-bearing rats. (A) Mean
kinetic profiles of nanoparticle accumulation in the tumor of the targeted and control rats. Data
expressed as MEAN = SE, n=5. Exponential fit for the non-targeted group was calculated using
nonlinear least squares regression method (R2= 0.97, RMSE=0.58). (B) Area under the dR,-
time curve of the tumor ROI over the interval of observation. The plot shows statistically
significant difference between the targeted and the control groups (p=0.005). (C) Target
selectivity index of nanoparticle accumulation in tumor versus contra-lateral brain (p=0.025).
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Figure 5.

Analysis of nanoparticle concentration in excised animal tissues (glioma/ contra-lateral brain)
with ESR spectroscopy. (A) Typical ESR spectra of : #1- a standard solution of G100 magnetic
nanoparticles; #2 — glioma of a rat injected with magnetic nanoparticles and subjected to
magnetic targeting; #3 — glioma of a control rat not exposed to magnetic nanoparticles. (B)
Nanoparticle concentration in excised tumor and contra-lateral brain tissues quantified by ESR
spectroscopy. Data expressed as MEAN+SE, n=6. (C) A plot demonstrating linear correlation
between the MRI-derived dR2 parameter and the ESR-determined nanoparticle concentration
in excised tissue samples. (R2=0.88, slope=0.57, p=0.0001)
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