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Abstract

Systemically administered chemotherapeutic drugs are often ineffective in the treatment of
invasive brain tumors due to poor therapeutic index. Within gliomas, despite the presence of
heterogeneously leaky microvessels, dense extracellular matrix and high interstitial pressure
generate a “blood-tumor barrier” (BTB), which inhibits drug delivery and distribution. Meanwhile,
beyond the contrast MRI-enhancing edge of the tumor, invasive cancer cells are protected by the
intact blood-brain barrier (BBB). Here, we tested whether brain-penetrating nanoparticles (BPN)
that possess dense surface coatings of polyethylene glycol (PEG) and are loaded with cisplatin
(CDDP) could be delivered across both the blood-tumor and blood-brain barriers with MR image-
guided focused ultrasound (MRgFUS), and whether this treatment could control glioma growth
and invasiveness. To this end, we first established that MRgFUS is capable of significantly
enhancing the delivery of ~60 nm fluorescent tracer BPN across the blood-tumor barrier in both
the 9L (6-fold improvement) gliosarcoma and invasive F98 (28-fold improvement) glioma models.
Importantly, BPN delivery across the intact BBB, just beyond the tumor edge, was also markedly
increased in both tumor models. We then showed that a CDDP loaded BPN formulation (CDDP-
BPN), composed of a blend of polyaspartic acid (PAA) and heavily PEGylated polyaspartic acid
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(PAA-PEG), was highly stable, provided extended drug release, and was effective against F98
cells in vitro. These CDDP-BPN were delivered from the systemic circulation into orthotopic F98
gliomas using MRgFUS, where they elicited a significant reduction in tumor invasiveness and
growth, as well as improved animal survival. We conclude that this therapy may offer a powerful
new approach for the treatment invasive gliomas, particularly for preventing and controlling
recurrence.
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Introduction

Glioblastoma multiforme (GBM) is an aggressive brain tumor that accounts for 67% of all
primary brain tumors [1]. Due to the highly invasive nature of the disease, cancer cells often
lie beyond the visible tumor boundary, which makes full surgical resection difficult [2]. A
significant percentage (90%) of patients develop tumor recurrence at or near the surgical site
and many tumors develop drug resistance [3]. Despite advances in drug development, the
five year survival rate for GBM is 12% and has remained virtually unchanged over the past
decade [1].

Cis-diamminedichloroplatinum (Cisplatin, CDDP) is a powerful chemotherapeutic used as a
first-line therapy for several types of cancer, including testicular, ovarian, bladder and lung
cancers [1]. It has also been used as an adjuvant in the treatment of pediatric brain tumors
[4]. However, adult GBM patients treated with CDDP suffer severe kidney and
neurotoxicity, even at sub-therapeutic drug concentrations [5-7]. Methods that reduce off-
target toxicity and/or increase local delivery to permit a decrease in systemic dose would
greatly increase CDDP’s utility in the treatment of brain tumors [5].

While direct injection of CDDP can improve therapeutic outcomes, this requires an invasive
procedure and still produces significant neurotoxicity [8]. Biodegradable nanoparticle
formulations can shield healthy tissues from the toxic effects of CDDP, especially during
systemic administration, while enhancing therapeutic efficacy [1,9]. When combined with a
strategy to increase NP concentration at the target site, this drug delivery approach provides
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the ability to achieve sustained therapeutic CDDP levels in the tumor while minimizing both
systemic and local off-target effects.

However, drug delivery to the brain presents unique difficulties [10]. Invasive cancer cells
exist within otherwise healthy brain tissue, where they are protected from systemically
administered drugs by the blood-brain barrier (BBB). The BBB regulates the transport of
most molecules to and from the brain and prevents the vast majority of CNS therapeutics
from reaching their target [11,12]. The BBB within the tumor may be impaired, but this
impairment is often heterogeneous [2,13] and produces an unfavorable pressure gradient for
drug penetration [14]. Additionally, brain tumors have a higher cell density and collagen
content than normal brain tissue, further limiting drug penetration [15,16]. Together, these
factors generate what is now commonly referred to as the “blood-tumor barrier” (BTB).
Transcranial MR-guided focused ultrasound (MRgFUS) is currently the only treatment
modality capable of achieving safe, non-invasive, reversible BBB and BTB disruption in a
targeted manner [17-22].

Nonetheless, once therapeutics are delivered across the BBB and/or BTB using MRgFUS,
they must still penetrate brain tissue through the complex brain extracellular space (ECS) in
order to provide more uniform drug delivery to the tumor, including invasive cells. To
address this challenge, we recently developed “brain penetrating nanoparticles” (BPNSs),
which are drug-or DNA plasmid-loaded nanoparticles that possess non-adhesive surfaces (a
result of exceptionally dense coatings with poly(ethylene glycol (PEG)) which enable
particles up to 114 nm [23] and 70 nm [24] in size to rapidly spread within normal brain
parenchyma and brain tumors, respectively. Importantly, when considering the systemic
administration of BPN, the dense PEG coat also offers long circulation times because rapid
clearance by the reticuloendothelial system (RES) is minimized [25].

In this study, we tested the hypothesis that MRgFUS will increase the delivery of drug-
loaded BPN across the BBB/BTB in an intracranial rat model of glioma, yielding reduced
tumor invasiveness and improved tumor growth control and animal survival. We used both
fluorescently labelled PEGylated polystyrene (PS-PEG) BPN and biodegradable cisplatin-
loaded BPNs (CDDP-BPN) composed of PAA/PAA-PEG blends to evaluate the efficacy of
the therapy. We show that MRgFUS significantly improves BPN delivery and distribution in
the tumor and that MRgFUS in combination with CDDP-BPN improves tumor growth
control and animal survival. This is the first MRgFUS study demonstrating efficacy with a
systemically administered drug-loaded biodegradable polymeric nanoparticle in the
treatment of GBM.

Material and Methods

PEGylation of Polyaspartic Acid (PAA) Polypeptide

A co-polymer of PAA-PEG was synthesized with 27 kDa PAA (200 apsartic acid units,
Alamanda Polymers, Huntsville, AL) of which C- and N-terminus are amide and amine,
respectively, and 5 kDa methoxy-PEG-amine (mMPEG-NH>, Creative PEGworks, Winston
Salem, NC). Briefly, PAA was reacted with mPEG-NH> at a 1:10 molar ratio with an
addition of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, Invitrogen, Carlsbad,
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CA; equimolar with PEG). The reaction was carried out in 200 mM borate buffer (pH 8.5)
for 24 hours at room temperature followed by dialysis against deionized water using a 50
kDa MWCO dialysis device (Spectrum Lab, Rancho Dominguez, CA) for 120 hours. The
solution was lyophilized to obtain a powder of purified PEG-conjugated PAA (PAA-PEG)
which was then stored at —20°C until use. The PAA:PEG ratio was confirmed using nuclear
magnetic resonance (NMR) to be ~1:10:1 H NMR (500 MHz, D20): 6 2.70-2.80 (br, -
CHCH,COOH) 3.55-3.75 (br, -CH,CH,0-), 4.40-4.55 (br, NHCHCH>-) and 3.3-3.4 (s, -
OCH,CH,CHy3). A representative NMR spectrum confirming PEGylation of PAA is
provided in Fig S1. Immediately prior to nanoparticle (NP) formulation, the lyophilized
polymers were dissolved in ultrapure distilled water.

Fluorescent Labeling of PAA Polymer

For fluorescent labeling of polymer, AlexaFluor 647-cadaverine (AF647; Thermo Fisher
Scientific) or AlexaFluor 555-cadaverine (AF555; Thermo Fisher Scientific) was conjugated
to PAA in 200 mM borate buffer (pH 8.5) for 72 hours at room temperature. The solution
was dialyzed against deionized water using a 20kDa MWCO G2 Dialysis device (Spectrum
Lab) for 120 hours, followed by lyophilization. The AF647- and AF555-labeled PAA
(AF647-PAA and AF555-PAA, respectively) were stored at —20°C until further use.

Preparation of CDDP Loaded Nanoparticles

Un-PEGylated CDDP-loaded NP (CDDP-UPN) were formulated using a previously
reported method [26] with a slight modification. Briefly, 5 mM cisplatin and 37.03 uM PAA
(equivalent to 5 mM aspartic acid residues) were dissolved in RNase-free water and reacted
for 72 hours. CDDP-BPN were formulated using previously reported method with
appropriate modifications to improve CDDP loading [26]. As a first step, CDDP (16.7
mmol) and silver nitrate (31.73 mmol) were reacted together in 5 ml of nuclease-free water
at 55°C for 3 h and at room temperature for additional 21 h. The reaction mixture was
centrifuged at 15,000 rpm for 10 min to separate silver chloride precipitate formed during
the reaction. The supernatant was filtered through a 0.45 um filter to obtain aquated
cisplatin. The concentration of aquated cisplatin was measured using flameless atomic
absorption spectrophotometer (AAS; Perkin Elmer, Waltham, MA) and adjusted to 5 mM.
PAA-PEG and PAA were dissolved in RNase-free water at a 17:1 mass ratio to obtain a total
aspartic acid residue concentration of 5 mM. The pH of the mixture was then adjusted to
6.5-6.8 using 0.1 M NaOH, and reacted with 5 mM aquated cisplatin at room temperature
for 72 hours. Subsequently, CDDP-UPN or CDDP-BPN were transferred to a centrifugal
filtration unit (Amicon Ultra, 100 kDa MWCO; Millipore, Billerica, MA), and centrifuged at
1,000 xg for 10 min. Both CDDP-UPN and CDDP-BPN were stored at 4° C until further
use. Fluorescent CDDP-UPN and CDDP-BPNB were formulated with AF555-PAA and a
mixture of PAA-PEG and AF647-PAA, respectively.

Physicochemical Characterization of NP

Physicochemical characteristics of NP were determined using a Zetasizer NanoZS (Malvern
Instruments, Southborough, MA). All particles were diluted in 10 mM NaCl (diluted from
phosphate buffered saline) and dynamic light scattering (DLS) was employed to determine
the hydrodynamic diameter and polydispersity index (PDI) at a backscattering angle of 173°.
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The C-potential, a measure of particle surface charge, was determined using laser Doppler
anemometry. Quantification of drug content within the NP was conducted using AAS and
the loading density was calculated as the % mass of drug in the total particle mass. The size
and morphology of NP was determined using a Hitachi H7600 transmission electron
microscope (TEM, Hitachi, Japan).

NP Stability Analysis

NP stability was measured in artificial cerebrospinal fluid (ACSF) and 10% fetal bovine
serum (FBS). Either CDDP-UPN or CDDP-BPN were dissolved in ACSF and/or 10% FBS
at 37°C and hydrodynamic diameters were determined by DLS at different time points after
the initiation of incubation.

CDDP Nanoparticle Release Kinetics

Cell Culture

To determine the CDDP release rate over time, CDDP-BPN were dispersed in 2 mL PBS
(pH: 7.4) (Harvard Apparatus, Holliston, MA) within a 100 kDa MWCO dialysis tube
(Spectrum Lab). The tube was then placed in a 20 mL PBS sink (simulated infinite sink) and
shaken at 37°C. At specific time points, total sink volume of PBS was replaced with fresh
PBS and the CDDP content in the sink was determined by AAS to generate a release
kinetics curve.

F98 and 9L rat glioma cells were obtained from the American Type Culture Collection
(ATCC). Cells were cultured in high glucose Dulbecco modified Eagle medium (DMEM,
Gibco) with 1 mM sodium pyruvate (Gibco) and 10% fetal bovine serum (Gibco) added. For
each experiment, cells were brought back from cryopreservation to eliminate variations due
to passage number. Cells were maintained at 37°C and 5% CO».

In-Vitro Cell Viability Assay

F98 glioma cells were seeded at a concentration of 5,000 cells per well in 100 pL of media
and allowed to attach overnight in a 96-well plate. The following day, the media was
replaced with 100 L of fresh media with 10 uL of either carrier-free CDDP solution
(prepared at the concentration of 1 mg/ml by heating at 40°C and subsequent sonication) or
CDDP-BPN (25 puM to 0.0625 pM in 10-fold dilutions). Cells were incubated for 3 days at
37°C and 5% CO,. To quantify the number of live cells, media was replaced with 100 pL of
fresh medium and 10 uL of Dojindo Cell Counting Kit-8 (Dojindo Molecular Technologies,
Inc., Rockville, MD) solution was subsequently added. Cells were incubated for 2 hours at
37°C, followed by the measurement of absorbance at 450 nm using a Synergy Mx Multi-
Mode Microplate Reader (Biotek, Instruments Inc. Winooski, VT). The % cell viability was
normalized to the untreated cell control.

Neocortical Slice Preparation and Multiple Particle Tracking

All animal experiments were carried in accord with local Institutional Animal Care and Use
Committee regulations. Healthy rat brain tissue slices were prepared according to a slightly
modified protocol of a previous publication [27]. 1.5 mm thick brain tissue slices were
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prepared using a Zivic Mouse Brain slicer (Zivic instruments, Pittsburgh, PA) and placed in
custom-made microscopy chambers. 0.5 pL of fluorescently labeled CDDP-UPN or CDDP-
BPN was injected at a depth of 1 mm into the cerebral cortex using a 10 pL Hamilton
Neuros Syringe (Hamilton, Reno, NV). The chambers were sealed using a coverslip to
minimize convective bulk flow so that particle movement could be fully attributed to
Brownian diffusion. The transport rates of particles were calculated by analyzing the particle
trajectories in brain tissue slices (N = 3 for each particle type). The particle trajectories were
recorded as 20 second movies at an exposure of 66 ms, using an EMCCD camera (Evolve
512; Photometrics, Tuscon, AZ) mounted on an inverted epifluorescence microscope (Axio
Observer D1, Carl Zeiss, Hertfordshire, UK) equipped with a 100x oil-immersion objective
(NA 1.3). MSD of particles were calculated and compared at a timescale of z=1s.

Fluorescence Imaging of CDDP NP Distribution After Direct Intracranial Injection

Fluorescently labeled CDDP-UPN and CDDP-BPN (equivalent to 12 ug of CDDP) were
suspended in ACSF solution at a ratio of 1:1 (total volume of 20 uL) and were loaded in a 50
uL Hamilton Neuros Syringe (Hamilton). A mixture of AF555-labeled CDDP-UPN and
AF647-labeled CDDP-BPN were co-administered at the rate of 0.33 pl/min and over a
period of 1 hour into the striatum of female Fisher 344 rats (200-220 g) via convection
enhanced delivery (CED). A burr hole was drilled 3 mm lateral and 1 mm posterior to the
bregma. The catheter was vertically mounted on a Chemyx Nanojet Injector Module
(Chemyx, Stafford, TX), which was held on a small animal stereotactic frame (Stoelting,
Wood Dale, IL). The catheter tip was lowered to a depth of 3.5 mm and NP were infused at a
rate of 0.33 pL/min, followed by catheter withdrawal at a rate of 1 mm/min. Animals were
sacrificed 1 hour post-administration and the brains were removed and immediately frozen
on dry ice. Tissues were cryosectioned (Leica CM 3050S, Leica Biosystems, Buffalo Grove,
I1) into successive 100 um coronal slices and imaged using a Zeiss confocal 710 laser
scanning microscope through Cy5 (AF647; CDDP-BPN) and Cy3 (AF555; CDDP-UPN)
channels. Confocal images of brain slices were quantified for fluorescent distribution of NP
within the striatum using a MATLAB script developed in our lab. Fluorescent distribution of
NP in the ventricles or white matter tracts (WMT) was not included in the quantification.
The area of distribution calculated from each slice was multiplied by the slice thickness of
100 pm and summated across all images to obtain a total volume of distribution.

Tumor Inoculation

Two different cell lines were used in the in-vivo tumor studies: 9L and F98. 9L is a well-
characterized glioma model that is both highly immunogenic and poorly infiltrative [28-30].
In contrast F98 gliomas are poorly immunogenic and highly infiltrative, more closely
replicating the behavior of gliomas in patients [28-30]. F98 is also more sensitive to CDDP
[31]. 9L cells were implanted in Sprague-Dawley rats and F98 cells were implanted in
Fischer 344 rats. F98 or 9L cells were removed from the culture flask with 0.25% Trypsin-
EDTA (Gibco), centrifuged at 1000 rpm for 5 minutes at 4°C and resuspended in serum-free
high glucose DMEM at a concentration of 100,000 cells/mL. Cells were kept on ice for no
longer than 1 hour. Animals were anesthetized with 2% isoflurane (Piramal). Their heads
were shaved and aseptically prepared. Animals were then placed in a stereotaxic frame
(Harvard Apparatus) and a midline incision was made along the scalp. A burr hole was made
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~0.2 mm posterior from Bregma, 2.0 mm lateral from the sagittal suture. A 26 gauge needle
was inserted to 4 mm below the dura and 10 uL of the cell suspension was injected into the
brain over a 10 minute period using a micropump (UltraMicroPump, World Precision
Instruments). The needle was left in place for an additional 3 minutes following completion
of the injection, and then withdrawn at 1 mm/min. The burr hole was sealed with bone wax
(Surgical Specialties) and the incision was closed with wound glue (Vetbond, 3M). Animals
were given buprenorphine (DOSE, Buprenex) for the first 24 hours and antibiotic water (10
mg/kg, Baytril, Bayer) for 2 weeks following the inoculation.

Fluorescent BPN Delivery with MRgFUS

All animals were 160g—180g females from the same vendor (Envigo). Fluorescently labelled
polystyrene-PEG-BPN (PS-PEG-BPN) were intravenously administered at a dose of 15 ug/g
body weight immediately prior to sonication. Tumors were sonicated with a 9 spot grid at
0.6 MPa as described in detail in a forthcoming section. Animals were euthanized 24 hours
after FUS treatment with pentobarbital (0.5 pl/g body weight).

CDDP-BPN Delivery with MRgFUS

To test the hypothesis that ultrasound can enhance the efficacy of drug-loaded BPN in the
treatment of glioblastoma, female 160-180g Fischer 344 rats (Envigo) were inoculated with
F98 glioma cells and randomly assigned to one of four groups: 0.8 MPa FUS (FUShi) +
CDDP-BPN, 0.6 MPa FUS (FUSIo) + CDDP-BPN, CDDP-BPN, and control. Animals were
kept on a 12/12 hr light/dark light cycle in a temperature and humidity controlled
environment and were provided with food and water ad libitum. Beginning 2 weeks after
F98 tumor cell inoculation, rats were imaged using contrast-enhanced T1 weighted MRI to
assess tumor volume and target the delivery of CDDP-BPN with MRgFUS. Tumors were
sonicated with MRgFUS in a 9 spot grid as described in detail in a forthcoming section. This
contrast MR imaging and CDDP-BPN delivery protocol was repeated both 1 and 2 weeks
later, corresponding to 3 and 4 weeks post-inoculation. Animals were imaged weekly
following the final CDDP-BPN treatment at 4 weeks post-inoculation. CDDP-BPN were
administered at a dose of 2.5 mg/kg CDDP. An additional set of animals was used to
evaluate the delivery of fluorescently labelled CDDP-BPN. These animals were treated once
and euthanized 24 hours after treatment. All animals were weighed and numerically scored
(0-3, 0 being normal) weekly or as needed (up to twice a day) in the following categories:
body weight, physical condition (lack of grooming, etc.), appearance of eyes and nose
(porphyrin staining, etc.), activity, and posture. When animals reached approved humane
endpoint criteria as defined by a total score of 8 or a maximum score in at least two
categories, they were euthanized with pentobarbital (0.5 pl/g body weight).

Targeted Nanoparticle Delivery to Brain Tumors with MRgFUS

On the day of treatment, animals were anesthetized with an intraperitoneal injection of
Ketamine (40 mg/kg, Fort Dodge) and Dexdomitor (0.2 mg/kg, Pfizer) in sterilized water. A
tail vein catheter was inserted to allow intravenous (i.v.) delivery of albumin-shelled
microbubbles, the nanoparticle being delivered, and MRI contrast agent. Albumin-shelled
microbubbles were similar to the Optison® formulation and prepared using previously
described methods [32]. Animal skulls were depilated and positioned in a degassed water
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bath coupled to the FUS system. Nanoparticles and MBs (1E5 MBs/g body weight) were
administered immediately prior to sonication. All sonications were performed using a 1.14
MHZz single element focused transducer (FUS Instruments, Toronto, CA) operating at a 0.5%
duty cycle for 2 minutes. Non-derated peak negative pressure was either 0.6 MPa or 0.8
MPa. Prior to placing the animal on the MRI table, the FUS system was passively aligned
with a 3T MRI system (Trio, Siemens) using an anechoic Zerdine phantom (CIRS, Inc,
Norfolk, VA). After the animal was coupled to the FUS system, high resolution contrast
enhanced (0.5 pl/g body weight, Magnevist, Bayer), T1-weighted scans were performed and
utilized to define the tumor boundaries. A 9-spot square grid, approximately 3mm by 3mm
laterally and 5 mm deep, was centered over the tumor. 5 locations were sonicated within one
2 min sonication period using interleaved sonication mode, and the remaining 4 targets were
treated with an additional 2 min sonication. Sonications were spaced 6 minutes apart to
allow clearance of the first dose of MBs. An additional dose of MBs was injected
immediately prior to the second sonication. Immediately following the final sonication, MRI
contrast agent (0.25 pl/g body weight) was delivered intravenously and the high resolution
contrast enhanced T1-weigted scan was repeated to verify BTB/BBB disruption. Animals
were then removed from the MRI table, given Antisedan (2 mg/kg, Zoetis) in 5 mL warm
saline subcutaneously, and placed on a heating pad at 37°C for 30 minutes.

MR Image Analysis

Contrast enhanced T1-weighted images were taken weekly prior to each treatment.
Enhancing tumor diameter was calculated from thresholded images taken sagittally through
the tumor at its maximum diameter. Enhancing tumor volume was calculated using the

¢ — Vi
c— Vo

formula V—g . Percent tumor growth inhibition was calculated as 76 TGI=100 x
where V. and V; are the median tumor volumes in the treated groups and control group
respectively, on day 28 and V,, is the median tumor volume at Day 14. Significance was
determined using a two-way ANOVA.

Tumor invasiveness was assessed by examining the edges of enhancing tumor regions in
Day 28 contrast MR images with ImageJ software. For each tumor, 8 plots of grayscale
intensity as a function of radial position were generated. These plots were derived from line
segments drawn orthogonal to and across tumor edges at 0°, 45°, 90°, 135°, 180°, 225°,
270°, and 315° from horizontal. These plots exhibited sigmoidal shapes. Linear region
slopes (A grayscale value/mm) were averaged for each of the 8 sigmoidal intensity curves
per tumor and designated as a representation of “tumor edge sharpness”. Linear region
width, defined as the distance between the inner and outer inflection points of each
sigmoidal curve, was taken as a representation of “tumor edge thickness” (mm). The radial
intensity profile function in ImageJ was also used to graphically illustrate invasiveness of
selected tumors from each group.

Processing and Microscopic Imaging of Sonicated Brain Tumors and Tissue

Following euthanasia, rat brains were excised for histology. In animals that received
fluorescently labelled CDDP-BPN or PS-PEG-BPN, the left and right carotid arteries were
cannulated and each artery was perfused with 22 mL 2% heparinized saline prior to brain
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excision. Brains were dessicated in a 30% sucrose solution at 4°C for 24 hours or until
brains sunk. Dessicated brains were placed in O.C.T. compound (Sakura Finetek, Torrance,
CA) for one hour at 21°C before freezing at —80°C. Transverse 8 um cryosections were
mounted, stained for H&E or endothelial cells (1:200 Lectin 488 for 1.5 hours at 21°C,
Invitrogen), and sealed with Prolong Gold (Invitrogen, Grand Island, NY) for imaging. H&E
sections were imaged on a Nikon TE300 confocal microscope equipped with a 20x oil
objective, while nanoparticle delivery analysis on Lectin-stained sections was performed on
a Nikon TE300 confocal microscope equipped with a 20x oil objective. An Optronics
QuantiFIREXI camera was used to capture the images for analysis.

Confocal images were analyzed in MATLAB using a code developed in our lab. The
nanoparticle (red channel) and endothelial (green channel) signals were separated for
processing. Each channel was thresholded and converted to black and white using Otsu’s
method [33]. Total nanoparticle coverage and vascular density were calculated as the total
number of pixels above threshold in the red and green channels, respectively, normalized by
the total number of pixels and expressed as a percentage.

Physicochemical Characterization of CDDP Nanoparticles

We encapsulated CDDP in conventional un-PEGylated nanoparticles (CDDP-UPN) and in
highly PEGylated nanoparticles (CDDP-BPN), each with high CDDP loading efficiency and
diameters smaller than the ECM pore size within the brain [23] (Table 1). CDDP-BPN
possessed a more uniform size distribution compared to the CDDP-UPN (polydispersity
index of 0.15 £ 0.01 and 0.2 + 0.03, respectively). The PEG coating on the CDDP-BPN
shielded the anionic carboxyl side groups of the PAA, thereby reducing the surface charge
from —35.2 £ 0.45 mV for CDDP-UPN to near neutral (-=3.27 + 0.48 mV) for CDDP-BPN.
The BPN formulations encapsulated nearly twice the amount (40 + 5 %w/w) of CDDP as
the UPN formulation (20 + 2 %w/w). Both NP formulations were spherical in shape (Fig
1A). The hydrodynamic diameter of a CDDP-BPN suspension was stable for up to 24 hours
in both serum and ACSF, but CDDP-UPN showed a rapid increase in hydrodynamic
diameter after 6 hours in ACSF, indicating particle aggregation (Fig 1B). Approximately
~30% of total CDDP was release from CDDP-BPN over a 7 day period (Fig 1C).

In Vitro Cytotoxicity of CDDP-BPN Against Rodent Glioma Cells

We assessed /n vitro cytotoxicity of CDDP-BPN against F98 glioma cells to evaluate the
effect of incorporation of CDDP into the nanoparticles on its chemotherapeutic activity. Our
studies showed that F98-1Csq value of CDDP-BPN (3.7 + 0.22 pM) was significantly higher
compared to CDDP solution (1.04 + 0.04 pM). The lower /n vitro cytotoxicity (i.e. higher
ICsq value) observed in case of CDDP-BPN was indicative of gradual release of CDDP from
CDDP-BPN and also corroborated sustained release of CDDP observed during CDDP-BPN
release kinetics. The slow release of CDDP from CDDP-BPN would be useful for reduction
in the off-target toxicity into the brain microenvironment.
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Dense PEGylation Enhances CDDP Nanoparticle Spreading in Healthy Brain Tissue

Mean squared particle displacements (MSD) of both CDDP-UPN and CDDP-BPN were
calculated using multiple particle tracking (MPT) following NP administration in fresh rat
brain slices ex vivo. Representative CDDP-BPN particle trajectories over 20 s demonstrated
unhindered diffusion compared to the CDDP-UPN, which were largely immobilized (Fig
1E). At a timescale of z=1s, the mean MSD of the CDDP-BPN was 160-fold greater than
their un-PEGylated controls, indicating that the dense PEG coat reduced particle interactions
with the ECM and permitted particle spreading over time (Fig 1F).

Dense PEGylation Enhances In-Vivo Distribution of CDDP Nanoparticles Following
Intracranial Administration

To determine whether the increased NP diffusion rate ex vivo would translate into greater
volume of distribution following local NP administration in vivo, we co-administered
fluorescently labeled CDDP-BPN and CDDP-UPN (equivalent to 12 pg CDDP) into the rat
striatum via CED and evaluated the volume of distribution (\Vd) for each particle
formulation (Fig 1G). CDDP-BPN distribution was homogeneous, producing a Vd of 21.5

+ 1.25 mm3, compared to only 0.25+0.025 mm3 for the CDDP-UPN formulation, a 100-fold
difference (Fig 1H). Note that CDDP-UPN were used as a control for CDDP-BPN for
nanoparticle characterization, but they were not tested in combination with MRgFUS
targeted delivery due to their inability to widely distribute throughout the rat brain tissue
following local administration.

Activation of Microbubbles with MRgFUS Opens Both the Blood-Tumor and Blood-Brain

Barriers

Tumors appeared as small (1-3 mm in diameter) areas of focal enhancement prior to FUS
treatment (Fig 2, Pre-FUS). Before treatment, a 9-spot (3 mm x 3 mm X 5 mm per spot)
FUS sonication grid, centered over the enhancing tumor region and overlapping the
surrounding brain tissue, was planned. After i.v. MB injection, FUS was applied according
to the treatment plan. FUS application consistently yielded an increase in both the intensity
and area of MR contrast enhancement, indicating opening of both the blood-tumor and
blood-brain barriers (Fig 2, Post-FUS).

MRgFUS Activation of Microbubbles Markedly Enhances PS-PEG-BPN Delivery to Gliomas
and Surrounding Brain Tissue

Confocal microscopy images were used to evaluate fluorescent PS-PEG-BPN delivery in
sonicated and unsonicated 9L and F98 tumors 24 hours after treatment. In 9L gliomas, 60
nm PS-PEG-BPN delivery within MRgFUS treated (FUS™) tumors was more abundant and
homogeneous than in FUS™ tumors (Fig 3A). In untreated (FUS™) tumors, PS-PEG-BPN
deposition occurred primarily within large vessel structures (Fig 3A). PS-PEG-BPN
coverage per field of view was 6.4-fold higher in FUS™ 9L tumors when compared to
FUS™ 9L tumors (Fig 3B). In the brain tissue just beyond the edge of the tumor border,
MRgFUS treatment produced a 61.1-fold increase in PS-PEG-BPN coverage per field of
view over FUS™ tumors (Fig 3B). In FUS* 9L tumors, PS-PEG-BPN coverage was
significantly greater within the tumor than in the surrounding edge region.
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In general, PS-PEG-BPN delivery followed a similar pattern in F98 gliomas. MRgFUS
treatment markedly improved the delivery and distribution of PS-PEG-BPN (Fig 3C) within
F98 tumors when compared to FUS™ control tumors (Fig 3C). In FUS™ tumors, PS-PEG-
BPN were largely concentrated in and around vessels (Fig 3C). PS-PEG-BPN coverage per
field of view was 26-fold higher within FUS™ tumors when compared to FUS™ tumors (Fig
3D). In the edge region just beyond the tumor border, PS-PEG-BPN were not observed in
FUS™ specimens, while FUS™ F98 tumors averaged 11% PS-PEG-BPN coverage. In FUS*
animals, there was a significant increase in BPN delivery in the tumor when compared to
edge tissue. Further experiments in the F98 model using fluorescently labelled CDDP-BPN
demonstrated similar results, with MRgFUS producing a 30-fold increase (p<0.001) in
fluorescent CDDP-BPN coverage in tumor tissue and a 75-fold increase (p<0.005) in the
edge region (data not shown).

PS-PEG-BPN Delivery with MRgFUS Varies with Local Vascular Density

We also examined the relationship between percent vascular area (%VA) and PS-PEG-BPN
delivery within treated and untreated tumors. MRgFUS-mediated PS-PEG-BPN delivery
across the BTB varied significantly with %VA in the 9L model (Fig 3E). Maximum PS-
PEG-BPN coverage occurred in tumor regions with 50-60% VA and 60-70% VA in the F98
and 9L models, respectively. Furthermore, PS-PEG-BPN coverage was at least 3 fold higher
than in less vascularized regions (<40%VA) and at least 1.5 fold higher than in highly
vascularized regions (>80%VA). In untreated animals, PS-PEG-BPN delivery was not
affected by %VA and was similar to relatively avascular (<30%VA) regions in FUS* tumors
(data not shown).

MRgFUS Targeted CDDP-BPN Delivery Inhibits F98 Tumor Growth and Improves Survival

Contrast enhanced T1 weighted MR images were used to determine the enhancing tumor
volume in each animal. Measurements were made weekly, beginning when the tumor was
first visible on MRI (Day 14). Enhancing tumor volume was identical across all groups at
the start of treatment (Day 14, Fig 4A). Control tumors, as well as those in rats receiving
intravenous CDDP-BPN without FUS, grew rapidly between days 21 and 28. F98 tumors
treated with both FUS and CDDP-BPN demonstrated delayed tumor growth between days
21 and 28 (Fig 4A). 0.8 MPa FUS + CDDP-BPN (FUShi + CDDP-BPN) produced the
greatest tumor growth inhibition (61% compared to untreated control) at day 28 (Fig 4B),
corresponding to a 15% improvement over 0.6 MPa FUS + CDDP-BPN (FUSlo + CDDP-
BPN) and a 64% improvement compared to CDDP-BPN alone. This improvement in tumor
growth control in the FUShi + CDDP-BPN group translated to a significant extension of
animal survival (Fig 4C, Table S1) compared to untreated controls (15% increase in median
survival time, hazard ratio 5.03). Maximum survival time was identical (32 days) for animals
receiving 0.6 MPa FUS in combination with CDDP-BPN (FUSlo + CDDP-BPN) or BPN
alone, but significance compared to untreated controls was not achieved. Survival was
analyzed using the Kaplan-Meier method. Significance between groups was calculated using
the log-rank test.
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MRgFUS Targeted CDDP-BPN Delivery Inhibits F98 Glioma Invasion

To determine whether CDDP-BPN delivery with MRgFUS affects F98 glioma invasion, we
examined tumor borders using both contrast enhanced T1 weighted MRI and H&E stained
cross-sections. Contrast MR images revealed that untreated F98 animals and animals
receiving CDDP-BPN without FUS had tumors with diffuse borders, typical of an invasive
GBM tumor [2], while animals treated with 0.8 MPa FUS in combination with BPN had
smaller tumors with more defined borders (Fig 5A). These morphological differences were
captured by representative normalized radial intensity plots of the contrast-enhanced tumor
volume at day 28 (Fig 5B). Note that, in Fig 5B, radial position “0” corresponds to the upper
inflection point of the sigmoidal intensity curve at the inner edge of the tumor. Tumor edge
thickness (Fig 5C) and sharpness (Fig 5D), derived from intensity profiles of line segments
drawn orthogonal to tumor boundaries, were used as representations of tumor invasiveness.
Here, tumors in the Control, CDDP-BPN, and FUSIo + CDDP-BPN groups exhibited
similar levels of invasiveness. However, the FUShi + CDDP-BPN group exhibited a
significant reduction in edge thickness (Fig 5C) and a significant increase in edge sharpness
(Fig 5D) when compared to all other groups, indicating reduced invasiveness. Moreover,
examination of H&E stained cross-sections from Control and FUShi + CDDP-BPN treated
F98 tumors revealed that FUShi + CDDP-BPN tumors had significantly more defined tumor
edges (Fig 5E) and a 3.5-fold reduction in the number of infiltrating tumor nodules present
beyond the tumor edge (Fig 5F).

Discussion

Current treatment strategies for glioma are unable to effectively control tumor recurrence,
the leading cause of death for patients [1]. Invasive tumor cells that lie beyond the enhancing
tumor border in areas protected by the intact BBB limit the efficacy of systemically
administered drugs [12,13,34,35], and locally administered therapeutics do not diffuse well
beyond the resection cavity [36,37]. Standard polymeric nanoparticles can provide extended
drug release; however, they are immobilized in the complex tumor parenchyma [38,39] and
do not spread well within tumors. Here, we evaluated the potential of a novel combination of
MRgFUS and CDDP-loaded brain penetrating nanoparticles in the treatment of GBM. We
designed a polymeric nanoparticle formulation for enhanced delivery and distribution within
the brain [23,24,37] following delivery across the BBB/BTB with MRgFUS [32]. These
densely PEGylated BPN were shown to deliver higher concentrations of CDDP in a
sustained manner to a larger population of tumor cells. Importantly, MRgFUS-mediated
BBB/BTB disruption enhanced both the delivery and distribution of CDDP-BPN, improving
efficacy against both the tumor bulk and infiltrating tumor cells. We conclude that this
approach may provide improved therapeutic outcomes and potentially decreased rates of
glioma recurrence.

CDDDP-BPN Formulation, Characterization, and Therapeutic Benefits

As a platinum-based chemotherapeutic, CDDP is a highly potent and non-specific inhibitor
of DNA synthesis and repair [40]. The clinical use of CDDP in gliomas has been limited by
significant neurotoxicities [6,7] which mandated the use of low CDDP doses and invasive
local delivery methods [9,41]. These difficulties lead to the development of less toxic but
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less effective compounds [42,43]. Sustained, local release of low concentrations of CDDP
can both increase the effectiveness of therapy and decrease off-target toxicity [27,41,44-47].
The particles developed here show sustained CDDP release over 7 days. /n vitro cytotoxicity
studies using F98 glioma cells showed that CDDP-BPN exhibited lower potency compared
to CDDP solution which is most likely due to slow release of CDDP from CDDP-BPN as
observed in case of /n vitro release kinetics of CDDP-BPN. Several other types of polymer-
and lipid-based nanoparticles containing CDDP have also shown lower in vitro potency
against F98 glioma and other cancer cells compared to carrier-free CDDP solution[48-51].
We anticipate that combined with weekly MRgFUS, these CDDP-BPN could provide stable
local drug concentrations with reduced systemic and local toxicities.

As we have previously reported [23,24,27,32], a dense coating of PEG reduces the particle
polydispersity and the net charge at the particles’ surface, producing a monodisperse, near-
neutrally charged BPN that is smaller than the average pore size within the ECS of the brain
parenchyma [23]. The combination of small particle size and non-adhesive surfaces
significantly increased the rate of spreading of the particles in healthy brain tissue, as
measured by MSD and Vd, in agreement with previous studies with other BPN formulations
[23,24,27]. The use of activated, aquated cisplatin during BPN formulation doubled drug
loading efficiency and significantly extended drug release compared to our previous
formulation using un-activated CDDP [27]. Additionally, these CDDP-BPN remain stable in
both blood and ACSF for up to 24 hours, making them ideal candidates for MRgFUS-
mediated delivery, as they will continue to circulate in the blood, accumulate, and spread
within brain or tumor tissue following BBB/BTB disruption.

Improved Anti-Tumor Efficacy Achieved by MR Image-Guided Delivery of CDDP-BPN with

FUS

Clinical utilization of the Gliadel® wafer demonstrated the potential of local drug
administration methods, but poor drug diffusion into the surrounding tissue limits the
therapeutic efficacy of such approaches [52-54]. Furthermore, local administration
techniques are highly invasive and associated with significant risks [1,55], particularly for
therapeutics that require multiple treatments. MRgFUS is the only treatment modality
capable of producing non-invasive, localized, reversible BBB disruption [19,21,22,32,56,57]
and has been shown to increase the delivery of therapeutics across the BTB as well [17,58—
60]. In agreement with this body of work, as well as our previous work [22,32], we show
here that MRgFUS significantly increases both the total delivery and distribution of BPN
within the tumor parenchyma and surrounding normal tissue in both the 9L and F98 glioma
models. The enhanced permeation and retention (EPR) effect produced very little BPN
delivery in either tumor, emphasizing the need for a mechanism for improved delivery. The
low efficiency of EPR-mediated delivery is further demonstrated by the performance of the
CDDP-BPN group in the in-vivo MRgFUS delivery experiments, wherein tumors were of
similar size and morphology to untreated F98 control tumors. FUS-mediated BTB opening
has been shown to increase pinocytotic vesicle formation and upregulate caveoli-associated
proteins [60]. Additionally, tumor permeability, as measured by gadolinium enhancement in
both this study and studies by other investigators [58], is enhanced by MRgFUS opening of
the BTB. These mechanisms yield increased BPN delivery and uptake within the tumor.
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Here, we demonstrate that three weekly treatments with 0.8 MPa MRgFUS + CDDP-BPN
significantly improved tumor growth control and animal survival. We previously determined
[22,32] that 0.6 MPa was sufficient to produce significant enhancements in BPN delivery
across the BBB in normal tissue, and we demonstrated here that 0.6 MPa significantly
increased BPN delivery across the BTB in both the 9L and F98 glioma models. However,
presumably abnormal tumor vasculature [30] and parenchyma [61] combined with the
aggressive nature of the F98 tumor model [28,29,61] required the use of slightly higher
pressure to achieve a treatment effect. In addition to reducing tumor volume, animals treated
with MRgFUS + CDDP-BPN had more defined tumor boundaries. While MRgFUS +
CDDP-BPN was not curative, it did control the growth and infiltration of the tumor,
indicating that this may be a viable treatment option following surgical de-bulking.

Relationship Between BPN Delivery and Tumor Vascularity

While MRgFUS-mediated delivery produced more homogeneous BPN distribution
throughout the tumor, BPN delivery varied with vascular density in both tumor models. This
spatial variation may reflect changes in the vasculature itself, as it has been shown that FUS-
induced BBB opening is dependent on vessel size, and vessels over 30 um in diameter do
not demonstrate BBB opening following FUS [62,63]. Furthermore, areas with high vascular
density may have higher interstitial pressures [64] and reduced extracellular space available,
thus reducing BPN uptake. Fluid diffusion is known to vary throughout gliomas [65].
Optimal BPN delivery occurred at slightly different vascular densities in the two models,
and the degree of dependence of BPN delivery on vascular density was different as well.
This likely reflects inherent differences in the characteristics of the tumors, as F98 gliomas
are known to co-opt existing vasculature, while 9L gliomas are highly angiogenic and
significantly alter vascular networks [30]. These observations may help determine optimal
treatment schedules, as well as which patients may benefit most from MRgFUS.

Comparisons to Previous Studies of MRgFUS-Targeted Drug Delivery to Brain Tumors

Previous work has demonstrated that repeated treatments and higher FUS pressures produce
improvements in tumor growth control and animal survival [17,66-68]. In the less
infiltrative 9L model, a single high-pressure treatment (0.8 MPa) of FUS with liposomal
doxorubicin produced a significant 24% increase in median survival time, but was not
curative [68]. A follow-up study in the same model utilized three weekly FUS + liposomal
doxorubicin treatments (again at 0.8 MPa) to achieve complete tumor regression in 3/8
animals [67]. Doxorubicin liposomes are large (~100nm), and these studies did not
determine whether FUS was able to deliver intact liposomes across the BBB/BTB. Given the
FUS pressures used, it was postulated that FUS disrupted the liposomes [69] in the tumor
vasculature and enhanced the delivery of the released doxorubicin across the BBB/BTB.
Indeed, FUS has been shown to increase delivery of free doxorubicin across the BTB in
preclinical glioma models [70,71]. A similar study, also in the 9L glioma model, showed that
asingle 0.75 MPa FUS + temozolomide (TMZ) treatment increased survival by 3 days [72].
Our FUS+CDDP-BPN treatment yielded similar results to treatment with FUS+TMZ, but it
was less effective than FUS+ liposomal doxorubicin. However, we were able to demonstrate
delivery of intact 60 nm particles (much larger than either free doxorubicin or TMZ) across
the BTB and our studies were performed in the more infiltrative F98 glioma model rather
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than the 9L model [28]. Additionally, therapy was not initiated in our study until 14 days
post-inoculation, due to a reliance on MR imaging for targeting. At this time point, the F98
tumors were well established and had compromised BBB function. Utilizing an alternative
imaging method to verify tumor engraftment would permit initializing treatment earlier and
would likely improve treatment outcome, particularly since it has been shown that MRgFUS
produces greater improvements in BTB disruption in earlier stage tumors[58]. Alternatively,
slower-growing glioma models like the 9L [29] may provide a larger therapeutic window.
Delivery of similar CDDP-BPN to orthotopic F98 glioma using CED achieved efficacy only
when treatment began within one week of inoculation [27]. To our knowledge, the only
other study to treat F98 glioma with FUS utilized transfected cells expressing HSV1-tk,
which makes them highly susceptible to the small-molecule antiviral drug ganciclovir. In
this model, FUS + ganciclovir produced up to 80% tumor regression, compared to 5% for
ganciclovir alone [73]. However, it should be noted that these transfected cells were several
fold less aggressive than wild-type F98 cells, most likely due to increased immunogenicity.
Additional strategies could be employed to improve the efficacy of MRgFUS-mediated
delivery of BPN, including utilizing BPNs loaded with other chemotherapeutics [74,75],
immunotherapeutics [76,77], or plasmids [22,25,78-80]. Finally, to maintain treatment
consistency both within and between the FUSIo+CDDP-BPN and FUShi+CDDP-BPN
groups, we always used a 3x3 sonication grid for FUS-mediated BPN delivery, independent
of whether this treatment volume matched the size of the F98 tumor being treated. It is
highly probable that increasing FUS treatment volume in accord with tumor size, as has
been done in studies by other investigators [67,68], would lead to improved treatment
efficacy.

This is the first study demonstrating that MRgFUS can be used to enhance the delivery and
efficacy of a polymeric nanoparticle in the treatment of glioma. BPN delivery with MRgFUS
can improve antitumor efficacy by: (i) providing deeper brain tissue penetration of drug than
is achieved with polymer implants (located only at the periphery in the surgical cavity), (ii)
enabling multiple dosing regimens without the need for repeat surgery, and (iii) facilitating
local delivery for tumors with high surgical risk. MR guidance adds the ability to identify
and target specific regions, reducing off-target toxicity within the brain. We anticipate that
MRgFUS-mediated delivery of CDDP-BPN may be a promising treatment approach to
prevent tumor recurrence in patients with high grade gliomas.
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Figure 1. Physiochemical properties and diffusion behaviors of CDDP -loaded nanoparticles
(A) Transmission electron micrograph of CDDP -BPN (upper panel) and CDDP-UPN

(lower panel). Scale bars = 100 nm. (B) Stability of CDDP -BPN and CDDP-UPN in ACSF
and media with 10% FBS over time. (C) In vitro drug release kinetics of CDDP-BPN in PBS
(pH 7.0) at 37°C (n=3). (D) In vitro cytotoxicity of carrier-free CDDP and CDDP-BPN in
F98 rat GBM cells (n=3); *** p < 0.005. (E) Representative trajectories of CDDP-BPN and
CDDP-UPN diffusing in rat brain tissue ex vivo. (F) Median MSD of CDDP-BPN and
CDDP-UPN at a timescale of t = 1 s in at least n = 3 rat brain tissues (> 100 particles tracked
in individual samples). *P< 0.05. (G) In vivo distribution of CDDP-BPN (red) and CDDP-
UPN (green) in rat brain striatum following administration via CED. Cell nuclei are stained
by DAPI (blue). Scale bar = 1 mm. (H) Volume of in vivo distribution of CDDP-BPN and
CDDP-UPN in rat hemispheres (n > 3 rats).
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Pre-FUS POSt-FUS

Figure 2. Activation of microbubbles with MRgFUS opens the BTB in F98 gliomas, as well as the
BBB in surrounding brain tissue

Representative contrast enhanced T1-weighted MR images of F98 glioma before (Pre-FUS)
and after (Post-FUS) MRgFUS activation of microbubbles using a 9 spot grid pattern.
BTB/BBB opening is indicated by increases in both the intensity and area of contrast
enhancement.
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Figure 3. MRgFUS markedly enhances the delivery of 60 nm PS-PEG-BPN across the BTB and
BBB in 9L and F98 tumors

(A) Representative confocal microscopic images of 9L tumor cross-sections from FUS
treated (FUS™) and untreated (FUS™) rats. PS-PEG-BPN (red) are shown in relation to tumor
endothelium (green). (B) Bar graph of PS-PEG-BPN delivery to 9L tumors and tumor edge
regions. N=6 per group. *P<0.05 vs. FUS™ in same region. **P<0.05 vs. FUS* in Edge
region. (C) Representative confocal microscopic images of F98 tumor cross-sections from
FUS treated (FUS™) and untreated (FUS™) rats. PS-PEG-BPN (red) are shown in relation to
tumor endothelium (green). (D) Bar graph of PS-PEG-BPN delivery to F98 tumors and
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tumor edge regions. N=4 per group. *P<0.05 vs. FUS™ in same region. **P<0.05 vs. FUS*
in Edge region. (E) Line graph of PS-PEG-BPN delivery to MRgFUS treated (FUS*) 9L and
F98 tumors as a function of % Vascular Area. *P<0.05 vs. all other points within the 9L

group.
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Figure 4. MR image-guided delivery of CDDP-BPN to F98 gliomas with 0.8 MPa FUS inhibits
tumor growth and improves survival

(A) Representative contrast-enhanced T1 weighted MR images taken before FUS
application on Days 14, 21, and 28. Images show enhancing tumor volumes in untreated
Control, CDDP-BPN, FUSIo + CDDP-BPN, and FUShi + CDDP-BPN treated rats. (B) Line
graph of enhancing tumor volumes, taken from T1 weighted contrast MR images, for the 4
groups denoted in panel A. *P<0.05 vs. Control and CDDP-BPN groups. (C) Kaplan-Meier
survival curves. *P<0.05 vs. Control. N=4 for all groups.
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Figure 5. MR image-guided delivery of CDDP-BPN with FUS reduces the invasiveness of F98
gliomas

(A) Representative contrast enhanced T1 weighted MR images taken from untreated
Control, CDDP-BPN, FUSIo + CDDP-BPN, and FUShi + CDDP-BPN groups on Day 28.
Insets show that the edge of the contrast enhancing region is more defined in the FUShi
+CDDP-BPN treated F98 tumor when compared to the other 3 groups. (B) Radial intensity
profiles acquired from the contrast MR images shown in the left column of panel A. Note
that the linear region of the sigmoidal radial intensity profile from the FUShi + CDDP-BPN
treated F98 glioma is considerably steeper than for the other 3 groups. Meanwhile, the width
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of the radial intensity profile is also reduced, indicating less infiltration into surrounding
brain tissue. (C) Bar graph of tumor edge thickness for all 4 groups. *P<0.05 vs. all other
groups. (D) Bar graph of tumor edge sharpness for all 4 groups. *P<0.05 vs. all other
groups. (E) Representative transmitted light microscopic images of H&E stained cross-
sections through F98 tumors from the CDDP-BPN and FUShi + CDDP-BPN groups. Note
that the tumor border in the FUShi + CDDP-BPN image is well-defined compared to the
CDDP-BPN image. Infiltrating tumor nodules are denoted with black arrows. (F) Bar graph
of infiltrating tumor nodules per field of view (F.0.V.). **P<0.01 vs. all other groups. N=4
for all groups.
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Physiochemical properties of CDDP-loaded nanoparticles.
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Nanoparticle type

Hydrodynamic Diameter +

C-potential + SEM

Polydispersity index

Cisplatin loading density

SEM (nm)T (nm)* (PDI) £ SEM? + SEM (% wiw)
CDDP-UPN 65.0+5.1 -35.2+0.45 0.2+0.03 202
CDDP-BPN 453+25 -3.27+0.48 0.15+0.01 405

nydrodynamic diameters and PDI were measured in 10 mM NaCl at pH 7.0. Data represent the mean = SEM (n = 3 measurements).

ig—potentials were measured by laser Doppler anemometry in 10 mM NaCl at pH 7.0. Data represent the mean + SEM (n = 3 measurements).
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