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ABSTRACT Resistance to temozolomide (TMZ) based chemotherapy in
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glioblastoma multiforme (GBM) has been attributed to the upregulation of the T @0 BG
DNA repair protein 0°-methylguanine-DNA methyltransferase (MGMT). Inhibition %? m@ﬁ /9@7 ﬁ ) uc/eus ~ Disulfide
of MGMT using 0°-benzylguanine (BG) has shown promise in these patients, but qi‘; Bw @) N (T;T:t)'athione
its clinical use is hindered by poor pharmacokinetics that leads to unacceptable % A\ § MGMT
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amagnetic iron oxide nanoparticles (NP) for targeted convection-enhanced

delivery (CED) of BG to GBM. The nanoparticles (NPCP-BG-CTX) consist of a magnetic core coated with a redox-responsive, cross-linked, biocompatible
chitosan-PEG copolymer surface coating (NPCP). NPCP was modified through covalent attachment of BG and tumor targeting peptide chlorotoxin (CTX).
Controlled, localized BG release was achieved under reductive intracellular conditions and NPCP-BG-CTX demonstrated proper trafficking of BG in human
GBM cells in vitro. NPCP-BG-CTX treated cells showed a significant reduction in MGMT activity and the potentiation of TMZ toxicity. /n vivo, CED of NPCP-BG-
CTX produced an excellent volume of distribution (Vd) within the brain of mice bearing orthotopic human primary GBM xenografts. Significantly, concurrent
treatment with NPCP-BG-CTX and TMZ showed a 3-fold increase in median overall survival in comparison to NPCP-CTX/TMZ treated and untreated animals.
Furthermore, NPCP-BG-CTX mitigated the myelosuppression observed with free BG in wild-type mice when administered concurrently with TMZ. The
combination of favorable physicochemical properties, tumor cell specific BG delivery, controlled BG release, and improved in vivo efficacy demonstrates the
great potential of these NPs as a treatment option that could lead to improved clinical outcomes.
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ultifunctional nanoparticles (NPs)
Mthat enable diagnostic imaging
and therapeutic drug delivery are

rapidly emerging as a powerful modality in
cancer therapy.' 3 The ability to monitor
drug delivery noninvasively in situ will pro-
vide clinicians with an unprecedented tool
that may facilitate personalized therapeutic
regimens for each patient's tumor.* Addi-
tionally, NPs are attractive as drug delivery
vehicles because they can deliver potent
doses of therapeutic agents to cancer cells
with significantly improved specificity and
reduced toxicities.>® These advantages are
achieved through targeted delivery and
release of chemotherapeutics specifically
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in tumor cells.? Proper integration of these
favorable attributes in a single nanoparticle
formulation is expected to offer a solution
for highly intractable cancers such as glio-
blastoma multiforme (GBM).

GBMs are malignant brain tumors that are
among the most lethal cancers, striking
14000 individuals in the U.S. each year.
Therapy has long included surgery followed
by conformal radiotherapy (RT). Clinical
trials have documented that the inclusion
of the DNA methylating agent temozolo-
mide (TMZ) in the postoperative therapy of
newly diagnosed GBMs has produced the
first significant improvement in survival in
the last 30 years.® The clinical efficacy of
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TMZ reflects, in part, its ability to cross the blood—brain
barrier (BBB). Clinical outcome, however, is not im-
proved by TMZ in the majority of GBMs because of re-
sistance mediated in large part by O®-methylguanine-
DNA methyltransferase (MGMT), a DNA repair protein
that removes the cytotoxic O°-methylguanine lesions
produced by TMZ.2~

In vitro studies suggest that GBM resistance to TMZ
can be overcome by ablating MGMT activity with DNA
repair inhibitors such as 0%-benzylguanine (BG).'*' BG
serves as a pseudo-substrate for MGMT and irreversibly
inactivates the DNA repair protein. However, clinical
trials have shown that the inclusion of BG in TMZ
treatment regimens reduces the maximum tolerated
dose (MTD) of TMZ by 50%.'* The significant reduction
in MTD is primarily caused by the poor pharmaco-
kinetics of BG; BG poorly permeates across the BBB, is
limited by a short blood half-life, and rapidly accumu-
lates in clearance organs and bone marrow producing
significant myelosuppression in combination with
TMZ."*7'® Hence, prognosis remains dismal with only
2% of patients surviving 5 years. This necessitates the
development of novel therapeutic agents and utiliza-
tion of delivery methods that can circumvent resis-
tance mediated by tumor biology (e.g., drug resistance
due to DNA repair) and by normal physiological bar-
riers (e.g., the BBB).

The inability of many systemically delivered thera-
peutic drugs to cross the BBB or to accumulate in the
brain at therapeutic levels have led researchers to
develop more direct delivery methods.'”'® Diffusion
controlled delivery methods such as general intraneo-
plastic injection or the placement of drug loaded
wafers in the resection cavity during brain surgery
present some advantages, but are limited by poor
volume of distribution (Vd) due to the diffusion limited
delivery."® In contrast, convection-enhanced delivery
(CED) utilizes fluid convection by maintaining a pres-
sure gradient during interstitial infusion to enhance
simple diffusion, leading to better Vd.?® However, not
all drugs are effectively delivered by CED. Small hydro-
phobic molecules in particular are subject to high rates
of elimination by transport into cerebrospinal fluid or
blood?' and do not distribute well.2 These limitations
require the development of therapeutic agents engi-
neered to take full advantage of CED.

We hypothesized that a multifunctional NP formula-
tion carrying a targeting ligand specific to GBMs,
loaded with a BG chemotherapeutic payload, and
administered via CED represents a more effective and
less toxic treatment strategy. Our aim was to reformu-
late BG in combination with a theranostic nanoparticle
platform to improve its intracellular delivery to GBM
cells while minimizing its localization to healthy tissue.
Here we report the development of an NP formulation
for BG delivery that contains a superparamagnetic iron
oxide core coated with a redox responsive biopolymer
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shell of PEG and chitosan conjugated to a tumor-
targeting peptide CTX.>*>?** NP stability, in vitro BG
intracellular trafficking, reduction of MGMT activity,
potentiation of TMZ cytotoxicity in GBM cells, in vivo
biodistribution, and toxicity were evaluated and com-
pared against free BG. Furthermore, the efficacy of
CED NPCP-BG-CTX was evaluated in orthotopic human
primary GBM6 xenograft tumors. Importantly, this new
BG loaded NP formulation could be integrated into the
existing therapeutic protocol for GBM management
and offers the potential to significantly improve the
prognosis of GBM patients.

RESULTS AND DISCUSSION

Formulation and Characterization of Nanoparticles. Figure 1
shows the synthesis of chitosan-PEG (CP) copolymer
coated nanoparticles (NPCP), cross-linked and function-
alized with BG (NPCP-BG) and CTX (NPCP-BG-CTX).
NPCP consists of a 7.5 nm iron oxide core coated with
CP (Figure 1a).?’ It should be noted that the carrier's core
material, iron oxide, is biocompatible and biodegrad-
able, and enables the monitoring of drug trafficking and
delivery by magnetic resonance imaging (MRI) when
administrated both in vitro and in vivo. Reactive sulf-
hydryl groups were then introduced to the CP shell
by reaction of 2-iminothiolane to amine groups of
chitosan (Figure 1b). The sulfhydryl groups then oxi-
dized and formed disulfide bridges producing a redox
sensitive cross-linked polymer shell. A 5:1 weight ratio of
2-iminothiolane to iron was determined to be optimal
for stability of NPCP and to ensure an adequate num-
ber of amines remained for further NP modifications
(Supporting Information Figure 1). BG was then acti-
vated with N-bromosuccinimide (BG-Br) rendering it
amine reactive (Figure 1c). Bromination of BG was con-
firmed by tandem liquid chromatography—mass spec-
trometry (LC—MS) (Supporting Information Figure 2a).
NPCP was then reacted with the brominated BG, fol-
lowed by addition of CTX and Cy5.5 to produce NPCP-
BG-CTX (Figure 1d). The BG loaded nanoparticles were
readily soluble in PBS and cell culture media without the
need of excipients.

Table 1 summarizes the key physicochemical prop-
erties of NPCP-BG-CTX. The hydrodynamic size and
zeta potential of nanoparticles can drastically influence
their in vivo functionality, clearance, and overall
safety.® The intensity based hydrodynamic size of
NPCP-BG-CTX in 20 mM HEPES, pH 7.4, were measured
by dynamic light scattering (DLS) (Supporting Informa-
tion Figure 2b). The Z-average size of NPCP-BG-CTX
was 76 nm in HEPES and remained stable in biological
fluid (Dulbecco's modfied Eagle's medium (DMEM)
with 10% FBS) for over 10 days (Supporting Informa-
tion Figure 2c). Notably, the hydrodynamic size dis-
tributions for the NP remained appropriate for in vivo
navigation and evasion of rapid clearance by the
reticuloendothelial system (5 nm < d < 200 nm)*®
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Figure 1. Synthesis of NPCP-BG-CTX. (a) lllustration of fully functionalized NPCP-BG-CTX. (b) Cross-linking of NPCP coating
through intracellular reducible disulfide linkages. (c) Activation of BG by bromination and subsequent reaction with amines
on the chitosan backbone. (d) Modification of NPCP with BG and CTX to produce NPCP-BG-CTX.

TABLE 1. Primary Physicochemical Properties of NPCP-BG-CTX

core size (nm) hydrodynamic size (nm) poly dispersion index

75£13 76 £ 4 0.16

and for CED (<100 nm).2' Additionally, a strong positive
surface charge can lead to nonspecific interactions
with negatively charged cell membranes and reduced
Vd,”” whereas a strong negative surface charge can
lead to nonspecific interactions with the positively
charged extracellular matrix.?® The average zeta po-
tential of NPCP-BG-CTX was measured to be near neu-
tral at 4 + 7.4 mV (Supporting Information Figure 2d).
NP core size was determined to be 7.5 &+ 1.3 nm
(Supporting Information Figure 3). Using UV/vis spec-
troscopy, we estimated the number of BG molecules
per NP to be 150. Furthermore, with the use of a gel
electrophoresis assay, the number of CTX peptide per
NP was found to be approximately three peptides per NP.

A challenge in developing drug carrier NP formula-
tions is ensuring rapid and effective intracellular release
of drugs in target cells while minimizing release in the
blood or extracellular matrix. Several strategies have been
investigated to create NP formulations that selectively
respond to environmental stimuli such as tempera-
ture, pH, ionic strength, redox potential, and electrical
or magnetic fields.*? 32 Among them, redox responsive
NPs are most attractive as cells regulate the reducing
potential in their environment both intracellularly and
extracellularly through the expression and secretion of
reducing enzymes such as glutathione.*® These enzymes
are known to be present in the cytoplasm at 1000-fold
higher levels than those found in the blood.
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zeta potential (mV) BG molecules/NP CTX molecules/NP

4+74 150 £ 14 3£1

To determine the redox responsive properties of
our NPs, NPCP-BG-CTX was incubated in solutions
similar to blood conditions (BC environment, PBS pH
7.4) and intracellular conditions (IC environment, acet-
ate buffer pH 5 and 100 mM glutathione) to examine
drug release under reducing conditions likely encoun-
tered following NP tumor uptake and intracellular
sequestration.>° Gel electrophoresis was used to moni-
tor biodegradation of the polymer/BG/CTX conjugate
(CP-BG-CTX) coating from the iron oxide core in re-
sponse to BC and IC environments (Figure 2a). NPs and
any bound polymer coating remained in the gel load-
ing wells while unbound polymer freely moved down
the gel lanes. On the basis of the intensity of the bands
remaining in the loading wells, the IC environment
resulted in more degradation of the CP-BG-CTX coating
than the BC environment. CP-BG-CTX release was
quantitatively monitored using a fluorescence assay
where BG was fluorescently labeled with Alexa Fluor
488 (BG-AF488) and biodegradation of CP-(BG-AF488)-
CTX from the iron oxide core was determined in BC and
IC environments by collecting the filtrate at 0, 1, 8, and
24 h using centrifugal filters (Figure 2b). CP-(BG-AF488)-
CTX was released rapidly under conditions mimicking
intracellular environments reaching maximum CP-(BG-
AF488)-CTX release at 1 h. However, under conditions
mimicking blood, maximum CP-(BG-AF488)-CTX release
was not achieved until 24 h. The significantly elevated
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CP-(BG-AF488)-CTX release under IC conditions demon-
strates that controlled intracellular BG drug release can
be achieved using this NP formulation.

Internalization of NPCP-BG-CTX by Human GBM Cells in Vitro. To
efficiently deliver BG in vivo, NPs must be equipped with
ligands that bind to tumor cells with high specificity and
avidity. CTX, a small peptide of scorpion venom that has
been shown to bind to MMP23* and Annexin A23° on cell
surfaces, has high specificity and avidity for GBM but not
normal brain tissue.>**” We have previously shown that
CTX-conjugated NPs are efficiently taken up through
endocytosis in rodent glioma cells>*® Unlike other
ligands, which target only certain types of brain tumors,
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Figure 2. NPCP-BG-CTX drug release. (a) Coomassie blue
stained polyacrylamide gel electrophoresis image of NPCP-
BG-CTX incubated for 1 h under blood conditions (BC) and
intracellular conditions (IC) showing pH and glutathione
sensitive degradation of the CP-BG-CTX coating from NP. (b)
Drug release profiles showing the pH and glutathione
sensitive release of CP-(BG-AF488)-CTX from NPCP-(BG-
AF488)-CTX. BC = pH 7.4 and no glutathione, and IC = pH
5.0 and 100 mM glutathione.

Nucleus Membrane

NPCP-(BG-AF647)- NPCP-AF647-
CTX cTX

(BG-AF647)

CTX targets the majority of brain tumors examined
(74 out of 79).3”3 In addition, CTX facilitates BBB permea-
tion via receptor-mediated transcytosis through vessel
endothelial cells (Supporting Information Figure 4a-b).2

CTX targeting of the human GBM cell line SF767 was
confirmed by flow cytometry (Supporting Information
Figure 5). Visual confirmation of NP internalization and
BG delivery was established by confocal microscopy.
Images were obtained from SF767 cells treated with
NPCP-AF647-CTX (NPs labeled with fluorophore),
BG-AF647 (fluorophore labeled BG), and NPCP-(BG-
AF647)-CTX (NPs carrying fluorophore labeled BG). In
all images (Figure 3), cells were fixed after NP/BG
treatments, and nuclei were stained with DAPI (blue)
and membranes with WGA-555 (green). Treatments
with these formulations were administered at a con-
centration of 50 uM of BG or its NP equivalence. In the
top panel, NPCP-AF647-CTX (red, third column) can be
visualized in the treated cells. The overlay images
(fourth column) reveal that the NPCP-AF647-CTX for-
mulation is bound to the SF767 cells. The middle panel
shows CP-(BG-AF647)-CTX localized in the nucleus
with NPCP-(BG-AF647)-CTX delivery. Similarly, the low-
er panels show free BG-AF647 localized in the nucleus.
This observation suggests the proper release and
trafficking of BG within cells.

NPCP-BG-CTX Inhibition of MGMT and Potentiation of TMZ
Cytotoxicity in Human GBM Cells. MGMT is the sole repair
activity that removes O®-methylguanine (0°-meG) ad-
ducts from DNA in human cells and plays an important
role in GBM resistance to TMZ.*® Suppressing DNA
repair activity is a promising strategy for improving

AF647 Overlay

Figure 3. Confocal fluorescence images of SF767 cells treated with one of three treatment formulations: NPCP-AF647-CTX
(fluorophore labeled NPs), NPCP-(BG-AF647)-CTX (NPs loaded with fluorophore labeled BG), and BG-AF647 (fluorophore
labeled BG). Cells were imaged 24 h post treatment. Cell nuclei are shown in blue, cell membranes in green, and NPCP-AF647-
CTX, CP-(BG-AF647)-CTX or BG-AF647 in red. The scale bar corresponds to 10 um.
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Figure 4. NPCP-BG-CTX inhibits MGMT and sensitizes GBM cells to TMZ. (a) Suppression of MGMT activity in SF767 cells
treated with BG, NPCP-BG-CTX, or NPCP-CTX. Cells were harvested 2 and 24 h after inhibitor exposure and MGMT activity was
determined in cleared supernatants of whole cell homogenates by quantitating transfer of radioactivity from DNA containing
0°%-[*H]methylguanine to protein.** Data represent the results of cells treated with a single preparation of NPCP-BG-CTX and
are representative of results observed using independent preparations of NPCP-BG-CTX. (b) Suppression of MGMT activity
with NPCP-BG-CTX increases TMZ cell killing of the GBM line SF767. Survival of SF767 cells treated with TMZ alone (no BG) or
exposed to 20 uM BG or NPCP-BG-CTX containing 20 «M BG for 24 h prior to 24 h exposure to TMZ was determined by a
clonogenic colony-forming assay. The inset displayed at a finer scale reveals the comparable effect of BG and NPCP-BG-CTX

on cell killing.

TMZ-based therapies.*’ Figure 4a shows the effect of
free BG and NPCP-BG-CTX treatments on MGMT activ-
ity in SF767 cells. In this experiment, MGMT activity was
assayed in untreated cells, cells incubated with 10 uM
free BG and NPCP-BG-CTX equivalent to 10 uM BG for
2 or 24 h. Untreated cells had an activity of 39 fmol/10°
cells or ~23500 MGMT molecules/cell. All treatment
conditions were normalized as a percent MGMT activ-
ity of untreated SF767 cells. Exposure to free BG for 2 h
reduced the activity by ~4.8-fold (~21% of untreated
activity) and exposure for 24 h reduced activity by
~10.3-fold (~9.7% of untreated activity). Importantly,
incubation with NPCP-BG-CTX for 2 h also reduced
MGMT activity ~1.5-fold (~67% of untreated activity),
and achieved a greater than 5.4-fold (~18.7% of
untreated activity) reduction in activity 24 h after the
initial exposure to NPCP-BG-CTX. Control NPs with no
BG conjugated (NPCP-CTX) showed no reduction in
MGMT activity at 2 and 24 h. These results demonstrate
that NP-conjugated BG produces similar reduction of
MGMT activity in a human GBM cell line as free BG after
24 h exposure.

SF767 cells are noted for their pronounced resis-
tance to TMZ (LD, ~640 uM) mediated in large part by
MGMT.*? The effect of suppression of MGMT activity by
NPCP-BG-CTX on TMZ-mediated reduction in clono-
genic survival of SF767 is illustrated in Figure 4b. Cells
were exposed to NPCP-BG-CTX equivalent to 20 uM
free drug for 24 h followed by incubation with TMZ
for 24 h in the presence of inhibitor. Controls were
treated either with 20 uM free BG, NPCP-CTX or with
an equivalent volume of DMSO. A linear regression
analysis was performed on the linear portions of the
survival curves to determine LD;o. NPCP-BG-CTX re-
duced the resistance by ~40-fold (LDqo 15.7 £ 1.1 uM),
a potentiation of cytotoxicity comparable to that pro-
duced by free BG (LD 12.8 £ 1.6 uM). These results
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demonstrate that NPCP-BG-CTX mediated suppres-
sion of MGMT is accompanied by greater sensitivity
to TMZ in human GBM cells.

CED and in Vivo Efficacy of NPCP-BG-CTX. To evaluate CED
and combination therapy of NPCP-BG-CTX with TMZ
in vivo, we used a clinically relevant primary GBM6
xenograft tumor model which expresses high levels
of MGMT and have shown resistance to TMZ.** CTX
targeting of GBM6 cells was confirmed in vitro by flow
cytometry (Supporting Information Figure 6). The use
of primary cells is advantageous for drug screening,
since prolonged tissue culture can lead to phenotypic
changes including loss of amplified epidermal growth
factor receptor® and hypermethylation of DNA MGMT
promoter®® in GBM cell lines, which can significantly
affect tumor response to treatment. Primary GBM
xenografts avoid these issues by serial transplantation
in mouse flanks to preserve important genetic features
of the primary cell.*’ Thus, we established orthotopic
human primary GBM xenografts using luciferase ex-
pressing GBM6 cells maintained as flank tumors in
mice. Orthotopic brain tumor growth could then be
monitored through Xenogen IVIS luminescent imaging.

Prior to treatment, NPs were suspended in 2.5%
400 MW PEG (w/w) and 2.5% dextrose (w/w), aliquoted
at the predetermined treatment dose, and flash-frozen
in liquid nitrogen. The addition of PEG and dextrose
was to both stabilize the NP during freeze for storage
and to increase viscosity, which has been shown to
increase Vd of therapeutics when administered by
CED.*®*° Before each NP treatment, NPs were quickly
thawed and placed on ice until administered. NPCP-
BG-CTX (5 ulL, 15 ug BG/kg) and NPCP-CTX (5 uL, Fe
concentration equivalent to NPCP-BG-CTX dosage)
were administered via CED 24 h prior to TMZ treatment
(66 mg TMZ/kg, via oral gavage). The 24 h NP pretreat-
ment time point was selected based on in vitro MGMT
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Figure 5. MR evaluation of CED delivery of NPCP-BG-CTX. Transverse and sagittal T,-weighted images of a mouse brain (a)
untreated, (b) immediately after CED, (c) 24 h after CED, and (d) 48 h after CED. (e) T,*-weighted images illustrating changes in
NP contrast margins at 0 h (red arrow indicates diffuse NP contrast margin), 24 h (well-defined NP contrast margin), and 48 h
(loss of NP from outer margin inward) post CED. (f) Quantitative T,-weighted images with short TE of an untreated animal, and
0,24, and 48 h post CED of NPCP-BG-CTX. (g) T, relaxation time differences between untreated and 48 h post CED of NPCP-BG-
CTX for contralateral brain and tumor ROI indicated a significant quantity of NPCP-BG-CTX remained in the outer tumor
margin 48 h after treatment. Bar color outlines correspond to ROI outlines in (f).

inhibition results that showed maximum MGMT inhibi-
tion at 24 h. CED was performed using a stereotaxic
frame to securely hold the mouse and Hamilton
syringe. A new burr hole was produced at the same
location as for the tumor implantation and the tip of
the Hamilton syringe was placed at a depth of 3 mm
(tumor implant location) prior to infusion of 5 uL of NPs
at 1 ul/min.

MR imaging was utilized to evaluate the extent of
NP delivery via CED. Figure 5 shows T,-weighted
transverse and sagittal images of (a) mice brains bearing
GBM6 tumor without NP treatment, as well as CED NP
injected tumorsat (b) t=0h, (c) t=24h,and (d) t=48h
after NP treatment. Excellent NP distribution was observed

STEPHEN ET AL.

at all three time points. The outer edge of the injected
margin at t = 0 was somewhat blurred (Figure 5b), but
became significantly well-defined at t = 24 h (Figure 5c¢).
To further examine the brain parenchyma outside the
tumor capsule, T,*-weighted images, which are highly
sensitive to small quantities of NP, were acquired
(Figure 5e). The red arrows in Figure 5e represent (at
t = 0) the blurry outer NP margin, (at t = 24 h) the highly
defined NP edge, and (at t = 48 h) the appearance of
NPs in the process of elimination from the outer margin
of the tumor. To best capture the behavior between
24 and 48 h, separate images were acquired with a
short echo time (TE = 6 ms; Figure 5f). The short TE
reduces the effects of NP contrast and better displays
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Figure 6. NPCP-BG-CTX is preferentially retained in the tumor region. (a) Representative Prussian blue and (b) H&E stained
subsequent tissue sections of brain at the tumor margin obtained from untreated or NPCP-BG-CTX treated animals
immediately post CED or 48 h post CED. The scale bar corresponds to 100 um. (c) Schematic illustration of time dependent

changes of NP localization before and after CED.

the removal of NP from the outer margin at 48 h post
CED (Figure 5f). We used a multispin multiecho se-
quence to calculate the T, value within this outer
margin, in comparison to untreated tumor (Figure 5g).
The quantitative results suggested that a significant
quantity of NP remained within the outer tumor margin
at 48 h (red ROI). Conceptually, the early extraction at
48 h of NP from the outer tumor margin corresponds well
to the known presence of extensive tumor perfusion
within this area. The persistence of NP within the small
central region may thus correspond to the dysfunctional
vascular and cytologic architecture of the necrotic core.

NPCP-BG-CTX localization was further examined
through histological analysis on brain sections near
the tumor margin. After MR imaging, fixed brains (10%
formalin) were embedded in paraffin, sectioned, and
stained with Prussian blue and hematoxylin and eosin
(H&E) (Figure 6a,b). The Prussian blue staining revealed
the presence of NPCP-BG-CTX well beyond the tumor
boundary immediately after CED, but confined within
the tumor at 48 h post CED. Figure 6c displays a model
for the behavior that we visualize here; upon comple-
tion of CED, NPCP-BG-CTX diffused outward beyond
the tumor boundary. By 24 and 48 h, NPCP-BG-CTX
cleared from the healthy brain and remained only
within the tumor boundary. Both MRI and histology
results confirm the successful delivery and distribution
of NPCP-BG-CTX throughout the tumor, validating CED
as a promising mode of delivery for these NPs.

STEPHEN ET AL.

In vivo efficacy of NPCP-BG-CTX in combination
with TMZ was compared to control NPCP-CTX in com-
bination with TMZ and animals that received no treat-
ment. Treatments were administered twice weekly
for 2 weeks (Figure 7a). Overall median survival was
determined with the first treatment day as day 0 and a
log rank statistical analysis of the Kaplan—Meier plot
was performed (Figure 7b,c). Animals treated with
NPCP-BG-CTX/TMZ showed a 3-fold increase in survival
as compared to untreated animals with a median
survival time of 9 days in comparison to 4 days for
NPCP-CTX/TMZ, and 3 days for untreated animals.
The log rank statistic for comparison between NPCP-
BG-CTX/TMZ and untreated animals showed a statis-
tical increase in survival probability for mice receiving
NPCP-BG-CTX/TMZ (P = 0.0003). Importantly, the log
rank statistic for survival probability comparison be-
tween NPCP-BG-CTX/TMZ and NPCP-CTX/TMZ showed
a statistically significant difference (P = 0.009) between
the groups. There was no statistical difference in sur-
vival probability between NPCP-CTX/TMZ treated and
untreated animals (P = 0.7). These results indicate that
the prolonged time of survival for NPCP-BG-CTX/TMZ
treated animals was caused by the therapeutic effect of
BG on the NP polymer surface and was not induced by
local NP toxicity.

In the above experiments we demonstrated that a
BG loaded NP formulation engineered with proper size
and surface chemistry can be administered by CED to
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Figure 7. Increased survival by CED of NPCP-BG-CTX in combination with TMZ in an orthotopic GBM6 xenograft model. (a)
Tumor inoculation and treatment time-line. NPs were administered 24 h prior to TMZ treatment. Treatments were performed
twice weekly for 2 weeks. (b) Kaplan—Meier survival curve. (c) Median survival and log rank statistical comparison of the three

treatment groups.

achieve excellent tumor coverage and increase me-
dian survival in an orthotopic primary GBM xenograft
model. In addition to holding a potential role in the up-
front treatment of malignant glioma, the clinical pro-
mise for CED agents extends to the adjunct treatment
of recurrent tumors, and of those deemed inoperable
due to deep location in the brain. Especially in the
setting where reoperation or reirradiation ceases to
provide clinical benefit, novel therapeutic technologies
such as ours may play an important role in improving
survival or providing symptomatic relief.>® We envision
a single needle-based injection, or a stereotactically
implanted microcatheter-based infusion, to provide a
localized high concentration of our compound to the
active site of such tumors. As we have shown with MRI
and histology, NPCP-BG-CTX permeates outside the
tumor margin immediately after delivery, but becomes
rapidly confined to the tumor region, with the NP per-
sisting within tumor for at least 48 h.

NPCP-BG-CTX Biodistribution and Pharmacological Evalua-
tion. For assessment of plasma half-life, we used a
reproducible, quantitative assay that utilized the NIRF
dye, Cy5.5, which was incorporated into the nanopar-
ticle (NPCP-BG-Cy5.5-CTX) as we previously reported.’
Mice were injected through the tail vein with 200 uL
of 1 mg/mL NPCP-BG-Cy5.5-CTX (n = 3 for each time
point) and blood was collected from mice at 1, 8, and
24, hours. Blood was centrifuged and the plasma was
collected for analysis. The blood plasma was added
to a 96 well clear bottom plate and scanned using an
Odyssey scanner. Exponential decay analysis of the
fluorescent signal from NPCP-BG-Cy5.5-CTX over time
revealed an elimination half-life of 5 h (Figure 8a,b).
This is significantly longer than the 1.2 h reported in
literature for BG evaluated in rodent models.'®

The biodistribution of the mice receiving NPCP-
BG-Cy5.5-CTX was determined by ex vivo NIRF signal

STEPHEN ET AL.

quantification of excised tissues (brain, liver, spleen,
kidney, heart and lung) (Figure 8c,d) as previously
reported.>’ Wild-type mice were chosen because of
their intact immune system. Mice were injected (n = 3)
through the tail vein with 200 uL of 1 mg/mL of NPCP-
BG-Cy5.5-CTX. Whole organs were removed at 120 h
after injection, frozen in OCT, and then sliced in 12 um
sections and mounted on glass slides. The slides
were scanned on an Odyssey NIR scanner and images
were obtained using a 700 nm channel (Figure 8c). The
measured fluorescence intensities were then plotted
to determine a biodistribution profile (Figure 8d). No
marked NP accumulation was observed in brain, heart,
and lung tissue. Conversely, significant accumulation
of the NPCP-BG-Cy5.5-CTX was observed in clearance
organs including liver, spleen, and kidney. These re-
sults are comparable in distribution profile to those
reported for other iron oxide nanoparticle systems.>%>3
Tissue specific toxicity was examined through his-
tological analysis on various tissues (kidney, spleen,
liver, and brain) of mice injected with NPCP-BG-CTX to
identify any signs of acute toxicity. Tissue sections
showed no evidence of toxicity, appearing similar to
those observed in the tissues from PBS injected control
animals (Supporting Information Figure 7). The spleen
did not show any expansion of the white pulp or red
pulp. No signs of hepatotoxicity such as hepatocyte
distortion or degeneration and destruction of the
vascular bed and sinusoidal structures were observed.
The kidneys showed normal glomeruli and renal tu-
bules and showed no signs of degenerative changes or
desquamation in the epithelium lining the tubules.
Since the accumulation of nanoparticles in liver
have been reported®' and shown with NPCP-BG-CTX,
potential liver toxicity not apparent histologically was
assessed by a hepatotoxicity assay. Serum aspartate
aminotransferase (AST) and alanine aminotransferase
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(g) Platelet counts obtained from wild-type mice 5 days post treatment with PBS, NPCP-BG-CTX/TMZ, or BG/TMZ.

(ALT) levels were determined in mice injected with
NPCP-BG-CTX or PBS (Figure 8e). No significant eleva-
tion of AST and ALT levels was found in mice receiving
NPCP-BG-CTX compared to control mice receiving PBS
injection, which falls within the normal range for these
mice,*® suggesting that NPs do not induce liver toxicity
at the given dosage.

A major concern associated with combinational
therapy of brain tumors through co-administration of
BG and TMZ is dose-limiting, chemotherapy-induced
bone marrow toxicity."*** In the clinic, chemotherapy
induced myelosuppression is detected through blood
work by the decrease in the number of white blood
cells (neutropenia) and platelets (thrombocytopenia).>®
To monitor whether co-administration of TMZ with
NPCP-BG-CTX is more tolerable in mice than with BG,

STEPHEN ET AL.

we evaluated the influence of each formulation on
white blood cell (WBC) and platelet levels in peripheral
blood (Figure 8f,g). Mice were injected with NPCP-BG-
CTX at a BG dose of 6 mg/kg followed 2 h later by an
injection of 66 mg/kg TMZ and sacrificed 5 days later.
Mice receiving PBS and free BG (6 mg/kg) injections
were also included as controls. Peripheral blood was
collected through cardiac heart puncture. BG/TMZ
produced almost complete knockdown of WBC and
platelet levels indicating substantial neutropenia
and thrombocytopenia. Importantly, NPCP-BG-CTX/
TMZ produced significantly lower degrees of WBC and
platelet suppression compared to BG/TMZ treatments
indicating they do not accumulate in the bone mar-
row, as we have shown with a similar CTX-targeted
nanoparticle.”’
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Combined, these findings suggest that NPCP-BG-
CTX produced less myelosuppression and was more
tolerable when combined with TMZ as compared to
free BG. The decrease in myelosuppression was likely
due to the favorable biodistribution of these NPs. We
anticipate that NPCP-BG-CTX will be more tolerable
than free BG when combined with TMZ and decrease
the dose-limiting, chemotherapy-induced myelosup-
pression often observed in the clinic.

CONCLUSIONS

GBM targeted NPs carrying a BG payload were
successfully prepared. These NPs had excellent solubi-
lity and physicochemical properties, and demonstrated
a redox-responsive drug release profile. In vitro evalua-
tion of NPCP-BG-CTX demonstrated proper release and
trafficking of BG within human GBM cells. NPCP-BG-CTX
treated human GBM cells showed significant reduction
of MGMT activity similar to free BG treated cells. In

MATERIALS AND METHODS

Materials. All reagents were purchased from Sigma-Aldrich
(St. Louis, MO) unless otherwise specified. The heterobifunc-
tional linker 2-iminothiolane (Traut's reagent) was purchased
from Molecular Biosciences (Boulder, CO). NHS-PEG;,-maleimide
was purchased from Thermo Fisher Scientific (Rockford, IL). Tissue
culture reagents including DMEM and antibiotic—antimycotic
were purchased from Invitrogen (Carlsbad, CA). Fetal bovine serum
(FBS) was purchased from Atlanta Biologicals (Lawrenceville, GA).

NPCP Synthesis. Iron oxide nanoparticles coated with a copo-
lymer of chitosan-grafted-PEG were synthesized via a co-
precipitation method as previously reported.?* Briefly, chitosan
oligosaccharide (5,000 kDa) was PEGylated with aldehyde-
activated methoxy PEG to produce chitosan-grafted-PEG (CP).
Pure CP (150 mg) was mixed with iron chlorides (9 mg Fet,
15 mg Fe") in 2.18 mL of degassed DI water. A 14.5 M solution
of ammonium hydroxide was titrated in slowly at 40 °C until a
final pH of 10.5 was reached to ensure complete nucleation of
NPs. At this point, the synthesized NPCP were purified using size
exclusion chromatography in S-200 resin (GE Healthcare, Piscat-
away, NJ) into 100 mM sodium bicarbonate buffer, pH 8.0,
containing 5 mM EDTA. NPCP was then thiolated using Traut's
reagent (10 mg) in 100 uL of 100 mM sodium bicarbonate, pH
8.0, 5 mM EDTA. The reaction was maintained in the dark at
room temperature for 1 h. The thiolated NPCP was purified
using size exclusion chromatography in S-200 resin (GE Health-
care, Piscataway, NJ) into 100 mM sodium bicarbonate buffer,
pH 8.5, without EDTA and subsequently aged overnight at 4 °C
to promote disulfide formation.

Synthesis of Brominated BG. BG (2.4 mg) was dissolved in
500 uL of methanol (MeOH) and mixed with N-bromosuccinimide
(2 mg) dissolved in 500 uL of MeOH. The reaction was maintained
in the dark at room temperature for 24 h yielding brominated BG
(BG-Br). MeOH was removed under vacuum. Bromination of BG
was confirmed by LC—MS as described in the Supporting Informa-
tion Methods.

NPCP-CTX and NPCP-BG-CTX Synthesis. NPCP in 100 mM sodium
bicarbonate buffer, pH 8.5, was mixed with BG-Br and dissolved
in dimethylformamide (DMF) at a 5:1 weight ratio of iron to
BG-Br. DMF volume was limited to 10% of the total reaction
volume. The reaction was maintained in the dark at room
temperature for 24 h to produce NPCP-BG. A total of 300 uL
of the NPCP-BG reaction mixture was set aside for evaluation
of BG loading. The remaining NPCP-BG was purified using
size exclusion chromatography in S-200 resin (GE Healthcare,
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addition, NPCP-BG-CTX mediated suppression of MGMT
was accompanied by significantly greater sensitivity to
TMZ in human GBM cells. Pharmacological evaluations
showed there was no difference in liver toxicity between
saline injected and NP injected mice indicating the
innocuous toxicity profile of NPCP-BG-CTX. Co-treat-
ment of wild-type mice with NPCP-BG-CTX and TMZ
was much better tolerated than treatment with free BG
combined with TMZ, which produced significant mye-
losuppression. NPCP-BG-CTX was successfully adminis-
tered by CED and produced excellent distributions
within the brain tumor. The clearly delineated contrast
provided by NPCP-BG-CTX in MR images displayed the
potential for real-time monitoring of drug delivery. In
combination with TMZ, NPCP-BG-CTX increased median
overall survival 3-fold over untreated animals. Com-
bined, these findings warrant further evaluation of
NPCP-BG-CTX as a viable adjunct to the current clinical
treatment of patients with MGMT expressing GBMs.

Piscataway, NJ) into 100 mM sodium bicarbonate buffer, pH 8.0,
containing 5 mM EDTA for further conjugations of fluorophores
and chlorotoxin (CTX).

NPCP-BG (3.5 mg) or NPCP (3.5 mg) was reacted with 1 mg
of Cy5.5 (GE healthcare) in 100 mM sodium bicarbonate buffer,
pH 8.0, containing 5 mM EDTA for 1 h at room temperature
protected from light and with gentle rocking. Excess Cy5.5 was
removed using size exclusion chromatography in S-200 resin
(GE Healthcare, Piscataway, NJ). A 1 mg/mL solution of CTX was
prepared in thiolation buffer and reacted with 2IT at a 1.2:1
molar ratio of 2IT/CTX for 1 h in the dark. Concurrently, NPCP-
BG-Cy5.5 was reacted with SM(PEG), at 216 ug of SM(PEG),,/
mg Fe in the dark with gentle rocking for 30 min. The SM(PEG),,
modified NPCP-BG-Cy5.5 was then reacted with CTX-2IT at 1 ug
CTX per 4.5 ug Fe for 1 h in the dark to produce NPCP-BG-Cy5.5-
CTX. The resultant NP was purified using size exclusion chro-
matography in S-200 resin equilibrated with PBS, and stored at
4 °C.For CED, NPs were brought to 2 mg/mL and supplemented
with 2.5% 400MW PEG (w/w) and 2.5% dextrose (w/w) before
being flash-frozen in liquid nitrogen and stored at —80 °C.

Evaluation of BG Loading. The NPCP-BG reaction mixture
(300 ulL) was placed in a 3000 MW cutoff Amicon Ultra cen-
trifugal filter (Millipore, Billerica, MA) and centrifuged at 12 000
rcf for 10 min. The flow through containing unreacted BG was
collected, and free BG was quantified by absorbance mea-
surements at 280 nm using a SpectraMax M2 microplate reader
(Molecular Devices, Sunnyvale, CA) and standard curve of
known BG concentrations. BG conjugated to NPs was calculated
by subtracting the amount of free BG from the total amount of
BG in the reaction. The mean and standard deviation of BG per
NPCP was calculated from 4 independent representative
batches.

Evaluation of CTX Labeling. To quantify the degree of CTX
attachment to nanoparticles, NPCP-BG-CTX was prepared as
described above except unbound CTX was not purified from the
NPCP-BG-CTX reaction mixture. The unpurified reaction mix-
ture was mixed with an equal volume of Laemmli Sample Buffer
(Bio-Rad, Hercules, CA) and 30 uL was then loaded in a precast
4—20% polyacrylamide gel (Bio-Rad, Hercules, CA). Free CTX at
500, 250, 125, and 62.5 ug/mL was mixed with an equal volume
of Laemmli Sample Buffer and the solution was loaded (30 uL) in
the precast gel as standards. The gel was run at 100 V for 1 h.
Free, unreacted CTX separated from the CTX conjugated to
NPs along with the CTX standards were imaged on a Gel Doc XR
(Bio-Rad, Hercules, CA) and quantified using the Quantity One
software package (Bio-Rad, Hercules, CA). The amount of CTX
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conjugated to NPs was calculated by subtracting the amount
of free CTX from the total amount of CTX in the reaction
and assuming an NP molecular weight of ~600000 g/mol
(Supporting Information Figure 3).

Drug Release. For this assay, an Alexa Fluor 488 (AF488:
Invitrogen, Carlsbad, CA) labeled version of BG was prepared.
An amine modified version of BG (BG-NH2) was purchased from
New England BioLabs, Inc. (Ipswich, MA) and modified with
AF488 according to the manufacture's instructions to produce
AF 488 modified BG (BG-AF488). BG-488 was conjugated to
NPCP as described above to produce (NPCP-(BG-AF488)).
NPCP-(BG-AF488) (1 mg of Fe/mL) was diluted into PBS at pH
7.4 and acetate buffer at pH 5.0 containing 100 mM glutathione
and incubated at 37 °C for 0, 1, 8, and 24 h. CP-(BG-AF488) was
separated from NPCP-(BG-AF488) using Amicon centrifuge
filters (30 000 MW cutoff, Millipore). Free CP-(BG-AF488) content
in the filtrate was determined by fluorescence measurements.
Percent CP-(BG-AF488) released from NPCP-(BG-AF488) was
calculated using the fluorescence of total amount of drug
released over 24 h.

Cell Culture. SF767, a human GBM cell line obtained from
the tissue bank of the Brain Tumor Research Center (University
of California—San Francisco, San Francisco, CA), was main-
tained in DMEM supplemented with 10% FBS and 1% antibio-
tic—antimycotic at 37 °C and 5% CO,.

Confocal Fluorescence Microscopy. Treated cells (50000) were
plated on 24 mm glass coverslips and allowed to attach for
24 h. Cells were then washed with PBS and fixed in 4%
formaldehyde (Polysciences, Inc., Warrington, PA) for 30 min.
Cells were then washed three times with PBS and membrane-
stained with WGA-AF555 (Invitrogen, Carlsbad, CA) according to
the manufacturer's instructions. Coverslips were then mounted
on microscope slides using Prolong Gold antifade solution
(Invitrogen, Carlsbad, CA) containing DAPI for cell nuclei stain-
ing. Images were acquired on a LSM 510 Meta confocal fluores-
cence microscope (Carl Zeiss, Inc, Peabody, MA) with the
appropriate filters.

MGMT Activity Assay. The MGMT activities of protein extracts of
human GBM SF767 cells were measured in a standard biochem-
ical assay that quantifies the transfer of radioactivity from a DNA
substrate containing [methyl>H]O®-methylguanine (specific ac-
tivity, 80 Ci/mmol) to protein, as detailed previously.** SF767
cells 2 x 10°% were plated in 100 mm dishes and incubated
with 10 uM free BG for 2 or 24 h with NPCP-BG-CTX equivalent to
10 uM BG in fully supplemented medium. After incubation, cells
were washed with PBS and collected, and protein extracts were
prepared. The protein extract supernatant was prepared by
dissolution of washed SF767 pellets of known cell number with
non-ionic detergents in the presence of 600 mM NaCl.*?
Aliquots of crude homogenate were saved for DNA determina-
tion by the diphenylamine method that measures deoxyribose
following degradation of DNA with heat and acid.*® Crude
homogenate was cleared by centrifugation at 10000g for
30 min. Activity, normalized to cell number using a conversion
factor of 6 pg DNA per cell, is femtomole O°-methylguanine
transferred per 10° cells.

Clonogenic Survival Assay. Determination of proliferative survi-
val of SF767 by clonogenic assay was performed as described
previously.*? Briefly, 6-well plates inoculated with 2 mL of
supplemented medium containing 500—1000 cells were incu-
bated overnight at 37 °C in 95%/5% air/CO, to allow reattach-
ment and resumption of proliferation. Cells were then
incubated for 24 h with NPCP-BG-CTX equivalent to 20 uM free
BG prior to exposure to TMZ. Incubation was continued for 24 h
before changing cells to fresh, drug-free medium to allow
formation of colonies =50 cells. Controls included cells treated
with NPCP-CTX (Fe equivalent to NPCP-BG-CTX) or with 20 uM
free BG; untreated controls received an equivalent volume of
DMSO solvent. Survival (mean £ SD) is the ratio of colony-
forming ability of treated cells to that of untreated cells.
Cytotoxicity was quantitated by linear regression analysis of
plots of log surviving fraction vs TMZ dose to obtain the dose
required to reduce survival to 10%, LD;,. Survival was deter-
mined in two separate experiments in which every dose was
assayed in duplicate (i.e., four determinations per TMZ dose).
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Animal Model. All animal studies were conducted in accor-
dance with University of Washington's Institute of Animal
Care and Use Committee (IACUC) approved protocols as well
as with federal guidelines. GBM6 cells were obtained from the
Mayo Clinic and maintained as flank tumors in nude mice.*’
Luciferase expressing GBM6 (GBM6-luc) cells were generated
through lentiviral transduction and then maintained as flank
tumors. For intracranial implant of GBM6-luc tumors, flank
tumors were harvested, minced with a scalpel, then suspended
into an equal volume of ice-cold PBS (1 mL PBS per 1 g of tumor).
Tumor cells were disaggregated by gentle pipetting then filtered
through a 40 um filter and kept on ice at 107 cells/mL. Mice (nude
athymic) were anesthetized with isoflurane and affixed to the base
of a stereotaxic frame with ear bars. The skull was exposed through
a1 cm midline incision, then a burr hole made 2 mm to the right of
bregma and 1 mm posterior to the coronal suture using a dremel
equipped with a 1 mm tip. Using a Hamilton syringe attached
to the stereotaxic frame, 2 uL of cells (20000 cells) was injected
over 1 min at a depth of 3 mm. After injection, the syringe was kept
in place for 1 min prior to withdraw and the incision closed with
Vetbond skin glue. Animals were monitored for tumor growth
through Xenogen IVIS luminescent imaging.

In Vivo Survival Studies. Treatments were started once tumors
were visible with IVIS imaging. Treatment conditions were as
follows: NPCP-BG-CTX (5 uL, 15 ug BG/kg) (n = 8) and NPCP-CTX
(5 ul, Fe concentration equivalent to NPCP-BG-CTX dosage)
(n = 10) were administered via CED 24 h prior to TMZ treatment
(66 mg TMZ/kg suspended in Ora-Plus via oral gavage). A group
of 12 animals were left untreated. CED was performed with
a stereotaxic frame in the same manner as described for
the tumor implant. A new burr hole was produced at the same
location as for the tumor implantation and the tip of the
Hamilton syringe was placed at a depth of 3 mm prior to
infusion of 5 uL of NP at 1 uL/min. The treatment schedule is
indicated in Figure 7a. All mice were euthanized when they
became moribund. Survival was monitored and analyzed using
a Kaplan—Meier plot. Statistical analysis was performed using
the log rank test.

Magnetic Resonance Imaging. Ex vivo whole mouse brain sam-
ples were fixed in formaldehyde and placed in fomblin (Sigma)
immediately prior to imaging. Fixed brain samples were ob-
tained from mice with no NP injection, immediately after CED of
NP, and at t = 24 h, and at t = 48 h after CED of NP. Imaging was
performed on Bruker 14 T magnet (Ultrashield 600 WB Plus),
using a 25 mm single-channel "H radiofrequency coil (PB Micro
2.5). Imaging sequences included (i) T,-weighted rapid acquisi-
tion with refocused echoes (RARE) sequence, performed sepa-
rately in the transverse and sagittal planes (TR/TE = 4000/27 ms,
in-plane resolution = 52 x 78 um?, matrix = 384 x 256), (i) T,*-
weighted 2-D fast low-angled shot (FLASH) sequence (TR/TE =
1000/6 ms, in-plane resolution = 98 x 98 um?, matrix = 256 x
256), (iii) quantitative T, multispin multi echo (MSME) sequence
(TR=4000 ms, TE=6.7 + 6n ms, n =0—16). 2-D slices of 0.5 mm
thickness were used in all sequences. Analysis was performed
using the Bruker integrated software package (ParaVision 5.1)
for T, calculation, and OsiriX for image display. Quantitative T,
values were displayed as mean =+ standard deviation.

Plasma Half-Life. C57BL6 wild-type mice (Charles River Lab-
oratories, Inc.) were injected through the tail vein with
200 ulL of T mg/mL nanoparticle (n = 3). At 1, 8, and 24 h after
injection, blood was collected by retro-orbital eye bleed or
terminal heart puncture. Because of limitations on the amount
of blood that can be drawn from each animal, no animal was
used for more than one time point. Blood samples were drawn
from three independent mice for each time point and frozen
at —80 °C until analysis. Samples were thawed at room tem-
perature for 30 min prior to analysis. Whole blood was spun
using a benchtop centrifuge for 5 min at 10 000 rpm to separate
the plasma. Then, 50 mL of plasma was added to a 96 well clear
bottom plate. The plate was scanned on the Odyssey NIR
fluorescence imaging instrument (LI-COR, Lincoln, NE) using
the 700 nm-channel (lexc = 685 nm with lem = 705 nm) to
measure Cy5.5 fluorescence signals.

Biodistribution of Nanoparticles. The biodistribution of nano-
particles was assessed as previously described." Briefly, animals
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