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ABSTRACT The tumor stroma in human cancers significantly (AT
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of the receptor-binding domain of uPA, a natural ligand of uPAR, and Gem via a lysosomally cleavable tetrapeptide linker. These theranostic nanoparticles

enable intracellular release of Gem following receptor-mediated endocytosis of ATF-IONP-Gem into tumor cells and also provide contrast enhancement in

magnetic resonance imaging (MRI) of tumors. Our results demonstrated the pH- and lysosomal enzyme-dependent release of gemcitabine, preventing the

drug from enzymatic degradation. Systemic administrations of ATF-IONP-Gem significantly inhibited the growth of orthotopic human pancreatic cancer

xenografts in nude mice. With MRI contrast enhancement by IONPs, we detected the presence of IONPs in the residual tumors following the treatment,

suggesting the possibility of monitoring drug delivery and assessing drug-resistant tumors by MRI. The theranostic ATF-IONP-Gem nanoparticle has great

potential for the development of targeted therapeutic and imaging approaches that are capable of overcoming the tumor stromal barrier, thus enhancing

the therapeutic effect of nanoparticle drugs on pancreatic cancers.
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ancreatic cancer is the fourth leading

cause of cancer death in America.

Most patients have tumors that can-
not be surgically resected, so chemotherapy
and radiotherapy are the only options for
these patients. High resistance to therapy is
a major challenge in treating pancreatic
cancer.'? Increasing evidence shows that
the pancreatic tumor microenvironment in-
cludes several barriers to treatment. The
enriched tumor stromal component and
disorganized vasculature of pancreatic can-
cer tissues make it extremely difficult to
deliver a sufficient amount of therapeutic
agents into pancreatic cancers.3> Recent
studies have shown that the tumor stroma
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promotes proliferation, invasion, metasta-
sis, and chemoresistance in pancreatic can-
cer cells.>*®8 |n the clinical management
of pancreatic cancer patients, timely assess-
ment of therapeutic response to a given
therapy is critical for making treatment
decisions. Therefore, a system combining
effective drug delivery and treatment mon-
itoring is particularly desirable to improve
the survival of pancreatic cancer patients.
While nanomaterials and nanotechno-
logies provide new strategies to deliver
therapeutics to targeted tumors, their clin-
ical applications depend on the ability to
deliver nanoparticles preferentially into the
tumor mass. Tumor targeted delivery can
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increase bioavailability of the drug to the tumor tissues
while reducing systemic toxicity. Our previous studies
have shown that urokinase plasminogen activator
receptor (UPAR)-targeted nanoparticles can improve
the specificity and cellular internalization of nanopar-
ticles, providing a promising approach for the targeted
delivery of imaging nanoparticle probes or therapeutic
agents into cancer cells, tumor endothelial cells, and
tumor macrophages.’~"" Urokinase plasminogen acti-
vator (uPA) is a serine protease that regulates multiple
pathways involved in matrix degradation, cell motility,
metastasis, and angiogenesis.'>~'* Over 86% of pan-
creatic cancer tissues have high levels of uPAR expres-
sion in tumor cells, tumor endothelial cells, and tumor
stromal fibroblasts and macrophages.''® In contrast,
its expression is not found in the normal pancreas or in
pancreatic tissues with chronic pancreatitis.>'® uPAR
is an excellent cell receptor for targeted drug delivery
since the receptor-mediated cell internalization can
efficiently facilitate delivery of the drugs into cancer
cells.””~"° In addition, cytotoxic effects from drugs on
tumor stromal fibroblasts and endothelial cells, which
have a high level of uPAR expression, can break down
the tumor stromal barrier, leading to increased drug
delivery efficiency and enhancing the therapeutic
response through its antiangiogenesis effect.?2!

Magnetic iron oxide nanoparticles (IONPs) are a
biocompatible and biodegradable nanoparticle plat-
form for developing molecular imaging probes for
targeted magnetic resonance imaging (MRI) and drug
delivery.?>~2> IONPs are excellent candidates for devel-
oping theranostic nanoparticles that can increase the
intracellular drug concentration in pancreatic cancer
cells and tumor environment while producing MRI
contrast for monitoring drug delivery and therapeutic
response.

To develop effective approaches for pancreatic
cancer therapy, we engineered a multifunctional ther-
anostic IONP platform combining the imaging capabil-
ity and receptor specificity of the nanoparticles with
novel designs for drug delivery to overcome the
physical and intrinsic barriers that confer drug resis-
tance in pancreatic cancer. Our design is based on a
tetrapeptide (GFLG) linker that is sensitive to a lysoso-
mal cystein protease, cathepsin B,26 2 for conjugating
gemcitabine (Gem), a chemotherapeutic drug com-
monly used for pancreatic cancer therapy. This lysoso-
mally enzymatic release strategy takes advantage of
the increased level of cathepsin B in pancreatic cancer
cells reported recently.?* 3! The amino-terminal frag-
ment (ATF) peptides of uPA, which target to uPAR,
were conjugated on the surface of IONPs. We found
that ATF-IONP-Gem maintains uPAR targeting as pre-
viously reported.’® Results from the current study show
that Gem is released only after receptor-mediated interna-
lization into the endosomes and lysosomes. Systemic
delivery of uPAR-targeted theranostic ATF-IONP-Gem

LEE ET AL.

oy " HO

o

Fmoc-GFLG nitrophenyl ester Gemcitabine

ACN/H,0 § .
——. O N-1 (‘-’N C == CH G—N—CN G—N—ON C-N
Et,N Y e '@ fI
e @ b

o

s

o Ek

Lteduody 3o d. S + i )
Y g

Fmoc-GFLG-Gem
20% piperidine e R R "-’<:
GFLG-Gem
(b) 5
=
X . &?& E -.".- 333‘
EDACand Sulfo-NHS i"‘ . "’“‘ﬁ
AN L g
“RE e #;:: ~L -;v“-- %
ATF GFLG-Gem & é;’, & %
IONPs with 10 nm core o
Coated with amphiphilic polymer ATF-IONP-Gem

(c)

ATF-IONP-Gem

IONP-Gem

Figure 1. Schematic of the preparation of ATF-IONP-Gem.
(a) Synthetic scheme of GFLG-Gem conjugates. (b) Diagram
of the conjugation of ATF peptides and GFLG-Gem conju-
gates to IONPs. (c) Transmission electron microscopy (TEM)
images of nontargeted IONP-Gem and targeted ATF-IONP-
Gem with negative staining.

significantly reduced the growth of pancreatic tumors
in an orthotopic human pancreatic cancer xenograft
model. Furthermore, the drug delivery and response to
therapy could be monitored by MRI.

RESULTS AND DISCUSSION

Preparation and Characterization of uPAR-Targeted ATF-
IONP-Gem. Magnetic IONPs with a uniform core size of
10 nm were synthesized using a method reported
previously.3> Gem, a hydrophilic drug, was conjugated
on the polymer surface of the IONPs via a Gly-Phe-Leu-
Gly (GFLG) tetrapeptide linker (Figure 1). Due to species
specificity of the targeting ligand ATF in binding to its
cellular receptor, we conjugated a mixture of human
and mouse ATF peptides to a single IONP, to ensure
ATF-IONP targeting of both human tumor cells and
mouse-derived tumor stromal cells in human tumor
xenograft models in nude mice. Human and murine
recombinant ATF peptides were conjugated to the
IONPs at an equal molar ratio. As evaluated by Bradford
protein assay, each ATF-IONP-Gem complex contains
about 13 ATF peptides. HPLC analysis showed that
approximately 570 or 580 GFLG-Gem molecules were
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TABLE 1. Characteristics of Nontargeted IONP-Gem and
uPAR-Targeted ATF-IONP-Gem

coupling molar ratio” hydrodynamic particle

sample (IONPs:ATF:Gem) size? (nm)
IONPs 22
IONP-Gem 1:0:580 49.9
ATF-IONP-Gem 1:13:570 65.9

“ Amount of ATF peptides or gemcitabine molecules was evaluated by Bradford
assay or HPLC analysis, respectively. * Particle size was measured by a Zetasizer
Nano 7590.

bound to the surface of each IONP in ATF-IONP-Gem or
IONP-Gem (Table 1). After conjugation with GFLG-Gem
and ATF peptides, the hydrodynamic size of ATF-IONP-
Gem increased from 22 nm of the original amphiphilic
polymer coated IONPs to 66 nm, determined by dy-
namic light scattering (DLS) measurement. In compar-
ison, the size of nontargeted IONP-Gem is 49.9 nm
(Table 1).

The nanoparticle—drug conjugates were further
characterized by transmission electron microscopy
(TEM). TEM images show that IONP-Gem and ATF-
IONP-Gem retained uniform core size after surface
functionalization with the targeting ligand and ther-
apeutic agent (Figure 1c and Figure S1). Negatively
stained TEM images revealed a layer of surface mod-
ifications on the IONPs (Figure 1c). With the amphiphi-
lic polymer coating and conjugation of GFLG-Gem
molecules and ATF peptides, the particle size of ATF-
IONP-Gem estimated from TEM images is about 25 to
30 nm, which is significantly smaller than the hydro-
dynamic particle size measured by DLS. Since the
hydrodynamic particle size measurement is affected
by surface charges and modifications, it is likely that
the particle size measured by TEM represents the
actual size of the nanoparticle.

Next, we examined MR relaxation properties of the
ATF-IONP-Gem by measuring r; and r, relaxivities at
the field strength of 3 T. Our results showed that the
magnetic IO nanocrystal used in this study has strong
effects on shortening both longitudinal T; and trans-
verse T, times. By fitting the values of 1/T; or 1/T, at
different concentrations of IONPs, the relaxivities r,
and r, were determined as 1.5 and 195 mM~'-s7,
respectively.

The stability of ATF-IONP-Gem was further exam-
ined under biologically relevant conditions. ATF-IONP-
Gem was incubated in PBS buffer containing 20% or
50% fetal bovine serum at 37 °C for 6 to 24 h. The
hydrodynamic size of the particle was measured at
different time points. Our results showed that there
was no significant change in the hydrodynamic sizes of
IONP, IONP-Gem, or ATF-IONP-Gem after incubation in
20% serum for over 24 h and 50% serum for 6 h (Figure
S2). However, the particle sizes gradually increased
after incubation in 50% serum for more than 6 h and

LEE ET AL.

reached 120 to 130 nm at 24 h. This increase may be
due to the formation of small IONP aggregates and
nonspecific binding of serum proteins to the IONPs.
However, the increased size is still less than 200 nm,
which is considered the desirable size range for tar-
geted delivery of nanoparticles into tumor.3

Controlled Release of Gemcitabine from ATF-IONP-Gem.
One of the most important aspects of anticancer
drug conjugated nanoparticles is their ability to release
the conjugated drugs intracellularly. We investigated
whether the GFLG peptide linker can be cleaved by a
lysosomal enzyme, cathepsin B, to release Gem under
conditions similar to the lysosomes in cells (Figure 2a).
ATF-IONP-Gem or IONP-Gem was dispersed in solu-
tions in different pH conditions with or without
cathepsin B. A collagenase that does not recognize
the GFLG peptide linker was used as a negative control.
Results from HPLC analysis, shown in Figure 2a, re-
vealed that the peak of Gem was detected only in the
presence of cathepsin B. Under acidic conditions (pH
5.5), 1.5 to 2 times more drugs were released from ATF-
IONP-Gem or IONP-Gem compared to physiological
conditions (pH 7.4). Specifically, incubation of ATF-
IONP-Gem or IONP-Gem at pH 7.4 with cathepsin B
led to 40% or 54% release of Gem molecules conju-
gated to the nanoparticles, respectively. At pH 5.5 and
in the presence of cathepsin B, 78% of the conjugated
Gem in IONP-Gem and 82% of Gem in ATF-IONP-Gem
were released from the nanoparticle-Gem. Importantly,
conjugation of ATF peptides to IONPs did not affect the
efficiency of drug release (Figure 2b). However, Gem
was not released after incubating ATF-IONP-Gem with
a nonspecific collagenase for 24 h. Our results con-
firmed that Gem, which is linked to the IONPs through
the GFLG linker peptide, can be conditionally released
from conjugated IONPs in the presence of cathepsin B
and under mild acidic conditions, which resembles the
conditions in intracellular vesicles such as endosomes
(pH 5.5—6.0) and lysosomes (pH 4.5—5.0).

Targeted Delivery of ATF-IONP-Gem into Pancreatic Cancer
Cells. uPAR-overexpressing MIA PaCa-2 human pancrea-
tic cancer cells were incubated with 10 to 100 nM
nontargeted IONPs, IONP-Gem, or ATF-IONP-Gem for
4 h. After washing unbound IONPs, cells were fixed
for Prussian blue staining to detect the binding and
internalization of the IONPs. As shown in Figure 3a
and b, uPAR-targeting markedly increased the amount
of ATF-IONP-Gem in the pancreatic cancer cells in a
concentration-dependent manner compared to IONPs
without targeting. Cells incubated with nontargeted
IONP-Gem showed only a low level of IONP uptake even
at a high IONP-Gem concentration (100 nM) (Figure 3b).
After Prussian blue staining, cells were collected from
the tissue culture wells, and the levels of Prussian blue
staining intensity in cell lysates were examined using an
absorbance of 680 nm for the blue staining. The cells
treated with ATF-IONP-Gem had 3- to 7-fold higher
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Figure 2. Drug release condition and efficiency. (a) Schematic diagram of gemcitabine release from ATF-IONP-Gem. (b) HPLC
chromatograms of the amounts of gemcitabine released from nontargeted IONP-Gem (upper) or uPAR-targeted ATF-IONP-
Gem (lower). Both nanoparticles were incubated in the presence of 1 uM cathepsin B or without enzyme at pH 5.5 (left column)
or pH 7.4 (right column) for 24 h. 1 uM of a nonspecific collagenase was used as a negative control. The amount of released
gemcitabine was measured by HPLC. The percentage of release was calculated from the total amount of conjugated

gemcitabine molecules on the nanoparticles.

levels of Prussian blue staining compared with IONP or
IONP-Gem, respectively (Figure 3a).

Cytotoxic Effect of ATF-IONP-Gem on Pancreatic Cancer Cells.
To evaluate the feasibility of using uPAR-targeted ATF-
IONP-Gem to treat pancreatic cancer, we compared
the anticancer effects of free Gem and nontargeted
and targeted IONPs using MIA PaCa-2 human pancrea-
tic cancer cells. Cells were incubated with free Gem,
IONP-Gem, or human ATF-IONP-Gem for 4 h. The
culture medium was then replaced with fresh medium
without the drug or nanoparticle—drug. Cell prolifera-
tion assays were performed 72 h following culture
to determine the amount of remaining viable cells.
Results showed that at Gem-equivalent concentrations
of 1, 3, or 5 uM, ATF-IONP-Gem treatment had signifi-
cantly stronger inhibitory effects on tumor cell growth
than Gem or IONP-Gem (Figure 3c, Student's t test,
p < 0.01 for all three Gem concentrations). At a higher
Gem concentration of 5 uM, nontargeted IONP-Gem
also showed a significantly higher inhibition of tumor
cell growth compared with Gem-treated cells. How-
ever, ATF-IONP-Gem still displayed a much lower level
of viable cells (29%) than the IONP-Gem-treated cells
(60%), suggesting targeted cytotoxicity in pancreatic
cancer cells (Figure 3c).

Antitumor Effect of ATF-IONP-Gem in an Orthotopic Human
Pancreatic Cancer Xenograft Model. The effect of ATF-IONP-
Gem on the growth of pancreatic cancer was examined
in nude mice bearing orthotopic tumor xenografts
derived from the MIA PaCa-2 human pancreatic cancer
cell line. Free Gem, ATF-IONP-Gem, and IONP-Gem
with 2 mg/kg of a Gem-equivalent dose were adminis-
tered twice per week for five times. This is a relatively
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low Gem dose for the efficacy study in mice, compared
with the dosage of 30 to 160 mg/kg of Gem biweekly
used as conventional chemotherapy in human pan-
creatic cancer xenograft models in nude mice by
previous studies.>* ¢ This Gem-equivalent dose is
equal to 300 to 400 pmol of IONPs, which are the
optimal doses of the targeted IONPs used in our group
for tumor targeting and MRI. At the end of the study,
mice were sacrificed and tumors were collected to
measure the tumor weight (Figure 4a and b). When
comparing the average tumor weights of each group,
we found that the tumors from mice treated with ATF-
IONP-Gem were smaller than those from the mice
treated with free Gem or nontargeted IONP-Gem.
Statistically significant differences in the averaged
tumor weight were observed based on the results of
three repeated experiments analyzed by one-way
ANOVA (p < 0.0005, n = 16), modified t test, or Welch's
ttest®”?® (control with no treatment vs ATF-IONP-Gem:
p = 0.0002, Gem vs ATF-IONP-Gem: p = 0.022, IONP-
Gem vs ATF-IONP-Gem: p = 0.018). In comparison with
the nontreated control group, all treated groups
showed various degrees of inhibition of tumor growth.
Gem-only and nontargeted IONP-Gem were found to
inhibit tumor growth by 30% and 23%, respectively.
However, there was no statistically significant differ-
ence between these two groups (p = 0.4086). In con-
trast, the group treated with ATF-IONP-Gem showed
approximately 50% tumor growth inhibition, which
was significantly different from the free Gem and
nontargeted IONP-Gem groups. Our results demon-
strated that in vivo uPAR-targeted delivery of Gem using
ATF-IONP-Gem is more effective for the treatment of
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Figure 3. Target specificity and cytotoxicity of ATF-IONP-Gem in a human pancreatic cancer cell line. (a) Prussian blue staining
of MIA PaCa-2 cells after incubation with IONPs, IONP-Gem, and ATF-IONP-Gem at 100 nM for 4 h. IONPs in cells were detected
as blue-stained cells. Cells were collected, and the intensity of Prussian blue staining in cell lysates was quantified as OD
at 680 nm using a microplate reader. (b) Bright field microscopic images of Prussian blue stained cells observed under
40x magnifications. (c) Cell proliferation assay after 4 h treatment followed by 72 h incubation. Crystal violet assay was used
to determine viable cells in each well of 96-well tissue culture plates. Data are expressed as the percentage of the untreated
control. The values shown are mean + SD for quadruple samples. Student's t test: at 3 xM Gem concentration, no treatment
control vs ATF-IONP-Gem: p = 0.0002, Gem vs ATF-IONP-Gem: p = 0.0002, IONP-Gem vs ATF-IONP-Gem: p = 0.005. In 5 uM
Gem-treated cells, no treatment control vs ATF-IONP-Gen: p= 1 x 105, Gem vs ATF-IONP-Gem: p = 0.0002, IONP-Gem vs ATF-

IONP-Gem: p = 0.0003.

pancreatic cancer compared with the conventional
Gem treatment.

Tumor tissue samples were further examined by
histological analysis. In H&E-stained paraffin tumor
tissue sections, the tumors treated with ATF-IONP-
Gem had necrotic areas in both peripheral and
central tumor regions (Figure 4c). However, no necrosis
was found in the tumors treated with free Gem
(Figure 4c¢). Immunohistochemical staining using an
anti Ki-67 antibody, which reacts with the cell prolif-
eration marker Ki-67, revealed a very high level of
proliferating cells in the tumor tissue sections of the
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no treatment group (Figure 4d). We did not detect
Ki-67 positive cells in the ATF-IOP-Gem-treated tumor
tissue sections (Figure 4d). Additionally, the levels of
Ki-67-positive cells were decreased in tumor tissues
treated with free Gem or nontargeted IONP-Gem com-
pared to the control with no treatment. A decrease in
tumor cell proliferation might be the reason for the
tumor growth inhibition observed in those groups
(Figure 4a). The enhanced antitumor effect in the
ATF-IONP-Gem-treated group may also be due to the
inhibition of tumor cell proliferation and increased cell
death in the tumor. Histological examination showed
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Figure 4. In vivo antitumor effect in an orthotopic human pancreatic cancer xenograft model. Tumor-bearing mice received
tail vein injections of 2 mg/kg of the Gem-equivalent dose of various IONPs five times. At the end of the experimental period,
tumors were collected and weighed. (a) The mean tumor weights (navy bar) and individual tumor weight distribution of the
tumor-bearing mice in each group are shown as colored symbols. Values represent mean + SD of 16 mice from three repeat
studies. *Statistically significant difference vs control, one-way ANOVA method: p < 0.0001; modified t test: p < 0.0002.
**Statistically significant difference. ATF-IONP-Gem vs Gem and 10-Gem groups, one-way ANOVA method: p < 0.05;
modified t test: p < 0.05. (b) Representative tumor images of each group after dissection. (c) H&E staining of tumor tissue
sections. Yellow arrows: necrotic tumor areas. Green arrows: normal pancreatic acini. (d) Immunohistochemical staining
of the cell proliferation marker Ki-67 in tumor tissue sections. Brown: Ki-67-positive tumor cells. Blue: hematoxylin

background staining.

the presence of mouse tumor stroma within the ortho-
topically implanted human pancreatic cancer xeno-
grafts. ATF-IONP-Gem was found in both tumor and
stromal-like cells (Figure S3).

Monitoring Targeted Delivery of ATF-IONP-Gem and Tumor
Reponses to Therapy by Noninvasive MRl. To determine if the
systemic delivery of ATF-IONP-Gem leads to the spe-
cific accumulation of the IONPs in tumors, MRl was
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performed on the tumor-bearing mice before and one
and two weeks following the theranostic nanoparticle
treatment. Magnetic nanoparticles typically lead to
reduced signals in T,-weighted imaging in the area
where nanoparticles accumulate. We found that the
MRI signal intensity of T,-weighted images decreased
24% in the pancreatic tumors of mice that received
systemic delivery of ATF-IONP-Gem, from the signal
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Figure 5. MRI of targeted delivery of ATF-IONP-Gem and tumor response to therapy. (a) Axial T,-weighted MR images of the
tumor-bearing mice before and one week and two weeks after receiving theranostic nanoparticles. Post-treatment images
were obtained 48 h following the second (1 week) and fourth (2 weeks) injection. The location and size of the cancer lesions
(pink dotted circles) can be seen in the MR images. Red arrows indicate the MRI contrast change in the spleen. The percentage
of MRI signal change was obtained using the averaged signal of the tumor before treatment (Pre, 0%) as the baseline. Signal
intensity in the muscle was used as the basal level for each image. The bar plot shows the mean and standard deviation of the
MRI signal changes (n = 3) at three different time points. (b) Coronal T,-weighted MR images and corresponding bright field
(BF) images of the tumor-bearing mice after systemic delivery of nontargeted IONP-Gem or ATF-IONP-Gem. Tumor-bearing
mice without nanoparticle treatment were used as controls. Yellow dotted circles and arrows indicate the location of primary
tumor lesions in the MR and bright field images, respectively. (c) Comparison of short TE (TE = 11 ms) and long TE T,-weighted
spin—echo (TE = 60 ms) and ultrashort TE (TE = 0.07 ms) MR images from a mouse treated with ATF-IONP-Gem. All MR images
were taken at 48 h after the last of five administrations of targeted IONP-Gem. The control UTE image is from a tumor-bearing
mouse not receiving nanoparticles. Yellow arrows indicate the location of primary tumor lesions, and blue arrows indicate the

secondary tumor lesions due to metastasis.

level obtained before treatment (Figure 5a, Student's t
test, p < 0.01, post 1 week). However, T,-weighted MRI
showed no significant signal drop in tumors of the
mice treated with nontargeted IONP-Gem. Interest-
ingly, MRI signal intensity in T,-weighted images
increased in the tumors of mice receiving no treatment
or free Gem. This is likely due to the increased edema
resulting from continuous tumor growth or the effect
from drug treatment. The presence of edema typically
causes MRI signal increase in T,-weighted imaging
(Figure 5a). Indeed, MRl measurement showed signifi-
cantly increased tumor size in the control mice without
treatment and mice treated with free Gem or IONP-
Gem, while there was no apparent tumor growth in
mice treated with ATF-IONP-Gem (Figure 5a).

At 48 h following the last treatment, mice were
examined by T, weighted and ultrashort echo time
(UTE) MRI. When examining T,-weighted images of
control mice without treatment or mice treated with
nontargeted IONP-Gem or targeted ATF-IONP-Gem, a
remarkable signal decrease was observed in the area of
the tumor from the mice that received ATF-IONP-Gem
but not those received IONP-Gem or control mice,

LEE ET AL.

suggesting the selective accumulation of the targeted
IONPs in the pancreatic tumors. Using the signal
intensity of the muscle as a baseline, we found that
there was a 4.8-fold signal decrease in the tumors of
mice treated with targeted ATF-IONP-Gem compared
to the tumors of mice that received nontargeted IONPs
(Figure 5b).

It is well recognized that detecting IONPs in tumors
located in the peritoneal cavity with conventional
T,-weighted MRI can be difficult due to intrinsically
low background signal level in the liver and spleen,
causing poor contrast to differentiate signal drop
originating from IONPs accumulated in the tumor. To
increase the sensitivity and specificity of MRI detection
of pancreatic tumor, we applied a UTE MRI method that
produces a bright signal from the IONPs, since UTE
imaging allows for capturing T; contrast from IONPs to
generate a bright signal or positive contrast as demon-
strated previously.> In our experiments, the mice were
examined by the UTE MRI scan at the end of the fifth
treatments. We found that UTE imaging generated posi-
tive contrast enhancements or bright signals in the resi-
dual tumors of the mice that received ATF-IONP-Gem.
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In the example shown in Figure 5c, the UTE image
revealed three tumor lesions with bright signals in the
peritoneal cavity of the mouse treated with ATF-IONP-
Gem, where reduced signals appeared on a T,-weighted
image in the same locations. Moreover, areas with bright
contrasts correlated well with the tumor locations detected
in the peritoneal cavity after the animals were sacrificed.
To further confirm the delivery of ATF-IONP-Gem
into the tumor tissues, we performed Prussian blue

(a) ATF-IONP-Gem

(b) IONP-Gem

'i‘umor )

Tumor

Figure 6. Biodistribution of (a) ATF-IONP-Gem and (b) non-
targeted IONP-Gem following systemic treatments. Tumor
and normal tissue sections obtained from mice at the end of
the five treatments were stained with Prussian blue stain-
ing. Blue: IONP positive cells; red: Nuclear Fast Red back-
ground staining.

staining on the tumor tissue sections harvested at the
end of the treatment. Prussian blue stained cells were
found in the tumor tissue sections from the mice
treated with targeted ATF-IONP-Gem, but only a very
low level of iron positive cells was detected in the tissue
sections from mice treated with nontargeted IONP-
Gem (Figure 6a and b). Scattered blue-stained cells
or cell debris were found in the necrotic areas of
the tumor from the ATF-IONP-Gem treated group
(Figure 6a). Since MRI contrast rises from IONPs, the
strong MRI contrast observed in tumors accumulating
ATF-IONP-Gem but not IONP-Gem suggests that tar-
geted theranostic IONPs were delivered into the tu-
mors. Therefore, it is feasible to use MRI to detect the
delivery of theranostic nanoparticles into tumors and
to monitor tumor responses to treatment and the
presence of the residual tumors that are resistant to
therapy.

Additionally, biodistribution of ATF-IONP-Gem or
nontargeted IONP-Gem was examined based on eva-
luation of Prussian blue stained normal tissue sections.
As expected for systemic delivery of IONPs, we de-
tected the accumulation of both ATF-IONP-Gem and
IONP-Gem only in the liver and spleen and not in other
normal organs (Figure 6a and b). Therefore, the tail vein
injection of uPAR-targeted ATF-IONP-Gem led to the
selective delivery of the nanoparticles into tumor
tissues as well as nonspecific uptake by the Kupffer
cells in the liver and macrophages in the spleen. Since
these macrophages are post-mitotic cells, no apparent
tissue damage was detected in the liver and spleen
after the treatment (Figure S4). We did not find tissue
damage in other normal organs, such as the heart,
lung, and kidney, after ATF-IONP-Gem treatment
(Figure S4). Furthermore, at a 2 mg/kg dose for five

Kidney lysate only Gem ATF-IONP-Gem
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Figure 7. Stability of Gem and ATF-IONP-Gem in mouse kidney tissue lysates. Free Gem and ATF-IONP-Gem were incubated
with fresh mouse kidney tissue lysates at 37 °C for 4 to 14 h. Filtrates were analyzed by HPLC. HPLC chromatograms show that
the kidney lysate has a peak at 7.2 to 7.3 min. Gem has a peak at 7.7 to 7.8 min (green arrows). Inactivated Gem (dFdU) was
found at 8.6 min (red arrow). Chromatogram is not shown after 14 min.
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treatments, there was no significant body weight
change in all experimental groups (Figure S4). Results
of previous studies showed that IONPs were degraded
in the endosomes and lysosomes of macrophages.?” It
is likely that ATF-IONP-Gem in the liver and spleen can
be degraded inside microphages. Further studies on
biodistribution, pharmacokinetics, and pharmacody-
namics of ATF-IONP-Gem following systemic admin-
istration will provide important information for future
translation of the theranostic ATF-IONP-Gem nano-
particles to the treatment of pancreatic cancer
patients.

Finally, we compared the stability of free Gem
and ATF-IONP-Gem in the presence of cytidine deami-
nase. It has been shown that the mouse kidney has
a high level of cytidine deaminase.”® Free Gem and
ATF-IONP-Gem were incubated with 100% mouse
kidney tissue lysates for 4 to 14 h. Supernatant frac-
tions were collected after passing through 3K spin
columns and then analyzed by HPLC. We found that
free Gem molecules were converted to inactivated
2/,2’-difluorodeoxyuridine (dFdU) by cytidine deami-
nase after 4 or 14 h incubation with the kidney lysates
(Figure 7). However, ATF-IONP-Gem was stable in the
mouse kidney lysate at pH 7.4. Gem molecules did not
release from the nanoparticles. Therefore, we did not
detect either active Gem (2',2’-difluorodeoxycytidine,
dFdC) or inactivated Gem (dFdU) after 4 to 14 h of
incubation. Our results suggest that conjugating
Gem molecules to IONPs may protect the drug from
cytidine deaminase inactivation, resulting in ATF-
IONP-Gem having sufficient stability for in vivo ap-
plication as a cancer therapeutic agent. Conjugation
of Gem to the peptide linker blocks the amine group
and, therefore, has the potential to protect rapid
deactivation of the drug molecule by cytidine de-
aminase in the blood, which occurs within 5 to 15 min
following intravenous administration.>**¢ As a re-
sult, targeted delivery and enzymatic controlled

MATERIALS AND METHODS

Production and Purification of Recombinant Mouse and Human ATF
Peptides. A complementary DNA fragment encoding amino
acids 1 to 135 of mouse or human uPA was isolated by poly-
merase chain reaction (PCR) amplification and then was cloned
into pET101/D-TOPO (mouse ATF) or pET20b(+) (human ATF)
expression vector (Invitrogen, Carlsbad, CA, USA). Recombi-
nant human or mouse ATF peptides were expressed in E. coli
BL21 (Invitrogen) and purified from bacterial extracts under
native conditions using a Ni*" NTA-agarose column (Qiagen,
Valencia, CA, USA) using established protocols described
previously.®~ "

Synthesis of GFLG-Gem Conjugates. Triethylamine (7.5 umol) was
added to 9-fluorenylmethoxycarbonyl (Fmoc)-Gly-Phe-Leu-Gly
(GFLG)-nitrophenyl ester peptide (6.8 umol, Boaopharma, Inc.,
Woburn, MA, USA) in 1.0 mL of acetonitrile. The solution was
cooled in an ice bath. Gemcitabine (13.6 umol, Polymed
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release of bioactive Gem in tumor cells should
increase therapeutic efficacy.

CONCLUSION

uPAR-targeted ATF-IONP-Gem combines an MRI
contrast enhancing effect with controlled intratumoral
release of the chemotherapeutic agent gemcitabine.
While ATF peptides were used for targeting uPAR-
overexpressing pancreatic cancer and tumor stromal
cells, the lysosomal enzyme-sensitive peptide linker
was used to conjugate gemcitabine to the surface of
the nanoparticle. This theranostic nanoparticle system
not only enables intracellular drug release following
receptor-mediated endocytosis for optimized drug
action and reduced systemic toxicity but also allows
the detection of the nanoparticle—drug accumulation
in tumors by MRI. In addition, the strategy of using a
drug conjugated nanoparticle carrier makes it possible
to prevent gemcitabine from deactivation before in-
tracellularly controlled release via enzymatic cleavage.
Our results demonstrated specific binding of ATF-
IONP-Gem to uPAR-positive pancreatic cancer cells.
Furthermore, systemic delivery of ATF-IONP-Gem sig-
nificantly inhibited tumor growth in an orthotopic
human pancreatic cancer xenograft model. We further
showed that targeted delivery of the ATF-IONP-Gem
and the presence of drug-resistant residual tumors
could be detected noninvasively by MRI using both
T,-weighted and T;-weighted UTE imaging. Magnetic
IONP has become an increasingly attractive theranostic
nanoparticle platform with the combined capabilities
of contrast enhancement in MRI and as a drug carrier
for therapeutics. The biological safety of magnetic
IONPs has been tested in humans, and nontargeted
IONPs have been used in cancer patients for the
detection of liver tumors or lymph node meta-
stases.*’*? The uPAR-targeted theranostic IONP gem-
citabine carrier developed in this study is a promising
drug delivery nanoparticle platform for the targeted
and image-guided therapy of pancreatic cancer.

Therapeutics, Inc., Houston, TX, USA) in 1.0 mL of distilled water
was mixed with triethylamine (13.6 umol). Gemcitabine solution
was added to the solution of activated peptide dropwise with
stirring over 5 min, and the mixture was allowed to react for an
additional 100 min. After removing acetonitrile under reduced
pressure, water was added to the remaining solution to a final
volume of 1.0 mL. This solution was acidified with 6 M hydro-
chloric acid to pH 2.0, and the (Fmoc)-GFLG-Gem product was
allowed to precipitate at 4 °C. After removing the solvent, the
remaining solid was rinsed with 1 mL of 1 M hydrochloric acid. The
solid (Fmoc)-GFLG-Gem was dried under vacuum for 24 h to yield
a white powder. A 100 uL portion of piperidine was added to the
solution of Fmoc-GFLG-Gem conjugates in 0.4 mL of N,N-dimethyl-
methanamide (DMF, 20% piperidine, Sigma-Aldrich, St. Louis, MO,
USA). After being stirred for 5 min at room temperature, the
reaction mixture was placed in an ice salt bath, and acetic acid was
immediately added. The aqueous solution was extracted with
dichloromethane and lyophilized to obtain GFLG-Gem conjugates.
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Preparation of ATF-IONP-Gem. Amphiphilic polymer-coated
IONPs with a core size of 10 nm were obtained from Ocean
NanoTech, LLC (Springdale, AR, USA). The amphiphilic polymers
have carboxyl groups for bioconjugation with amine groups of
ATF peptides or GFLG-Gem conjugates. As shown in Figure 1,
ATF peptides and GFLG-Gem conjugates were conjugated to
the IONPs using ethyl-3-dimethyl amino propyl carbodiimide
(EDAC, Sigma-Aldrich) and N-hydroxysulfosuccinimide (sulfo-
NHS, Sigma-Aldrich) according to the carbodiimide method.
Briefly, 108.6 ug of EDAC and 196.9 ug of sulfo-NHS were added
to the aqueous solution of 1 mg of IONPs, allowing the activa-
tion of IONPs for 15 min. The activated IONPs were reacted with
420.4 ug of GFLG-Gem conjugates alone to produce IONP-Gem.
A 200 ug amount of a mixture of mouse and human ATF
peptides (1:1, wt/wt) and 420.4 ug of GFLG-Gem conjugates
were used to produce ATF-IONP-Gem. The reaction was
carried out for 12 h at 4 °C, and the final IONP-(GFLG)-Gem or
ATF-IONP-(GFLG)-Gem conjugates in 10 mM borate buffer (pH
8.5) were purified using a magnet separator (Ocean NanoTech,
LLC) or Nanosep 100 K column (Pall Corporation, Port Washing-
ton, NY, USA). The size and zeta potential of IONP-Gem and ATF-
IONP-Gem were measured by a Zeta-sizer Nano (ZS90, Malvern
Instruments Ltd., Worcestershire, UK). The core sizes of copoly-
mer-coated and surface-functionalized nanocrystals, i.e., IONP,
IONP-Gem, and ATF-IONP-Gem, and thickness of polymer layers
were viewed and measured by TEM (Hitachi H-7500 instrument
(75 kV)). A drop of diluted solution was put on the grid and air-
dried. The grid was then examined by TEM.

Measurement of Release of Gemcitabine by Cathepsin B. A 10 uL
sample of IONP-Gem and ATF-IONP-Gem were placed in 90 uL
of PBS buffer containing 1 uM cathepsin B (Sigma-Aldrich) at
pH 5.5 or 7.4. After incubation at 37 °C for 24 h, IONPs were
separated from buffer by Nanosep 100 K column filtration.
Detached fragments were isocratically eluted using a reverse-
phase HPLC system (Beckman Coulter, Inc., Brea, CA, USA) with
acetonitrile and water (20:80, v/v) containing 0.01% TFA at
0.3 mL/min, and detection was performed at 270 nm.

Cell Lines. The MIA PaCa-2 human pancreatic cancer cell line
was purchased from American Type Culture Collection (ATCC,
Rockville, MD, USA). The cell line was maintained at 37 °C and
5% CO, in DMEM (Dulbecco's modified Eagle's medium) sup-
plemented with 1% antibiotics and 10% fetal bovine serum.

Confirmation of the uPAR Target Specificity of ATF-IONP-Gem in
Vitro. Prussian blue staining for iron was performed to evaluate
the specificity of uPAR-targeting peptide ATF-conjugated IONPs
to pancreatic cancer cells. In a 24-well cell culture plate, cells
were placed and allowed to adhere. At 70—80% confluence,
cells were incubated in medium supplemented with 2% fetal
bovine serum containing IONPs, IONP-Gem, or ATF-IONP-Gem
at 10 and 100 nM IONPs-equivalent concentration for 4 h at
37 °C. Cells were then washed with PBS and fixed with 4%
paraformaldehyde for 10 min. To investigate the presence of
the IONPs, the fixed cells were exposed to Prussian blue staining
solution at an equal part of 10% potassium ferrocyanide,
trihydrate (MP Biomedicals, LLC, Solon, OH, USA) and 10%
hydrochloric acid at 37 °C for 1 h. After washing with PBS, cells
were examined under a microscope and then collected for
quantification of the intensity of Prussian blue staining.

Cell Proliferation Assay. A total of 3 x 10> cells were placed in
96-well culture plates and allowed to adhere overnight. Culture
medium was then replaced with fresh medium containing free
Gem, IONP-Gem, or ATF-IONP-Gem at Gem-equivalent concen-
trations of 1, 3, and 5 uM. Cells were incubated for 4 h, and the
culture medium containing the drug or nanoparticle—drug was
removed and replaced with regular culture medium. Cells were
cultured for an additional 72 h at 37 °Ciin a 5% CO, tissue culture
incubator. The percentage of remaining viable cells was deter-
mined by a crystal violet cell proliferation assay. Briefly, cells
were fixed with 4% paraformaldehyde, washed with PBS, and
then stained with 0.5% crystal violet solution for 20 min at room
temperature. After washing in tap water and air-drying, 100 uL
of Sorenson's buffer was added to each well to dissolve stained
cells. The plate was read at a 570 nm absorbance wavelength
using a microplate reader (SpectraMAX Plus 384, Molecular
Devices, Sunnyvale, CA, USA). The absorbance value was
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normalized to the value of the control group to obtain the per-
centage of viable cells. This experiment was performed in
quadruplicate in each treatment group, and similar results were
obtained in three separate tests.

Preparation of Orthotopic Human Pancreatic Cancer Xenograft Model.
The pancreatic cancer model was prepared by directly injecting
5 x 10° MIA PaCa-2 cells into the pancreas of 7- to 8-week-old
female nude mice (Harlan Laboratories, Inc., Indianapolis, IN,
USA) using a surgical procedure approved by the Emory
University Institutional Animal Care and Use Committee. In
3 to 4 weeks, orthotopically xenografted pancreatic tumors
typically reached 5 mm in diameter and were ready for experi-
ments. Animals were randomized into four experimental groups
of 5 or 6 mice as follows: control, Gem, nontargeted IONP-Gem,
and ATF-IONP-Gem. The mice were treated via five tail vein
injections at 3- or 4-day intervals. On each treatment day, all
groups except for the control group were administered a Gem-
equivalent dose of 2 mg/kg of body weight. Control mice
received saline buffer injection. The animal study was performed
three times under the same conditions, and the results of three
separate experiments were combined to analyze values. The
body weights of mice were measured and recorded twice a week.

MRI Experiments. MRI experiments were carried out on 3 T
MRI scanner (Siemens Tim Trio, Siemens, Erlanen, Germany) or
4.7 T small animal MRI scanner (Oxford Magnet Technology,
Oxford, UK). MR relaxation properties of ATF-IONP-Gem were
determined by fitting MRI signal changes of aqueous IONP
solutions with different iron concentrations to the empirical
equations describing longitudinal (T;) and transverse (T5)
relaxation times. The details of image acquisition and data
fitting were described previously.>® Briefly, for determining r,
relaxivity, IONP solution phantoms were scanned using a T;-
weighted inversion recovery imaging sequence with variable
inversion times. For determining r, relaxivity, multiecho T,-
weighted fast spin echo imaging sequences with variable echo
times (TE) were used. The signal intensity of each region-of-
interest (ROI) selected from the images of each sample and each
timing point was measured. The T; and T, relaxation times were
derived from the fitting of measured average signal intensities
to nonlinear exponential equations describing signal evolution
under T;- and T,-weighted imaging conditions. /In vivo MRI
scans were performed on mice in the IONP-Gem- or ATF-
IONP-Gem-treated groups before the initial treatment and at
48 h after the last treatment using a volumetric wrist coil. Mice
were anesthetized by i.p. administration of a mixture of 100 mg/
kg ketamine and 10 mg/kg xylazine and then were immobilized
in the coil before being placed in the iso-center of the magnet.
Images were obtained in axial and coronal sections using the
protocol described previously.”~'" The imaging sequences
included T,-weighted fast spin echo imaging with repetition
time (TR) = 3600 ms, TE = 32 ms, image matrix = 320 x 128, field
of view (FOV) = 40 x 120 mm?, slice thickness = 1 mm, and
number of averages = 3; a multiecho spin echo sequence with a
TR of 4981 ms and 20 TEs starting at 12.1 ms with increments of
12.1 ms for obtaining T, relaxometry maps; and a UTE sequence
performed with two different TEs including an ultrashort TE of
0.07 ms and a longer TE of 4.03 ms. TR =6.59 ms, flip angle = 14°,
FOV=16 x 16 x 16cm3, image matrix =192 x 192 x 192, voxel
size = 06 x 0.6 x 0.6 mm?>, radial views = 64 000. Images from
pre- and post-contrast administration as well as those from
control mice and/or experimental mice were compared to
evaluate the contrast enhancement by IONP-Gem and ATF-
IONP-Gem. Image evaluation was performed using the Image J
program (U.S. National Institutes of Health, Bethesda, MD, USA).
The regions of interest (ROI) method was used to assess the IONP-
induced changes in MRl signal level, contrast, and T, values in the
tumor and other organs. The signals of the leg or back muscle,
which showed little change before and after the injection of
IONPs, was used as a baseline for comparison of the signals in
ROls.

Histological Analysis of Tumor Tissues. Paraffin-embedded tissue
sections were stained with H&E staining solutions by the
standard protocol. Prussian blue staining was used to confirm
the presence of IONPs in the tumor and normal tissue sections
using our established method.”®'" Immunohistochemical
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staining was performed using a mouse anti-Ki-67 monoclonal
antibody (Clone 7B11, Invitrogen) followed by horseradish per-
oxidase (HRP)-goat-anti-mouse secondary antibody. 3,3'-diami-
nobenzidine (DAB) substrate solution (Vector Laboratories,
Burlingame, CA, USA) was used to detect Ki-67-positive cells.

Stability of ATF-IONP-Gem in the Presence of a High Concentration of
(ytidine Deaminase. Free Gem and ATF-IO-Gem were incubated
with fresh mouse kidney lysates at 37 °Cfor 4 and 14 h, and then
IONPs and proteins in lysates were separated from the buffer by
Nanosep 3 K column filtration. The filtrates were isocratically
eluted using a reverse-phase HPLC system (Beckman Coulter,
Inc., Brea, CA, USA) with acetonitrile and water (20:80, v/v)
containing 0.01% trifluoroacetic acid at 0.3 mL/min, and detec-
tion was performed at 270 nm.

Statistical Analysis. Statistically significant differences (p <
0.05) between groups with respect to cell viability in tumor
cells and tumor weights in in vivo studies were determined
using the one-way ANOVA test, the standard Student's t test,
and the modified t test.
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