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Improved Treatment of Pancreatic Cancer With Drug Delivery
Nanoparticles Loaded With a Novel AKT/PDK1 Inhibitor
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Rachael W. Sirianni, PhD,|| Emmanuelle J. Meuillet, PhD,¶ and Mark D. Pagel, PhD¶#
Objectives: This research study sought to improve the treatment of pan-
creatic cancer by improving the drug delivery of a promising AKT/PDK1
inhibitor, PHT-427, in poly(lactic-co-glycolic) acid (PLGA) nanoparticles.
Methods: PHT-427 was encapsulated in single-emulsion and double-
emulsion PLGA nanoparticles (SE-PLGA-427 and DE-PLGA-427). The
drug release rate was evaluated to assess the effect of the second PLGA
layer of DE-PLGA-427. Ex vivo cryo-imaging and drug extraction from
ex vivo organs was used to assess the whole-body biodistribution in
an orthotopic model of MIA PaCa-2 pancreatic cancer. Anatomical mag-
netic resonance imaging (MRI) was used to noninvasively assess the effects
of 4 weeks of nanoparticle drug treatment on tumor size, and diffusion-
weighted MRI longitudinally assessed changes in tumor cellularity.
Results: DE-PLGA-427 showed delayed drug release and longer drug re-
tention in the pancreas relative to SE-PLGA-427. Diffusion-weightedMRI
indicated a consistent decrease in cellularity during drug treatment with
both types of drug-loaded nanoparticles. Both SE- and DE-PLGA-427
showed a 6-fold and 4-fold reduction in tumor volume relative to untreated
tumors and an elimination of primary pancreatic tumor in 68% of the mice.
Conclusions: These results indicated that the PLGA nanoparticles im-
proved drug delivery of PHT-427 to pancreatic tumors, which improved
the treatment of MIA PaCa-2 pancreatic cancer.
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M any chemotherapeutic drugs have poor cellular uptake or
have a short half-life of retention in vivo. These drugs can

require a high dose to be administered to a patient, which can lead
to unacceptable toxicity.1–4 These issues are especially problem-
atic for the treatment of pancreatic carcinoma because the normal
pancreas tissue surrounding the pancreatic tumor can often have
high fibrosity that inhibits drug delivery. This high fibrosity can
also cause high interstitial pressure within the tumor, which can
further inhibit drug delivery.5,6 Therefore, improved drug delivery
to pancreatic cancer is especially needed for this cancer type.
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Poly(lactic-co-glycolic acid) (PLGA) nanoparticles that en-
capsulate chemotherapies are shown to improve drug delivery to
tumors, including pancreatic tumors. Poly(lactic-co-glycolic acid)
nanoparticles are biocompatible and biodegradable and are ap-
proved by the Food and Drug Administration for clinical
use.7–11 Poly(lactic-co-glycolic acid) nanoparticles have pas-
sive drug targeting to tumors through the enhanced permeability
and retention effect12 and can protect pharmaceuticals against
chemical and enzymatic degradation.

Drug-loaded PLGA nanoparticles often show a biphasic
behavior when releasing the drug in solution. The PLGA nano-
particles have an initial “burst effect” that releases a fraction of
drug.13–15 This initial drug release is assumed to primarily arise
from the drug molecules that have loosely bound to the surface
of the PLGA nanoparticle or have been encapsulated near the
surface of the nanoparticle. This initial drug release is followed
by a slow and moderate degradation of the PLGA particles that
releases the remaining encapsulated drug. However, this bi-
phasic behavior may not be recapitulated within an in vivo en-
vironment, in which the degradation of the PLGA is affected by
materials within the blood, fibrous tissue of the pancreas, the
pancreatic tumor microenvironment, and the intracellular con-
ditions within the tumor.16 A rapid degradation of the PLGA
nanoparticles in vivo may reduce or eliminate the importance
of the initial burst effect, which can change the design criteria
for these drug delivery nanoparticles. To investigate the impor-
tance of the burst effect during in vivo drug delivery to a pan-
creatic tumor, we investigated the development of a PLGA
nanoparticle with a second coating of PLGA, which cloaks
the drugs that are loosely bound to the surface of the original
PLGA nanoparticle. Double-emulsion PLGA nanoparticles
(DE-PLGAs) have been shown to encapsulate hydrophobic
drugs with good efficiency and with good size characteristics
under well-controlled conditions for formulation.10,17 We then
investigated the therapeutic effects of the standard single-emulsion
PLGA nanoparticle (SE-PLGA) and our new DE-PLGA for deliv-
ering chemotherapy to a pancreatic tumor model.

Our study investigated the therapeutic effect of PHT-427
encapsulated in SE-PLGA or DE-PLGA. PHT-427 is a promis-
ing targeted chemotherapeutic agent that has shown strong ef-
fects against several cancers including pancreatic cancer.18

However, the hydrophobicity of PHT-427 limits its delivery.19

To investigate the merits of SE-PLGA-427 and DE-PLGA-427
in vitro, we synthesized and characterized the nanoparticles,
particularly, to study their drug encapsulation efficiency and
drug release rates. We then investigated the pharmacokinetics
of SE-PLGA-427 and DE-PLGA-427 through whole-body
ex vivo fluorescence imaging and ex vivo biodistribution stud-
ies of PHT-427 delivered to each organ. We also investigated
the therapeutic effect of each drug-loaded nanoparticle by lon-
gitudinally assessing the cellularity of the pancreatic tumor
with in vivo diffusion-weighted MRI.20 Together, these exper-
iments were intended to investigate the relative importance of
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the burst effect of PLGA drug delivery when treating pancre-
atic tumors in vivo.

MATERIALS AND METHODS
Ester-terminated 50:50 PLGA (inherent viscosity range of

0.55-0.75 dL/g) was purchased from Lactel Absorbable Polymers
(catalog number B6010-2P; Durect Corp, Birmingham, Ala). The
PHT-427 chemotherapeutic drug was synthesized by following a
previously reported protocol.18 Poly(vinyl alcohol) (PVA) that
was 87% to 90% hydrolyzed and with average molecular weight
of 30,000 to 70,000was purchased from Sigma-Aldrich (St Louis,
Mo; catalog number P8136). Dichloromethane (DCM) that was
99.8% anhydrous was purchased from Sigma-Aldrich. Parafor-
maldehyde was purchased from EMDMillipore (Merck KGaA,
Darmstadt, Germany). Sesame seed oil was purchased from
Sigma-Aldrich. Heparin was purchased from APP Pharma-
ceuticals, LLC (Schaumburg, Ill). Heparinized saline, 50 μL
of 3000 U/L, was used for blood samples so they would not co-
agulate. Acetonitrile that was 99.9% anhydrous was purchased
from Acros Organics (Thermo Fisher Scientific, Inc, Waltham,
Mass). A methyl ester version of tetramethylrhodamine (TMRM)
was purchased from Life Technologies (Molecular Probes,
Grand Island, NY). Trehalose was purchased from Sigma Al-
drich. Sodium dodecyl sulfate (SDS) was purchased from
OmniPur (EMD Millipore, Darmstadt, Germany). Dulbecco's
phosphate buffered saline (DPBS) 10X was purchased from
Sigma Aldrich.

Preparation of Drug-loaded Nanoparticles
Single-emulsion PLGA-427 was synthesized using an oil-

water emulsion to entrap the hydrophobic PHT-427 in the
PLGA.10,21 First, 100 mg of PLGA was dissolved overnight
in 1 mL DCM. Then, 40 mg of PHT-427 was also dissolved
in the DCM. This PLGA solution was emulsified drop-wise in
2 mL of 0.5% PVA solution with rapid vortexing. The solu-
tion was sonicated with a Fisher Scientific Model 500 Sonic
Dismembrator 3 times in 10-second bursts at approximately
200 W of power. The nanoparticle mixture was then stirred in
100 mL of 0.3% PVA solution for 3 hours. The nanoparticle
solution was centrifuged at 12,000 rpm for 10 minutes and
washed with deionized (DI) water. The nanoparticles were then
sonicated for 10 minutes and vortexed to distribute the nano-
particles back into DI water. After 3 washes, trehalose was
added at a 2:1 ratio of the expected yield of nanoparticles, then
frozen in liquid nitrogen, and lyophilized for 3 days until dry.

Double-emulsion PLGA-427 was synthesized using the
same protocol with minor changes.10,22 A solution of 100 mg of
PLGA and 40 mg of PHT-427 in 1 mL DCM was emulsified
drop-wise in 2 mL of 0.5% PVA solution with rapid vortexing.
The solution was then sonicated 3 times in 10-second bursts using
a dismembrator. To create the second layer of PLGA on the nano-
particle, a second solution of 100 mg of PLGA in 1 mLDCM, but
without additional drug, was emulsified drop-wise into the nano-
particle mixture with rapid vortexing. The combined nanoparticle
mixture was then stirred in 100 mL solution of 0.3% PVA for
3 hours. The nanoparticle solution was centrifuged at 12,000 rpm
for 10 minutes and washed with DI water. The nanoparticles were
sonicated and vortexed to distribute into DI water. After 3 washes,
trehalose was added at a 2:1 ratio of the expected yield of nanopar-
ticles, then frozen in liquid nitrogen, and lyophilized for 3 days
until dry.

To create a calibration curve for average drug load
within the nanoparticles, serial dilutions of free drug ranging
from 10 to 500 μg/mL were created from a stock solution of
© 2016 Wolters Kluwer Health, Inc. All rights reserved.
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10 mg/mL PHT-427 in dimethyl sulfoxide and analyzed by
high-performance liquid chromatography (HPLC).23 The
samples were analyzed with a Surveyor HPLC system (Thermo
Finnigan, San Jose, Calif ) and a Luna C-18(2) particle size col-
umn with 3 μm particle size and a 100 � 4.6 mm column size.
The chromatographic separation was achieved using a gradient
mobile phase system consisting of acetonitrile with 0.05%
formic acid (v/v) and water with 0.05% formic acid (v/v).
The mobile phase flow rate was 0.3 mL/min, and the acetoni-
trile in the mobile phase was increased in a linear fashion from
30% to 90% in 20 minutes and held at 90% for 20 minutes,
followed by 5 minutes of reequilibration at 30% acetonitrile.
Optical absorbance was collected at wavelengths ranging be-
tween 200 and 600 nm, and chromatographs were extracted
for the wavelengths ranging between 247 and 283 nm at ap-
proximately 34 minutes after injection. To test the average drug
loading within the nanoparticles, serial dilutions were made
from a stock solution of 450 μg/mL nanoparticles in dimethyl
sulfoxide. These serial dilutions were analyzed using the same
HPLC method described previously. The loading of the
PHT-427 drug in the nanoparticles was determined from the
calibration curve.24
Characterization of Drug-loaded Nanoparticles
The average particle size and size distribution of the

SE-PLGA-427 nanoparticles were analyzed with dynamic light
scattering using a nano Series Zetasizer (Malvern Instruments
Ltd, Worcestershire, UK) with software version 6.20. The zeta po-
tentials of these nanoparticles were also analyzed with the same
instrument. Single-emulsion PLGA-427 was analyzed in DPBS
1� in a folded capillary cell. The refraction index used in the ex-
periments was 1.59 for PLGA and 1.332 for DPBS.

Scanning electron microscopy (SEM) was performed to
analyze the shape of the nanoparticles. The nanoparticles were
gold-coated with a Hummer sputtering system (Anatech USA,
Union City, Calif ). Nanoparticles were scraped onto a glass
slide, mounted on the SEM stub, and placed in the gold-coat
sputtering chamber.25 The SE-PLGA-427 and DE-PLGA-427
nanoparticles were each imaged with a S-4800 field emission
scanning electron microscope (Hitachi Corp, Tokyo, Japan).
Imaging was conducted in a conventional vacuum at 30 kV,
3.0-mm spot size, from 400� to 234,500�magnification, with
an Everhart-Thornley Detector. Images were analyzed with In-
spect S software version 3.1.4 (FEI Co, Hillsboro, Ore).26 The
DE-PLGA-427 particle size was calculated using SEM images
with ImageJ, by calibrating the image size, fast Fourier trans-
forming the image, thresholding the transformed image, and using
an automated method to count the diameter of each particle in the
“Analyze” tool of ImageJ.

Atomic force microscopy (AFM) was also used to analyze
the morphology of the nanoparticles.27,28 The SE-PLGA-427
and DE-PLGA-427 nanoparticles were each scraped onto glass
slides for imaging. Atomic force microscopy images of the nano-
particles were captured using a Dimension 3100 atomic force
microscope (Digital Instruments, Inc, Tonawanda, NY) with a
1 μm scan size, scan rate of 0.996 Hz, 1.302 to 2.5 Vamplitude
set point, integral gain of 0.3250, proportional gain of 0.5131,
drive amplitude of 210.0 mV, a drive phase of −58.39, and
sweep control frequency of 328.41 kHz.

A drug release study was performed with SE-PLGA-427
and DE-PLGA-427. Four round bottom flasks were suspended
in oil baths maintained at 37 °C. Then, 2 mg of each nanopar-
ticle to be analyzed was suspended in a dialysis membrane with
12,000 to 14,000 MWCO (Spectrum Laboratories, Inc, Rancho
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Dominguez, Calif ). A dialysis membrane containing a sample
of SE-PLGA-427 was suspended in 50 mL of PBS, and a second
dialysis membrane containing the same sample was suspended in
50 mL of PBS with 0.1% SDS. Likewise, dialysis membranes
containing DE-PLGA-427 were suspended in 50 mL of PBS
and in 50 mL of PBS with 0.1% SDS. Samples of 1 mL were
periodically taken from each flask for analysis by HPLC to de-
termine drug concentration, which was replaced with 1 mL of
fresh solvent. The concentration was adjusted for the added
1 mL for an accurate analysis of each subsequently extracted
sample. Samples were taken every 3 hours for the first few days
and then every 12 hours for 13 days.

In Vivo Studies
MIA PaCa-2 pancreatic tumor cells were authenticated and

verified to be mycoplasma free and were transfected with the lu-
ciferase gene for investigations that were unrelated to this study.29

These cells were cultured in a 5% CO2 incubator and in complete
RPMI-1640 media that was supplemented with 10% fetal bovine
serum and 100 U/mL penicillin and streptomycin. Cells were pas-
saged using 0.25% trypsin.

All animal procedures were conducted with approval from
the Institutional Animal Care and Use Committee of the University
of Arizona. One million MIA PaCa-2 cells were subcutaneously
implanted into 8 female severe combined immunodeficient donor
mice by the ExperimentalMouse shared Resource of the University
of Arizona Cancer Center.30 Housing and care of the animals was
provided by University Animal Care of the University of Arizona.
Plugs from the MIA PaCa-2 flank tumors were harvested after
4 days of tumor growth. A second set of 8 mice was implanted
with a single plug. A single abdominal incision was made under
sterile conditions, and the plug was inserted into the tail of the ex-
posed pancreas. The average weight of the mice before imaging
was 18.9 g.

Each mouse was dosed with 100 mg of SE-PLGA-427,
DE-PLGA-427, or PLGA nanoparticles per kilogram of mouse
body weight. On the basis of the drug loading measured during
the characterization of the nanoparticles, this equated to 14 and
19 mg/kg of encapsulated drug for the SE-PLGA-427 and
DE-PLGA-427 nanoparticles, respectively. PHT-427 was admin-
istered at 10 mg/kg after a previous report.31 Each mouse was
dosed once per week for 4 weeks. The intraperitoneal (ip) admin-
istration of SE-PLGA-427 to each mouse was straightforward.
Because of the larger sizes of DE-PLGA-427 nanoparticles, the
solution of DE-PLGA-427 was constantly mixed before ip admin-
istration to avoid precipitation.

Magnetic resonance imaging studies were performed be-
fore the first treatment and 24 hours after each injection.
Respiration-gated, T2-weighted spin-echo MR images were ac-
quired using a Biospec 7 T MRI scanner (Bruker Biospin, Inc,
Billerica, Mass) and a spin-echo MRI acquisition sequence
with 1297.6 ms repetition time, 10.6 to 66.8 ms echo time, 6
echoes, 6 � 4 cm field of view, 234 � 312 μm in-plane resolu-
tion, 0.5 mm slice thickness, 12 slices, and 2 averages. The total
time to acquire the T2-weighted MR images was approximately
5 minutes.32 Respiration-gated, diffusion-weighted images were
acquired with 3 orthogonal gradient directions, 501 ms repetition
time, 27 ms echo time, 6� 4 cm field of view, 938� 625 μm res-
olution, 0.5 mm slice thickness, 2 slices, 2 averages, and b values
of 100, 300, and 700 s/mm.20 The image slices were positioned in
the center of the tumor or normal pancreas tissue. The total time
to acquire the diffusion-weighted MR images was approximately
10 minutes and varied because of respiration gating. Respiration
gating and the acquisition of 2 averages were key criteria of our
protocol, which reduced the effect of motion artifacts. The
1160 www.pancreasjournal.com
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parametric maps and average tissue values of the apparent diffu-
sion coefficient (ADC) were calculated using Paravision software
v 5.1 (Bruker Biospin, Inc, Billerica, Mass).33,34

Ex Vivo Studies
Ex vivo fluorescence imaging was used to track the early

distribution of nanoparticles in the mouse model. Both
SE-PLGA-427 and DE-PLGA-427 nanoparticles were made
with Tetramethylrhodamine methyl ester (TMRM) by follow-
ing the protocols described earlier. Tetramethylrhodamine
methyl ester was added into the PLGA/DCM/PHT-427 tube dur-
ing the synthesis of single-emulsion nanoparticles, and TMRM
was added to the second emulsion process during the synthesis
of double-emulsion nanoparticles.35 This procedure localized
TMRM in an outer layer of the double-emulsion nanoparticles
to better match the localization of TMRM in the single-
emulsion nanoparticles.

Four mice with MIA PaCa-2 pancreatic tumors were
placed on an alfalfa-free diet for 10 days (Teklad Global 19%
protein extruded rodent diet; Harlan Laboratories, Indianapolis,
IN) and then withdrawn from food for 24 hours. After completion
of the diet, 2 mice were injected with the fluorescent TMRM
SE-PLGA-427 nanoparticles. One mouse was killed at 1 hour
after injection, and the other mouse was killed 3 hours after in-
jection. In addition, 2 mice were injected with the fluorescent
TMRM DE-PLGA-427 nanoparticles following the same time-
line. Eachmousewas placed in a 4.5� 2� 1 inch aluminum dish,
which was filled with frozen section compound 22 and frozen in
liquid nitrogen.36

Ex vivo fluorescence imaging was performedwith a CryoViz
imaging system (BioInVision, Cleveland, Ohio) by the Case
Center for Imaging Research, Case Western Reserve Univer-
sity, Cleveland, Ohio. Mice were scanned at 40 μm slice thick-
ness with a 10.4 μm pixel size. There were 18 tiles of data
collected for each slice. Images were collected with both bright-
field imaging and fluorescence imaging. The fluorescence results
were collected with an eGFP filter. Reconstructions were handled
by the CryoViz software, and Amira imaging compilations were
created for 3-dimensional visualization in Amira software (FEI
Visualization Sciences Group, Burlington, Mass).36

Quantifiable drug biodistribution was performed by ex-
tracting the PHT-427 from the collected organs. Three days after
the last nanoparticle treatment, the mice were killed, and blood
was obtained via cardiac draw in a needle with heparinized saline.
Each organwas soaked in acetonitrile for 48 hours and placed on a
shaker. The acetonitrile was removed and analyzed for HPLC for
PHT-427 quantification.37,38

RESULTS

Synthesis of Drug-loaded Nanoparticles
Many factors can affect the design of the particles, including

the type of PLGA, solvent, emulsifier, emulsifier concentration,
stir rate, sonication duration, porosity of the system, polymer
molecular weight, monomer ratio, temperature of the bulk
fluid, and type of apparatus used in preparation.10,21 Our syn-
thesis method used established methods that accounted for
some of these factors, and we also tested other factors to opti-
mize our synthesis for PHT-427.

To develop our drug-loaded SE-PLGA-427 nanoparticle, we
used PLGAwith an inherent viscosity of 0.55 to 0.75. Dichloro-
methane was used as the solvent for our procedure because the
use of DCM produced nanoparticle spheroids with the most ho-
mogenous size distribution when compared with chloroform,
© 2016 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 1. Characterization of drug-loaded PLGA nanoparticles. A, Three-dimensional AFM of SE-PLGA-427 showed that these drug-loaded
nanoparticles were spherical. Dynamic light scattering showed an average nanoparticle diameter of (B) 257.37 ± 2.04 nm for SE-PLGA and
(C) 491.7 ± 17.58 nm for SE-PLGA-427. D, SEM showed an average nanoparticle diameter of 19.23 ± 31.85 μm for DE-PLGA-427 (E) and
showed that these DE nanoparticles were clumps of SE nanoparticles.
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acetone, and mixtures of these 3 solvents, as performed in this
study. Furthermore, a comparison of methods with pure distilled
water or PVA at 0.3%, 0.5%, 1%, and 3% concentrations of emul-
sifiers showed that 0.5% PVAyielded spherical nanoparticles with
the most homogenous size distribution (Fig. 1A). Using these
conditions, an average nanoparticle size of 491.7 ± 18.0 nm
for SE-PLGA-427 was measured with dynamic light scatter-
ing, which was significantly larger than SE-PLGA without
drug (Figs. 1B, C).

The SE-PLGA-427 nanoparticles had 14% drug loading by
weight as determined via HPLC. In addition, the SE-PLGA-427
nanoparticles had an electrostatic potential of −3.63 mV relative
to a potential of −0.02 mV for SE-PLGA nanoparticles without
drug. The average PLGA nanoparticle weight was 71% of the
weight of the starting products.

The drop-wise addition of PLGA to the SE-PLGA-427
nanoparticles yielded DE-PLGA-427 particles with an average
size of 19.23 ± 31.85 μm (Fig. 1D). The total DE-PLGA-427
particle yield was 70% by weight, again demonstrating good
yield. Double-emulsion nanoparticles were verified as 19%
drug loaded via HPLC. In addition, the DE-PLGA-427 parti-
cles had an electrostatic potential of −3.56 mV. The greater en-
capsulation of PHT-427 by the double emulsification process
was attributed to the protective outer layer of PLGA that re-
duced or prevented loss of PHT-427 on the surface of nanopar-
ticles that were created by the first emulsification step.17

Therefore, this result showed that the DE-PLGA-427 nanopar-
ticles had improved drug loading relative to the nanoparticles
created by a single emulsion process.
© 2016 Wolters Kluwer Health, Inc. All rights reserved.
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Both AFM and SEM showed that multiple SE-PLGA-427
nanoparticles were clumped together by the second emulsify-
ing step when creating the DE-PLGA-427 nanoparticles
(Figs. 1D, E). From a technical perspective, SEM was preferred
relative to AFM for imaging drug-loaded PLGA nanopaticles.39–42

Scanning electron microscopy images for all particles were
representative of the entire particle population. Atomic force
microscopy images were more difficult to acquire because of
the hydrophobicity of the encapsulated drug that caused the
nanoparticles to adhere to the AFM cantilever, requiring large
adjustments to acquire images.

We used HPLC to determine the drug release rates of each
drug-loaded nanoparticle (Fig. 2). An initial drug release study
was performed in PBS to be consistent with previous drug release
studies. However, because of the poor solubility of PHT-427, sink
conditions are not maintained in pure water, and therefore, we also
performed a drug release study in 0.1% SDS in PBS.13,16,43,44 Af-
ter 12.5 days, PHT-427was completely released from nanoparticle
incubated in 0.1% SDS in PBS, whereas only 49% and 26% of
the drug was released into PBS from the SE-PLGA-427 and
DE-PLGA-427 nanoparticles, respectively.

The DE-PLGA-427 nanoparticles in PBS had no release
of PHT-427 until 14.5 hours into the study, whereas the
SE-PLGA-427 nanoparticles released PHT-427 at 3 hours, which
was the first measured time point. Similarly, the drug release from
the DE-PLGA-427 nanoparticles was approximately half the rate
of release from the SE-PLGA-427 nanoparticles during the first
6 hours in 0.1% SDS in PBS. These results indicate that the sec-
ond layer of PLGA applied to the DE-PLGA-427 nanoparticles
www.pancreasjournal.com 1161
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FIGURE 2. Evaluations of PHT-427 drug release from PLGA nanoparticles. A, A calibration graph showed that HPLC analysis can precisely
quantify drug concentration. B, PHT-427 release from SE-PLGA and DE-PLGA nanoparticles was evaluated in PBS and SDS.
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improved the retention of all loosely bound, surface-accessible
PHT-427.

Drug Biodistribution Studies: 0 to 3 Hours and 0 to
3 Days

To determine the biodistributions of SE-PLGA-427 and
DE-PLGA-427 nanoparticles during the initial hours after ip
administration, a version of each nanoparticle was synthesized
to include the TMRM fluorophore. Mice were killed 1 hour or
3 hours after administration of these fluorescent nanoparticles,
and whole-body cryo-imaging was used to image the biodis-
tribution (Fig. 3). This unique cryo-imaging modality evaluated
the entire mouse body, which was especially useful for assessing
biodistribution in the ip cavity because invasive tissue harvesting
within this cavity can strongly compromise the integrity of
drug location.

These results showed that the payload encapsulated by the
SE-PLGA-427 and DE-PLGA-427 had the same biodistribution
1 hour and 3 hours after administration. After 1 hour, most of
the fluorescence signal arose from the injection site inside the ip
cavity. Weak fluorescence was detected near the intestines and
vasculature, indicating that the nanoparticles were distributing
within the ip cavity but had not appreciably left this cavity. After
3 hours, stronger fluorescence signals were observed in the vascu-
lature and gallbladder, showing the early events of biodistribution.
This delayed entry into the vasculature demonstrated a need for
the ip-administered nanoparticles to postpone drug release for at
least a few hours to allow the particles to arrive at the cancer loca-
tion and deliver the chemotherapy treatment. Therefore, the de-
layed drug release from the DE-PLGA-427 nanoparticles may
FIGURE 3. Initial biodistributions of drug-loaded nanoparticles. The who
(A) 1 hour and (B) 3 hours after ip administration. The scale bars represe
recorded by the imaging system.
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have advantages relative to SE-PLGA-427 nanoparticles when
the nanoparticles are delivered ip.

A drug biodistribution study was performed 3 days after
administering PHT-427 or the drug-loaded PLGA nanoparti-
cles. Upon sacrifice, organs were harvested and shaken in ace-
tonitrile to extract the drug, and the extract was analyzed with
HPLC (Fig. 4). Each treatment resulted in high drug uptake
in the liver, especially when a PLGA nanoparticle was used
for drug delivery. Notably, the DE-PLGA-427 nanoparticles clearly
maintained a longer retention of the drug in the tumor and pancreas
relative to SE-PLGA-427 or treatment with PHT-427. Further-
more, treatment with DE-PLGA-427 resulted in detectable drug
distribution in the lung, spleen, and intestines.

Longitudinal In Vivo Studies: 0 to 4 Weeks
Anatomical MR images were acquired to locate primary tu-

mors within the pancreas (Fig. 5A). Diffusion-weighted MR im-
ages verified the location of each tumor (Fig. 5B) and were used
to quantitatively measure the ADC, which is an indication of cel-
lularity in normal tissues and tumors (Figs. 5C-G).33 Normal tis-
sues of the pancreas were measured to have an average ADC of
1.2 � 10−3 mm2/s, which agreed with previously reported re-
sults.45,46 For comparison, the pancreatic tumors showed ADC
values as low as 0.6� 10−3 mm2/s, which was attributed to the in-
creased density and fibrosity in the pancreatic tumor tissue.32,47

Mice treated with SE-PLGA-427 and DE-PLGA-427
nanoparticles showed an average pretreatment ADC value of
1.0 � 10−3 mm2/s. The ADC values of the 2 cohorts for testing
with SE-PLGA-427 and DE-PLGA-427 nanoparticles were
statistically indistinguishable (P > 0.05). After 4 weeks of
le-body cryo-images of the biodistributions of DE-PLGA-427
nt relative signal amplitudes using results in an arbitrary unit

© 2016 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 4. Ex vivo analyses of PHT-427 drug biodistribution in a
MIA PaCa-2 pancreatic tumor model. Tissues were excised 3 days
after treatment, and PHT-427 was extracted from each tissue and
analyzed with HPLC. These results were quantified using the
calibration graph shown in Figure 2A, with 6 samples per analysis.
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treatment, ADC values of the tumor rose linearly to a value of
1.5 � 10−3 and 1.4 � 10−3 mm2/s, respectively, which were
not statistically different from each other (P > 0.5) but were sig-
nificantly different than the ADC value before initiating treat-
ment (P < 0.05). The rate of ADC increase for the 4 weeks
was 1.0 � 10−4 mm2/s per week for both nanoparticle treat-
ments. This increase in water diffusion rates indicated that the
cell density and/or fibrosity of the pancreatic tumor had decreased
FIGURE 5. MRI assessments of the drug-treated MIA PaCa-2 tumor mod
B, Diffusion-weighted MRI was used to evaluate cellular changes in tumo
(n = 8) (D) caused a monotonic increase in the ADC of water in the pan
(n = 8) (F) showed a decrease in the ADC of water in the pancreatic tum
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with either nanoparticle treatment, thereby allowing water to dif-
fuse more freely within the tumor tissue. More importantly, these
results showed that both nanoparticle treatments had the same ef-
fect on cell density and/or fibrosity in the pancreatic tumor.

We performed control studies to ensure that our diffusion-
weighted MRI results with SE-PLGA-427 and DE-PLGA-427
were due to a treatment effect. Before treatment, the average
ADC values of pancreatic tumors of all cohorts of mice were sta-
tistically indistinguishable (P > 0.35 for all comparisons of groups
eventually treated with SE-PLGA-427, DE-PLGA-427, and
PLGA nanoparticles and the group of mice that was not treated).
Mice with pancreatic tumors receiving no treatment had an ini-
tial average ADC value of 1.3� 10−3 mm2/s, which dropped to
1.0 � 10−3 mm2/s after 4 weeks, for a rate of −0.8 � 10−4 mm2/s
per week. This result suggested that the pancreatic tumors in-
creased in cell density and/or fibrosity without treatment. Second,
the MIA PaCa-2 tumors treated with PLGA nanoparticle that
did not include PHT-427 had an initial ADC value of 1.9 � 10−3

mm2/s and decreased to 1.7 � 10−3 mm2/s after 4 weeks of
treatment, at a rate of −0.7 � 10−4 mm2/s. Finally, mice that
had no tumors and normal pancreas tissues had an initial aver-
age ADC value of 1.9 � 10−3 mm2/s, which decreased at a rate
of −0.9 � 10−4 mm2/s per week to reach a final ADC value of
1.3 � 10−3 mm2/s. Therefore, the increase in water diffusion
rate observed during treatment with SE-PLGA-427 and
DE-PLGA-427 nanoparticles must be due to the delivered
PHT-427 drug.
Tumor Volume Monitoring With MRI Compared
With Ex Vivo Analysis

The tumor volume was longitudinally monitored with T2-
weighted MRI to evaluate effectiveness of the SE-PLGA-427
and DE-PLGA-427 nanoparticle treatment, relative to treatment
el. A, T2-weighted MRI was used to measure tumor volume.
rs and normal tissues. SE-PLGA-427 (n = 7) (C) and DE-PLGA-427
creatic tumor. SE-PLGA without drug (n = 7) (E) and untreated mice
or. G, The ADC decreased in normal pancreatic tissue (n = 8).
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FIGURE 6. Effects of drug-loaded nanoparticles on tumor burden. A, T2-weighted MRI showed no tumor growth after 4 weeks of treatment
with SE-PLGA-427 andDE-PLGA-427, whereas PLGA-treated and untreated tumors continued to grow. B, Only 33%and 38%ofmice had a
pancreatic tumor after 4 weeks of treatment as shown by T2-weighted MRI, which was confirmed with gross pathological analyses.
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with PLGA nanoparticle or with no treatment (Fig. 6A). Before
initiating treatments, the average tumor volumes of each cohort
of mice were statistically indistinguishable (P > 0.05). The pan-
creatic tumors increased 18-fold and 6-fold in volume with
4 weeks of PLGA treatment or with no treatment, respectively
(this tumor growth with PLGA treatment vs. no treatment was
not statistically different). For comparison, 4 weeks of treat-
ment with SE-PLGA-427 and DE-PLGA-427 nanoparticles
caused the tumors to have an average volume that was 6-fold
and 4-fold lower in average volume of the pancreatic tumors,
respectively, relative to the average volume of untreated tu-
mors. Notably, the average sizes of the pancreatic tumors after
4 weeks of treatment with SE-PLGA-427 or DE-PLGA-427
nanoparticles were statistically indistinguishable from each
other (P > 0.5). Furthermore, treatment with SE-PLGA-427
or DE-PLGA-427 nanoparticles caused 67% and 62% of the
pancreatic tumors to completely disappear, respectively (Fig. 6B).
These in vivo results were verified with ex vivo gross pathological
analyses. All mice that were untreated had pancreatic tumors
after 4 weeks. Similarly, all mice that were treated with PLGA
nanoparticles without drug also had pancreatic tumors after
4 weeks. These results showed that the SE-PLGA-427 and
DE-PLGA-427 nanoparticles had a good treatment effect
against pancreatic cancer.
DISCUSSION
Previous studies with a mouse model of pancreatic cancer

demonstrated that SE-PLGA-427 provided more therapeutic ef-
fect relative to treatment with PHT-427 alone.31 In particular, the
hydrophobicity of this drug prevented delivery to the tumor with-
out encapsulation in a nanoparticle. Our study provides additional
evidence for the need of PLGA nanoparticles to deliver PHT-427
to the pancreatic tumor. Our study showed that SE-PLGA-427 and
DE-PLGA-427 are transported from the site of administration in
the ip cavity to the vasculature in 1 to 3 hours after injection, these
drug-loaded nanoparticles deliver PHT-427 to the pancreas and
pancreatic tumor within 3 days, the delivered drug causes consis-
tent changes in cellular density and/or fibrosity as monitored with
diffusion-weighted MRI, and the delivered PHT-427 consistently
shrinks or eliminates the pancreatic tumor. Therefore, this study
shows the merits for using PLGA nanoparticles for delivering hy-
drophobic drugs to pancreatic tumors.

Our in vitro study showed that the SE-PLGA-427 nano-
particles had a biphasic release of PHT-427 drug, whereas the
1164 www.pancreasjournal.com
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DE-PLGA-427 nanoparticles had a delayed release of the drug.
This biphasic release of the smaller nanoparticle has been de-
scribed as a potential advantage because an initially strong ex-
posure to the drug, followed by longer-term exposure, may
have greater therapeutic effect. However, our in vivo studies
showed that both SE-PLGA-427 and DE-PLGA-427 had the
same therapeutic effects. Therefore, the potential advantages
of SE-PLGA-427 are inconsequential to treating pancreatic can-
cer. This conclusion aligns with the idea that total drug exposure
governs therapeutic efficacy more than the peak dose of the drug.
Moreover, our study demonstrates that efforts to optimize the size
and drug release rates from nanoparticles during in vitro studies
may not be relevant to in vivo studies, and therefore, in vivo
studies with drug delivery nanoparticles should be more rap-
idly pursued. For example, 19 mg/kg of PHT-427 delivered with
DE-PLGA-427 was 36% greater than the 14 mg/kg of PHT-427
delivered with SE-PLGA-427 in this study. The effects of this dif-
ference in drug delivery could be investigated in future studies,
and these future studies should be performed in vivo.

Intraperitoneal injection of nanoparticle drug delivery ve-
hicles is a common route of administration, which can avoid
harm to the capillaries of the respiratory system encountered
with intravenous injection. The delayed release of drug from
DE-PLGA-427 via ip delivery may have some advantages.
Our whole-body cryo-imaging study showed that both drug de-
livery nanoparticles had similar delivery and uptake into the
vasculature during the first 3 hours after IP administration. There-
fore, the delayed release of drug from the DE-PLGA-427, while
this nanoparticle still resides in the ip cavity, may be an advantage
for delivering drug to the pancreatic tumor. Furthermore, the
biodistribution study of drug 3 days after administration of
DE-PLGA-427 showed that PHT-427 still remained in the tu-
mor, whereas no drug was detected in the tumor 3 days after ad-
ministration of SE-PLGA-427. This result suggests that the
drug was more quickly released from the SE-PLGA-427 nano-
particle and was metabolized or cleared by the tumor and/or
liver, whereas the drug was retained in the DE-PLGA-427
nanoparticle for at least 3 days and was prevented from being
cleared or metabolized. This longer drug retention and slower
release may have advantages for treating pancreatic cancer with
PHT-427 and other similar hydrophobic chemotherapies.

Noninvasive imaging studies can provide advantages when
evaluating longitudinal changes in tumor morphology within
mouse models of orthotopic tumors.48–50 For comparison, se-
rial sacrifice for ex vivo analyses may not necessarily capture
© 2016 Wolters Kluwer Health, Inc. All rights reserved.
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longitudinal changes. Furthermore, MRI provides the opportunity
to assess physicochemical properties of tumors and normal tis-
sues, such as the cellular density and/or fibrosity as monitored
with diffusion-weighted MRI. The ADC values calculated from
diffusion-weighted MRI quantitatively demonstrated the treat-
ment of the tumor.48

The ex vivo analysis of harvested organs cannot adequately
evaluate drug biodistribution in the ip cavity because drug-
loaded nanoparticles can distribute within organs and spaces
between organs. Therefore, our study used whole-body cryo-
imaging for this analysis. This new modality can determine
drug distribution by freezing the whole mouse, slicing the car-
cass at 40 μm thickness, analyzing tissue en facia with fluores-
cence imaging, and reconstructing a 3-dimensional image of
the distribution of the fluorescent material throughout the
whole mouse. Whole-body cryo-imaging provides rapid analy-
ses relative to traditional and laborious histopathology of the
whole mouse and provides excellent 10.4 μm spatial resolution
of relative to traditional in vivo fluorescence imaging that has
approximately 3 mm spatial resolution.

Although mouse models of pancreatic tumors have im-
proved the development of chemotherapies and drug delivery
for treating this cancer type, these models do not sufficiently
mimic the carcinogenic and tumor microenvironment of human
pancreatic cancer. In particular, an intact immune system is
needed to stimulate fibrous growth in normal pancreas tissues
that surround a pancreatic tumor, and yet, orthotopic tumor models
require the use of an immunocompromised mouse model to avoid
rejection of the implanted tumor cells.51–54 A transgenic pancreatic
cancer model is more appropriate for studying drug delivery to this
tumor type because a transgenic model can retain an intact im-
mune system. Future studies of drug delivery with PLGA nano-
particles should consider the use of these transgenic models.

As a summary, although in vitro drug release results from the
SE-PLGA-427 and DE-PLGA-427 demonstrate a delay in drug
release from the DE-PLGA-427 compared with the immediate re-
lease in SE-PLGA-427 particles, the longitudinal monitoring of
tumor volume and ex vivo organ analysis showed no difference
in the overall treatment of the pancreatic tumor model. Therefore,
the so-called “burst effect” of PLGA nanoparticles had little or no
effect on the overall treatment of the pancreatic cancer. The longer
retention and drug release from DE-PLGA-427 particles may
provide advantages for treating pancreatic cancer relative to
the SE-PLGA-427 nanoparticles. Noninvasive imaging is an
outstanding tool for evaluating nanoparticle biodistributions
and treatment effects at the tissue and cellular levels.
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