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Novel nano-drug combination therapeutic regimen
demonstrates significant efficacy in the transgenic
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Abstract: The current work studied the chemopreventive efficacy of orally administered chitosan coated solid-lipid
nanoparticle (c-SLN) encapsulated aspirin (ASP), curcumin (CUR) and free sulforaphane (SFN), ACS-cSLN, in the
LSL-Kras®?P*; Pdx-1°¢* transgenic mouse model of pancreatic ductal adenocarcinoma (PDAC). In vitro uptake
study and intracellular localization of ODA-FITC labeled ASP and CUR c-SLNs were performed in Panc-1 and MIA
PaCa-2 cells by fluorescence microscopy. LSL-Kras®'2%*; Pdx-1¢%"* transgenic mice (n = 30) were randomly divided
into 5 groups. Treatment groups were orally gavaged with ACS ¢-SLNs in three doses: low (2 + 4.5 + 0.16 mg/kg),
medium (20 + 45 + 1.6 mg/kg) and high (60 + 135 + 4.8 mg/kg), respectively. After 20 weeks of treatment, mice
pancreas were harvested, stained with dye and scored according to various pancreatic intraepithelial neoplasms
(PanIN) categories by an independent observer. In vitro, cellular uptake evaluated on Panc-1 and MIA PaCa-2 cells
resulted in higher fluorescence intensities, indicating increased cellular uptake of ASP and CUR c-SLNs. For further
evidence, the addition of lysolD (red fluorescence) demonstrated location and uptake of ASP and CUR ¢-SLNs into
the lysosome. In vivo, treatment with ACS ¢-SLN for 20-weeks did not cause obvious adverse effects on growth and
no statistically significant differences in body weight were observed between groups. However, the weight (mean
+ SEM) of pancreas at the end of the study was higher in blank c-SLN group (223.6 + 42.2 mg) compared to low
(138.0 £ 26.0 mg; not significant [NS]), medium (145.0 + 9.0 mg; NS), and high (133.8 + 20.3 mg; NS) ACS ¢-SLN
treated groups, demonstrating the efficacy of ACS ¢c-SLN nanoformulations. The low, medium and high dose of ACS
¢-SLN combinations exhibited a reduction in tumor incidence (PanIN count) by 16.6% (P < 0.01), 66.8% (P < 0.01),
and 83.4% (P < 0.01), respectively. These studies provide further proof for the use of an oral, low dose nanotechnol-
ogy-based combinatorial regimen for the chemoprevention of PDAC.

Keywords: Chemoprevention, pancreatic ductal adenocarcinoma (PDAC), chitosan-solid lipid nanoparticles (c-
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Introduction

Pancreatic cancer (PC) affects ~ 55,000 Ame-
ricans each year resulting in ~ 44,000 deaths,
90% of which are a result of pancreatic ductal
adenocarcinoma (PDAC) thus making it the
fourth leading cause of cancer deaths in the US
[4, 2]. During 2012, a report from the Center for
Disease Control and Prevention (CDC) stated,
while cancer trends overall are in a state of
decline in the US, the incidence and mortality

from PDAC is increasing dramatically. Although
the 5 year survival rate from this disease still
remains at a dismal 8.5% [2] [https://www.can-
cer.org/cancer/pancreatic-cancer.html; https://
seer.cancer.gov/statfacts/html/pancreas.html]
despite over 20 years of research, there are
signs of progress being reported particularly in
less invasive surgery to resect neoplasms [3-5],
novel drug combinations to improve survival
[6-8], advances in radiation therapy [9], and the
basic understanding of the fundamental genet-
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ics of PDAC [10-12]. Alternative strategies
against PDAC include chemoprevention which
aims to prevent the development or recurrence
of precancerous lesions with the use of natural
or synthetic agents that reverse, suppress,
delay, or prevent carcinogenic progression to
invasive disease [13]. Additionally, combination
therapy with two or more chemopreventive
agents appears to be a viable strategy allowing
maximum efficacy at low drug concentrations
[14-186].

Our group has been interested in the use of
novel chemopreventive agents and their combi-
nations towards PDAC prevention. We were the
first group to report through our previous stud-
ies and publications that aspirin (ASP), curcum-
in (CUR) and sulforaphane (SFN) when com-
bined together (ACS) elicit synergistic chemo-
prevention efficacy in PDAC [16-19].

To understand the mechanism by which ACS
combination elicits the PDAC chemoprevention
efficacy, a battery of in-vitro studies were per-
formed on pancreatic cancer cells, MIA PaCa-2
and Panc-1. These studies included cell viabili-
ty assay (MTS Assay), cell colony formation
assay, flow cytometric analysis for apoptosis,
NF-kB activation assay. and western blot analy-
sis and the results were reported in our earlier
publication [16]. In summary, the results indi-
cated that the cell viability reduced significantly
to ~ 70% (P < 0.001) with induction of cell
apoptosis by ~ 51% (P < 0.001) when the cell
lines were treated with low dose combination of
ACS (ASP 1 mM, CUR 10 uM, and SFN 5 uM
respectively). Further, it was also observed that
the ACS induced cell death and apoptosis was
accompanied with activation of caspase-3 and
poly (ADP-ribose) polymerase (PARP) proteins
and inhibition of the NF-kB DNA binding activity
in both the cell lines. Mechanistically, the ACS
combination was also observed to uniquely
enhance the expression of phospho-extracellu-
lar signal-regulated kinase 1/2 (P-ERK1/2),
c-Jun, p38 MAPK, and p53 proteins. Therefore
it was concluded that the ACS combination
elicits the chemoprevention efficacy by means
of cell apoptosis induction and activation of
ERK1/2 signaling pathway [16].

Over the past decade, we have also demon-
strated the importance of delivering these
agents using novel nanotechnology-based sys-
tems wherein high efficacy has been achieved
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at extremely low doses [17, 18, 20]. The meth-
od of drug delivery plays an important role in
ensuring that drug reaches its target site to
impose therapeutic effect. Novel modes of de-
livery methods using solid dispersions, micro-
sphere and nanosphere technology have rece-
ived wide attention as these have shown supe-
rior delivery efficiency and specificity compared
to conventional dosage forms [21-25]. In this
study, we plan to use a modified version of a
novel nanotechnology-based drug delivery plat-
form, previously developed and investigated in
our laboratory [18]. Our initial studies demon-
strated a significant decrease in dose, with
comparable efficacy versus unmodified free
drug combinations, when administered using
solid lipid nanoparticles (SLNs) on pancreatic
cancer cells. More recently, we reported the
results of a 24-week chemopreventive study
with the oral co-administration of the ACS com-
bination regimen on the N-nitrosobis (2-oxopro-
pyl) amine (BOP)-treated Syrian golden hamster
model to suppress the progression of pancre-
atic intraepithelial neoplasms (PanIN) using
unmodified (free drug) combinations of ACS,
and nano-encapsulated (SLN) combinations of
ACS [19, 26]. Although SLN-based delivery sys-
tems have been available for many years [26,
27], we are the first group to demonstrate its
usage and efficacy in PDAC chemoprevention
[17, 18]. For the current study, we are introduc-
ing a “second generation” SLN delivery system
incorporating chitosan, a biodegradable poly-
saccharide. Chitosan is a nontoxic and biocom-
patible polysaccharide derived from the shells
of crustaceans, with proven in-vivo safety pro-
files [28]. Chitosan-SLN (c-SLN) is an effective
hybrid nano-system by combining chitosan-
based drug delivery systems with SLNs cancer
chemoprevention. Chitosan-based nanoparti-
cles exhibit a mucoadhesive feature because
of their positive charge, thereby capable of pro-
longing their residence time in the negatively
charged small intestine and allowing increased
drug concentration at the site of absorption
[29]. Moreover, chitosan can mediate the open-
ing of tight junctions between epithelial cells
reversibly, facilitating the paracellular trans-
port of drug molecules, ultimately leading to
improved bioavailability of the drugs [30].
c-SLNs are biodegradable, bioadhesive, have
permeation enhancing properties and are eas-
ily scaled up for mass manufacture thus acting
as promising vehicles for oral drug delivery with
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Formulation design:

Added drop
Melted stearic 5 2% poloxamer

Drug dissolvedin Mixed
dichloromethane 70°C acid

O = Solid lipid nanoparticle

‘j = Chitosan

a wide range of pharmaceutical applications
[31]. In summary, ¢c-SLN combines the advan-
tages of SLN with the biological properties of
chitosan as an improved drug delivery vehicle
for chemoprevention. Successful development
of this delivery system will result in a paradigm
shift in the area of chemoprevention. In our ear-
lier studies, we have successfully developed
and reported c-SLNs of ASP (size: 430 + 51.1
nm, entrapment efficiency: 65 + 4.06%) and
¢c-SLNs of CUR (size: 440 + 65.9 nm, entrap-
ment efficiency: 72 + 3.98%). Further, to ensure
the safety of the proposed drug combinations,
we performed an in-vivo acute (7-days), sub-
acute (28-days), and sub-chronic (90-days) tox-
icity studies with the combination of ASP
¢-SLNs and CUR c¢-SLNs with free SFN. The
studies did not show any signs of toxicity upon
oral administration and hence were proven to
be safe for long term use as proposed in case
of PDAC chemoprevention [19].

Based on our extensive research on ACS com-
bination for PDAC chemoprevention of over 5
years and the promising preliminary results
obtained thus far, our next objective and the
premise for these studies was to use nano-
encapsulated ¢-SLN combinations of ASP and
CUR mixed with free SFN to determine the effi-
cacy of this therapeutic regimen on the LSL-
Kras®12P*; Pdx-1¢%* transgenic mouse model of
PDAC.

Materials and methods
Chemicals and reagents

ASP and CUR were purchased from Sigma-
Aldrich (St. Louis, MO). Stearic acid, Poloxa-
mer 188, and Chitosan were obtained from
Spectrum Chemicals (Gardena, CA). Ethanol
and Glacial Acetic Acid were obtained from
Fisher Scientific (Houston, TX). Potassium
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0.1% Chitosan
-—

Figure 1. Schematic representation of the formulation design.

Chloride, Potassium Phos-
phate Monobasic, and Tris
Base were purchased from
BDH Chemicals (Radnor,
l PA). Sodium Phosphate Di-

basic was purchased from
EMD Millipore (Billerica,
MA). Sodium Chloride, Tw-
een-20, and SFN were pur-
chased from Santa Cruz
Biotechnology (Santa Cruz,
CA). Fluorescein isothiocya-
nate (FITC) and octadecylamine (ODA) were pur-
chased from Sigma Aldrich USA (St. Louis, MO).

solution

Chitosan-coated solid lipid nanoparticle (c-
SLN) preparation

The following formulations were reproduced
using an optimized formulation method as re-
ported earlier [19]: (F1) Blank c-SLN; (F2) ASP
¢-SLN only; (F3) CUR c¢-SLN only; and (F4) free
unmodified SFN only; and (F5) mixture of ASP
and CUR c¢-SLNs with free SFN. F2 and F3 for-
mulations were prepared in bulk amounts
whereas F5 was prepared by blending known
quantities of nanoparticles from F2, F3, and
free-SFN. Blank nanoparticle formulations
were prepared using stearic acid without any
drugs, which served as the vehicle control.
Briefly, stearic acid (1 g) was melted by heating
at 70°C. The drug (250 mg) was suspended in
ethanol (5 ml). The suspended drug solution
was then added to the melted stearic acid. The
poloxamer solution (50 ml, 2%, water phase)
was heated to the same temperature as that of
the oil phase and Oil/water emulsion was pre-
pared using the modified hot homogenization
technique (Figure 1). For this, the oil phase was
then added to the water phase drop-wise under
continuous high-speed (25,000 rpm) homoge-
nization (Tissue Master 125, OmniInternational,
Kennesaw, GA). The pre-emulsion was further
sonicated for 30 s using an ultra-sonicator
(Branson Sonifier 450, Los Angeles, CA). The
resulting emulsion was passed through a high-
pressure homogenizer (Nano DeBEE, BEE
International, South Easton, MA) for 5 cycles,
and kept on a stirrer for 2 h for solvent evapora-
tion. The emulsion was then mixed with an
equal volume of chitosan (0.1%) dissolved in
glacial acetic acid (0.1%). The mixture of SLNs
with chitosan was stirred for 2 h. The resulting
¢c-SLNs were ultra-centrifuged and the pellet
was collected. For the present study, mannitol
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was added as a cryoprotectant in the ratio of
1:1 (nanoparticles:cryoprotectant). For this,
aqueous solution of mannitol (5 ml) was added
to the pellet. The above solution was mixed well
and frozen in a deep freezer at -80°C. The sam-
ples were then lyophilized in a freeze dryer
(FreeZone 4.5 Plus, Labconco, Kansas City,
MO) and coated with Eudragit L 100-55 disper-
sion (30%).

Preparation of ODA-FITC

In this study, the chemical conjugate of ODA-
FITC was synthesized to incorporate into c-SLN
for evaluating cellular uptake of c-SLN. The syn-
thesis of ODA-FITC involves the reaction be-
tween amino group of ODA and isothiocyanate
group of FITC. For the preparation, ODA (7 mg)
was dissolved in N,N-dimethylformamide (DMF,
60 ml). The mixture was sonicated until the
ODA was dissolved completely (Aqua Sonic®
75HT, VWR). FITC (20 mg) was dissolved in DMF
(5 ml). The FITC and ODA solution was then
mixed by shaking in a water bath (50°C) for 48
h. After the reaction, the mixture was cooled to
room temperature, and then distilled water (20
ml) was added to the mixture to precipitate the
ODA-FITC. The precipitate was collected by fil-
tration using a Millipore filter (0.45 ym) and the
precipitate washed twice with water (20 ml).
The final product formed (ODA-FITC) was lyophi-
lized and stored.

Preparation of ODA-FITC c-SLNs

Briefly, stearic acid (60 mg) and ODA-FITC (4.8
mg) were dissolved in ethanol (6 ml) by sonica-
tion in a water bath. The resultant organic solu-
tion was injected into of 70°C aqueous phase
(60 ml) containing poloxamer (2%) under high
sheer homogenization for 5 min. The mixture
was then cooled to room temperature to obtain
ODA-FITC labeled c-SLN dispersion. The disper-
sion formed was kept for continuous stirring
(dark condition) for 2 h to precipitate ¢-SLN,
and the precipitated c-SLN was then collected
by centrifugation (@10,000 rpm, 10 min) and
lyophilized.

Cellular uptake of fluorescent labeled ODA-
FITC c-SLNs

The cellular uptake tests of the ASP and CUR

loaded c-SLNs were performed in Panc-1 and
MIA PaCa-2 cells by fluorescence microscope.

2008

Briefly, 1 x 10° cells were placed in each well of
8-well chamber slides and grown for 24 h in
DMEM medium (200 pl) supplemented with
FBS (10%), penicillin and streptomycin (1%) at
37°C in 5% CO,. Free ASP/CUR or ASP/CUR
loaded fluorescent c-SLNs were added at a
concentration of 20 yM each to the prede-
signed chamber slides and incubated for 30
min, 2 h and 24 h, respectively. After incuba-
tion, at each time point the growth media was
removed, and the cells were washed three
times with PBS for 5 min. The cells were fixed
with formaldehyde (4%) and then washed 3X
with PBS to remove excess formaldehyde and
the dried slide is stained with mounting medi-
um containing DAPI. Fluorescence microscope
was used to observe the cellular uptake of ASP/
CUR c-SLNs.

Intracellular localization of fluorescent ¢-SLNs

The intracellular localization of FITC (green)
labeled ASP and CUR c-SLNs were performed
in Panc-1 and MIA PaCa-2 cells by fluorescence
microscope. Cells were cultured as described
above. Free ASP/CUR or ASP/CUR loaded fluo-
rescent c-SLNs were added at a concentration
of 20 uM each to the predesigned chamber
slides and incubated for 30 min, 2 h and 24 h,
respectively. LysolD (2 pl, marker for lysosome
labeling, red) was added to each chamber at 30
min prior to the end of each time point, and
incubated for additional 30 min. Growth media
was then removed, and the cells were washed
(3X) with PBS for 5 min. The cells were fixed
with formaldehyde (4%) and then washed (3X)
with PBS to remove excess formaldehyde and
the dried slide was stained with mounting medi-
um containing DAPI (blue). Fluorescence micro-
scope was used to detect the co-localization of
lysosome and the labeled ASP/CUR nanopa-
rticles.

Breeding and genotyping analysis

Breeder pairs of LSL-Kras®2?>* and Pdx-1¢* mi-
ce in the C57BL/6 background were obtained
from the NCI mouse repository. Animals were
housed in ventilated cages under standardized
conditions (24°C, 60% humidity, 12 h light/12
h dark cycle, 20 air changes/h). LSL-Kras®2>*
and Pdx-1°¢* mice were cross bred and the off-
spring of LSL-Kras®12*; Pdx-1¢¢* were gener-
ated. The genotype of each pup was confirmed
by tail DNA extraction and polymerase chain
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Table 1. Treatment plan for the ACS ¢-SLNs in vivo chemoprevention study in the LSL-Kras®?>*; Pdx-

1¢* PDAC mouse model

Group (G) (3 Male + 3 Females/Group)

Treatment Plan (Oral Gavage)

Dose mg/kg (ASP + CUR + SFN)

G1 Saline control Saline 0
G2 c¢-SLN vehicle control Blank c-SLNs (drug free) 0
G3 Low dose of ACS cSLNs ASP c-SLNs + CUR ¢-SLNs + SFN 2+45+0.16
G4 Medium dose of ACS cSLNs ASP c¢-SLNs + CUR ¢-SLNs + SFN 20+45+ 1.6
G5 High dose of ACS cSLNs ASP c-SLNs + CUR c-SLNs + SFN 60 + 135 + 4.8

reaction (PCR) as described. Briefly, genomic
DNA was extracted from tail tissue samples
using the mini-prep kit (Invitrogen). PCR was
performed for Kras and Cre genes using the fol-
lowing conditions: denaturation at 95°C for 5
min, followed by 35 cycles at 95°C for 1 min,
60°C for 1 min and 72°C for 1 min. Oligonu-
cleotide primer sequences used were as fol-
lows: For genotyping Cre (PCR product size
650-base pairs (bp)): Pdx-F: 5-CTGGACTAC-
ATCTTGAGTTGC-3’; Pdx-R: 5-GGTGTACGGTCA-
GTAAATTTG-3'. This strain contains the Pxd-1
promoter element controlling expression of Cre
recombinase in the pancreas. The strategy of
this genotyping method is to anchor the sense
primer in the Pdx promoter, and the antisense
primer in the Cre gene. This will produce a more
specific PCR product than just assaying for Cre
with generic Cre primers.

For genotyping Kras: Kras-yl17: 5-CTAGC-
CACCATGGCTTGAGT-3’; Kras-y118: 5-ATGTC-
TTTCCCCAGCACAGT-3’; Kras-y1116: TCCGAA-
TTCAGTGACTACAGATG-3. For Kras wildtype,
y117/y118 primer pairs generated a PCR prod-
uct of 450-bp. For Kras mutant (LOX), y117/
y116 primer pairs generated a PCR product of
327-bp.

In vivo chemopreventive efficacy studies

The study was conducted using LSL-Kras®22*;
Pdx-1°* mice with an average body weight of ~
20 g, and all protocols were approved by the
Western University of Health Sciences Insti-
tutional Animal Care and Use Committee and
conformed to the “Principles of Laboratory
Animal Care”. Mice were observed daily for any
signs of illness and weighed weekly throughout
the experimental period. Six-week old transgen-
ic mice were randomly divided into 5 groups (3
male + 3 female/group; total 30) and the treat-
ment plan is summarized in Table 1. Group 1
(G1) served as a saline control. Group 2 (G2;
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¢-SLN vehicle control) served as overall control
group. The latter control group received blank
c-SLNs (drug free) to ensure that the nanopar-
ticle contents do not interfere with the end
point analysis. The remaining groups received
three different doses [low (G3), medium (G4),
and high (G5)] of ACS cSLNs chemopreventive
combination regimen daily via oral gavage.
Therapy was continued every 24 h for the dura-
tion of 20 weeks. The highest dose of nano-
ASP, nano-CUR and SFN used for these experi-
ments were considerably less than published
literature based on animal studies of free ASP,
CUR and SFN. Previous studies conducted in
our laboratory demonstrated that the nanopar-
ticle-encapsulated drugs could be dosed at
1/10 of free drugs with comparable efficacy
[17]. The highest dose selected for ASP, CUR
and SFN regimen was 60, 135 and 4.8 mg/kg,
respectively, which was determined based on
current evidence in literature. The medium and
low doses were calculated as 1/3 and 1/30 of
the high dose of chemopreventive agents,
respectively. The pancreas, brain, heart, kid-
ney, and liver were harvested and weighed. The
pancreas was washed with saline and prepared
for histopathological evaluation to identify
PanIN lesions.

Histological examination

All organs of the thoracic and abdominal cavi-
ties were carefully examined in situ macroscop-
ically. The pancreas were fixed in phosphate-
buffered formalin (10%) for 24 h. The formalin-
fixed pancreas were processed for routine his-
tology and 5-um thick sections were cut and
stained with H&E. An independent consultant
expert blinded to samples evaluated the sec-
tions of the pancreas and scored them accord-
ing to PanIN criteria within the following catego-
ries: PanIN1, PanIN2, PanIN3, and carcinoma
[32]. Tumor incidence (percentage of mice with
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Figure 2. Immunocytochemical analysis of cellular uptake of (A) FITC labeled aspirin (ASP) c-SLN in Panc-1 cells, (B) FITC labeled ASP ¢-SLN in MIA PaCa-2 cells, (C)
FITC labeled curcumin (CUR) ¢c-SLN in Panc-1 cells, and (D) FITC labeled CUR c-SLN in MIA PaCa-2 cells at 30 min, 6 h, and 24 h. DAPI (blue color) shows nuclear
staining, and FITC labeled ASP and CUR c-SLNs (green color) shows uptake of ASP and CUR c-SLN inside the cells (Scale bar - 100 px (1.17 uym/px)). [http://www.
techinst.com/userfiles/files/How%20T0%20Calibrate%200020.pdf].

2010 Am J Cancer Res 2018;8(10):2005-2019



Nanotechnology-based therapy of pancreatic cancer

early signs of PanINs) was calculated based on
these scores.

Statistical analysis

The data were expressed as mean + SEM.
Differences between treatment and blank
c-SLN treated vehicle control were analyzed by
ANOVA followed by Dunnett’s multiple compari-
son test using Graph pad prism software. P <
0.05 was considered statistically significant.

Results

The c¢-SLN formulations were successfully
reproduced and exhibited similar physicochem-
ical characteristics as reported earlier [19]
which were investigated for further studies as
follows:

Cellular uptake of fluorescent c-SLNs

Cellular uptake of ASP c¢-SLN and CUR c-SLNs
into Panc-1 and MIA Paca-2 cells were studied
using fluorescence microscopy. Panc-1 and MIA
PaCa-2 cancer cells were exposed to ASP and
CUR loaded fluorescence c-SLNs for 30 min, 6
h, and 24 h, respectively. Upon FITC labeled
¢c-SLN incubation, Pancl and MIA PaCa-2 cells
showed a green fluorescence caused by FITC
around the nucleus within the cytoplasm.
Figure 2A and 2B showed that the cellular fluo-
rescent intensities accumulated from 30 min
to 24 h in ASP ¢-SLN loaded nanoparticle-treat-
ed groups, suggesting that particle uptake of
¢c-SLN was a time-dependent process. With
FITC loaded ASP c¢-SLNs, the fluorescence
intensity increased after 6 h and it remained
almost steady even at 24 h, suggesting the sus-
tained intracellular release and retention of
encapsulated ASP inside the cells. Figure 2C
and 2D showed FITC loaded CUR c-SLNs in
Panc-1 and MIA PaCa-2 cells, respectively. The
green fluorescence inside the cells was already
marked after 30 min of incubation, and it
remained almost steady even at 24 h, suggest-
ing sustained intracellular uptake and release
of CUR. Overall, we conclude that the cellular
uptake of ASP and CUR in chitosan-coated
nanoparticles accumulated over a 24 h period.

Intracellular co-localization study of FITC load-
ed c-SLN with lysolD

Co-localization study of FITC labeled ASP and

CUR c¢-SLNs with lysosome was evaluated
by fluorescent microscopy by incubating FITC
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labeled c-SLNs (Green color) with lysosomal
marker lysolD (Red color). Figure 3A and 3B
showed co-localization of red fluorescence
from lysolD with green fluorescence from FITC
labeled ASP c-SLNs in Panc-1 and MIA PaCa-2
cells, respectively. The co-localization was
clearly evidenced by yellow color fluorescence
(Green and red color overlay) in merged image.
The green fluorescence inside the cells was
increased after 6 h of incubation and showed
clear evidence of co-localization in lysosomes
at 24 h.

Figure 4A and 4B showed co-localization of
FITC labeled CUR c-SLNs in Panc-1 and MIA
PaCa-2 cells, respectively. The merged images
of incubation of CUR c¢-SLNs with lysolD
revealed enhanced co-localization after 30 min
and remained steady even at 24 h. Figures 3
and 4 confirmed an increased accumulation of
ASP and CUR c¢-SLNs in the lysosomes.

In vivo chemoprevention study in LSL-
Kras®1?P/*; Pdx-1¢* PDAC model

No sign of weight loss was observed in the mice
during the 20-week study period. Indeed, the
body weight transition curves of all the groups
showed a steady gain from start to the end of
the study period (Figure 5A). Notably, treat-
ment with ACS c-SLN for 20-weeks did not
cause any adverse effects on growth. Addi-
tionally, no statistical difference was found
between the control group and ACS combina-
tion treated groups as determined by one-way
ANOVA followed by Dunnett’s multiple compari-
son test post hoc analysis during the 20-week
study (Figure 5B).

The average weight (mg) (mean + SEM) of pan-
creas at the end of the study was higher in
blank c-SLN group (223.6 mg + 42.2; Not sig-
nificant [NS]) compared to low (138.0 mg *
26.0; NS), medium (145.0 mg £ 9.0; NS), and
high (133.8 mg £+ 20.3; NS) ACS c-SLN treat-
ment groups, respectively, suggesting PDAC
tumor progression in blank c¢-SLN group. The
statistical difference between blank c-SLN
group and ACS combination-treated groups
was determined by one-way ANOVA followed by
Dunnett’'s multiple comparison test post hoc
analysis (Figure 6A).

ACS c-SLN regimen significantly reduces tumor
incidence in LSL-Kras®?>*; Pdx-1°%* mice

The chemopreventive efficacy of the ACS c-SLN
combination regimen was evaluated based on

Am J Cancer Res 2018;8(10):2005-2019
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Figure 3. Immunocytochemical analysis of intracellular localization of FITC labeled aspirin (ASP) ¢-SLN in (A) Panc-1 cells, and (B) MIA PaCa-2 cells at 30 min, 6 h,
and 24 h. DAPI (blue color) shows nuclear staining; FITC labeled ASP ¢-SLN (green color) shows uptake of ASP ¢-SLN; and LysolD (marker for lysosome labeling,
red color) shows lysosomes in the cytoplasm; Co-localization (yellow color) of red fluorescence from LysolD with green fluorescence from c-SLNs suggests that ASP
¢c-SLNs accumulate in lysosomes (Scale bar - 100 px (1.17 pm/px)). [http://www.techinst.com/userfiles/files/How%20T0%20Calibrate%200020.pdf].
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DAPI FITC LysolD Merge

N - - -
24 h
(20X)

Figure 4. Immunocytochemical analysis of intracellular localization of FITC labeled curcumin (CUR) ¢-SLN in (A) Panc-1 cells, and (B) MIA PaCa-2 cells at 30 min, 6 h,
and 24 h. DAPI (blue color) shows nuclear staining; FITC labelled CUR c¢-SLN (green color) shows uptake of CUR c-SLN; and LysolD shows lysosomes in the cytoplasm;
Co-localization (yellow color) of red fluorescence from LysolD with green fluorescence from c-SLNs suggest that CUR c-SLN accumulate in lysosomes (Scale bar - 100
px (1.17 pm/px)). [http://www.techinst.com/userfiles/files/How%20To%20Calibrate%200020.pdf].
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Figure 5. Effect of ACS c-SLN combination treatment on body weight, pancreatic organ weight, and tumor incidence.
A. Body weight changes of LSL-Kras®?%*; Pdx-1%¢* transgenic mice during 20 weeks of ACS ¢-SLN treatment. B.
Body weight changes of LSL-Kras®?”*; Pdx-1°¢* transgenic mice at the end of 20 weeks of ACS ¢c-SLN treatment.
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Figure 6. Effect of ACS c-SLN combination treatment on body weight, pancre-
atic organ weight, and tumor incidence. A. Average organ weight at the end of
ACS c¢-SLN treatment. B. Effect of ACS c-SLN combination treatment on pan-
creatic tumor incidence. Tumor incidence is determined by percentage of mice
with early signs of PanINs. The statistical significance was determined by one-
way ANOVA followed by Dunnett’s multiple comparison test. Data are shown as

Mean + SEM.

tumor incidence. The histological analysis
determined that (Figure 6B) the blank c-SLN
treated group (G2) exhibited tumor incidence of
100% (percentage of mice with early signs of
PanINs); whereas the low dose (G3) treatment
group had an incidence of 83.4% (P > 0.05;
NS); the medium (G4) and high dose (G5) ACS
groups showed significantly low incidence of
33.2% (60.2% reduction; P < 0.05) and 16.6%
(80.1% reduction; P < 0.05) respectively, as
determined by histological analysis. These
results show that the medium and high doses
of ACS combination regimens were effective in
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reducing cancer incidence
when compared to the
blank ¢c-SLN vehicle control

group.

ACS c-SLN regimen delays
the progression of PanINs
into adenocarcinoma in

M=

= Lowdose ACS ¢c-SLN

LSL-Kras®t2P/* /pdx-16/+
mice model

The isolated pancreatic
tissues were subjected to
H&E staining and different
grades of PanINs were co-
unted upon histological ex-
amination based on an es-
tablished classification sys-
tem for pancreatic duct le-
sions. PanIN1s are flat epi-
thelial lesions composed of
tall columnar cells with basally located nuclei
or a papillary pseudo-stratified architecture.
Further progression of PanIN1s results in the
formation of PanIN2s, flat or papillary muci-
nous epithelial lesions with nuclear abnormali-
ties, which may include some loss of polarity,
nuclear crowding, and enlarged nuclei. Finally,
PanIN3s, resulting from PanIN2 lesions are
identified as papillary or micro-papillary struc-
tures characterized with high-grade dysplasia
and loss of nuclear polarity, indicating develop-
ment of PC. Based on the above criteria and
upon histological examination of H&E stained
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Figure 7. Hematoxylin and eosin (H&E) staining of pancreatic tissues from ACS c-SLN treated LSL-Kras®2%*; Pdx-
1%¢* transgenic mice (A) Blank ¢c-SLN vehicle control group, (B) Low dose ACS ¢-SLN treated group, (C) Medium dose
ACS c-SLN treated group, and (D) High dose ACS c-SLN treated group. (Scale bar - 100 px (1.17 um/px)). [http://
www.techinst.com/userfiles/files/How%20To0%20Calibrate%200020.pdf].

pancreatic tissues, PanINs were enumerated in
the pancreatic tissues in different treatment
groups (Figure 7A-D).

The blank c-SLN vehicle control group showed
intralobular ducts lined with high cuboidal to
low columnar and mostly basal nuclei of either
flatted or hyperatrophied in shape. Large
amount of mucus granules filled the apical por-
tion of these cells (Figure 7A). The low and
medium ACS c-SLN treated tissues showed few
scattered proliferating intralobular ducts and
pyramidal to low cuboidal epithelium lining the
ducts starting to invade the exocrine portion of
the pancreas. Nuclei were large rounded to flat-
tened and basally located. The interlobular
ducts were very organized with regular type of
epithelium. No lymphocytic infiltration outside
or inside the pancreas was seen (Figure 7B and
7C). The high dose ACS c-SLN treated tissues
look normal histologically for both endocrine
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and exocrine portions with the exception of
congestion of blood vessels. Aggregates of
lymphocytes, macrophages and plasma cells
were detected at the capsule among and inside
the adipose tissue around the visceral surface
of the pancreas. All ducts appeared normal
(Figure 7D).

Discussion

Pancreatic ductal adenocarcinoma (PDAC) af-
fects over 40,000 Americans each year. It is
expected to increase by more than 55% over
next 20 years to become the second leading
cause of cancer deaths after lung cancer [33].
The survival rate still remains at a dismal 8%
despite decades of research [34-36], bringing
to the forefront the unmet need to find alterna-
tive means to fight against PDAC. An alternative
strategy that has emerged in recent years is
the chemoprevention aiming to prevent the
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development or recurrence of precancerous
lesions known as pancreatic intraepithelial ne-
oplasms (PanINs) with the use of natural or syn-
thetic agents that reverse, suppress, delay, or
prevent carcinogenic progression to invasive
disease [13]. Additionally, combination therapy
with two or more chemopreventive agents is a
viable strategy, allowing maximum efficacy at
low drug concentrations [14, 15]. A recent
report from the National Cancer Institute (NCI)
highlighted the urgent need for developing che-
mopreventive strategies to reduce the signifi-
cant mortality and morbidity resulting from this
disease [37].

Our group has been actively studying the novel
chemopreventive agents and their combina-
tions for PDAC prevention. Recently, we demon-
strated the use of a combination of solid lipid
nanoparticle (SLN)-based delivery system to
deliver aspirin (A) and curcumin (C) with free
sulforaphane (S) to achieve high efficacy at
extremely low doses [16-18, 20]. Nanoparticle-
based drug delivery has emerged as a promis-
ing therapeutic or chemopreventive approach
[38-40]. Using these novel combined ACS SLN
regimens, we previously reported the success-
ful results of a 24-week chemopreventive study
with the oral administration of the ACS combi-
nation regimen on the N-nitrosobis (2-oxopro-
pyl) amine (BOP)-treated Syrian golden hamster
model to suppress the progression of PanINs
using unmodified (free drug) and nano-encap-
sulated combinations of ACS. High dose ACS
SLN in BOP carcinogen induced PC in hamster
reduced tumor incidence by 75% when using
10X lower doses of nano-encapsulated regi-
mens of ACS versus 68.7% reduction in unmod-
ified combinations. Also, tumor apoptotic indi-
ces increased with our modified regimens,
compared with the BOP-treated vehicle control.
With our 2" generation of ¢-SLN formulation in
LSL-Kras®'?>*; Pdx-1°* mice, the low, medium
and high dose of ACS c¢c-SLN combinations
exhibited a reduction in tumor incidence by
16.6% (P > 0.05), 33.2% (P < 0.01), and 83.4%
(P < 0.01), respectively.

Aspirin, a non-steroidal anti-inflammatory drug
(NSAID) is one of the best-studied chemopre-
ventive agents for many cancers, including PC
and has been demonstrated to modulate the
NF-kB inflammatory pathway [16, 41-44]. Re-
duced risk of PC has been demonstrated for
both low dose (81-100 mg) and regular dose
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(325 mg) aspirin based on increasing timespan
of use [43, 44]. Our previous studies conducted
demonstrated chemopreventive efficacy of
aspirin SLN regimens at much lower doses
(18.2 mg and 63.7 mg) when combined with
curcumin and sulforaphane [17]. Curcumin, the
active ingredient in turmeric, has recently
received considerable attention due to its pro-
nounced anti-inflammatory, anti-oxidative and
anti-carcinogenic activities [45-50]. However,
in humans, orally administered curcumin is
poorly absorbed, rapidly metabolized and elimi-
nated, limiting its therapeutic potential. For PC
treatment, combining curcumin with anticancer
drugs, such as gemcitabine, appear to be safe
and well tolerated [51, 52]. In addition, regis-
tered phase I/Il clinical trials to investigate the
effectiveness of curcumin alone or with first-
line treatment in patients with breast, prostate,
pancreatic, lung, or colorectal cancer are
ongoing.

Results from previous studies showed that the
uptake of SLNs from the intestinal lymphatic
system bypassed first pass metabolism in the
liver, thus increasing circulation time, reducing
dosage and ensuring high bioavailability of the
drugs [53-56]. It has been demonstrated that
SLNs are ingested as intact particles into the
lymph after duodenal administration to fed rats
[57, 58] to avoid the degradation of the lipid
nanoparticles (exposing the free drug) in lym-
phatic system [54, 59]. The oral delivery of pan-
creas-targeted nanoparticles remains unpre-
dictable, as the pancreas is a difficult organ to
reach via the oral route. The premise of this
study is to use combinations of chemopreven-
tive agents (ACS) encapsulated in chitosan
coated SLNs for the synergistic chemopreven-
tion of PDAC. Incorporating chitosan, a biode-
gradable polysaccharide, will optimize the for-
mulation parameters and efficacy of the SLN
delivery system. Chitosan is a nontoxic and bio-
compatible polysaccharide derived from the
shells of crustaceans, with proven in vivo safety
profiles [28]. Combined chitosan-based drug
delivery systems [23] with SLNs provide us with
an effective hybrid nano-system (chitosan-SLN
or ¢-SLN) for cancer chemoprevention. Chito-
san-based nanoparticles exhibit a mucoadhe-
sive feature because of their positive charge,
prolonging their residence time in the negative-
ly charged small intestine [29], increasing the
drug concentration at the site of absorption.
Moreover, chitosan can mediate the opening of
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tight junctions between epithelial cells revers-
ibly, facilitating the paracellular transport of
drug molecules ultimately leading to improved
bioavailability of the drugs [30]. c-SLNs have
permeation enhancing properties and are eas-
ily scaled up for mass manufacture thus acting
as promising vehicles for oral drug delivery with
a wide range of pharmaceutical applications
[31, 60, 61]. Drug-loaded c-SLNs will be coated
with Eudragit L-100 polymer to avoid drug
release in the stomach [62]; instead, dissolving
in the small intestine and releasing c-SLNs in
the duodenal region, which would subsequently
be taken into the lymphatic circulation.

Histopathological findings support the study
hypothesis as we observed normal histo-archi-
tecture of both exocrine and endocrine portions
of the pancreatic tissue in high dose treated
group. Congestions of the blood vessels is a
consequence of method of scarifying the exper-
imental animals. Only in high dose group, in-
flammatory cells were observed within the adi-
pose and peri-pancreatic tissue. Inflammatory
cells were reported in the peri-pancreatic tis-
sue in patients with different grades of PanIN
linked to poor survival rates in non-neoplastic
pancreatic tissue [63].

In conclusion, the combined release of ACS
from c-SLNs will ensure a sustained, sub-toxic
presence of these chemopreventive agents to
allow significant chemopreventive effect. Due
to the enhanced bioavailability, the dosage of
these chemopreventive agents are significantly
reduced, thus immediately reducing the poten-
tial for severe side effects. Additionally, our
results provided strong proof-of-concept of the
potential of chemoprevention using ACS ¢-SLN
therapy regimens to suppress or delay the pro-
gression of PDAC.
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