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INTRODUCTION

Pancreatic cancer is the fourth-leading cause of cancer-related deaths in the United States after breast, colon and
lung cancers. The most common type of cancer of the pancreas is adenocarcinoma a tumor that arises from the cells
that line the duct of the pancreas. Only about 20 to 40% of patients with adenocarcinoma of the pancreas have a
tumor that is confined to the pancreas at the time of diagnosis. This year 48,960 people are estimated to be
diagnosed with pancreatic cancer of which 40,560 people are estimated to be killed*. The 5-year survival rate is
7.2%". Although, Gem is used as the first-line drug for treatment of pancreatic cancer, therapeutic outcome is
disappointing as a result of tumor resistance to drug delivery as demonstrated in clinical and preclinical trials which
has recorded a median survival between 5.0-7.2 months post treatment? >,

Cardinal features of pancreatic tumors confer drug resistance include discontinuous, leaky and dysfunctional
vasculature with high interstitial pressure impeding transport of chemotherapeutic agents to the extracellular
compartment®. Pancreatic tumors are characteristically hypoxic and undergo a series of stromal reaction resulting in
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desmoplasia of the extracellular compartment. These processes have been recognized to augment the survival and
antagonistically confer resistance to drug therapy? 3. Gem, a pyrimidine nucleoside analog, is transported into the
intracellular region by nucleoside transporter and catalytically converted to Gem- mono, di and triphosphate by
deoxycytidine kinase which subsequently blocks ribonucleotide reductase and deoxyribonucleic acid (DNA)
synthesis* °. Though it has been proven to be clinically effective in the management of pancreatic cancer, it has
demonstrated a low metabolic stability with a short half-life of approximately 8-17 min°. Effective delivery of Gem
will therefore require a delivery system which has the capacity to deliver discriminately a i) high payload of Gem to
tumors, ii) protects Gem from enzymatic degradation with concomitant increase in residence time, and iii)
minimizes unwanted systemic toxicity. A promising strategy that has gained tremendous attention is the entrapment
of anticancer drugs in the core of liposomes, a hon-toxic, biocompatible and biodegradable, and has been approved
by Food and drug administration (FDA) as a carrier for doxorubicin hydrochloride®.

mHT involves the heating of tumors to temperatures of up to 42°C and is usually combined with chemotherapy or
radiation to enhance the therapeutic outcome of the treatment. HT has a major impact on several tumor
pathophysiological parameters such as perfusion and vascular permeability on liposome extravasation in tumor areas
’ However, uptake of intravenously administrated liposomes by macrophages in reticuloendothelial system (RES) as
a result of opsonization leads to decrease drug distribution and low therapeutic efficacy of anticancer drugs °.
Opsonization could be averted by the conjugation of polyethylene glycol (PEG) polymers to liposomal surface
leading to reduce steric interaction of liposomes with plasma opsonin such as serum albumin. Conferring “stealth”
properties to liposomal carrier increases its residence time in systemic circulation which may lead to increase
concentration of entrapped drug in tumor environment®. Upon arrival in the tumor area, pegylated thermosensitive
liposomes, which composed of temperature sensitive phospholipids, undergo a gel-to-liquid crystalline phase
transition at temperatures around 42°C, a process which causes significant release of liposome-entrapped water-
solublﬁ drugs™®. Report also indicates that mild HT may synergistically enhance the antitumor effect of anticancer
agent ™.

Other studies on delivery of Gem through thermosensitive liposomes have been published*?** however the use of
waterbath or light as a source of heat to disrupt the liposomes brings into question its translational potential. The
reason is that neither waterbath (immersion of the flank-bearing tumor in water) nor light can provide sufficient heat
for deep seated tumors. Our study seek to address this problem by employing special thermocouple heating device
made by Omega Engineering which has the capacity to provide heat to deep seated orthotopic tumor model such as
pancreatic cancer.

In this study, we report the feasibility of employing TSLnps as delivery system and mild HT to increase the delivery
of Gem, which is poorly membrane permeable and improve its anti-cancer activity in pancreatic cancer tumor. The
study was conducted in both in vitro and in vivo.

Materials and Methods

Dipalmitoylphosphatidilcholine  (DPPC),1-myristoyl-2-palmitoyl-sn-glycero-3-phosphocholine  (MPPC), 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol) 2000 (DSPE PEG,qy), and 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (Rho-PE)
were purchased from Avanti Polar Lipids (Alabaster, AL). Gemcitabine hydrochloride (2’-Deoxy-2',2'-
difluorocytidine) and reagentsfor alanine aminotransferase (ALT), aspartate aminotransferase (AST) and alkaline
phosphatase (ALP) determination were purchased from Sigma-Aldrich (St. Louis, MO). MiaPaCa-2 cell line was
purchased from American Type Culture Collection (ATCC) (Manassas, VA). All solvents used were of analytical
grade.

Preparation of Gem-TSLnps

A Gem-TSLnps was formulated as described in our previous publication *°. Briefly, Gem-TSLnps was prepared
using DPPC:MPPC:DSPE-PEG,qq in a molar ratio of 90:10:4 by thin film hydration and extrusion method at 60 °C.
A combination of 50 mg of phospholipids was dissolved in chloroform and mixed until a clear solution was
observed. Chloroform was then removed by passing a thin stream of nitrogen gas through the solution under a fume
hood. Lipid mixture was further dried under vacuum for 24 hr to remove residual chloroform. The thin film formed
was subsequently hydrated with 10 mM of Gem-HCI dissolved in phosphate buffered saline (PBS, 1x) at pH 7.2. It
was further subjected to intermittent vortexing for 15 min to form multilaminar vesicles (MLV). The lipid vesicle
solution was extruded through 200 nm polycarbonate membranes for 15 times. Unencapsulated Gem was removed
by dialysis against PBS for 24 hr'®'® (Spectra/Por® Dialysis Membrane MWCO 3500, Spectrum, Rancho
Dominguez, CA). Similarly, Rho-PE-TSLnps was prepared with DPPC: MPPC: Rho-PE: DSPE-PEG,qy in @ molar
ratio of 90:10:0.5:3.5 by the method described above. The final products, Gem-TSLnps and Rho-TSLnps, were
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Iyophilized using 5.0 % (w/v) mannitol as a cryoprotectant, kept in sealed cryovials and stored at 4°C in wrapped
aluminium foil. All the formulations were filtered through 0.22 umbefore use. Size was determined by dynamic
light scattering using Particle Sizing systems, Santa Barbara, California.

Determination of Gem entrapment in TSLnps: Lyophilized Blank TSLnps and Gem-TSLnps were prepared as
described above. Fifty mg of physical mixture made up of Gem, DPPC, MPPC and DSPE-PEG,q, was also
prepared. Fourier Transform-infrared spectroscopy (FTIR) spectra of the formulations and physical mixture were
determined (750-4000 cm™) on the FTIR spectrophotometer (PerkinElmer Life and Analytical Sciences,
Connecticut). The obtained spectra of pure Gem, blank TSLnps and Gem-TSLnps and that of physical mixture were
compared to identify characteristic peak that might indicate the presence of Gem in TSLnps™®.

Entrapment efficiency (EE)

The amount of Gem entrapped in TSLnps was determined by disrupting 1ml of Gem-TSLnps suspension with 100
pl of 30% triton X-100. The solution was increased to 3 ml with mobile phase (mobile phase 10 mM phosphate
buffer, pH 3.0 containing 5% of acetonitrile). The solution was then vortexed for 1 min and centrifuged at 10,000
rpm (11,630 rcf) for 10 min. Internal standards and obtained supernatant solutions were analyzed using Water’s high
performance liquid chromatography (HPLC) with photodiode array (2998 UV/Vis) detector (column = C18, 4.6 x
250 mm, flow rate of 1.0 ml/min, injection volume 20ul)*®. The EE (%) of Gem was calculated as follows:

EE (%) = —omount ofGem loaded o 40004 oo, (1)

Initial amount of Gem added

In vitro release of Gem

Percent release of Gem from TSLnps was determined at different temperatures (26, 34, 37, 39, 42, 45, and 50 °C) as
previously described™. Cumulative release of Gem at 37 °C was determined at different time points (5, 10, 15, 30,
60, 120, 240, 360, 720 and 1,440 min). Twenty milligram of lyophilized Gem-TSLnps was suspended in 1 ml of
PBS and transferred into a washed dialysis bag (MWCQO: 12, 000 daltons) that was subsequently placed in a glass
bottle containing 5 ml of PBS and sealed tightly with a screw cap. The temperature of the system was maintained at
37 °C with continuous stirring (80 rpm). One milliliter of the receiver solution was removed at each time point and
replaced with fresh PBS kept at 37 °C. Amount of Gem released into receiver chamber at each time point was
determined by HPLC as described above. Gem in 20 mg of lyophilized Gem-TSLnps also was determined by
disrupting TSLnps with 30% Triton X-100 and diluted to appropriate volume.

Cell viability assay:

Cytotoxic effects of Gem and Gem-TSLnps were determined by trypan blue assay method. MiaPaCa-2 cells were
initially grown in DMEM (Dulbecco’s Modified Eagle’s Medium) supplemented with25 mM HEPES buffer, 10%
fetal bovine serum (FBS) and5ml of Penicillin-streptomycin (10000 UI Pen/10000ug Strep per 1ml). MiaPaCa-2
cells were cultured in 75 cm®culture flask at optimum growth conditions (pCO,, 5%, humidity, 95%) and incubated
at 37°C. Cells were seeded in 12-well plates in triplicates at a density of 2.0 x 10* cells per well. The groups were
treated with different concentrations of either Gem or Gem-TSLnps and incubated for 24 hr. After 24 hr, Gem-
TSLnps treated groups were exposed to heat at 42°C ( 0.02°C) for 10 min (after reaching thermal equilibrium at
42°C) and incubated further for 24 hr at 37°C. Cells were stained with 0.4% trypan blue and counted using Biorad
automated cell counter. Percent live cells were then calculated as follows:

Cell viability (%) = umber oflive cells In reatment group o 9 ... )

Number of live cells in control group

Clonogenic Assay

Survival of MiaPaCa-2 cells post treatment was determined by seeding cells at 1.5-2.0 x 10° in 25 cm® culture flask
and incubated at optimum growth conditions of (pCO,, 5%; humidity, 95%; 37°C) and allowed to grow to a
confluence level of 70%. Cells were then treated with 0.001, 0.01, 0.1, 1.0, 10 and 100 uM of Gem or Gem-TSLnps.
After 24 hr, cells treated with Gem-TSLnps were exposed to mild HT at 42°C for 10 min in an isotemp incubator
and placed back into CO, incubator at 37°C. Cell growth was terminated on the 7" day and re-plated in 6-well plates
at 1,000 live cells per well and incubated for 10 days until cluster of colonies were formed. Colonies were washed 2
times with PBS, fixed using methanol and acetic acid in ratio of 7:1. The colonies were stained with 0.5% methylene
blue (dissolved in 50% ethanol) for 5 min and thoroughly washed with running water and air dry. Colonies were
later visualized and counted using stereomicroscope. Cluster of 50 or more cells were counted as one colony.
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Confocal imaging and flow cytometric analysis

Confocal imaging and flow cytometric analysis were employed to determine the extent of cellular uptake of TSLnps
by MiaPaCa-2 pancreatic cancer cell lines. MiaPaCa-2 cells were cultured on cover slides at a density 0f1.5x10° at
optimum growth conditions for 24 hr as reported previously *°. In confocal studies, MiaPaCa-2 cells were exposed
to 1 ml of 0.5mol % Rho-TSLnps in growth medium and incubated for 4 hr at optimum growth conditions. Cells
were adequately washed with PBS and incubated with Hoechst dye (Spg/ml) for 30 min. After 30 min, cell
monolayers were washed 3 times with PBS, fixed with 4.0% paraformaldehyde solution overnight and later
examined by a confocal laser microscope 2.

For flow cytometric analysis, MiaPaCa-2 cells were plated in duplicates in a 6-well plate as described *°. Cells were
seeded at 2.0x10°cells per well and treated with 0.5 mol% Rho-PE and Rho-PE-TSLnps (0.5 mol% of Rho-PE) after
the cell growth reached 75 % confluence. After 24 hr incubation growth medium was removed, cells washed twice
with PBS and detached using 0.25 % trypsin-EDTA. The trypsin was then neutralized with growth medium and cell
suspension centrifuged at 2,500 rpm for 3 min. Cell pellets were fixed with 4% paraformaldehyde and rewashed 3
times with PBS to remove any traces of paraformaldeyde. The fixed pellets were re-suspended in 500 pl of PBS and
analyzed using fluorescence-activated cell sorting (FACS) caliber flow cytometer.

Animals and tumor cells

Female athymic nude (Nu/Nu) mice were obtained from The Jackson Laboratory (Bar Harbor, ME) at 6 to 8 weeks
of age. The animals were housed in a virus-free, indoor, light- and temperature controlled barrier environment and
were provided ad libitum access to food and water. All procedures with animals were in strict accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Florida A&M
University Animal Care and Use Committee. MiaPaCa-2 cells were cultured in DMEM medium supplemented with
10% FBS and 1% penstrep (100 U/mL penicillin and 100ug/mL streptomycin) and incubated in 5% CO, and
humidified environment of 95% air at 37 °C. Cells were (5.0 x 10 in 100u1 PBS) injected subcutaneously in the
lower flanks of nude mice, and tumors of 7 mm in diameter were used.

Antitumor activity study

Mice were injected intraperitoneally (i.p) with Gem (20.0 mg/kg), Gem-TSLnps and Gem-NTSLnps (equivalent
dose of Gem, 10.0 mg/kg) and followed up with the same dose of the formulations every other day for 2 weeks. IP
injection was preferred to intravenous (V) injections because we wanted to prevent vascular damage due to the
repeated injections (3 injections per week) and also to avoid severe stress to the animal, which needed to be
restrained if not anesthetized during injection.

In localized hyperthermia, heat was exposed to tumor area of Gem-TSLnps treated mice where needle
thermocouples (Omega Engineering) were positioned into the tumor core and at the tumor surface for 10 min once a
week for 2 consecutive weeks (timing was started after thermal equilibration of tumor core has reached 42 + 1.0 °C)
Figure 1. Tumor measurements of tumors including untreated or control group were taken every other day for 24
days using a digital Vernier caliper (measuring both longer axis and shorter axis of tumor). Animal with tumor size
equal to 2 cm was euthanized to prevent pain and suffering. Tumor volume was calculated based on the equation
below.

Tumor Volume = 0.5 X L X W2 i 3)

Where L is tumor length and W is tumor width.

Toxicological Analysis

Weight of mice: All mice in the treatment groups as well as the control group were weighed every other day until the
end of the experiments to assess the effect of Gem or Gem-TSLnps on mouse body weight.

Measurement of liver function: Blood samples were collected post treatment from mouse through the tail in the
control, Gem and Gem-TSLnps + mHT treated groups to determine the effect of treatment on liver. The blood
samples were centrifuged to separate the serum from blood clot at 3,500 rpm for 5 min. Serum were serially diluted
and tested for ALT, AST and ALP enzyme activity according to manufacturer’s protocol to assess liver integrity.
The ALT, AST and ALP enzyme activities were measured colorimetrically?.

The enzymes were calculated based on the equations below:

For ALT:

. .. _ BxSample Dilution
ALT Activity = Tl —Tomitial Jxp" "+ e s 4)
Where;
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B = Amount (nmole) of pyruvate generated between Tinitial and Tfinal
Tinitial=Time of first reading in minutes

Tfinal=Time of penultimate reading in minutes

V = Sample volume (ml) added to well.

For AST:

AST Activity = 2X5ample Diution Factor )
(Reaction Time )XV

Where,

B = Amount (nmole) of glutamate generated between Tinitial and Tfinal

Reaction Time = Tfinal — Tinitial (minutes)

V = Sample volume (ml) added to well.

For ALP:

ALp = (a4s0nm /minTest ~AA%05nm [min Blank )W@HWE) (6)

(18.5)(VE)
Where,

df = Dilution Factor

VF = Volume (in militers of assay)

18.5 = Millimolar extinction coefficient of p-Nitrophenyl Phosphate (pNPP) at 450 nm
VE= Volume (in milliliters) of enzyme used

Statistics: The difference between Gem and Gem-TSLnps treated groups were analyzed using Student’s t-test
(paired) and considered significant at p < 0.05. All experiments were performed at least in triplicate and analyzed
using GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA, USA)

Results

Characterization of TSLnps

Particle size and zeta potential: Gem entrapment efficient in both TSLnps and NTSLnps was found to be 41.10 +
2.02 % and 7.73 + 0.26 % respectively. While Gem-TSLnp hydrodynamic size was 216.10 £ 0.57 nm, Gem-
NTSLnp size was285.00 + 0.442 nm slightly larger than that of Gem-TSLnps although NTSLnps entrapped lesser
amount of Gem. For zeta potential values, Gem-TSLnps and Gem-NTSLnps were determined -0.047 + 0.117
mV0.018 + 0.678 mV respectively (Table 1).

FTIR analysis: FTIR is not a confirmatory analysis to determine drug entrapment in a carrier or nanoparticle
however; it could be used to assess the association or interaction of drug and lipid by way of bond formation
between drug and the carrier. In this study, FTIR analysis was conducted to determine an interaction between the
Gem and the liposomal carrier. Careful examinations of the absorption peaks of Gem spectrum (Fig. 2A) and that of
Gem-TSLnps (Fig. 2B) were completely different. Further, blank TSLnps(Fig. 2C) absorption peaks were not
similar to that of Gem-TSLnps absorption peaks. The unique features of Gem-TSLnps peaks clearly show a close
association between Gem and Gem-TSLnps. FTIR spectra of pure Gem showed characteristic peaks at 3387.6,
1674.79, 1535.63, 1087.72, 1060.15, and 1197.42 cm™, however, Gem-TSLnps demonstrated comparable prominent
sharp peaks at 3389.41 and 1062.35 cm™ respectively which showed an association of Gem andTSLnps.

In vitro release of Gem from TSLnps at different temperatures: The release of Gem from Gem-TSLnps was
determined at different set of temperatures as observed in Fig 3A.Gem release was up to 25 % with increasing
temperature from 26°C to 37°C, however, sharp increase in Gem release (60 %) was observed between 38°C to 42°C
after which Gem release remained fairly constant from 42°Cto 50 °C. Overall, Gem released at 42°C (~ 60%) was
significant compared to that at 37°C (**p<0.01) however, the fast release of Gem from 26°C to 37°C could be
attributed to Gem that were adsorbed to the surface of the liposomal nanoparticles.

Release of Gem from TSLnps at different time points: For optimal TSLnps-based drug delivery, it is imperative that
the nanoparticles retain their content as they move through the circulatory system before reaching the heated tumor.
In figure 3B, Gem release during the 24hr of incubation at 37°C and 42°C was presented. As previously observed
with 25% Gem release at 37°C (Fig. 2), we observed a similar trend of Gem release of 28% at 37°C within the first 4
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hr (Fig. 3) followed by insignificant Gem release for the next 20 hr. This trend of release could be largely attributed
to the adsorbed Gem on TSLnps surface during the formulation process, despite rigorous effort to remove the
unentrapped Gem. Another release study at 42°C led to a rapid burst of Gem release (60 %) from TSLnps within the
first 10 min after which the release was maintained as the time increased for over period of 24 hr.

In vitro viability studies: Cytotoxic effects of Gem-TSLnps and Gem were investigated on MiaPaCa-2 cells at
varying concentrations: 0.001, 0.01, 0.1, 1.0, 10.0 and 100.0 uM (Fig.4). No significant difference was observed
between cells exposed to mHT and the control (no treatment) groups. We observed decline in cell viability (%) of
Gem-TSLnps + mHT treated group compared to Gem treated group but marked decline in cell viability was noticed
at 100pM (*p < 0.05) where Gem-TSLnps + mHT was more effective against MiaPaCa-2 cells. As expected,
estimates of 1Cs, showed a lower inhibitory concentration for Gem-TSLnps + mHT treated group compared to Gem
treated group (0.063 vrs 0.077 uM) (Fig. 5).

Clonogenic Survival Assay: In vitro cell survival was determined via clonogenic assay. The primary aim was to
determine the resilience and proliferative ability of MiaPaCa-2 after treatment with Gem or Gem-TSLnps + mHT.
As shown in Fig6B, there was a marked decrease in percentage survival of MiaPaCa-2 cells after treatment with
Gem-TSLnps + mHT compared to that of Gem treated. This was observed as a reduction of number of colonies
formed in a dose dependent manner of Gem or Gem-TSLnps treated MiaPaCa 2 cells (Fig. 6A). Percentage survival
of MiaPaCa-2 cells declined remarkably in groups treated with Gem-TSLnps + mHT compared to Gem from0.01,
through t01.0 pM (p** < 0.01; p*** < 0.001).

Confocal imaging: The intracellular uptake of Rho-TSLnps by MiaPaCa-2 monolayer cells was observed as bright
red fluorescence while nuclei counterstained with DAPI/Hoechst dye appeared in blue fluorescence as shown in
figure 7A.The merged image provided a co-localization of Rho-TSLnps and nuclei of the cells. This provides a clue
of Rho-TSLnps’ location relative to the cells’ nuclei.

Flow cytometric analysis: Cellular uptake of TSLnps was determined by flow cytometric analysis. MiaPaCa-2
monolayer cells were treated with either TSLnps tagged with Rho (Rho-TSLnps) or Rho alone as shown in Fig 7B.
Using geometric mean fluorescence intensity (GMFI) value of untreated cells as the baseline, both Rho-PE and Rho-
PE-TSLnps shown increased cellular uptake however, the uptake potentially of Rho-PE-TSLnps was 2.4-fold higher
(**p <0.01) than that of Rho-PE as observed in GMFI values (Fig. 7C).

Toxicological Analysis

Mouse body weight: The toxicity occurring in the mice treated with Gem, Gem-TSLnps and Gem-NTSLnps
formulations was monitored by measuring changes in body weight. None of the mice treated with Gem, Gem-
TSLnps and Gem-NTSLnps or control group exhibited any body weight loss.

Measurement of liver function: To evaluate the toxicity of our formulation TSLnps, serum levels of AST, ALT and
ALP were determined to assess the effect that it may have on liver. As shown in figure 8, AST and ALT levels of
Gem and Gem-TSLnps treated mice were comparable and also not statistically different from that of the control
(untreated) group. However, ALP serum level of either Gem or Gem-TSLnps treated mice was significantly higher
compared to ALP level of the control group (*p<0.05). Further, ALP level of Gem-TSLnps treated group was
moderately higher than that of Gem treated group.

Antitumor activity studies: The antitumor efficacy of Gem, Gem-TSLnps and Gem-NTSLnps formulations were
monitored after i.p. administration. The Gem-TSLnps treated group with heated tumor showed a lower tumor
volume compared to Gem (Fig. 9), despite a relatively lower drug dose: Gem 20 mg/kg, GemTSLnps 10 mg/kg.
Further, Gem-TSLnps + mHTmarkedly inhibited tumor growth 1.7 fold-lower (**p<0.01) and 1.8 fold-lower
(**p<0.01) compared to Gem treated group on the 8" and 10™days respectively. Also on day 19" day, Gem-TSLnps
+ mHT significantly regressed tumor to 1.4 fold (*p<0.05) compared to that of Gem treated tumor. As expected,
Gem-TSLnps and Gem-NTSLnps did not significantly tumor growth.

Figure 1: Schematic diagram showing the injection of Gem-TSLnps in tumor bearing mouse followed by tumor
heating.

864



ISSN 2320-5407 International Journal of Advanced Research (2015), Volume 3, Issue 10, 859 — 874

865



ISSN 2320-5407 International Journal of Advanced Research (2015), Volume 3, Issue 10, 859 — 874

Figure 2: FTIR spectra for (A) pure Gem, (B) Gem-TSLnps, (C) blank TSLnps and(D) physical mixture (DPPC,
MPPC, DSPE-PEGyq and Gem).

Figure 3: Gem-release at varying at temperature and time: (A) TSLnps release behavior of Gem from TSLnps with
increasing temperature, Gem-TSLnps was kept at each temperature for 10 min (**p < 0.01 comparison of Gem
release at 37°C vrs 42°C). (B) in vitro cumulative release of Gem at 37°C and 42°Cover period of 24 hr. Data
expressed as mean = SEM, n=3
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Figure 4: Percent cell viability of MiaPaCa-2 cells against varying concentration of Gem and Gem-TSLnps(*p <
0.05, 100 UM Gem vrs 100 pM Gem-TSLnps) p-value was calculated by Student’s t-test. Data expressed as mean *
SEM,n=3
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Figure 5: Non-linear dose response curve of percentage live MiaPaCa-2 cells against different concentrations of
Gem (common logs). Data expressed as mean £ SEM, n = 3.
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Figure 6: Survival data of MiaPaCa-2 cells post treatment: (A) Plates showing colonies of MiaPaCa-2 cells after
treatment with Gem or Gem-TSLnps + mHT, (B) % Survival of MiaPaCa-2 cells against different concentrations of
Gem and Gem-TSLnps + mHT. Data expressed as mean + S.D, n = 3, (*p<0.05, **p < 0.01, ***p < 0.01, Gem vs
Gem-TSLnps treated MiaPaCa-2 cells). P-values were calculated by Student’s t-test.
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Figure 7: Cellular uptake efficiency of TSLnps by MiaPaCa-2 cells assessed by confocal microscopy and flow
cytometry: (A) Confocal image showing the accumulation of Rho-PE-TSLnps (red fluorescence) and cells nuclei
counterstained with DAPI (blue florescence) in MiaPaca-2 cells. Merge image shows co-localization of Rho-PE-
TSLnps and nucleus. (B) Data show histogram representative of cellular uptake of Rho-PE-TSLnps and Rho-PE in
MiaPaCa-2 cells. (C) GMFI representing untreated cells (M1), Rho-PE (M2) and Rho-PE-TSLnps (M3). (p<0.01,
M2 vrs M3) p-value was calculated by Student’s t-test. Data expressed as mean + SEM.
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Figure 8: Liver enzyme measurement: (A) glutamate standard curve for AST assay (y = 0.0894x -0.149, r*=0.996):
(B) pyruvate standard curve for ALT assay (y = 0.0878x -0.0006, r’=0.995). The table shows the ALT, AST and
ALP serum levels of control (untreated), Gem and Gem-TSLnps + mHT mice. Data expressed as mean £ S.D, n = 3.
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Figure 9: In vivo antitumor activity ofGem, Gem-TSLnps + mHT, Gem-TSLnps and Gem-NTSLnps against
MiaPaCa-2 tumors in nude mice. (*p< 0.05and **p< 0.01; Gem vrs Gem-TSLnps + mHT on the 8", 10" and 20"
days onMiaPaCa-2 tumor growth curves) p-values were calculated by Student’s t-test. Data reported as mean + S.D.,
n=>5.
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Table 1
i i Zeta potential (mV) Entrapment
Formulation Lipid composition Molar Ratio Mean Izgr';[;de size Efficiency (%)
GEM-TSLnps DPPC: MPPC: DSPC-PEG, 90:10:4 216.10 £ 0.565 -0.047 £0.117 41.1 +2.022
GEM-NTSLnps HSPC: CHOL: DSPC-PEG, 75:50:3 285.00 = 0.442 0.018 + 0.678 7.73+0.258

Lipid composition, % EE and physicochemical characterization of Gem-TSLnps and Gem-NTSLnps. Data expressed as mean = S.D, n =3
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Discussion

Pancreatic cancer, a ductal adenocarcinoma continues to be a critical health problem due lack of early
detection and its resistance to chemotherapy or radiation”®. Gem is currently the standard drug of choice in the
management of pancreatic cancer, however the therapeutic application of Gem is clinically presented with low
metabolic stability and poor cell membrane permeability. TSLnps, a biocompatible drug delivery system that allows
for protection and targeted delivery of both hydrophilic and hydrophobic drugs has currently evolved as a promising
strategy in recent times 24,

Although studies on the delivery of Gem through thermosensitive liposomes have been publishe
however the use of waterbath or light as a source of heat to disrupt liposomes in these published studies brings into
question its translational potential. The reason is that neither waterbath (immersion of the flank-bearing tumor in
water) nor light can provide sufficient heat to disrupt thermosensitive liposomes in deep seated tumors. Our study
however, is unique in the sense that we employed special thermocouple heating device made by Omega Engineering
which has the capacity to provide heat to deep seated orthotopic tumor model such as pancreatic cancer.

In this current study, we investigated cytotoxicity effect of Gem-TSLnps + mHT on MiaPaCa-2 pancreatic cancer
cells.

12-14
d ’

Lipid composition have been found to possibly influence liposome size and entrapment efficiency?®. The
particle size of our formulation and in increase in pore size of tumor vasculature due to localized heating tumor are
more likely to influence the respond of tumor to nanoparticle based drug that relies on EPR for delivery® ?’. As
shown in Table 1, both Gem-TSLnps and Gem-NTSLnps demonstrated low zeta potential possibly due to pegylation
of the liposomes by DSPE-PEG . Nonetheless, pegylation of liposomes could confer “stealth” g)roperties and
rendered liposomes less likely to undergo opsonization and uptake by reticuloenothelial system (RES)® %.

Although FTIR studies do not confirmed entrapment of Gem in TSLnps, FTIR analysis have been
conducted on drug interaction with delivery system to determine an association between drug-carrier complex %% %,
Our FTIR obtained spectra revealed distinct and sharp peaks that were characteristics of blank or empty TSLnps,
Gem and Gem-TSLnps. However, careful comparison of these absorption peaks clearly suggests the presence of
Gem in TSLnps. The sharp prominent peaks were possibly due to free —OH (3389.41 cm™) and —C-O (1062.35 cm™)
stretch in Gem entrapped in TSLnps (Gem-TSLnps)*°.

Once Gem entrapped in TSLnps was confirmed by FTIR, we proceeded to study the release behavior of
Gem from TSLnps at different temperatures and different time points. TSLnps displayed a maximum Gem release
0f28% at 37 °C over period of 24 hr while 60% of Gem was released within 10 min by TSLnps after exposure to
mHT (42 °C) over 24 hr. The data suggest that TSLnps was largely stable at 37 °C but highly unstable at 42 °C
leading to rapid release of Gem. Also, the 28% Gem release at 37 °C was suspected to be those that were adsorbed
on the surface of TSLnps during the formulation process, although significant effort was made to remove the free
Gem.

It has been reported that release of drugs in thermosensitive liposomes depended largely on melting phase
transition temperature (T,) of lipid composition®. At T,, phase, a liquid-gel phase intermediate co-exists that allow
the release of Gem from TSLnps. DPPC with T, of 41.5°C constituted about 87% of lipid composition of our
1I;Ssll_nps formulation and previous studies suggest that Gem release is significantly influence by DPPC at 42.0 °C™

To evaluate the efficacy of Gem-TSLnps, in vitro cytotoxicity of Gem and Gem-TSLnps + mHT against
MiaPaCa-2 cells was compared. We observed that cytotoxic effect of Gem-TSLnps + mHT was stronger compared
to Gem treated cells in dose dependent fashion. Further, 1Cs, of Gem-TSLnps + mHT was 1.17 fold high compared
to that of Gem. It was worth noting that the initial purpose of mHT application was to disruptTSLnps and release
Gem, we also noticed that the 10 min exposure of mHT to the cells slightly inhibited the cells’ growth when
compared to control cells. This indicated a dual action of mHT by: i) disrupting TSLnps, and ii) sensitizing cells to
Gem. We further conducted clonogenic cell survival assay to determine the effectiveness of Gem and Gem-TSLnps
+ mHT on the survival and proliferation ofMiaPaCa-2 cells. Our findings revealed a significant loss in the
proliferative ability of surviving cells that were previously treated with Gem-TSLnps plus mHT compared to that of
Gem treated cells. This is an indicative of a loss of long term survival of Gem-TSLnps + mHT treated MiaPaCa-2
cells which is imperative in therapeutic intervention®.

To assess the ability of TSLnps to deliver poor membrane permeable drugs such as Gem, intracellular
uptake of Rho-PE and Rho-PE-TSLnps was evaluated using flow cytometric analysis. Although Rho usually has
high cellular uptake, our data showed a higher uptake of Rho-PE-TSLnps compared to that of Rho-PE. The fact that
Rho-PE uptake was greatly increased when entrapped in TSLnps suggests that TSLnps was a good delivery system.
To confirm the flow cytometry data, confocal imaging was performed on previously Rho-PE-TSLnps treated cells.
The data obtained was consistent with that of flow cytometry suggesting that TSLnps could deliver significant
amount of Gem into tumor cells by overcoming the energetically unfavorable endocytosis process for the drug®.
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In the MiaPaCa-2 tumor animal model, Gem delivery to heated tumor by the TSLnps was greatly enhanced
as these tumors were significantly regressed compared to tumors treated with Gem or Gem-NTSLnps, suggesting
that Gem released under hyperthermia could rapidly permeate into the tumor and efficiently be taken up by the
tumor cells™ ** 8 While it took 24 days for tumor volume of Gem-TSLnps treated mice to quadruple (4Vo), the
Gem treated group took 20 days. This result suggests that TSLnps approach can be used for the successful delivery
of Gem.

It should be emphasized here that Gem in TSLnps was half the dose of Gem used in Gem-treated group.

We could not use equivalent amount of Gem in TSLnps because of injection volume (100 pL) restriction, each
mouse was required to receive 100 pL of either free Gem or Gem-TSLnps irrespective of Gem concentration. In
contrast, groups treated with Gem-TSLnps without mHT or Gem-NTSLnps demonstrated poor antitumor activity. It
was therefore apparent that the application of mHT played a pertinent role in the therapeutic outcome of Gem-
TSLnps treatment. Our findings were consistent with studies performed by others*®. The toxicity of Gem-TSLnps
was investigated by analyzing liver enzymes post treatment, but no significant elevated levels of AST, ALT or ALP
were observed. The slightly increased levels of AST and ALP suggest moderate liver uptake of Gem-TSLnpsas
reported by others®* .
This study was conducted to evaluate the feasibility of delivering Gem a short half-life and poor membrane
permeable drug through TSLnp delivery system. In our future studies, we plan to use orthotopic tumor model with
magnetic resonance guided focused ultrasound to assess fully the application of TSLnps as a Gem delivery system in
the treatment of pancreatic cancer using mHT.

Conclusion

We have successfully formulated Gem loaded thermosensitive liposomes. These liposomes showed a temperature
sensitive Gem release in vitro and showed significant tumor regression compared to free Gem in MiaPaCa-2 tumor
model. Despite the relatively lower Gem dose in TSLnps (Gem-TSLnps 10 mg/kg) compared to free Gem
(20mg/kg), tumor regression of Gem-TSLnps group was significantly high. The findings provide strong evidence in
support of a plausible therapeutic application of thermosensitive liposomes as Gem delivery system for the effective
treatment of pancreatic cancer.
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