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Introduction: Pancreatic cancer, or pancreatic duct adenocarcinoma (PDAC), remains one
of the most lethal cancers and features insidious onset, highly aggressive behavior and early
distant metastasis. The dense fibrotic stroma surrounding tumor cells is thought to be a shield
to resist the permeation of chemotherapy drugs in the treatment of PDAC. Thus, we
synthesized a pancreas-targeting paclitaxel-loaded PEGylated liposome and investigated its
antitumor efficacy in the patient-derived orthotopic xenograft (PDOX) nude mouse models
of PDAC.

Methods: The PTX-loaded PEGylated liposomes were prepared by film dispersion-
ultrasonic method and modified by an N,N-dimethyl tertiary amino residue. Morphology
characteristics of the PTX-loaded liposomes were observed by transmission electron micro-
scope (TEM). The PDOX models of PDAC were established by orthotopic implantation and
imaged by a micro positron emission tomography/computed tomography (PET/CT) imaging
system. The in vivo distribution and antitumor study were then carried out to observe the
pancreas-targeting accumulation and the antitumor efficacy of the proposed PTX liposomes.
Results: PTX loaded well into both modified (PTX-Lip2N) and unmodified (PTX-Lip)
PEGylated liposomes with spherical shapes and suitable parameters for the endocytosis
process. The PDOX nude mouse models were successfully created in which high '*F-FDG
intaking regions were observed by micro-PET/CT. In addition to higher cellular uptakes of
PTX-Lip2N by the BxPC-3 cells, the proposed nanoparticle had a notable penetrating ability
towards PDAC tumor tissues, and consequently, the antitumor ability of PTX-Lip2N was
significantly superior to the unmodified PTX-Lip in vivo PDOX models and even more
effective than nab-PTX in restraining tumor growth.

Conclusion: The modified pancreas-targeting PTX-loaded PEGylated liposomes provide
a promising platform for the treatment of pancreatic cancer.

Keywords: pancreas-targeting, tertiary amine, pancreatic duct adenocarcinoma, paclitaxel
liposome, antitumor efficacy

Introduction

Currently, pancreatic cancer is gradually becoming a fatal digestive system carci-
noma throughout the world with a rising trend in morbidity and a persistent high
level of mortality that is estimated to be the fourth leading cause of cancer-related
death.! The major pathological type of pancreatic cancer is pancreatic duct
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adenocarcinoma (PDAC), which accounts for over 90% of
cases and features insidious onset, highly aggressive beha-
vior and early distant metastasis.>

Although radical resection followed by adjuvant che-
motherapy is the only potentially curative treatment of
PDAC, less than one-fifth of patients with PDAC could
meet the essential surgical standard once diagnosed and
subsequently undergo surgical resections, most of which
would suffer from recurrent conditions with locally
advanced tumor or distant metastasis within a year.*®
Given that, numerous therapeutic strategies, including che-
motherapy, radiotherapy, targeted therapy, etc., in addition
to surgical treatment have been carried out in this field.
However, only a few regimens based on cytotoxic drugs
have improved the outcomes of patients with PDAC to
some extent.” '' The current guidelines still recommend
gemcitabine, since the late 1990s, plus nanomolecular
albumin-bound paclitaxel (nab-PTX) or FOLFIRINOX,
a quadruple regimen of 5-fluorouracil, leucovorin, irinote-
can and oxaliplatin, as the first-line chemotherapy to deal
with this devastating disease if it is unresectable.”'”
Despite notable progress that has been achieved in detect-
ing procedure and comprehensive therapy of PDAC, the
poor prognosis is still frustrating, with a persistently low
5-year survival rate of 6-9%.'>!'*

Both the invasive nature with early recurrence and
metastasis and the development of chemical resistance
can contribute in part to the poor prognosis of
PDAC.">'® To date, the dense fibro-inflammatory stroma
that develops along with the tumor cells has been high-
lighted as a shield to resist the permeation of chemother-
apy drugs.'” Formulations that target or inhibit tumor
stroma or with high-penetrating ability towards tumor
tissue have been reported to improve survival
outcomes.'®'? For example, nab-PTX, which is aimed at
overexpressing albumin-binding protein in PDAC stroma,
has successfully attained a high intratumoral concentration
of the drug and offered significant antitumor properties
when in combination with gemcitabine.”® Thus, an appro-
priate nanomolecular delivery system carrying chemother-
apeutic drugs with high efficiency to penetrate the barrier
of the tumor stroma would be a promising strategy to
improve the prognosis of PDAC.

In our previous studies, a series of derivatives of HIPDM
(N,N,N’-trimethyl-N’-(2-hydroxy-3-methyl-5-iodobenzyl)-
1,3-propane diamine), a brain perfusion imaging agent with
a notable affinity for the pancreas,>'** were constructed in
conjugation with several crude drugs, in which the structure

of the propanediamine moiety with a tertiary amine, eg,
N,N-dimethyl-ethanolamine or N,N-dimethyl-1,2-diami-
noethane, presents a notable pancreatic targeting ability.?*~*
The Pancreas and brain have both been reported to have
acidic microenvironments.>>*® Thus, the proposed mechan-
ism of this phenomenon may be associated with the pH
gradient between the acidic microenvironment of the pan-
creas and relatively alkaline plasm where the conjugated
tertiary amine moiety could exhibit a notable affinity for
the pancreas and cross the epithelial barrier between the
blood and pancreas, named blood—pancreas barrier
(BPB),””*® to mediate the targeted accumulation in the
pancreas.

Based on these findings, we synthesized a novel
PEGylated liposome in our previous research modified by
DSPE-PEGj(0p-2N, a new compound with an amido linkage
between N,N-dimethyl-1,3-propanediamine and 1.2-distear-
oyl-sn-glycero-3-phosphoethanolamine-N-[succinimidyl
(polyethylene glycol)-2000] (DSPE-PEG,(y,-NHS), outside
the membrane and preliminarily examined its drug delivery
efficiency towards the pancreas.”” However, the penetrating
ability of this nanoparticulate delivery system and the con-
centration of loaded drug into PDAC tumor tissues are still
unknown. In the current study, we conducted a further
experiment by loading PTX in patient-derived orthotopic
xenograft (PDOX) nude mouse models to determine whether
this new drug delivery system targeting the pancreas could

improve the therapeutic efficacy of PTX against PDAC.

Materials and Methods

Materials

PTX and nab-PTX were both purchased from Hengrui
Pharmaceutical Co., Ltd (Shanghai, CN). 1.2-Distearoyl-sn-
glycero-3-phosphoethanolamine-N-methoxy (polyethylene
glycol)-2000 (mDSPE-PEG,q0) was purchased from
Laysan Bio, Inc (Hawaii, USA). The modified ligand DSPE-
PEG000-2N was synthesized in the National Laboratory
of West School
University as described previously.?® 1,1-Dioctadecyl

China Pharmaceutical of Sichuan
-3,3,3",3'-tetramethylindodicarbocyanine perchlorate (DiD)
was obtained from Best Reagent Co., Ltd (Chengdu, CN).
All other chemicals were of analytical or high-performance
liquid chromatography grade.

Animals and Cell Cultures
Athymic BALB/c-nu/nu male nude mice and NOD/SCID
male mice (GemPharmatech Co., Ltd., Jiangsu, CN), both
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4—-6 weeks old, were used to construct the PDOX models.
The mice were maintained in the individual ventilated
cages (IVC) of a specific pathogen free (SPF) facility
under standard conditions with 12-h light-dark cycles and
allowed free access to food and water throughout the
entire experiment. All animal experiments were performed
in accordance with the guidelines approved by the
Institutional Animal Care and Ethics Committee of
Sichuan University (approval no. 2019198A).

BxPC-3 cells (a human pancreatic adenocarcinoma cell
line) were obtained from the ATCC (Virginia, USA), cul-
tured in RPMI-1640 (GIBCO, USA) supplemented with
10% fetal bovine serum (GIBCO, USA) and 100 U/mL
penicillin/streptomycin that was changed every two days
and incubated at 37°C in a humidified atmosphere contain-
ing 5% COs,.

Preparation of Liposomes

The PTX-loaded PEGylated liposomes were prepared by the
film dispersion-ultrasonic method. First, chloroform solu-
tions of LipoidS100 (20 mg/mL), cholesterol (10 mg/mL),
mDSPE-PEGjg¢ (5 mg/mL), DSPE-PEG;(00-2N (2 mg/mL)
and PTX (1 mg/mL) were prepared and stored. After taking
the above solutions at a volume ratio of 1:1:0.8:0.5:1, respec-
tively, and mixing them in an empty flask, the solvent of the
mixture was removed under negative pressure in a rotary
evaporator at 37°C for over 10 min to form a uniform trans-
parent film. Finally, adequate phosphate-buffered saline
(PBS) was added to the flask according to the final concen-
tration needed to hydrate the adherent film at room tempera-
ture for 20 min and then an ultrasonic cell crasher was
utilized to sonicate the suspension for 8§ min at 100
W (3 s pulse and 5 s rest) to acquire the modified liposomes
containing PTX (PTX-Lip2N). Unmodified PTX liposomes
(PTX-Lips) were prepared with LipoidS100, cholesterol,
mDSPE-PEG,o and PTX stored previously at a volume
ratio of 1:1:1:1 by the film dispersion-ultrasonic method
mentioned above. DiD-labeled liposomes (DiD-Lip/DiD-
Lip2N) were prepared by using a chloroform solution of
DiD instead of PTX according to the same procedure.

Characterization

The morphology characteristics of PTX-loaded liposomes
were observed by transmission electron microscope (TEM,
H-600, Hitachi, Tokyo, Japan). A droplet of suspension
solution (0.5 mg/mL) was deposited on a copper grid
covered with nitrocellulose, negatively stained with phos-
photungstic acid, and allowed to dry at room temperature

before TEM observation. The particle size and polydisper-
sity index (PDI) of PTX-Lip/PTX-Lip2N were determined
by dynamic light scattering using a Malvern Zetasizer
NanoZS90 (Malvern Instruments, Malvern, UK). All
experiments were repeated three times.

The content of PTX encapsulated in PTX-Lip/PTX-
Lip2N was determined by the membrane filter method.
The encapsulation efficiency (EE) and drug-loading (DL)
coefficient were

calculated according to following

formulas:*°

EE%=
fed) x100%

DL%= (weight of drug loaded/total weight of materials
added) x100%.

(weight of drug loaded/weight of drug

In vitro Cellular Uptake

Cellular uptake of the PTX-Lip2N/PTX-Lip was quantita-
tively measured by using DiD as a fluorescent probe instead
of PTX loaded in the liposomes.*'** Briefly, BxPC-3 cells
were cultured in a 12-well plate at a density of 1x10° cells
per well and incubated for 24 h at 37°C in a humidified
atmosphere containing 5% CO,. After that, serum-free cul-
ture media containing free DiD, DiD-Lip and DiD-Lip2N
with the same final DiD concentration of 0.5 pg/mL were
applied to replace the original medium and incubated at
37°C.

Fluorescence imaging experiments were performed on
an AIRMP two-photon confocal laser scanning micro-
scope (Nikon, Japan). After incubation, each well was
washed with cold PBS three times to eliminate residual
DiD, and then the cells were fixed with 4% paraformalde-
hyde for 15 min at room temperature. A blue fluorescent
stain, 4',6-diamidino-2-phenylindole (DAPI), was used to
stain the cell nucleus before the final fluorescence
imaging.

The fluorescence intensity of the cells was evaluated by
a FACSVerse flow cytometer (BD, USA). After incuba-
tion, the cells were harvested using 0.25% trypsin-EDTA,
washed twice with cold PBS, and finally resuspended in
0.5 mL of PBS for flow-cytometry measurements.

Cell Proliferation Assay

The cytotoxicities of PTX, PTX-Lip, PTX-Lip2N and nab-
PTX were evaluated by MTT assay in BxPC-3 cells. Briefly,
cells were plated in 96-well plates at a density of 1x10*
cells/well and incubated in a 5% CO, atmosphere at 37 °C
for 24 h before intervention. Subsequently, the cells were
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treated with a series of twofold dilutions of PTX from the
above preparations for 48 h. Cells were then incubated with
20 puL of MTT (5 mg/mL in PBS) for another 4 h and the
formed crystals were dissolved in 150 uL. of DMSO per
well. The absorbance at 570 nm was measured using
a microplate reader (Bio-Rad, USA). The cell viability (%)
was calculated using the following formula:

Cell viability (%) = (A[Test-Apiank))/ (A[Control-A[Blank])
x100%

where Aqrest;, AfControly aNd Apjank] Tepresent the absor-
bances of the treatment group, untreated control group and
blank culture media group, respectively.

Establishment of PDOX Models of PDAC
by Orthotopic Implantation

The PDAC tumor was acquired from a patient receiv-
ing pancreatic resection after diagnosis by fine needle
aspiration biopsy under the guidance of endoscopic
ultrasonography in the Department of Pancreatic
Surgery, West China Hospital. Written informed con-
sent was preciously obtained from the patient, and the
Institutional Review Board of the hospital also
approved this experiment.

The PDOX models of PDAC were established as
described previously.*** Once acquired from the speci-
men, the tumor was cut into fragments of approximately
3mm? to transplant subcutaneously into NOD/SCID mice
as the first generation. Then, the nude mice were
implanted with the patient tumor growing in NOD/
SCID mice as the second generation to establish the
models. In brief, after anesthetization with 2.5% sodium
pentobarbital (50 mg/kg, i.p.), each mouse subsequently
underwent a sterile laparotomy with a 1 cm transverse
incision through the skin and peritoneum under the left
costal margin to expose the tail of the pancreas. The
tumor fragments were implanted into the capsule of the
pancreas with an inoculating needle (2 mm in diameter)
and fixed with absorbable 6—0 polyglactin sutures (6—0
Vicryl, Ethicon, Inc., USA).

A micro animal positron emission tomography/com-
puted tomography (PET/CT) imaging system (Inviscan
SAS, FR) was used to confirm the establishment of the
PDOX models before treatment at the Nuclear Medical
Center of West China Hospital. '*F- fluorodeoxyglucose
("®F-FDG) was used as the radioactive tracer (120 +

10 pCi, i.v.) in this procedure.

In vivo Distribution of PTX-Lip/PTX-

Lip2N in Tumor-Bearing Mice

The in vivo physiological distribution of Lip2N has already
been described in our previous research. Hence, further
observations of the biodistribution in normal mice at 2 h, 6
h and 24 h were carried out. In addition, we used PDOX and
subcutaneous xenograft models of PDAC to detect the dis-
tribution in tumor tissues. DiD-labeled DiD-Lip and DiD-
Lip2N were injected intravenously into the tail veins of the
model mice at a DiD equivalent dose of 200 pg/kg. The
major organs, including heart, lungs, spleen, kidneys, liver,
pancreas and tumor tissue, were obtained 2 h after injection
and imaged by an in vivo imaging system (IVIS, Caliper Life
Sciences, USA) to determine the fluorescence intensity.>*

In vivo Antitumor Study in the PDOX
Model of PDAC

The nude mice with the PDOX model were first randomized
into five treatment groups: normal saline (NS) as a control,
PTX, PTX-Lip, PTX-Lip2N and nab-PTX. The drugs were
injected i.v. twice a week at an equivalent dose of 5 mg/kg
PTX per dose for 4 weeks. The treatment procedure began
when the PDOX tumors reached 100mm>. Mice were sacri-
ficed after complete treatment to harvest the tumors. Tumor
volume was calculated by the following formula:

Tumor volume = 0.5 x (major diameter) x (minor
diameter)?.

Tumor tissues were fixed in 4% paraformaldehyde and
then embedded in paraffin for hematoxylin and eosin
(H&E) staining and immunohistochemistry (IHC) analysis
of the antigen Ki-67.2"*® The cell proliferation rates were
evaluated by the percentage of Ki-67 positive cells among
total cells counted in 5 random 20 x fields.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism
8.0 software. All data from the experiments are expressed
as mean * standard deviation (SD) and analyzed by
Student’s #-test or one-way analysis of variance followed
by Tukey’s test. A p-value of < 0.05 was considered
statistically significant for all comparisons.

Results

Characterization
The microstructural schematic diagram of
PTX-loaded PEGylated liposomes modified by N,
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N-dimethyl-1,3-propanediamine (PTX-Lip2N) is shown
in Figure 1A. The spherical lipid bilayer structures of
PTX-Lip and PTX-Lip2N were observed by TEM
(Figure 1B and C), and both had diameters of nearly
150 nm. The characteristics of the liposomal formula-
tions are summarized in Table 1. The surface potentials
of PTX-Lip/PTX-Lip2N were —13.8+1.3 mV and —10.1
+1.7 mV, respectively. The average diameters of the
two PTX-loaded liposomes were significantly larger
than those of the two empty liposomes due to PTX
introduction in the liposomal bilayer (p < 0.05). The
PDI values were all less than 0.2, showing that these
liposomes all had monodisperse systems. Finally, the
encapsulation efficiencies of PTX obtained in both
formulations were over 90%, and the drug-loading
rates were 2.56% and 2.61%, respectively.

In vitro Cellular Uptake

Cellular internalization of free DiD, DiD-Lip and DiD-
Lip2N by BxPC-3 cells was observed and imaged by
confocal laser scanning microscopy (Figure 2A-C), in

which more intense-red fluorescence was observed in the
cytoplasmic region of the DiD-Lip2N group than in the
other groups. Further study of quantitative cellular uptake
by flow cytometry was consistent with the above outcomes
(Figure 2D). The cellular uptake values of DiD-Lip and
DiD-Lip2N were 4.07 times higher (p < 0.05) and 7.12
times higher (p < 0.01) than that of free DiD, respectively,
indicating that the liposomal formulations could be more
efficient in delivering PTX into pancreatic cancers. Higher
uptake of DiD-Lip2N than DiD-Lip was calculated,
though, without significant difference (P=0.069).

Cell Proliferation Assay

The anti-proliferative effect of PTX-Lip2N compared to free
PTX, PTX-Lip or nab-PTX was determined by MTT assay in
BxPC-3 cells (Figure 3). The half-maximal inhibitory con-
centrations (IC50s) of free PTX, PTX-Lip, PTX-Lip2N and
nab-PTX were over 50 nM, 33.40 nM, 20.36 nM and 29.53
nM, respectively, against BxPC-3 cells. The other three PTX
formulations all showed significant reductions in cell viabi-
lity compared with free PTX (p < 0.05). After modification

Paclitaxel

o
OO LN
PR N VAS DSPE-PEG
o o % o 2000
J\/\Fg { -
0 o - +)
g ° ?’% °eg o §\/[/\f N,N-dimethyl-1,3-propanediamine
20, o o
)\/NJOOOO ° 0.0l o -
o Phospholipid

PTX-Lip

PTX-Lip2N

Figure | Microstructural schematic diagram of PTX-Lip2N (A), and transmission electron microscopic images of PTX-Lip (B) and PTX-Lip2N (C).
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Table | Characterization of Liposomes (n=3, Meant SD)

Formulation Size (nm) PDI = SD Zeta Potential (mV) EE (%) DL (%)
Empty Lip 1263 £ 9.5 0.162 £ 0.11 —146 £ 1.9

Empty Lip2N 1292 £ 74 0.177 £ 0.07 -10.7 £ 1.6

PTX-Lip 156.3 £ 8.2 0.192 + 0.08 -13.8+ 1.3 922 %25 2.56+ 0.13
PTX-Lip2N 1534 + 6.4 0.183 £ 0.13 —10.I £ 1.7 935+ 3.9 261+ 0.19

Abbreviations: PDI, polydispersity index; EE, encapsulation efficiency; DL, drug loading; PTX, paclitaxel.

by the tertiary amine derivate, N, N-dimethyl-1,3-propane-
diamine, PTX-Lip2N exhibited increased cytotoxicity than
unmodified PTX-Lip (p < 0.05) and was slightly more effec-
tive than nab-PTX but without a significant difference.

In vivo Distribution Study in Tumor

Tissue

Normal mice and PDOX/subcutaneous xenograft models
were utilized to analyze the in vivo distribution of DiD-
labeled DiD-Lip/DiD-Lip2N. Fluorescence imaging was
first performed in normal mice at 2, 6 and 24 h after i.v.
injections as shown in Figure 4A, and the mean fluorescent
intakes of the pancreas are compared in Figure 4B. Among

A

all three time-related groups, DiD-Lip2N showed an
increased accumulation in the pancreas that was significantly
higher than that of DiD-Lip. In addition, in vivo fluorescence
imaging of the orthotopic/subcutaneous models is shown in
Figure 5A, and the mean fluorescent intakes of the tumor
tissues are compared in Figure 5B. A significantly greater
fluorescence intensity was observed in the DiD-Lip2N group
compared with the DiD-Lip group from the orthotopic tumor
(p < 0.05). The fluorescent distribution of the two groups
from the subcutaneous model, however, did not show any
significant difference, indicating that Lip2N modified by the
proposed tertiary amine derivative had an efficient penetrat-
ing ability towards PDAC tumor tissue in addition to its

significant pancreas-specific accumulation.

DD DiD-Lip DiD-Lip2N
D 510' *k
2 8-
[+]
'E E 3
5 6 -
(%]
c
g -
(7]
o
o 2+
=}
c | —
0 T
DiD DiD-Lip DiD-Lip2N

Figure 2 Confocal fluorescence images of cellular uptake by BxPC-3 cells of free DiD (A), DiD-Lip (B) and DiD-Lip2N (C). Scale bar, 50 um. Mean fluorescence intensities
(D) evaluated by flow cytometry. *p < 0.05, **p < 0.01, DiD-Lip/DiD-Lip2N versus free DiD. (n=3).
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Figure 3 In vitro cytotoxicity study of different PTX formulations in BxPC-3 cells by MTT assay. *p < 0.05, versus free PTX. (n=6).
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Figure 4 IVIS images of the in vivo distribution of DiD, DiD-labeled DiD-Lip/DiD-Lip2N in normal mice 2, 6 and 24 h after i.v. administration (A), and mean fluorescence
intensities of time-related biodistributions (B). *p < 0.05, **p < 0.0, DiD-Lip2N versus DiD-Lip.

In vivo Antitumor Study

The '®F-FDG image of the PDOX nude mouse model of
PDAC by PET/CT is shown in Figure 6. The high
"F_FDG intake region (marked by arrows) located in the
area of the mouse pancreas was observed to confirm the
successful establishment of the PDOX model. The mean
tumor-to-muscle and tumor-to-blood ratios of the standar-
dized uptake values (SUVs) of '"*F-FDG in the PDOX
models were 1.87 £ 0.53 and 1.19 + 0.32, respectively.

Next, sequential i.v. antitumor therapy by NS, PTX, PTX-
Lip, PTX-Lip2N and nab-PTX was performed as described
above. The tumor tissue specimens in the tail of the pancreas
were harvested and photographed (Figure 7A), and the mean
volumes of these tumors are shown in Figure 7B. The PTX
(0.221 + 0.036 cm®) and PTX-Lip (0.184 =+ 0.036 cm”) treat-
ment groups were both superior to the control group (0.331 +
0.043 cm®, p < 0.01) with significant antitumor efficiencies.
The modified PTX-Lip2N (0.129 + 0.022 cm®) significantly
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Figure 5 IVIS images of the in vivo distribution of DiD-labeled DiD-Lip/DiD-Lip2N in the PDOX/subcutaneous models of PDAC (A), and mean fluorescence intensity of
tumor biodistributions (B). *p < 0.05, DiD-Lip2N versus DiD-Lip. (n=3).

Figure 6 'SF-FDG uptake of the PDOX model with PDAC by micro-PET/CT. The high '8F-FDG intake region (marked by arrows) located in the area of the mouse pancreas
was observed to evaluate the establishment of the PDOX model.
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Figure 7 In vivo antitumor effects of PTX, PTX-Lip, PTX-Lip2N and nab-PTX in PDOX models of PDAC. The tumor specimens in the tail of the pancreas (A) and mean
tumor volumes of each group at the end of the experiment (B). *p < 0.05, PTX-Lip2N versus PTX-Lip. (n=5).

2952  submit your manuscript Drug Design, Development and Therapy 2020:14

Dove


http://www.dovepress.com
http://www.dovepress.com

Dove

Chen et al

H&E

Ki-67 Gt
S g

SR ZTY

&

Figure 8 Representative tissue photomicrographs (H&E and antigen Ki-67 stain) from control group and treatment groups by PTX, PTX-Lip, PTX-Lip2N and nab-PTX.

Magnification, 400x.

inhibited tumor growth to a greater extent than PTX-Lip
(p < 0.05), and was slightly superior to nab-PTX (0.157 +
0.023 cm’, p = 0.08), although, there was no significant
difference.

Tumor histology stained by H&E and IHC analysis of
antigen Ki-67 are shown in Figure 8. For H&E staining,
the tumor densities were all significantly reduced by sys-
temic administration of the prepared drugs compared with
the NS group, and the areas of fibrous connective tissues
simultaneously increased. Furthermore, necrosis and apop-
tosis of tumor cells and inflammatory cellular infiltrations
were more obvious in the PTX-Lip2N group than in the
other intervention groups. The cell proliferation rates were
calculated by the Ki-67 index. Remarkably, the four inter-
vention groups were all significantly lower than the control
group (78.3 = 8.75%, p < 0.05). PTX-Lip2N (24.2 +
6.65%) was more effective in inhibiting tumor cells than
PTX (56.7 + 8.16%, p < 0.001) and PTX-Lip (43.3 +
9.31%, p < 0.05), indicating that after modified by the
tertiary amine derivative, Lip2N increased the accumula-
tion of PTX in PDAC tumors and enhanced the antitumor
efficacy in vivo. Consistent with tumor sizes, the PTX-
Lip2N treated group showed lower Ki-67 positive rates
than the nab-PTX treated group (31.7 = 10.8%, p = 0.178).

Discussion

Pancreatic cancer remains one of the most lethal cancers
and it is currently highlighted by its resistance to che-
motherapeutic drugs, which can be attributed in part to the
dense stroma that acts as a physiological barrier of the

tumor tissue.””*® Currently, albumin-bound PTX (nab-
PTX) has been widely utilized in a large number of clinical
trials*' ™ in combination with gemcitabine considering its
relatively high concentration of PTX by targeting the PDAC
stroma and its synergistic antitumor efficacy with gemcita-
bine. Thus, an appropriate nano delivery system with effi-
cient stroma-penetrating ability through the PDAC barrier
is a promising direction for further studies. Based on our
previous studies, the propanediamine moiety with a tertiary
amine derived from pancreatic developer contrast medium,
23_HIPDM, was indicated to significantly increase pan-
creatic accumulation of the conjugated drugs.*2* The
PEGylated liposome modified by a proposed new residue,
N,N-dimethyl-1,3-propanediamine (Lip2N), also exhibited
a notable pancreas-targeting ability in delivering agents.?’
Thus, we utilized this drug delivery system loaded with
PTX (PTX-Lip2N) and carried out a further study by con-
structing a PDOX mouse model of PDAC to evaluate its
in vivo distribution within tumor tissues and antitumor
efficacy against pancreatic cancer. In the current study,
PTX-Lip2N was revealed to have high drug encapsulation
efficiency and significantly accumulated in PDAC tumor
tissues, and its antitumor efficacy was significantly superior
to that of unmodified PTX-Lip in in vivo PDOX models and
even more effective than nab-PTX in restraining tumor
growth, however, there was no significant difference.

The clinical formulation of PTX, which is limited by its
remarkable hydrophobicity, was made with a Cremophor-EL
based solution with significant adverse reactions.***’ In
recent years, nanotechnology has offered alternative PTX
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nano-formulations, such as liposomes, polymeric nanoparti-
cles and polymeric micelles, to enhance the therapeutic effect
in many malignant tumors.**** Modifications to outside sur-
face of liposomes, such as PEG derivatives,>® acylated
chitosan,’ Uor protein transduction domains,52 have been
reported to enhance the antitumor efficacy by either higher
blood concentrations or enhanced permeability and retention
(EPR) effects. In addition, the loading efficiency and stability
of PTX by cationic liposomes was reported by Monpara et al
to be improved by adding cholesteryl arginine ethylester.>?
The liposomal formulation of PTX based on a prodrug
synthesized by conjugating PTX with glycerophosphoryl-
choline (GPC) was also reported to prolong the half-life in
the bloodstream with reduced adverse effects.>* In addition
to intravenous administration, the oral delivery of PTX was
modified by using dual-functioning chitosan-thioglycolic
PTX-loaded liposomes with significant mucus adhesion and
penetration ability to enhance intestinal absorption and
improve oral chemotherapy efficacy.’> Liposomes co-
modified by fructose and RGD targeting transporter, such
as GLUTS and integrin a,bp3, were reported to have
enhanced anti-proliferative abilities and efficient accumula-
tion at the tumor site of triple-negative breast cancer.”® In the
present study, both prepared liposomes encapsulated PTX
with a high encapsulation efficiency over 92% and displayed
suitable particle diameter and surface charge parameters,
which are thought to be directly related to the endocytosis
process.”’° The in vitro cellular uptake of Lip2N was
investigated in the BxPC-3 human PDAC cell line by con-
focal laser scanning microscopy and flow cytometry, and the
intracellular delivery efficiency of Lip2N was superior to that
of unmodified liposome (Figure 2, P=0.069), which is similar
to our previous study.>® A further tumor distribution study of
Lip2N was performed in orthotopic/subcutaneous PDAC
models (Figure 5), in which significant tumor accumulation
of Lip2N was observed after modification by the proposed
residue.

Patient-derived tumor orthotopic xenografts (PDOXs)
have been reported to have the capability of reproducing the
molecular microenvironment and morphological character-
istics of primary tumors and have been successfully used in
evaluating chemotherapeutic efficacy against PDAC.*6!
Herein, we created PODX nude mice models to mimic the
real microenvironment of PDAC tumors and evaluated the
antitumor efficacy of the proposed drug delivery system. In
addition, we utilized a micro PET/CT imaging system to
observe the formation of pancreatic orthotopic tumors with
a high intake of '®F-FDG (Figure 6). This noninvasive

assessment was reported to have high PDAC diagnostic

accuracy®>%?

and has already been successfully used in
tumor models.®* In the present research, a high '*F-FDG
intake region located in the area of the mouse pancreas was
observed to confirm the establishment of the PDOX models
before treatment.

Epithelial tissue consists of one or more layers of
closely connected cells between the plasma and basolateral
membranes, and its barrier function associated with mate-
rial exchange was reported to be strongly associated with
the bilateral pH gradient.®>*® HIPDM, a diamine deriva-
tive, was initially proposed as a brain perfusion imaging
agent with a high-affinity for cerebral blood vessels and

6768 after cross-

significantly accumulated in brain tissues
ing the blood-brain barrier featured a pH gradient between
plasma (pH 7.4) and the brain (pH 7.0).%° This tertiary
diamine derivative was considered to be neutral and lipid
soluble at high pH with an affinity for brain epithelial
cells, became charged after diffusing into cells at lower
interval pH and could no longer diffuse out.®” In addition,
HIPDM was

agent’'?? for its pancreas affinity to cross the epithelial

recommended as a pancreas-imaging
barrier between the blood and the pancreas, the BPB, with
a pH gradient between plasma and the acidic pancreas (pH
6.8).%> According to these phenomena, a series of tertiary-
amine propanediamine moieties derived from HIPDM
were applied in combination with some crude drugs.”*~*
After tailoring by these tertiary amine groups, the com-
pounds exhibited higher affinities for the pancreas, from
which we could suppose that the specific targeting accu-
mulation was in part mediated by the distinct affinity
between the tertiary amine and the epithelial barrier with
a reduced pH gradient. In the current study, the pancreatic
affinities of the liposomes were significantly increased
after modification by N, N-dimethyl tertiary amino moi-
eties, and the tumor accumulation of the modified lipo-
somes was much greater in addition to its significant
accumulation in the pancreas. After all intervention pro-
cesses, the pharmacodynamic results showed a significant
decrease of tumor volume after PTX-Lip2N treatment
compared with normal PEGylated PTX-Lip and was
slightly superior to nab-PTX.

Conclusion

A PTX-loaded liposome delivery system modified by an
N, N-dimethyl tertiary amino moiety was utilized in the
present research and was proven to have an efficient pene-

trating ability towards PDAC tumor tissue and,
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consequently, showed significant in vivo antitumor effi-
cacy in PODX nude mice models of PDAC that was
slightly superior to nab-PTX. This outcome provides
a promising platform with a pancreas-targeting delivery
ability by encapsulating different chemotherapy drugs and
enhancing their antitumor efficacy in the treatment of
pancreatic cancers.
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