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A novel gemcitabine derivative-loaded liposome with great
pancreas-targeting ability
Pei-wen Li2, Shi Luo2, Lin-yu Xiao2, Bo-le Tian3, Li Wang3, Zhi-rong Zhang2 and Ying-chun Zeng1

Gemcitabine (Gem) is a standard first-line treatment for pancreatic cancer (PC). However, its chemotherapeutic efficacy is hampered
by various limitations such as short half-life, metabolic inactivation, and lack of tumor localizing. We previously synthesized a
lipophilic Gem derivative (Gem formyl hexadecyl ester, GemC16) that exhibited improved antitumor activity in vitro. In this study, a
target ligand N,N-dimethyl-1,3-propanediamine was conjugated to 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[hydroxyl
succinimidyl (polyethylene glycol-2000)] (DSPE-PEG-NHS) to form DSPE-PEG-2N. Then, pancreas-targeting liposomes (2N-LPs) were
prepared using the film dispersion-ultrasonic method. GemC16-loaded 2N-LPs displayed near-spherical shapes with an average size
distribution of 157.2 nm (polydispersity index (PDI)= 0.201). The encapsulation efficiency of GemC16 was up to 97.3% with a
loading capacity of 8.9%. In human PC cell line (BxPC-3) and rat pancreatic acinar cell line (AR42J), cellular uptake of 2N-LPs was
significantly enhanced compared with that of unmodified PEG-LPs. 2N-LPs exhibited more potent in vitro cytotoxicity against BxPC-
3 and AR42J cell lines than PEG-LPs. After systemic administration in mice, 2N-LPs remarkably increased drug distribution in the
pancreas. In an orthotopic tumor mouse model of PC, GemC16-bearing liposomes were more effective in preventing tumor growth
than free GemC16. Among these treatments, 2N-LPs showed the best curative effect. Together, 2N-LPs represent a promising
nanocarrier to achieve pancreas-targeting drug delivery, and this work would provide new ideas for the chemotherapy of PC.
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INTRODUCTION
Pancreatic cancer (PC) is a common digestive system malignant
tumor, and almost 90% of PCs are pancreatic ductal adenocarci-
noma (PDAC) [1]. According to the reported statistics, there were
nearly 27.7 million new PC cases and 26.6 million death cases
worldwide in 2008 [2]. Mortality and morbidity were basically the
same. In recent years, the incidence of PC has increased yearly. PC
is the fourth most common cause of cancer death in the United
States and is projected to become the second leading cause of
cancer-related deaths in 2030 [3, 4]. Due to the high incidence of
metastatic disease at initial diagnosis, lack of effective therapies,
and poor prognosis, the 5-year survival rate of PC is below 5% [5].
Surgery is the only method that can eradicate PC and is often
combined with postoperative chemotherapy to reduce the
recurrence rate [6]. Because of the insidious onset of this cancer,
the majority of PC patients have no specific symptoms at an early
stage [7–9]. Approximately 70%~80% of PC patients have been
diagnosed as being in the advanced stages, thus losing the
chance to be operated [10]. Therefore, improving the quality of life
of patients and prolonging survival through nonsurgical treat-
ments such as chemotherapy, radiotherapy, combined radio-
therapy and chemotherapy, and immunotherapy have great
significance [11–13].
Gemcitabine (2′,2′-difluoro-2′-deoxycytidine, Gem, Fig. 1a), a

nucleoside analog, is a first-line chemotherapy for PC [14]. Gem

itself has no antitumor efficacy until entering the cells and is finally
phosphorylated in a stepwise manner to the active Gem dipho-
sphate (dFdCDP) and gemcitabine triphosphate (dFdCTP) [15].
Nevertheless, Gem is extensively and rapidly metabolized in vivo
by cytidine deaminase into the deaminated inactive metabolite 2′,2′-
difluorodeoxyuridine (dFdU) and is then excreted in the urine [16].
Moreover, the small molecular weight of Gem promotes rapid renal
clearance. Therefore, Gem has a very short plasma half-life
(8–17min) [17]. In addition, the efficacy of Gem is hindered by its
indiscriminate targeting of both cancerous and noncancerous cells
[18] and by poor cellular uptake due to the reliance on nucleoside
transporters [19]. For all these reasons, even if the cytotoxic activity is
potent, a dose of Gem must be up to 1 g/m2 to achieve the
therapeutic drug level, which would further provoke side effects [20].
Various strategies have been reported to improve the bioavail-

ability, metabolic stability, and efficacy of Gem. These strategies
mainly include the use of Gem prodrugs/conjugates [21–23] and
drug-loaded nanoformulations [20, 24–26]. Liposomes are nano-
sized lipid vesicles made from naturally occurring phospholipids,
which consist of a hydrophilic core and a hydrophobic shell.
Liposomes can protect drugs from rapid metabolic inactivation
and improve pharmacokinetics and biodistribution [27]. Further-
more, the surface of liposomes could be structurally modified to
prepare functionalized drug delivery systems [28]. However, Gem
is a low-molecular-weight compound with good water solubility.

Received: 8 December 2018 Accepted: 14 March 2019
Published online: 23 April 2019

1School of Pharmacy, Chengdu Medical College, Chengdu 610500, China; 2Key Laboratory of Drug Targeting and Drug Delivery Systems, Ministry of Education, West China School
of Pharmacy, Sichuan University, Chengdu 610041, China and 3Department of Pancreatic Surgery, West China Hospital of Sichuan University, Chengdu 610041, China
Correspondence: Ying-chun Zeng (zych19900119@163.com)

www.nature.com/aps

© CPS and SIMM 2019

http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-019-0227-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-019-0227-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-019-0227-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-019-0227-7&domain=pdf
mailto:zych19900119@163.com
www.nature.com/aps


Such molecules diffuse rapidly through the lipid bilayer, and drugs
are difficult to be stably encapsulated in the core, thus limiting the
shelf life and application of these liposomes [29–31].
In our previous research, a lipophilic Gem derivative, Gem

formyl hexadecyl ester (GemC16), was designed and synthesized
(Fig. 1b). Hexadecanoic acid, also known as palmitic acid, is a
highly saturated fatty acid with good biocompatibility. Hexadeca-
noic acid was linked to Gem via a urethane bond [32]. With the
introduction of a long carbon chain to Gem, lipophilicity was
greatly increased. This strategy also provides chemical protection
of the free amino group in the N4 position, which is susceptible to
rapid hydrolysis and inactivation through cytidine deaminase
presented in body fluids. In vitro cell proliferation and apoptosis
analyses showed that GemC16 exhibited stronger antitumor
activity than Gem and had potential for clinical application.
Lipophilic derivatives improve the lipophilicity of drugs and thereby

facilitate drug entrapment in liposomes, which leads to further
passive targeting to cancerous tissue via the enhanced permeability
and retention effect (EPR) and improved efficacy [33, 34]. However,
PDAC has been reported to be a dense solid tumor that cannot
achieve effective EPR accumulation [35–37]. Hence, other mechan-
isms for GemC16 to target the pancreas, such as local drug delivery
or active targeting using site-specific ligands, should be considered.
N,N,Nʹ-trimethyl-Nʹ-(2-hydroxyl-3-methyl-5-[123I] iodobenzyl)-1,3-pro-
panediamine (123I-labeled HMPDM), a pancreas-imaging agent, has a
strong ability to cross the blood−pancreas barrier (BPB) [38, 39]. Our
previous research has shown that the propanediamine moiety on
123I-labeled HMPDM might be responsible for pancreas-specific
affinity, and the propylenediamine derivatives (e.g., N,N-dimethyl-
1,2-ethanediamine) also displayed excellent pancreas-targeting
ability [40, 41].
Based on the above research, we chose N,N-dimethyl-1,3-

propanediamine, a small molecular compound with clear structure
and good safety, as a targeting ligand to conjugate to 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[hydroxyl succinimidyl (poly-
ethylene glycol-2000)] (DSPE-PEG-NHS) to obtain DSPE-PEG-2N and
to develop pancreas-targeted GemC16-loaded liposomes (2N-LPs).
The study systemically investigated the development, characteriza-
tion, targeting ability, and therapeutic efficacy of the 2N-modified
liposomal formulation. All of these studies provide new ideas for the
chemotherapy of PC and lay the foundation for studying novel
pancreas-targeted drug delivery systems.

MATERIALS AND METHODS
Materials and regents
Gem (purity > 98.0%), cetyl chloroformate (purity > 98.0%), 4-
dimethylaminopyridine (DMAP), N,N-dimethyl-1,3-propanediamine
and 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine per-
chlorate (DiD) were obtained from Best Reagent Co., Ltd. (Chengdu,

China). Lipoid E80 was purchased from Lipoid Co., Ltd. (Ludwig-
shafen, Germany). 1,2-Distearoyl-sn-glycero-3-phosphoethanola-
mine-N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG) and
DSPE-PEG-NHS were obtained from Laysan Bio, Inc. (Hawaii, USA).
Cholesterol was provided by Kelong Company (Chengdu, China).
D-luciferin potassium salt and rabbit anti-Ki-67 polyclonal antibody
were obtained from Abcam (Cambridge, UK). All other chemicals
were of analytical or high-performance liquid chromatography
grade and were purchased from commercial sources.

Animals and cell cultures
All animal experiments were performed in compliance with the
guidelines for animal experiments of the Institutional Animal Care
and Ethics Committee of Sichuan University (Chengdu, China).
Female C57BL/6 mice (bodyweight: 20 ± 2 g) were supplied by the
Experimental Animal Center of West China, Sichuan University. The
mice were raised in a germ-free environment (temperature: 25 ±
2 °C, relative humidity: 50%± 10%, dark−light cycle: 12 h) for at least
1 week to adapt to the housing conditions before the experiments.
The animals were allowed free access to water and food.
BxPC-3 cells (human pancreatic adenocarcinoma cell line), AR42J

cells (rat pancreatic acinar cell line), and Panc02-luc cells (luciferase-
tagged murine pancreatic adenocarcinoma cell line) were obtained
from ATCC (Virginia, USA). The BxPC-3, AR42J, and Panc02-luc cells
were cultured in either RPMI-1640 (GIBCO, USA) or DMEM with high
glucose (GIBCO, USA). Both RPMI-1640 and DMEM were supplemen-
ted with 10% fetal bovine serum, 100 U/mL penicillin and 100 μg/mL
streptomycin. The cells were maintained in a 5% CO2 atmosphere at
37 °C, and the cell medium was changed every other day.

Synthesis of DSPE-PEG-2N
The synthetic route of DSPE-PEG-2N is shown in Scheme 1.
Briefly, 40 mg of DSPE-PEG-NHS and 5mg of DMAP were dissolved
in 10 mL of dimethyl sulfoxide (DMSO). Then, 20 μL of N,
N-dimethyl-1,3-propanediamine (700 mg/mL) was added,
and the mixture was stirred gently at room temperature for
48 h. The resulting reaction solution was introduced into a
dialysis membrane bag (molecular weight cutoff of 500 Da) and
dialyzed against distilled water for 72 h. The water was changed
every 4 h, and the solution after dialysis was freeze-dried. Finally,
the DSPE-PEG-2N powder was stored at −20 °C and identified
by nuclear magnetic resonance hydrogen spectrum (1H NMR).

Preparation of liposomes
GemC16 was synthesized and purified as described previously
[32]. GemC16-loaded liposomes were prepared by the film
dispersion-ultrasonic method. Briefly, E80 (12 mg), cholesterol
(4 mg), DSPE-PEG (3.2 mg) and DSPE-PEG-2N (0.8 mg) were
dissolved in 2 mL of chloroform at a mass ratio of 3:1:0.8:0.2.
Next, 200 μL of ethanol-acetone (1:1, v/v) containing 2 mg of
GemC16 was added, and the mixture was stirred for 10 min at
room temperature. The final mixture was evaporated under
reduced pressure in a rotary evaporator at 37 °C for 20 min to
remove the organic solvent and form a uniform transparent film.
Next, the film was hydrated with phosphate-buffered saline
(PBS) (pH 7.4) at 37 °C and sonicated for 4 min at 80 W (3 s pulse
and 8 s rest, ultrasonic cell crasher). Finally, 2N-LPs encapsulat-
ing GemC16 were successfully prepared. Furthermore, E80,

Fig. 1 Chemical structures of a Gem and b GemC16

Scheme 1
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cholesterol and DSPE-PEG at a mass ratio of 3:1:1 were used to
prepare unmodified PEG-LPs. Additionally, blank PEG-LPs and
2N-LPs were prepared in the same way.

Characterization of liposomes
The particle size distribution and zeta potentials of PEG-LPs and
2N-LPs were determined by dynamic light scattering using a
Malvern Zetasizer NanoZS90 system (Malvern, UK). All experiments
were repeated three times. The morphologies of the PEG-LPs and
2N-LPs were observed using a transmission electron microscope
(TEM) (H-600, Hitachi, Japan). A dispersion of liposomes was placed
on a copper grid covered with nitrocellulose and negatively
stained with 2% (w/v) phosphotungstic acid for 30 s. Then, the
sample was dried and subjected to TEM observation.
The content of GemC16 encapsulated in the PEG-LPs and 2N-

LPs was determined by a membrane ultrafiltration method. The
encapsulation efficiency (EE) and drug-loading (DL) capacity were
calculated according to the following equations [42]:

EE% ¼ weight of loaded drug=weight of feeding drugð Þ ´ 100%;

DL% ¼ weight of loaded drug=total weight of liposomesð Þ ´ 100%:

A high-performance liquid chromatography system equipped
with an ultraviolet detector (Agilent Technologies, Santa Clara, CA,
USA) was used to analyze the concentration of GemC16. The
chromatographic separation was performed on an octadecyl silica
(ODS) column (Kromasil, 150 mm× 4.6 mm, 5 μm), and the column
temperature was maintained at 35 °C. The mobile phase consisted
of (A) 0.3% (v/v) aqueous formic acid and (B) methanol (6/94, v/v).
The flow rate was 1.0 mL/min, and the detection wavelength was
set at 293 nm.

Cellular uptake study
DiD-labeled PEG-LPs and 2N-LPs were prepared as previously
described in the sections on liposome preparation. BxPC-3 and
AR42J cells in the logarithmic growth phase were seeded in six-
well culture plates (5 × 105 cells/plate) and incubated for 24 h
before the treatment. Then, the original medium was replaced
with serum-free culture medium containing free DiD, DiD-labeled
PEG-LPs and 2N-LPs (DiD concentration was 500 ng/mL). Each
sample was analyzed in triplicate. After incubation at 37 °C for 1
and 2 h, the cells were washed three times with cold PBS.
Thereafter, the cell suspensions were collected and centrifuged at
2000 r/min for 3 min. The supernatants were discarded, and the
cells were washed two times with PBS. The cells were resuspended
in 0.5 mL PBS after the final centrifugation. The fluorescence
intensity of the cells was evaluated by a flow cytometer
(Cytomics™ FC 500, Beckman Coulter, USA).

Cytotoxicity assay
The cytotoxicities of PEG-LPs and 2N-LPs were evaluated by the MTT
assay. The BxPC-3 or AR42J cells were seeded in 96-well culture
plates at a density of 1 × 104 cells/well and incubated in a 5% CO2

atmosphere at 37 °C for 24 h. Then, the cells were treated with
different concentrations of PEG-LPs or 2N-LPs (dispersed in serum-
free culture medium) for 4 h. Next, 20 μL of an MTT solution (5mg/
mL in PBS) was added into each well. The cells were incubated at 37
°C for another 4 h. Thereafter, the medium was discarded, and the
cells were mixed with 150 μL DMSO. The absorbance at 570 nm was
measured using a microplate reader (Thermo, Varioskan Flash). The
cell viability (%) was determined according to the equation (Atest/
Acontrol) × 100%. Cells treated with drug-free medium were con-
sidered 100% viable and were used as a control.

In vivo biodistribution study
The in vivo biodistribution of 2N-LPs was examined in C57BL/6
mice. Briefly, the mice were randomly divided into three groups

(n= 3). Free DiD, DiD-labeled PEG-LPs and 2N-LPs were adminis-
tered intravenously at an equivalent dose of 200 μg/kg DiD. The
mice were sacrificed at 0.5 h after administration, and the major
organs, including the heart, liver, spleen, lung, kidney, brain and
pancreas, were collected. These tissues were carefully washed with
cold physiological saline (0.9%, w/v) and dried with filter paper for
further ex vivo imaging of DiD fluorescence using an in vivo
imaging system (Quick View 3000, Bio-Real, Austria).

In vivo antitumor efficacy
A fluorescent orthotopic mouse model of PC was established as
described previously [43, 44]. Briefly, each mouse was anesthe-
tized with 1% sodium pentobarbital (50 mg/kg, i.p.) and subse-
quently underwent sterile laparotomy. Approximately 20 μL PBS
containing Panc02-luc cells (1.25 × 108 cells/mL) was injected into
the tail of the pancreas, keeping the needle inside for 30 s to avoid
leakage. Then, the incision was sutured and observed until the
mice woke up from anesthesia. After modeling for 2 weeks (day 0),
the tumor-bearing mice were randomly divided into five groups of
five each as follows: the control group, Gem-treated group,
GemC16-treated group, GemC16-loaded PEG-LPs-treated group
and GemC16-loaded 2N-LPs-treated group. On days 0, 4, 8, 12, and
16, physiological saline, free Gem, GemC16, PEG-LPs, and 2N-LPs
(5 mg/kg, equivalent to Gem) were injected into the mice
intravenously. On day 20, a D-luciferin potassium salt solution
was administered intraperitoneally to tumor-bearing mice at a
dose of 150 mg/kg. The tumor could be imaged under an in vivo
imaging system 10min later.
After collecting in vivo fluorescence data, the animals were

sacrificed, and Panc02-luc-bearing pancreases were excised for
follow-up analysis. The pancreases were fixed overnight in 4%
buffered paraformaldehyde, sectioned and stained for histo-
pathology and immunohistochemistry analysis [45].

Statistical analysis
All data are represented as the mean ± standard deviation (SD).
Statistical analysis was performed by two-tailed Student’s t test.
The difference was considered to be statistically significant at
P value < 0.05.

RESULTS
Synthesis of DSPE-PEG-2N
DSPE-PEG-2N was synthesized by conjugating the active ester of
DSPE-PEG-NHS and the primary amine group of N,N-dimethyl-1,3-
propanediamine (Scheme 1). The product was verified using 1H
NMR (Fig. 2). The presence of the peak of a new amide hydrogen
atom (δ 8.45) suggested that a new amide bond formed, proving
the successful synthesis of DSPE-PEG-2N (Fig. 2b).

Preparation and characterization of 2N-LPs
The liposomes were prepared according to the film dispersion-
ultrasonic technique. N,N-dimethyl-1,3-propanediamine was stably
assembled on the surface of 2N-LPs to establish a pancreas-
targeted drug delivery system (Fig. 3a). The particle sizes of blank
PEG-LPs and 2N-LPs were 124.7 ± 8.2 nm and 132.2 ± 7.5 nm, and
the zeta potentials were −16.6 and −12.1 mV, respectively
(Table 1). The low PDI indicated that these liposomes had a
uniform size. After the encapsulation of GemC16 into liposomes,
the particle sizes of PEG-LPs (150.7 ± 8.8 nm) and 2N-LPs (157.2 ±
10.3 nm) were slightly increased, while the potentials remained
unchanged. The TEM images show that the PEG-LPs and 2N-LPs
displayed a near-spherical morphology (Fig. 3b).
In this work, the entrapment efficiency was studied by the

ultrafiltration method, and an ultrafiltration membrane with an
interception molecular weight of 3 kDa was used. Free GemC16
could pass through the ultrafiltration membrane, whereas drugs
encapsulated into liposomes could not. The encapsulation
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efficiency of GemC16 in PEG-LPs (97.6%) and 2N-LPs (97.3%) was
consistently above 97%, and the average loading capacity for both
was determined to be 8.9% ± 0.1%. The results illustrated that
GemC16 was well incorporated into the liposomes.

Cellular uptake study
To investigate cellular internalization, DiD-labeled PEG-LPs and
2N-LPs were incubated with BxPC-3 and AR42J cells. As shown in
Fig. 4, the fluorescence intensity of BxPC-3 cells treated with 2N-

Fig. 2 The 1H NMR spectroscopy of a DSPE-PEG and b DSPE-PEG-2N
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LPs was approximately 1.7 times higher than those treated with
PEG-LPs at 1 h and was approximately 2.1 times higher at 2 h. The
results were similar for the AR42J cells. Both BxPC-3 and AR42J
cells displayed significantly more efficient cellular uptake of 2N-
LPs than that of PEG-LPs, suggesting superior cellular delivery
efficiency by N,N-dimethyl-1,3-propanediamine.

In vitro cytotoxicity
We next evaluated the in vitro cytotoxicity of PEG-LPs and 2N-LPs
in the BxPC-3 and AR42J cell lines, respectively, by using a
standard MTT assay. As shown in Fig. 5, the cells were treated with
serial concentrations of drugs, and the relative cell viability
displayed concentration-dependent profiles for GemC16-loaded
PEG-LPs and 2N-LPs. For cells under investigation, once the drug
concentration exceeded 30 μmol/L, 2N-LPs showed higher cyto-
toxicity compared with that of PEG-LPs after 4 h of treatment.

In vivo biodistribution study
To evaluate the pancreas-targeting efficiency of 2N-LPs, the tissue
distribution of DiD, DiD-labeled PEG-LPs and 2N-LPs was studied.
Ex vivo fluorescence images of the main organs (heart, liver,
spleen, lung, kidney, brain and pancreas) at 0.5 h after adminis-
tration were obtained (Fig. 6a). For the free DiD group, no
fluorescence signal was detected in each organ. PEG-LPs and 2N-
LPs were distributed in various organs at different concentrations.
Compared to that of PEG-LPs, the intensity of 2N-LPs in the
pancreas was higher (Fig. 6b). This indicated that the proposed
propanediamine derivative had good BPB-penetration efficiency
and significantly improved pancreas-specific accumulation of
drugs.

In vivo antitumor efficacy
The in vivo antitumor efficacy of GemC16-loaded 2N-LPs was
evaluated in a fluorescent orthotopic mouse model of PC [44]. The
tumor volume and the bioluminescence signal increased with
time. The experiment was performed by intravenously injecting
physiological saline, free Gem, GemC16, GemC16-loaded PEG-LPs
and 2N-LPs into tumor-bearing C57BL/6 mice. The detection of a
fluorescence signal 2 weeks after implantation visually confirmed
the successful implantation and growth of PC tumors. All of the
test drugs exhibited varying degrees of antitumor activity
compared to that of the control group (physiological saline
group), and the fluorescence intensity of the tumor was
sequentially decreased in the order of grouping (Gem < GemC16
< PEG-LPs < 2N-LPs) (Fig. 7a, b). The in vivo antitumor activity of
GemC16 was stronger than that of Gem, which was in accordance
with the in vitro results [32]. Compared with that of free GemC16,
intravenous injection of PEG-LPs and 2N-LPs was more efficient in
inhibiting tumor growth.
Furthermore, hematoxylin and eosin (H&E) staining and Ki-67

antigen staining assays of Panc02-luc-bearing pancreases were
investigated. For H&E staining (Fig. 7c), histopathological exam-
ination revealed obvious pancreatic tissue damage in the control
group and Gem- and GemC16-treated groups, manifested as
acinar cell necrosis, acinar epithelial cell nuclear pyknosis, and cell
breakage or disappearance. Moreover, the intercellular space was
enlarged. The PEG-LPs treatment resulted in less pancreatic cell
damage. Nevertheless, the boundary of the acinar epithelial cells

Table 1. Characterization of liposomes (n= 3, mean ± SD)

Entry Size (nm) PDI Zeta potential
(mV)

Blank PEG-LPs 124.7 ± 8.2 0.152 ± 0.10 –16.6 ± 1.6

Blank 2N-LPs 132.2 ± 7.5 0.186 ± 0.08 –12.1 ± 1.3

GemC16-loaded PEG-
LPs

150.7 ± 8.8 0.185 ± 0.09 –16.2 ± 1.4

GemC16-loaded 2N-
LPs

157.2 ± 10.3 0.201 ± 0.08 –13.0 ± 1.2

PDI polydispersity index

Fig. 4 Cellular uptake of DiD-labeled PEG-LPs and 2N-LPs after incubation with BxPC-3 and AR42J cells for a 1 h and b 2 h. ***P < 0.001 versus
PEG-LPs group

Fig. 3 a The structural scheme of GemC16-loaded 2N-LPs.
b Representative TEM images of PEG-LPs and 2N-LPs
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was not clear in the PEG-LPs-treated group, and the shape of
some pancreatic acinar cells was changed. In contrast, 2N-LPs
showed a better protective effect against tumor-bearing pancreas.
The acinar cells in the 2N-LPs-treated group were structurally
intact and regularly arranged. In addition, the interlobular stroma
had a normal morphology.
Antigen Ki-67, a nuclear protein, is widely used as a cell

proliferation marker [45]. Remarkably, the PEG-LPs- and 2N-LPs-
treated groups showed lower Ki-67-positive rates (22.4% and
19.3%, respectively) than those of the control group (52.3%) and
the Gem- (40.6%) and GemC16-treated groups (31.8%, Fig. 7c).
The above results indicated that embedding GemC16 in
liposomes significantly improved its efficacy, and the therapeutic
effect of 2N-LPs was slightly better than that of PEG-LPs.

DISCUSSION
Gem is a clinically approved (United States Food and Drug
Administration: US-FDA) first-line therapy for PC as a single agent.

A short half-life, rapid metabolic inactivation, and lack of tumor
localization are the major deficiencies of Gem therapy [30].
Nanoengineered systems such as micelles [46], nanoparticles [47]
and liposomes [48] have been proven to elevate the in vivo
efficacy of cytotoxic agents via improving pharmacokinetic
properties and biodistribution profiles and targeting drugs to
cancerous tissues. Liposomes, nanosized artificial vesicles with a
lipid-bilayer boundary similar to cell membranes, are widely used
in tumor-targeting delivery of both lipophilic and hydrophilic
drugs [49]. Highly lipophilic drugs are stably entrapped within the
lipid bilayer of liposomes [50], while highly hydrophilic drugs such
as Gem are located exclusively in the internal aqueous compart-
ment, which rapidly diffuses through the bilayer [51]. Transform-
ing hydrophilic drugs into lipophilic prodrugs or conjugates is a
common approach to improve drug incorporation into liposomes
[52, 53].
The N4 position of Gem is usually modified with lipophilic

chains to improve its physical and chemical properties and
biological characteristics [25]. This method also prevents Gem

Fig. 5 In vitro cytotoxicity of 2N-LPs in a BxPC-3 and b AR42J cells as determined by standard MTT assay. *P < 0.05, ***P < 0.001 versus PEG-LPs
group

Fig. 6 a Ex vivo DiD fluorescence images showing the drug biodistribution of free DiD, DiD-labeled PEG-LPs and 2N-LPs in mice at 0.5 h post
injection. b Fluorescence intensity of DiD in the pancreas at 0.5 h after intravenous administration of DiD-labeled PEG-LPs and 2N-LPs. *P < 0.05
versus PEG-LPs group
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from being quickly metabolized to its deaminated inactive
metabolite dFdU, which enhances the in vivo stability of the
drug. GemC16, a novel lipophilic Gem derivative, was designed
and synthesized in our previous study. Hexadecanoic acid was
linked to the 4-amino group of Gem via a urethane bond, and the
lipophilicity of Gem was increased. There is no doubt that GemC16
greatly improved the encapsulation efficiency and physical
stability of liposomes. Importantly, it has been proved that
GemC16 was more potent in inhibiting the proliferation of
BxPC-3, AR42J and A549 (human lung adenocarcinoma cell line)
cells than Gem. For the BxPC-3 cells, GemC16 induced cell cycle
arrest and apoptosis more effectively than Gem. The above results
indicated that GemC16 had much stronger antitumor activity than
Gem and possessed potential application in clinical practice.
In previous works, small propanediamine derivatives signifi-

cantly enhanced pancreas drug accumulation in rats [40, 41]. An
organic cation transport protein mediates the transport of drugs
across the cell membrane and contributes to pancreas-specific

accumulation [40]. Herein, we chose N,N-dimethyl-1,3-propane-
diamine, a linear propanediamine derivative, to modify the
liposomes and develop a novel pancreas-targeted drug delivery
system of GemC16 for PC therapy. N,N-dimethyl-1,3-propanedia-
mine was conjugated to DSPE-PEG-NHS to obtain DSPE-PEG-2N.
Then, DSPE-PEG-2N was incorporated into the liposome surface to
target 2N-LPs to the pancreas. The particle size of the liposomes
was not significantly changed after modification with a small
molecular compound, N,N-dimethyl-1,3-propanediamine, while
the potential was slightly increased due to the presence of a
tertiary amino group in N,N-dimethyl-1,3-propanediamine
(Table 1). Modification of Gem with a long-chain hydrocarbon
significantly promoted the encapsulation of drugs, and the
encapsulation efficiency of GemC16 in both 2N-LPs and unmodi-
fied PEG-LPs was above 97%.
The BxPC-3 human PC cell line and the AR42J rat pancreatic

acinar cell line were used to investigate the cellular uptake of 2N-
LPs. AR42J is the only currently available cell line that maintains

Fig. 7 In vivo antitumor activity of Gem, GemC16, PEG-LPs and 2N-LPs in a fluorescent orthotopic mouse model of PC. Data represent mean ±
SD. a Fluorescence images of orthotopic pancreatic tumors (n= 5). b Fluorescence intensity of orthotopic pancreatic tumors (n= 5). c H&E
staining and Ki-67 antigen staining of Panc02-luc-bearing pancreases (n= 3)
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many characteristics of normal pancreatic acinar cells. AR42J has
been extensively used as an in vitro model to study the exocrine
pancreas [54]. The intracellular delivery efficiency of 2N-LPs in
BxPC-3 and AR42J cells was prominently superior to that of PEG-
LPs. The excellent cellular delivery efficiency indicated the
possibility of outstanding pancreas-targeting ability of 2N-LPs
in vivo. The tissue distribution studies in C57BL/6 mice confirmed
our assumption. The tissue accumulation of PEG-LPs in the
pancreas was remarkably increased after 2N modification (Fig. 6).
Cell lines or tumor fragments are usually implanted subcuta-

neously to establish heterotopic models, while pancreatic tumors
grow in the organ of origin [55]. In contrast to heterotopic models,
orthotopic models mimic the real microenvironment of tumors,
providing an accurate prediction of therapeutic efficacy in
response to drugs [56]. The orthotopic xenograft model estab-
lished here derives tumors from the murine pancreatic adeno-
carcinoma cell line, Panc02-luc, which is genetically engineered to
express luciferase [44]. This model enables imaging and monitor-
ing of tumor growth in a noninvasive way. As a result, the
antitumor efficacy of GemC16-loaded liposomes against PC was
much stronger than that of free GemC16, and that of 2N-LPs was
slightly better than that of PEG-LPs (Fig. 7). PEGylated liposomes
are able to inhibit uptake by the reticuloendothelial system and
increase the blood circulation time of drugs [57]. Therefore, PEG-
LPs could also significantly improve the in vivo behavior of
GemC16.
In summary, a novel pancreas-targeted drug delivery system

was designed and constructed using N,N-dimethyl-1,3-propane-
diamine as a targeting ligand. A new carrier material (DSPE-PEG-
2N) was synthesized, and PEG-LPs and 2N-LPs were successfully
prepared by the film dispersion-ultrasonic method. Liposomes
inhibited tumor growth more efficiently than did free GemC16,
and the systemic delivery of 2N-LPs carrying GemC16 showed a
better therapeutic effect in the orthotopic PC mouse model than
that of PEG-LPs. Taken together, propylenediamine derivative-
modified drug delivery systems represent a potential strategy for
pancreas-targeted delivery of chemotherapy drugs.
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