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Background: Gemcitabine (Gem) is one of the first-line chemotherapy drugs for pancreatic cancer treatment. However, its short half- 
life in plasma and adverse effects limited its broader application.
Methods: A novel Gem derivative (N4-tetradecyloxycarbonyl gemcitabine, tcGem) was synthesized and encapsulated into liposomes 
(LipotcGem) to overcome the above shortcomings.
Results: LipotcGem has been successfully formulated, with the average size of 115 nm, zeta potential values of −36 mV, encapsula-
tion efficiency of up to 98%, and drug loading capacity of 8.1%. Compared to Gem, LipotcGem improved in vitro antitumor activity 
significantly, as evidenced by the lower IC50, the higher percentage of apoptotic cells, the stronger ability to inhibit cell migration and 
invasion due to the higher cellular accumulation (100 times). Additionally, the endocytosis of LipotcGem was mainly mediated by 
caveolae, and was then processed in the lysosome, where tcGem was released and hydrolyzed into Gem. LipotcGem inhibited tumor 
growth by 70% in subcutaneous xenograft model and 90% in orthotopic xenograft model, respectively. LipotcGem suppressed tumor 
metastasis and prolonged survival without perceptible systemic toxicity, which may be caused by the longer t1/2 in vivo (3.5 times, 
5.23 vs 1.46 h) and more enrichment in tumor tissue (750 times).
Conclusion: LipotcGem significantly increased the anti-tumor efficiency and decreased the toxicity for chemotherapy of pancreatic 
cancer.
Keywords: pancreatic cancer, gemcitabine, N4-tetradecyloxycarbonyl gemcitabine, liposomes

Introduction
Pancreatic cancer is one of the most aggressive malignant tumors, with a 5-year survival rate of approximately 10%.1,2, 

Surgery excision is the common approach to eradicate pancreatic cancer, but it is necessary to combine this with 
postoperative chemotherapy to eliminate residual lesions and reduce the recurrence rate.3,4 Given that the pancreas is 
located in a concealed position physiologically and patients typically do not exhibit symptoms at the early stages, the 
majority of them are diagnosed at advanced stages or with metastasis initially, thus missing the opportunity for surgical 
intervention.5–7 Hence, nonsurgical treatments, including chemotherapy, are of great significance.

Gemcitabine (Gem) is a first-line chemotherapy for pancreatic cancer.8–10 However, its very short plasma half-life, 
resulting from rapid deamination into inactive 2’, 2’-difluorodeoxyuridine by cytidine deaminase, limits its broader 
application.11–14 High doses and prolonged infusions have to be adopted in clinical practice to achieve therapeutic drug 
concentrations of Gem, but this regimen is often associated with severe side effects. Two major strategies have been 
reported to address these issues, lipophilic derivatives and drug-loaded nano-formulations.
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Numerous nano-formulations for Gem have been published recently,15–17 including albumin nanoparticles,18,19 mixed 
micelles formulated via TPGS/DSPE-PEG20 or PEG-b-PLA,21 chitosan nanoparticles22 and more. Among these, lipo-
somes stand out as one of the most promising candidate carriers for clinical applications, offering several advantages: 
biocompatibility, biodegradability, extension of circulation time, prevention of drug from being metabolized, and most 
importantly, good stability along with a straightforward process for large-scale production.23

Some researchers encapsulated Gem in the inner core of liposomes to prevent from catabolic effects.24–27 

Unfortunately, due to Gem’s high water solubility, it is not suitable for direct encapsulation into liposomes with high 
encapsulation efficacy, which is essential for antitumor efficiency and industrial development. Inspired by the structure of 
phospholipids, we first designed and synthesized a novel N4-tetradecyloxycarbonyl Gem (tcGem). A myristyl group was 
directly linked to the 4-amino position of Gem to facilitate liposomal formulation, prolong the half-life, target tumors and 
improve antitumor efficacy.

Therefore, this study concentrated on the development of tcGem loaded liposomes (LipotcGem) after the 
optimization of formulation and preparation processes. The antitumor activity was assessed in vitro by evaluating 
its capacity to inhibit cell growth, induce cellular apoptosis, cause cell cycle arrest, and prevent tumor cell migration 
and invasion. The mechanism of action of the liposomes was also explored. In vivo assessments were conducted on 
BALB/c or tumor bearing nude mice, including studies on pharmacodynamics, pharmacokinetics (PK) and tissue 
distribution. The aim is to provide an improved Gem formulation with high efficiency and low toxicity for 
chemotherapy of pancreatic cancer.

Graphical Abstract
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Materials and Methods
Materials
Gemcitabine Hydrochloride for Injection (Gem, Batch No.19061111) was purchased from Yangtze River Pharmaceutical Co., 
Ltd. (Zhejiang, China). 2’,2’-difluoro-2’-deoxycytidine-3’,5’-dibenzoate (>96%, Cat. No. 01023855) and Myristoyl 
Chloroformate (>95%, Cat. No. 01018240) were bought from Beijing Ouhe Technology Co., Ltd. (Beijing, China). 1.2- 
dimyristoyl-sn-glycero-3-phosphocholine (DMPC, >99%, Cat. No. S01003), 1.2-dipalmitoyl-rac-glycero-3-phosphocholine 
(DPPC, >99%, Cat. No. S01004), 1.2-distearoyl-sn-glycero-3-phosphocholine (DSPC, >99%, Cat. No. S01005), 1.2- 
Dimyristoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DMPG, >99%, Cat. No. S02002), 1.2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE- PEG2K, >99%, Cat. No. F01008) and Cholesterol (Chol, 
>99%, Cat. No. O01001) were purchased from A.V.T. Co., Ltd. (Shanghai, China). L-α-phosphatidylcholine, hydrogenated 
(Soy) (HSPC, >98%, Cat. No. 840058P) was purchased from Avanti Polar Lipids (Alabaster, AL, USA). Cell cycle and apoptosis 
analysis kit (Cat. No. C1052), Annexin V-FITC apoptosis detection kit (Cat. No. C1062M), 3-[4,5-dimethylthiazol-2-yl]-2,5 
diphenyl tetrazolium bromide and 1.1’-dioctadecyl 3,3,3’,3’-tetramethylindocarbocyanine perchlorate (DiI, Cat. No. C1036), 
crystal violet (Cat. No. C0121) and Bicinchoninic Acid Assay Kit (Cat. No. P0011) were bought from Beyotime Biotechnology 
(Shanghai, China). InStabTM phosphatase inhibitor cocktail (Cat. No. 20109ES) and LysoTracker Green DND-26 (Cat. No. 
40738ES) were bought from Yeasen Biotechnology Co., Ltd. (Shanghai, China). Amiloride (Cat. No. A0080) and phenylmetha-
nesulfonyl fluoride (Cat. No. IP0280) were bought from Solarbio Life Science (Beijing, China). Genistein (Cat. No. G106673) 
and Chlorpromazine (Cat. No. C131611) were bought from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Anti- 
caspase 3 (Cat. No. 9662), anti-cleaved caspase 3 (Asp175) (Cat. No. 9661) antibodies were bought from Cell Signaling 
Technology (Beverly, MA, USA). Anti-GAPDH antibody (Cat. No. TA-08) was bought from ZSGB-BIO (Beijing, China). 
Tetrahydrouridine (THU, Cat. No. HY-15345A) was purchased from MedChemExpress (Monmouth Junction, New Jersey, 
USA). Purinomycin (Cat. No. ant-pr-1) and Diphenylterazine (Cat. No. CTCC-luc-001) were purchased from Meisen Cell 
Technology Co., Ltd (Zhejiang, China). All other chemicals and reagents were commercially available and used as received.

Cells and Animals
Human pancreatic carcinoma cell lines AsPC-1, PANC −1, BxPC-3, Mia PaCa-2, and SU.86.86 were purchased from 
National Infrastructure of Cell Line Resource, Chinese Academy of Medical Sciences (Beijing, China). AsPC-1-luc2 
(AsPC-1-luc) cell line was purchased from Meisen Cell Technology Co., Ltd (Zhejiang, China). AsPC-1, PANC-1 and 
SU.86.86 cells were cultured in RPMI-1640 (HyClone, USA), while BxPC-3 and Mia PaCa-2 were cultured in DMEM 
(HyClone, USA), both supplemented with 10% (v/v) fetal bovine serum (Gibco, Grand Island, NY, USA), 1% sodium 
pyruvate (Invitrogen, Carlsbad, CA, USA) and 1% nonessential amino acids (Invitrogen, Carlsbad, CA, USA) at 37°C in 
a humidified atmosphere with 5% CO2. AsPC-1-luc cells were cultured in RPMI-1640 (HyClone, USA) supplemented 
with 10% (v/v) fetal bovine serum (Gibco, Grand Island, NY, USA) and 0.5 μg/mL purinomycin.

BALB/c nude mice (female, 18–20 g) were purchased from HFK Bioscience Co., Ltd. (Beijing, China). The animals 
were housed in the specific pathogen-free animal facility with free access to food and water. All experimental procedures 
were strictly performed according to the Guidelines for Ethical Review of Laboratory Animal Welfare in China (GB/ 
T35892-2018) and were approved by Institutional Animal Care and Use Committee of Institute of Medicinal 
Biotechnology [License Number: SYXK (Jing) 2022–0023].

Synthesis of tcGem
Detailed synthetic pathways to tcGem were outlined in Figure 1A. To a solution of benzoyl (Bz) protected Gem (1, 9.42 g, 0.02 
mol) in dichloromethane (DCM, 75 mL) were added triethylamine (Et3N, 3.03g, 0.03 mol) and tetradecyl chloroformate (6.62 g, 
0.24 mol) successively. After stirring for 2 h at room temperature, the mixture was washed with saturated brine and then saturated 
sodium bicarbonate solution, dried over anhydrous sodium sulfate, and then filtered. The filtrate was concentrated under reduced 
pressure to give crude product 2. A mixture of the above crude 2, NaOH (0.1 g) and MeOH (50 mL) was stirred for 0.5 h at room 
temperature, and then filtered. The filtrate was concentrated under reduced pressure, and the residue was purified by silica gel 
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column (DCM: MeOH = 20: 1) to yield target compound tcGem (5.16 g, 51.3% for two steps) as a white solid. The structure was 
confirmed by 1H-NMR, 13C-NMR and MS-ESI.

Preparation of tcGem-Loaded Liposomes
The tcGem-loaded liposomes were prepared by the film dispersion method. Briefly, 18.0 mg DMPC (or DPPC, or DSPC, 
or HSPC, or DMPG), 3.0 mg DSPE-PEG2K, 1.8 mg Chol, 2.0 mg tcGem were dissolved in chloroform, and the solution 
was concentrated at 45°C by rotary evaporation. The resulted thin and uniform film was subjected to hydration at 45°C 
for 60 min in 2 mL 5% glucose and then sonicated for 30 min at 100 W. Finally, LipotcGem (1.0 mg/mL tcGem) 
suspensions were obtained.

The DiI labeled Liposomes without tcGem (DiI-Liposome) were prepared by adding 0.3 mg DiI into chloroform, with 
the remaining steps following the previously mentioned protocol. The un-encapsulated free DiI was removed by 
centrifugation (65,000 g for 2 h at 4°C). The obtained DiI-Liposomes may also dissolve some free DiI, so an additional 
centrifugation (8000 g for 20 min at 4°C) with an ultrafiltration membrane (molecular weight cutoff 10 kDa) was 
performed to obtain supernatant control.

Characterization of LipotcGem
The average size and PDI of LipotcGem were measured by dynamic light scattering and the zeta potentials were 
evaluated by electrophoretic light scattering using a Malvern Zetasizer (Nano-ZS, Malvern, UK) at 25°C. The morpho-
logical images of LipotcGem were observed by transmission electron microscopy (TEM, JEM-1200EX, JEOL) following 

Figure 1 Continued.
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negative staining with 2% uranyl acetate solution, and by scanning electron microscopy (SEM, JSM-7900F, JEOL) 
following coating with platinum by a vacuum evaporator after preparing the sample on metallic studs with double-sided 
conductive tape.28

The determination of tcGem in LipotcGem was performed by high performance liquid chromatography (HPLC) with 
a diode-array detector (LC-20A, SHIMADZU, Japan). The LipotcGem suspension was mixed with 20 times the volume 
of methanol, and then centrifuged at 12,000 × g for 10 min at 4°C, finally the supernatant was injected into HPLC system 
with an InerstilTM ODS-SP (4.6 × 150 mm, 5 μm, GL Sciences, Japan). The mobile phase consisted of 80% methanol - 
20% PBS (pH 2.4–2.6) at a flow rate of 1.0 mL/min. The ultraviolet detection wavelength was set at 243 nm. The limits 
of detection and quantification were 5.2 ng and 16.8 ng, respectively. Finally, the following equations were used to 
calculate encapsulation efficiency (EE, %) and drug-loading efficiency (DL, %), respectively.

Figure 1 Synthesis of tcGem, preparation and characterization of tcGem-loaded liposomes. (A) Synthesis route of tcGem. (B) Optimization of phospholipids. Size, PDI, and 
zeta potential values of tcGem-loaded liposomes with different phospholipids. (C) Optimization of mass ratios of DMPC to tcGem. Size, PDI, zeta potential values, and 
tcGem concentrations of tcGem-loaded liposomes during 40-day storage. (D) Optimization of the prescribed amount of Chol. Size, PDI, zeta potential values, and tcGem 
concentrations of tcGem-loaded liposomes prepared with 0.9, 1.8, 2.7 mg Chol. (E) Optimization of the prescribed amount of DSPE-PEG2K. Size, PDI, zeta potential values, 
and tcGem concentrations of tcGem-loaded liposomes prepared with 1.5, 3.0, 4.5 mg DSPE-PEG2K. (F) TEM image (Scale bar, 100 nm). (G) size and distribution, and the 
upper left images represent the physical picture (left) and the picture of the Tyndall effect of LipotcGem suspension (right). (H) zeta potential and (I) in vitro release of 
LipotcGem. Data were presented as mean ± SD (n = 3).
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In vitro Release Study
The in vitro release profile of LipotcGem was investigated using the dialysis method. Briefly, 0.5 mL LipotcGem or free 
tcGem DMSO solution was sealed in a dialysis bag with the molecular weight cutoff of 300 kDa (Cat. No. HF131450), 
then immersed in 50 mL of PBS at pH 7.4 supplemented with 50% serum (or in PBS at pH 7.4 and pH 5 containing 1% 
Tween-80) at 37°C at 100 rpm (THZ-D desktop constant temperature oscillator, China) for 72 h. At predetermined time 
intervals of 8, 12, 24, 48, and 72 h, 1 mL of the receiving media was withdrawn and replenished promptly with the equal 
volume of medium. Then 200 μL receiving media was mixed with 800 μL methanol, vortexed, centrifuged at 12,000 × g 
for 10 min at 4°C, finally the supernatant was determined by the HPLC method described above. The Cumulative release 
(%) was calculated as followed.

In vitro Cytotoxicity
The in vitro cytotoxicity of Gem, tcGem and LipotcGem was assessed by 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl 
tetrazolium bromide (MTT) assay on AsPC-1, PANC-1, BxPC-3, Mia PaCa-2, and SU.86.86 cells. The cells were seeded 
on 96-well plates at a density of 2×104 per well for AsPC-1, and 1×104 for PANC-1, BxPC-3, Mia PaCa-2, and 
SU.86.86, and allowed to adhere for 24 h in a 5% CO2 atmosphere at 37°C. Then, the medium was replaced with fresh 
medium containing Gem, tcGem, or LipotcGem at a series of concentrations (0.01, 0.1, 1, 10 and 100 μM). After 48 h 
incubation, 20 μL of the MTT solution (5 mg/mL in PBS) was added. After another 4 h incubation at 37 °C, the MTT 
solution was replaced with 100 μL DMSO. Finally, the optical density (OD) was determined using an EPOCH12 
microplate reader (BioTek, USA) at 490 nm (ODtest). Cells in drug-free medium were taken as the negative control 
(ODcontrol), while wells containing only drug-free medium without cells were served as the blank (ODblank). Cell viability 
(%) was calculated according to the following equation. The half-maximal inhibitory concentration (IC50) values were 
calculated with nonlinear regression analysis by GraphPad Prism 5.0 software.29

Cellular Uptake and Endocytic Mechanism
The internalization of Liposome was investigated with the help of DiI probe, with excitation/emission wavelengths of 
550 nm / 575 nm, due to the similar lipophilic properties of tcGem and DiI. AsPC-1 cells were seeded on 12-well plates 
(5 × 105 cells per well) and cultured overnight. The cells were then exposed to DiI-Liposome for 4 h (or 8h, or 12 h) at 
37°C. Afterwards, the cells were washed and stained with LysoTracker Green DND-26, with excitation/emission 
wavelengths of 488 nm / 510 nm, and observed under a confocal laser scanning microscope (CLSM, LSM 710, 
ZEISS, Germany). The cells treated with the supernatant served as the negative control. Meantime, the treated cells 
were collected and measured by a flow cytometer (BD Biosciences, San Jose, 207 CA, USA).

AsPC-1 cells pretreated with endocytic inhibitors for 40 min at 37°C, 100 μΜ genistein, or 80 μΜ amiloride (EIPA), 
or 60 μΜ chlorpromazine (CPZ), were used to investigate the endocytic pathway of DiI-Liposome. After pretreated, the 
cells were exposed to DiI-Liposome for another 4 h at 37°C, at the presence of inhibitors. Finally, the cellular mean 
fluorescent intensity (MFI) was measured using a flow cytometer.

Cellular accumulation of LipotcGem was detected by liquid chromatography-tandem mass spectrometry (LC-MS/MS). 
AsPC-1 cells were seeded on 10 cm dishes at a density of 5×106 and cultured overnight, then exposed to Gem or LipotcGem at 
10 μM for 12, 24, or 48 h. The cells were subsequently washed, collected, counted, and centrifuged to remove the medium, 
followed by ultrasonic disruption at 4°C in 500 μL methanol-water (1: 1, v: v) solution. A 30 μL homogenate and 120 μL 
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acetonitrile (containing amiodarone as internal standard at 20 ng/mL) were mixed, vortexed, centrifuged at 12,000 × g for 10 
min at 4°C, and the supernatant was injected into the Shimadzu 20A HPLC system coupled with an AB SCIEX QTRAP 5500 
system (Toronto, Canada), containing an electrospray ionization source. The compound was separated using an ACQUITY 
UPLC BEH C8 column (2.1 mm × 100 mm, 1.7 μm) with a gradient elution at a flow rate of 0.2 mL/min. Mobile phase 
consisted of water (0.1% formic acid) (A)-acetonitrile (0.1% formic acid) (B), with the following gradient: 0.0–2.0 min (3% 
B), 2.0–3.0 min (3–95% B) and 3.0–8.0 min (95% B). For positive ion mode, the multiple reaction monitoring (MRM) 
transitions were set at m/z 264.2→112.2 for Gem, m/z 504.2→156.0 for tcGem, and 646.0→100.0 for amiodarone. 
Declustering potential, entrance potential, collision energy and collision cell exit potential were set as 80.0, 10.0, 16.0, and 
13.0, respectively. Data acquisition and quantification were performed with Analyst software (Version, 1.6.2, AB SCIEX).

Lysosomal Function
To investigate lysosomal function, the AsPC-1 cells were pretreated with 30 mM NH4Cl for 20 min at 37°C to weaken the acidic 
environment of lysosomes, then exposed to 10 μΜ LipotcGem for 12 h at 37°C. The cells were then divided into two parts, one 
part was replaced with fresh medium, while the other was replaced with the medium containing the same concentration of NH4Cl 
for an additional 24 h. The cellular concentrations of Gem and tcGem were analyzed by LC-MS/MS as previously described.

Cell Apoptosis Assay
The apoptotic effect on AsPC-1 cells was assessed using the Annexin V-FITC and PI double staining method as 
previously described.30 The procedure was as follows: AsPC-1 cells were seeded on 6-well plates (5 × 105 cells per 
well) and cultured for 24 h at 37°C. After treatment with 10 μM Gem, tcGem or LipotcGem for 48 h, the cells were 
subsequently processed according to the instructions of the Annexin V-FITC apoptosis detection kit and measured by a 
flow cytometer. The percentages of cells in early and late apoptosis were analyzed with FlowJo.v10.8.1.

Cell Migration Assay
The in vitro wound scratch assay was conducted to evaluate the cell migration ability after administration.31,32 AsPC-1 
cells were seeded on 12-well plates (2 × 106 cells per well) and allowed to form the confluent monolayer. Then several 
straight lines were scratched using a sterile 200 μL micropipette tip to create a cell-free zone into which cells at the edges 
of the wound can migrate. Then cells were subsequently washed several times and treated with 3% serum medium 
containing 10 μM Gem, tcGem, or LipotcGem for 24 or 48 h. The scratches were photographed at 0, 24 and 48 h post 
wounding using an inverted microscope (Carl Zeiss AG, Oberkochen, Germany). The wound width was measured by 
Image J software and wound healing (%) was calculated by the following formula.

Cell Invasion Assay
The transwell chambers with 8-μm pores (Costar, corning, Fisher Scientific, Cat. No. 140629) were used to perform cell 
invasion assay. Specifically, AsPC-1 cells were seeded on the upper chamber (1 × 104 / chamber) in serum-free medium, 
and 600 μL complete medium was added to the lower chamber. The cells were then treated with 1 μM Gem, tcGem, or 
LipotcGem. After 48 h exposure, the upper surface of membrane was cleaned with cotton swabs. The invading cells 
adhered to the lower surface of the chamber were stained with 0.5% crystal violet, and subsequently observed under a 
bright-field microscope.33,34 The number of invading cells per field was counted using Image J software.

Cell Cycle
AsPC-1 cells were seeded on 6-well plates (5 × 105 cells per well), and then exposed to Gem, tcGem, or LipotcGem at 
the concentration of 10 μM for 48 h. Afterwards, the cells were collected, fixed with cold 70% ethyl alcohol overnight, 
centrifuged, washed, and stained with propidium iodide containing RNase A in the dark at room temperature. Cells were 
measured by flow cytometry and analyzed using FlowJo.v10.8.1.
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Western Blot
AsPC-1 cells were seeded on 12-well plates (1 × 105 cells per well), cultured overnight, then treated with 10 μM Gem, 
tcGem, or LipotcGem for 24 h. The cell lysates were made using RIPA lysis buffer for 30 min-incubation in an ice bath, 
containing phenylmethanesulfonyl fluoride and InstabTM phosphatase inhibitor cocktail, followed by centrifugation (4°C, 
12,000 × g, 15 min). The total protein concentration was detected by Bicinchoninic Acid Assay Kit. The lysates were 
then mixed with 4 × loading buffer and boiled for 10 min. Equal amounts of proteins in lysates were electrophoresed by 
10% SDS-PAGE and transferred to Polyvinylidene Fluoride membranes which were blocked with 5% skimmed milk at 
room temperature for 2 h and immunoblotted with primary antibody overnight at 4°C, followed by another 1 h incubation 
with secondary antibody. The protein bands were revealed by a chemiluminescent HRP substrate (Millipore, Billerica, 
MA, USA, Cat. No. WBKLS0500), visualized with a ChemiDocTM imaging system (Bio-RAD Laboratories, Hercules, 
CA, USA) and semi-quantitatively analyzed by Image J 1.41o software.

Pharmacodynamics in Nude Mice
BALB/c nude mice were subcutaneously inoculated with 5×106 AsPC-1 cells into the right flank. Until the tumor volume 
was 100 mm3 or so, the mice were numbered, sorted according to tumor volume, and randomly assigned into three 
groups to ensure a similar tumor volume (~100 mm3) at the initial. The mice received intravenous administration of 5% 
glucose as a Control, 10 mg/kg Gem as a positive control, or 5 mg/kg LipotcGem as a treatment group every two other 
days (Q3D × 6). Tumor volume and body weight were measured throughout the treatment. After the treatment, the heart, 
liver, spleen, lung, kidney and tumor were harvested and sectioned for Hematoxylin-eosin (H&E) staining.

The orthotropic model of pancreatic cancer was also established as previously described.35,36 Briefly, each mouse was 
anesthetized and a 1-cm longitudinal skin incision was made on the left upper region of the abdomen, the peritoneum was 
opened and the pancreas was well exposed. 25 μL suspension containing 3×106 AsPC-1-luc cells was injected into the 
pancreas, holding for 5 min before closing the openings using Matrigel. The pancreas was gently returned to the 
abdominal cavity, and the surgical opening was closed.

7 days after engraftment, the luciferase substrate was injected intraperitoneally, and the mice were scanned by IVIS 
Spectrum in vivo imaging system (PerkinElmer, Waltham, MA, USA) within 5 min. According to the intensity of 
bioluminescence, the mice were divided into three groups and administrated intravenously with either 5% glucose, 10 
mg/kg Gem, or 5 mg/kg LipotcGem (Q3D × 6), respectively. Body weight and health status of the mice were recorded 
throughout the treatment, and in vivo imaging was scanned on Day 17 and Day 27. After the final scanning, the mice 
were dissected under anesthesia. The heart, liver, spleen (the pancreatic tumor was adhered to the spleen), lung, kidney 
and intestine were collected and scanned ex vivo. Meanwhile, blood was collected for the hematological and biochemical 
analyzation by a hematological counter (ABX Pentra 60, Horiba Medical, Montpellier, France) and an automatic 
biochemical analyzer (7100, Hitachi, Tokyo, Japan), respectively.

H&E Staining
The tissues were fixed in 10% neutral formalin at room temperature overnight, dehydrated in ascending grades of 
ethanol, and embedded in paraffin. Tissue blocks were cut at 4 μm, deparaffinized, stained with hematoxylin and eosin 
and observed under a microscope.

Pk
The healthy male BALB/c mice were randomly assigned to receive 10 mg/kg Gem or 19 mg/kg LipotcGem via the tail 
vein. Blood samples were then collected at 0.03, 0.25, 0.5, 1, 2, 4, 8, 12, 24 and 48 h, respectively, at the presence of 
tetrahydrouridine (THU, 50 μg/mL, prevent Gem from deamination by cytidine deaminase ex vivo37) and heparin. The 
samples were centrifuged (4000 × g, 10 min, 4°C). A total of 30 μL supernatant was mixed with 120 μL acetonitrile via 
vortex, followed another centrifugation (12,000 × g, 10 min, 4°C), and the supernatant was used for quantitative analysis. 
The amounts of Gem in Gem group, Gem and tcGem in LipotcGem group were detected by LC-MS/MS as mentioned 
above. The pharmacokinetic parameters were analyzed by Phoenix winnonlin 6.4 software.

https://doi.org/10.2147/IJN.S485861                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 13398

Wang et al                                                                                                                                                            Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Tissue Distribution
BALB/c nude mice were subcutaneously inoculated with 5×106 AsPC-1 cells into the right flank. Once the tumor volume 
reached approximately 300–500 mm3, the mice were randomly assigned into two groups, and administered one bolus 
injection of 10 mg/kg Gem or 19 mg/kg LipotcGem. Then the heart, liver, spleen, lung, kidney, pancreas and tumor were 
collected at the predetermined time points (0.5, 4, 8, 12 and 24 h) after cardiac perfusion. After grinding, the 
concentrations of Gem and tcGem in samples were detected by LC-MS/MS as mentioned above.

Statistical Analysis
Results were expressed as mean ± standard deviation (SD). Statistical significance was performed using GraphPad Prism 
software 5.0 version (GraphPad Software Company, San Diego, California, America). Two-group comparison was 
performed using tow-tailed Student’s t-test. p < 0.05 was regarded as statistical significance, indicated as *p < 0.05, 
**p < 0.01, ***p < 0.001 and no significant (ns).

Results and Discussions
Synthesis and Characterization of tcGem
Target compound tcGem was successfully synthesized and characterized (Figure 1A and Figure S1-S4). Mp:120–122°C, 
α½ �20

D 41.5° (c 6.6 mg / mL, CH2Cl2). 1H NMR (500M, CD3OD): δ 8.30 (d, J = 7.2 Hz, 1H), 7.34 (d, J = 6.8 Hz, 1H), 6.25 
(brs, 1H), 4.32–4.26 (m, 1H), 4.20–4.17 (m, 2H), 3.98–3.96 (m, 2H), 3.81 (d, J = 12.5 Hz, 1H), 1.69 (q, J = 7.2 Hz, 2H), 
1.41–1.28 (m, 22H), 0.89 (t, J = 6.7 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 163.41, 154.01, 153.21, 144.30, 122.95 
(t, J = 258.8 Hz), 94.86, 84.06 (t, J = 31.8 Hz), 81.03, 68.38 (t, J = 22.4 Hz), 65.35, 58.79, 39.52, 31.31, 29.07, 29.03, 
28.95, 28.73, 28.61, 28.19, 25.16, 22.11, 13.95. MS-ESI (m/z): 504.2 (M+H) +.

Preparation and Characterization of tcGem-Loaded Liposomes
To obtain excellent tcGem-loaded liposomes with small particle size, low polydispersity index (PDI), and suitable zeta 
potential, five phospholipids (DMPC, DPPC, DSPC, HSPC, and DMPG, 18.0 mg) were screened first under the 
conditions of 2.0 mg of tcGem, 1.8 mg of cholesterol (Chol), and 3.0 mg of DSPE-PEG2K. The results showed that 
the liposomes prepared using DMPC were optimal in terms of size, PDI, and zeta potential (Figure 1B), which was likely 
attributed to the identical length of alkane chains in the molecular structure of DMPC and tcGem. Subsequently, the mass 
ratios of DMPC to tcGem, the prescribed amounts of Chol and DSPE-PEG2K were also optimized based on the 40-day 
stability test data of the prepared liposomes with DMPC (Figure 1C-E).

The data revealed that the composition of tcGem-loaded liposomes was optimal with a mass ratio of 9: 1 for DMPC to 
tcGem, 1.8 mg of Chol, and 3.0 mg of DSPG-PEG2K. In summary, the excellent tcGem-loaded liposomes (referred as 
LipotcGem) were composed of tcGem: DMPC: Chol: DSPE-PEG2K with a mass ratio of 2: 18: 1.8: 3, featuring an average 
size of 115 nm (Figure 1G), a zeta potential value of –36 mV (Figure 1H), EE exceeding 98%, DL of 8.1%, a single spherical 
shape with core-shell structure (Figure 1F and Figure S5), and slow drug release in PBS at pH 7.4 containing 50% serum 
(Figure 1I), or PBS at pH 7.4 and at pH 5 containing 1% Tween-80 (Figure S6), in comparison to free tcGem.

Improved Antitumor Activity in vitro of LipotcGem
AsPC-1, PANC-1, BxPC-3, Mia PaCa-2, and SU.86.86, as typical and common pancreatic cancer cell lines, are widely 
used to evaluate antitumor activity in vitro and to understand the underlying mechanism. AsPC-1 is a widely utilized cell 
line known for its high metastatic potential.38–41 To comprehensively assess the in vitro activity and elucidate mechanism 
of LipotcGem, experiments of cytotoxicity, cell apoptosis, cell cycle arrest, cell migration and invasion, cellular uptake, 
endocytosis, subcellular localization, intracellular accumulation and drug release were conducted.

Improved Cytotoxicity
The IC50 values of tcGem and LipotcGem were 1.28 μM and 2.58 μM, respectively, indicating the antitumor activity of 
tcGem and LipotcGem was significantly greater than that of Gem (Figure 2A and Table 1).
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Notably, the IC50 of Gem is higher than that reported in some publications. We observed the increased Gem IC50 can 
primarily be attributed to the increased cell density, which plays a crucial role in determining the Gem IC50 value.

For AsPC-1 cells, after 48 h of incubation, the Gem IC50 value increased to over 100 μM when the cell density 
reached 2 × 104 cells per well. While, this value decreased to 11.78 μM when the cell density was reduced to 5 × 103 

cells per well (Figure S7). Similarly, in Mia PaCa-2 cells, the IC50 value of Gem decreased to 73.53 μM when the cell 
density was reduced to 3 × 103 cells per well after a 72-hour treatment (Figure S8). For PANC-1 cells, cell viability 
remained above 50% even at lower cell densities and with extended exposure time (Figure S9). Overall, in the three 
pancreatic cancer cell lines, the IC50 value of Gem showed a decline when the cell density decreased and the treatment 
duration was prolonged. The decreased Gem IC50 is similar to that reported in other publications.42–48

Figure 2 Antitumor activity in vitro. (A) Cytotoxicity of Gem, tcGem, and LipotcGem on AsPC-1, PANC-1, BxPC-3, Mia PaCa-2, and SU.86.86 cell lines after 48 h of 
incubation at a series of concentrations of 0.01, 0.1, 1, 10 and 100 μM. (B) Cellular apoptosis of AsPC-1 cells after 48 h treatment with 10 μM Gem, tcGem, or LipotcGem 
using a flow cytometer. (C) Histograms of percentages of early and late apoptosis. (D and E) The representative phase-contrast photomicrographs (100 ×) and histograms of 
wound healing (%) of initial width of AsPC-1 cells grown in presence of 10 μM Gem, tcGem or LipotcGem at 0, 24 and 48 h after wound creation. (F and G) The images and 
histograms of invading cells on the lower surface of transwell chamber after 48 h treatment with 1 μM Gem, tcGem or LipotcGem. (H and I) The images and histograms of 
cell cycle analysis of AsPC-1 cells after 24 h treatment with 10 μM Gem, tcGem, or LipotcGem. Data were presented as mean ± SD (n = 3). *p<0.05, **p<0.01, ***p<0.001, 
ns, no significant difference.
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The IC50 values of LipotcGem also exhibited an increasing trend with rising cell density. Notably, at a high 
concentration of 100 μM, LipotcGem showed the capacity to effectively eliminate nearly all tumor cells (Figure S10). 
Given Gem’s limited efficacy in eradicating tumor cells, LipotcGem displayed a significant ability to eliminate these 
cells, highlighting its remarkable anti-tumor properties.

Enhanced Cell Apoptosis
The percentages of early apoptotic and late apoptotic cells induced by Gem, tcGem, and LipotcGem were 40%, 48%, and 
58%, respectively, indicating that LipotcGem significantly induced cellular apoptosis in AsPC-1 cells (Figure 2B and C). 
LipotcGem significantly up-regulated the pro-apoptotic protein ratio of cleaved caspase-3/caspase-3 compared to Gem 
(Figure S11), suggesting that LipotcGem induced cell apoptosis through the caspase 3-mediated pathway.

Inhibited Cell Migration
The migratory property of AsPC-1 cells was assessed using the wound healing assay after treatment with Gem, tcGem 
and LipotcGem, respectively. The results exhibited that the percentage of wound healing in LipotcGem group was 
significantly lower than that of Gem after 24 and 48 h incubation (Figure 2D and E), indicating that LipotcGem could 
significantly inhibit AsPC-1 cells migration compared to Gem.

Suppressed Cell Invasion
The invasion ability of AsPC-1 cells was investigated using the transwell chamber by quantifying the number of stained 
cells that migrated to the lower surface of the chamber. The counts were 127 ± 25, 129 ± 27, 62 ± 20, 37 ± 12 cells per 
field in Control, Gem, tcGem, and LipotcGem groups, respectively (Figure 2F and G), indicating that LipotcGem 
significantly suppressed AsPC-1 cells migration and invasion compared to Gem.

It was reported that, only after 24 h treatment, Gem dose-dependently (1–10 M) upregulated the expression of 
stemness-associated genes and proteins as well as increased fractions of cancer stem cells phenotype in pancreatic cancer 
cells, accompanied by increased cell migration, chemoresistance, and tumorigenesis.49,50 Furthermore, the authors also 
observed the attenuated inductive effect of cancer stem cells and stemness-associated molecules with a high concentra-
tion of Gem. They assumed that an adequate concentration of Gem would suppress its capability to promote stem cell 
induction.49 LipotcGem significantly increased the intracellular accumulation, which may be an explanation of the 
increased ability to suppress AsPC-1 cells migration and invasion.

Increased Cell Cycle Arrest
Gem is a cell cycle specific drug that increases the proportion of cells in the S phase.51–53 In this test, the percentages of cells in 
different phases of the cell cycle were analyzed using flow cytometry. Figure 2H and I showed that the cell cycle arrest was 
consistent between LipotcGem and Gem, with a 10% increase in the proportion of cells in the S-phase (45% vs 35%).

Improved Uptake and Mechanism of LipotcGem
Cellular Uptake in a Concentration- and Time-Dependent Manner
DiI-Liposome was employed instead of LipotcGem. The results showed that the cellular uptake of DiI-Liposome was in 
a concentration- and time-dependent manner via fluorescence microscopy observation (Figure 3A and B) and flow 
cytometer analysis (Figure 3C–F).

Table 1 The IC50 Values of Gem, tcGem and LipotcGem 
After 48 h Incubation

Cell lines Gem (μM) tcGem (μM) LipotcGem (μM)

AsPC-1 >100 1.28 2.58

PANC-1 >100 11.97 15.67

BxPC-3 4.35 0.53 0.64
Mia PaCa-2 >100 4.37 6.39

SU.86.86 >100 5.73 5.13
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Figure 3 Cellular uptake and endocytic mechanism of DiI labeled liposome (DiI-Liposome). (A and B) CLMS images of AsPC-1 cells treated with DiI-Liposome for 4 h or 
for 4, 8, 12 h at 37°C. Red signals represented DiI-Liposome, green spots represented lysosomes. Scale bar, 20 μm. (C–F) Intracellular mean fluorescent intensity (MFI) after 
incubation with DiI-Liposome for 4 h or for 4, 8, 12 h at 37°C measured by a flow cytometer. (G and H) Endocytic mechanism of DiI-Liposome in the presence of genistein, 
EIPA or CPZ for 4 h incubation at 37°C by a flow cytometer. (I) Intracellular accumulation from Gem or LipotcGem treated cells detected by LC-MS/MS. (J and K) 
Intracellular accumulation of Gem and tcGem from LipotcGem in the presence of 30 mmol/L NH4Cl or not. Data were presented as mean ± SD (n = 3). *p<0.05, **p<0.01, 
***p<0.001.
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Endocytosis
Endocytosis is the primary way for nanomedicines to enter cells, including micropinocytosis, clathrin- and caveolae- 
mediated pathways. Figure 3G and H indicated that the endocytosis of DiI-Liposome was highly significantly inhibited 
by Genistein and amiloride (EIPA), which are inhibitors of caveolae-dependent endocytosis and micropinocytosis, 
respectively. While it was not influenced by chlorpromazine (CPZ), an inhibitor of clathrin-dependent endocytosis, 
suggesting that endocytosis was primarily mediated by caveolae with a minor contribution from micropinocytosis.

Subcellular Location
Figure 3A and B exhibited a fine colocalization between DiI-Liposome and LysoTracker Green, a lysosomal marker, 
indicating that LipotcGem was transferred to lysosomes after endocytosis, where the acidic environment might play an 
important role in the release and biotransformation of Gem.54

Intracellular Accumulation
After 48 h of incubation, the intracellular accumulation of Gem and tcGem from LipotcGem was approximately 100 
times higher than that of Gem (0.15 vs 0.0015 nmol/106 cells) (Figure 3I).

Intracellular Release
After weakening the acidic environment of lysosomes by treating cells with NH4Cl,55 the intracellular Gem from 
LipotcGem decreased by ~ 60%, while the intracellular remained tcGem increased by around 30% compared to cells 
in normal lysosomal environment (Figure 3J and K), suggesting that lysosomes played a key role in the hydrolysis of 
tcGem into Gem in LipotcGem treated cells.

We speculated that the remarkably increased intracellular accumulation may result from the modification at the 4- 
amino position by directly linking a myristyl group, protecting Gem from enzymatic deactivation,56 and the benefit from 
liposomal vesicles, facilitating greater intracellular uptake due to the ability to penetrate the cell membrane by fusion or 
endocytosis.26,57 Further, the significantly increased intracellular accumulation of Gem and tcGem from LipotcGem is 
primarily responsible for the substantial improvement in anti-tumor efficiency. Conversely, the lower intracellular 
accumulation of Gem was predominantly limited by active transportation by nucleoside transporters and enzymatic 
deactivation by deoxycytidine deaminase.11

Improved Antitumor Efficacy in vivo and Neglected Systematic Toxicity
In the subsequent in vivo assessments of antitumor efficacy, PK and tissue distribution, free tcGem was failed to be set as 
a control due to its poor solubility in water. The solubility of tcGem could not meet the requirements for intravenous 
administration, even at the maximal injection volume, with 5% DMSO being the universally allowable concentration for 
in vivo studies.

The AsPC-1 subcutaneous and AsPC-1-luc orthotopic xenograft BALB/c nude mouse models were used in the test, 
with Gem chosen as the positive control.

In the subcutaneous model, the tumor volume profiles showed that LipotcGem significantly retarded tumor growth 
without causing noticeable body weight loss compared to Gem throughout the treatment (Figure 4A and B). The tumor 
inhibition rate (TIR) of LipotcGem was notably higher than that of Gem. For tumor volume, LipotcGem reached a TIR of 
70% compared to 50% for Gem (Figure 4A). For tumor weight, the TIR was 69% for LipotcGem versus 49% for Gem on 
Day 30 (Figure 4C–E). Following cessation of treatment up to Day 30, the tumors in LipotcGem group exhibited the 
slowest growth rate, followed by Gem group, while those in Control group grew the fastest, suggesting that LipotcGem 
displayed a long-acting and delayed effect. No significant weight loss was observed among mice treated with LipotcGem, 
Gem, or Control (Figure 4B). H&E staining was utilized to examine the histological features of the heart, liver, spleen, 
lung, kidney, and pancreas. The results showed no visible pathological damage in LipotcGem group (Figure 4F), 
indicating that LipotcGem did not induce additional systemic toxicity, such as hepatotoxicity or nephrotoxicity. As for 
tumor tissues, the necrotic areas in the LipotcGem treated group were larger than that in Gem and Control group. In 
Control group, many necrotic regions were also present, however, the regions were small and scattered among 
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proliferative tumor cells. Conversely, in LipotcGem treated group, the necrotic areas formed large clusters with almost no 
proliferative cells in the middle.

In the orthotopic model, the results revealed that the intensity of bioluminescent signals was significantly reduced in 
LipotcGem group compared to those in the Gem group (Figure 5A). On Day 27 (5 days after the last administration), the 

Figure 4 In vivo antitumor efficiency evaluation in AsPC-1 subcutaneous xenograft BALB/c nude mouse model. (A) Curves of tumor volume and (B) body weight of tumor 
bearing mice throughout the treatment of Control (5% glucose), Gem (10 mg/Kg) or LipotcGem (5 mg/Kg) administration (Q3D × 6). The blue triangles present the time of 
administration. (C) Picture of tumors, (D) histograms of tumor weight and (E) TIR (%) on Day 30 or one week after the last administration. (F) Representative histological 
images of the heart, liver, spleen, lung, kidney, pancreas and tumor from the mice in each treatment group. Scale bar, 100 μm. Data were presented as mean ± SD (n = 5). 
*p<0.05, **p<0.01, ***p<0.001.
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Figure 5 In vivo antitumor efficiency evaluation in AsPC-1-luc orthotopic xenograft BALB/c nude mouse model. (A) Images of in vivo imaging at Day 7, Day 17 and Day 27 
after inoculation. After the last scanning, the tissues were collected and scanned ex vivo. 1, heart; 2, lung; 3 intestine, 4 kidney; 5, liver; 6, tumor and spleen. (B) Curves of 
average radiance, (C) body weight and (D) percent survival (%) of mice in Control (5% glucose), or Gem (10 mg/kg) or LipotcGem (5 mg/kg) groups (the blue triangles 
present the time of administration). Histograms of average radiance signal in (E) tumors, (F) intestine, (G) liver on Day 27. Data were presented as mean ± SD (n = 3). 
*p<0.05, **p<0.01, ***p<0.001.
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radiance in LipotcGem group was only about 1.5% of that in Gem group. The TIR of LipotcGem was approximately 
90%, far exceeding the 50% TIR of Gem (Figure 5A, B and E). The survival rate (%) of mice treated with LipotcGem 
was extended by 15 days compared to Control group, and by 9 days compared to Gem-treated mice (Figure 5D), 
suggesting that LipotcGem showed excellent antitumor activity in vivo, consistent with the findings from the subcuta-
neous model.

Semi-quantitative analysis of bioluminescent signals indicated that the metastatic burden was nearly undetectable in 
LipotcGem group, moderate in the Gem group, and heavily spread to the liver and intestine in Control group, suggesting 
that LipotcGem could forcefully inhibit tumor metastasis (Figure 5A, E, F and G), consistent with the above results 
regarding tumor migration and invasion in vitro. Throughout the entire treatment course, there was no significant 
reduction in body weight in LipotcGem group (Figure 5C). Given that the major adverse effects of Gem are myelosup-
pression with thrombocytopenia and anemia,10,58–60 hematologic and biochemical analysis were performed. The results 
showed that LipotcGem did not cause myelosuppression, suggesting LipotcGem had a good safety. The concentrations of 
lactate dehydrogenase, alanine aminotransferase and aspartate aminotransferase were significantly increased in Ctrl 
group, indicating a severe tumor burden and abnormal liver function caused by tumor metastasis. In contrast, these 
parameters in LipotcGem group were similar to those in the healthy group and far superior to those in Gem group, 
suggesting that LipotcGem exhibited better antitumor metastasis ability than Gem (Figure 6).

Pk
An equimolar dose of 38 μmol/kg of Gem or LipotcGem were intravenously administered to healthy BALB/c mice via 
tail vein. The PK parameters are listed in Table 2 using a non-compartmental method. Compared to Gem, LipotcGem 

Figure 6 Histograms of hematological and biochemical evaluation of mice bearing AsPC-1-luc orthotopic xenograft after the treatment with Gem or LipotcGem. Data were 
presented as mean ± SD (n = 3). *p<0.05, **p<0.01. ns, no significant difference.

Table 2 The PK Parameters of Gem and LipotcGem in BALB/c Mice (Mean ± SD, n = 6)

Pharmacokinetic 
parameters

Unit Gem Gem from 
LipotcGem

tcGem from 
LipotcGem

T1/2
a h 1.46 ± 0.53 5.23 ± 0.51 5.98 ± 0.91

Cmax μmol/L 183.07 ± 20.14 80.04 ± 13.31 418.86 ± 52.37

AUC0-48h h×μmol/L 55.59 ± 4.81 159.32 ± 7.91 282.34 ± 8.74
MRT h 0.41 ± 0.03 4.71± 0.23 4.35 ± 0.19

Cl L/h 0.014 ± 0.00 0.005 ± 0.000 0.003 ± 0.000

Vd L 0.03 ± 0.01 0.04 ± 0.01 0.02 ± 0.00

Notes: aT 1/2 was calculated by the full-point method.
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showed significantly prolonged T1/2 (3.5-fold, 5.23 vs 1.46 h), increased Cmax (2.7-fold, 498.90 vs.183.07 μmol/L), and 
AUC 0–48h (8-fold, 441.66 vs 55.59 h×μmol/L) (Figure 7A), suggesting LipotcGem could potentially improve antitumor 
efficacy.

Tissue Distribution
Gem and LipotcGem, at an equimolar dose of 38 μmol/kg, were intravenously administered to BALB/c nude mice 
bearing AsPC-1 xenografts, respectively. In tumor tissues and plasma (Figure 7B and C), the Gem concentration in Gem 
group decreased sharply over time and become undetectable beyond 8 h. While the concentrations of both Gem and 
tcGem from LipotcGem group increased continuously within the first 8 h and peaked 3.0 μmol/g at 8 h, which was 750 

Figure 7 PK profiles and histograms of tissue distribution of Gem and LipotcGem. (A) Curves depicting the mean plasma concentration-time of Gem and LipotcGem in 
healthy BALB/c mice injected via tail vein at an equimolar dose of 38 μmol/kg of Gem or LipotcGem. Tissue distribution of Gem and LipotcGem in the (B) tumor, (C) 
plasma, (D) heart, (E) liver, (F) spleen, (G) lung, (H) kidney, (I) pancreas at 0.5, 4, 8, 12 and 24 h in AsPC-1 tumor-bearing mice. Data were presented as mean ± SD (n = 6). 
*p<0.05, **p<0.01, ***p<0.001, ns, no significant difference.
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times higher than that of Gem (0.004 μmol/g) in tumors (Figure 7B), further explaining the better antitumor efficacy of 
LipotcGem than Gem.

The accumulation of LipotcGem in the heart and spleen was maintained at a low concentration, in contrast with the 
significantly higher concentration of Gem at 0.5 h, indicating that LipotcGem imposed a weaker burden than Gem on 
these organs. The reduced burden of LipotcGem in the heart was especially important, as Gem was reported to be 
associated with cardiotoxicity.61–63 LipotcGem exhibited higher accumulation in liver, lung, kidney and pancreas, while 
positively, the concentration of tcGem in LipotcGem group in these organs decreased sharply, suggesting a potential re- 
distribution of LipotcGem from these organs to the tumor (Figure 7D–I).

Conclusion
A novel Gem derivative (tcGem) was designed and synthesized, and the tcGem-loaded liposomes have also been 
successfully prepared. The optimized LipotcGem was characterized as suitable particle size, excellent EE and DL. 
Compared to Gem, LipotcGem exhibited better antitumor efficacy in vitro and in vivo, as evidenced by its enhanced 
ability to inhibit tumor cell growth, induce cell apoptosis, show a higher tumor inhibition rate, suppress tumor metastasis, 
and prolong survival, due to the higher and longer drug exposure. Additionally, the endocytosis of LipotcGem was 
mainly mediated by caveolae, and then processed in the lysosomes, where some of tcGem was released and hydrolyzed 
into Gem. These findings provide insight into the reason that Gem acylation can significantly improve antitumor efficacy 
and offer a potentially effective strategy for pancreatic cancer treatment.
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