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Abstract 

Gestational trophoblastic tumors seriously endanger child productive needs and the health of women in childbearing age. 
Nanodrug-based therapy mediated by transporters provides a novel strategy for the treatment of trophoblastic tumors. 
Focusing on the overexpression of human equilibrative nucleoside transporter 1 (ENT1) on the membrane of choriocar-
cinoma cells (JEG-3), cytarabine (Cy, a substrate of ENT1)-grafted liposomes (Cy-Lipo) were introduced for the targeted 
delivery of methotrexate (Cy-Lipo@MTX) for choriocarcinoma therapy in this study. ENT1 has a high affinity for Cy-Lipo and 
can mediate the endocytosis of the designed nanovehicles into JEG-3 cells. The ENT1 protein maintains its transportation 
function through circulation and regeneration during endocytosis. Therefore, Cy-Lipo-based formulations showed high 
tumor accumulation and retention in biodistribution studies. More importantly, the designed DSPE-PEG2k-Cy conjugation 
exhibited a synergistic therapeutic effect on choriocarcinoma. Finally, Cy-Lipo@MTX exerted an extremely powerful anti-
choriocarcinoma effect with fewer side effects. This study suggests that the overexpressed ENT1 on choriocarcinoma cells 
holds great potential as a high-efficiency target for the rational design of active targeting nanotherapeutics.
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Background
Gestational trophoblastic neoplasia (GTN) is a condition 
wherein placental trophoblasts proliferate excessively, 
giving rise to malignancies such as placental site troph-
oblastic tumors, invasive moles, choriocarcinoma, and 
epithelioid trophoblastic tumors [1, 2]. Half of all GTN 
cases arise from a molar pregnancy, with the remain-
der following an ectopic pregnancy, term pregnancy, or 

spontaneous abortion [3]. With the implementation of 
the “two-child” policy in China, women’s reproductive 
needs have increased, and the incidence of GTN has also 
increased significantly. Among GTNs, choriocarcinoma 
is a highly aggressive gestational trophoblastic condition 
affecting 1/50,000 pregnancies (Additional file 1: Fig. S1a) 
[4]. Choriocarcinoma leads to extensive local trophoblast 
invasion and vascular permeation that can result in renal, 
hepatic, pulmonary, and brain metastasis [5, 6]. With-
out the early diagnosis and appropriate treatment, cho-
riocarcinoma may cause severe bleeding, uterine rupture, 
hysterectomy, etc., all of which seriously threaten the 
reproductive health and lives of women; therefore, it has 
attracted great attention in the clinic. Among the clinical 
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chemotherapeutic strategies, methotrexate (MTX) is the 
most widely used first-line drug [7]. However, the poor 
specificity of MTX is likely to cause adverse reactions 
such as liver damage, abdominal pain, gastrointestinal 
reactions, mucosal damage, and bone marrow suppres-
sion during systemic administration (incidence rate of 
more than 30%) [8]. More seriously, some of these cases 
will result in serious adverse reactions such as allergic 
pneumonia and convulsions [9]. The above treatment 
status causes serious damage to the normal tissues of 
patients in childbearing age.

With the development of nanotechnology and nanosci-
ence, great progress has been made in drug delivery to 
specific lesions and for cancer therapy [10, 11]. Targeted 
nanodrugs that can recognize specific markers on the 
tumor surface and enrich at the tumor sites based on the 
principle of ligand/antibody binding to cell membrane 
receptors/antigens have achieved better treatment effects 
than non-targeted nanodrugs [12, 13]. However, although 
research in this field has been carried out for decades, 
few active targeting nanodrugs have been approved for 
use in the clinic [14]. One of the biggest issues is the 
unpredictable targeting efficacy, which is oftentimes not 
uniform between individuals due to the high variability 
and heterogeneity in the expression of receptors [15]. 
Another fundamental reason is that macromolecular 
ligands (such as EGFR, LDL, transferrin, angiopep, etc.) 
have strong immunogenicity and steric hindrance, result-
ing in fast clearance from the body and low targeting 
efficiency [16–18]. Therefore, the construction of more 
efficient targeted drug delivery strategies is important for 
trophoblastic tumor therapy.

Membrane transporters, such as glucose transport-
ers, amino acid transporters, choline transporters, 
and nucleoside transporters, are essential to mam-
malian cell nutrition, providing cells with glucose, 
amino acids, vitamins, pyrimidines, ions, and other 
vital nutrients [19]. Furthermore, transporters are also 
involved in the transport of various therapeutic drugs. 
For example, human equilibrative nucleoside trans-
porter 1 (ENT1) can efficiently transport gemcitabine 
[20], cytarabine (Cy), and other drugs into the cell [21, 
22]. As a result, transporters act as the key factors that 
determine the pharmacological effects and safety of 
drugs [23, 24]. The latest research has found that nan-
odrugs conjugated with specific membrane transporter 
substrates can not only achieve targeted drug deliv-
ery but can also enter cancer cells through mediation 
by the transporters. For instance, the research group 
of Jiang C designed choline transporter-mediated 
nanoplatforms to treat glioma [25, 26]. These nanod-
rugs exhibited improved therapeutic activity when 

modified with choline derivates. The research group 
of Sun J demonstrated that the Na+-coupled trans-
porter OCTN2 or amino acid transporters ATB0,+ and 
LAT1 overexpressed on the membrane of cancer cells 
could transport small molecule substrate-modified 
nanodrugs into tumor cells [27–29]. These nanodrugs 
exerted superior antitumor effects compared to that of 
unmodified formulations. All of the above studies indi-
cated that the highly expressed transporter proteins on 
tumor cell membranes could be new promising targets 
for specific drug delivery.

Rapid proliferation is a characteristic of tumor tis-
sues. In addition to their high uptake capacity of amino 
acids and biotin, the cancer cell demand for nucleosides 
is also much greater than that of normal cells. Nucleo-
sides require specific transporters to penetrate the cell 
membrane. Among the family of nucleoside transport-
ers, ENT1 is the most widely expressed and highly 
selective transporter of purines and pyrimidine nucleo-
sides [30]. Some studies have reported that ENT1 could 
be used as a bona fide target for potential drugs related 
to cancer therapy [31–34]. Our group found that ENT1 
is overexpressed on choriocarcinoma cells (JEG-3 cells) 
by analyzing the expression of transporters. Inspired 
by this result, it was hypothesized that ENT1 may act 
as a novel and effective tumor target for nanothera-
peutics. Cytarabine (Cy), which can be specifically 
transported into cells via ENT1 as an analogue of the 
nucleoside cytosine [22, 35, 36], was selected as a guide 
for targeted choriocarcinoma therapy. Furthermore, Cy 
is a cell cycle-specific drug that can interfere with the 
metabolism of nucleic acids and has therapeutic effects 
on human choriocarcinoma cells [37, 38].

In this research, Cy-conjugated distearoylphosphati-
dylethanolamine-polyethylene glycol (DSPE-PEG2k-
Cy, abbreviated as Cy-lipid) was synthesized through 
a condensation reaction between the amine of Cy 
and the active carbonyl group of carboxyl-terminated 
PEG-lipids (Fig.  1a). Then, MTX-loaded liposomes 
(Cy-Lipo@MTX) were prepared by the thin film hydra-
tion method combined with the high-pressure homog-
enization method (Fig.  1b). The morphology, stability, 
release pattern, cellular uptake, and cytotoxicity of the 
nanodrugs were characterized. Then, the pharmacoki-
netic and distribution features of Cy-Lipo@MTX were 
investigated in mice. More importantly, the mechanism 
of ENT1-mediated endocytosis and the therapeutic 
effects of the nanodrugs were explored (as shown in 
Fig. 1c). This study comprehensively evaluates the role 
of ENT1 in the treatment of choriocarcinoma and pro-
vides a novel concept to design transporter-guided tar-
geted drug delivery for cancer therapy.
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Experimental section
Materials
Methotrexate hydrate, gemcitabine, cytosine β-d-
arabinofuranoside, doxorubicin, and 2′-deoxycytidine 
hydrochloride were obtained from Aladdin Bio-Chem 
Technology Co., Ltd (Shanghai, China). DSPE-PEG2k-
COOH was supplied by Ruixi Biological Technology 
Co., Ltd (Xi’an, China). Soybean phospholipids and 
cholesterol were purchased from A.V.T Pharmaceuti-
cal Co., Ltd (Shanghai, China). Dialysis tubes (MW: 
3500 D) were purchased from Spectrum Laboratories, 
Inc. (CA, USA). Dimethyl sulfoxide (DMSO), IR-780 
iodide, and MTT were obtained from Sigma Aldrich 
(MO, USA). DMEM, RPMI-1640, fetal bovine serum 
(FBS), penicillin G sodium, and streptomycin sulfate 
were obtained from Gibco BRL (MD, USA). The FITC 
Annexin V Apoptosis Detection Kit I and the PI/RNase 
Staining kit were purchased from BD Biosciences (CA, 
USA). MitoProbe™ JC-1 Assay kit and DAPI were pur-
chased from Thermo Fisher Scientific (MA, USA). 
Protein extraction kit was obtained from Beyotime 

Biotechnology Co., Ltd. (Shanghai, China). All other 
compounds were analytical grade, and a Millipore sys-
tem was used to purify water.

Cell culture and animals
JEG-3 (choriocarcinoma cells) and HepG2 (human liver 
cancer cells) were cultured in Eagle’s Minimum Essen-
tial Medium or DMEM containing 10% FBS and penicil-
lin/streptomycin (100 U/mL), respectively. Pricell-0051 
(normal human placental trophoblast cells) and MCF-7 
(human breast cancer cells) cell lines were cultured in 
DMEM/F12  or  RPMI-1640 containing 10% FBS and 
penicillin/streptomycin (100 U/mL) in a 37  °C 5% CO2 
incubator. Female Sprague–Dawley (SD) rats (220 ± 20 g) 
and female nude BALB/c mice (20 ± 2 g) were obtained 
from the Laboratory Animal Center of Zhejiang Chinese 
Medical University.

High expression of ENT1 in JEG‑3 cells
Firstly, the mRNA expression of various kinds of cell 
membrane transporters was evaluated in JEG-3 cells, 
including human equilibrative nucleoside transporters 

Fig. 1  Synthesis diagram of DSPE-PEG2k-Cy (a). Preparation process of Cy-Lipo@MTX (b). Schematic illustration of Cy-Lipo@MTX for 
choriocarcinoma therapy (c)
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(ENT), concentrative nucleoside transporters (CNT), 
organic anion transporters (OATs), organic cation trans-
porters (OCTs), carnitine/organic cation transport-
ers (OCTNs), multidrug resistance-associated protein 
(MRPs), P-glycoprotein (P-gp), and breast cancer resist-
ance protein (BCRPs). JEG-3 cells were grown to about 
80% confluence in a 10  cm dish and collected for RT-
PCR analysis. Total RNA was extracted from the cul-
tured JEG-3 cells using TRIzol reagent (Ambion, Thermo 
Fisher Scientific, USA). High-Capacity cDNA Reverse 
Transcription kit (Applied Biosystems, Carlsbad, USA) 
was employed to prepare cDNA from RNA (2  µg), and 
cDNA was analyzed via RT-PCR with SYBR Premix Ex 
Taq (Takara, Dalian, China). The PCR primers of trans-
porters were listed in Additional file 1: Table S1.

For western blot analysis, JEG-3 cells, MCF-7 cells, or 
HepG2 cells were plated overnight in 6-well plates. The 
cell lysates were collected and assessed via 13% denatur-
ing polyacrylamide gel electrophoresis. An ultrasonic cell 
disruptor was used to extract proteins from cells, after 
which a Bio-Rad Electrophoresis instrument was used 
for quantification. Proteins were then separated via SDS-
PAGE, transferred to PVDF membranes, and incubated 
with primary antibodies of ENT1 overnight. Secondary 
antibodies were then used to probe blots. A gel imaging 
system was then used for protein detection.

Specific uptake of cytarabine into the cells
JEG-3 cells, MCF-7 cells, or HepG2 cells were plated 
overnight in 6-well plates. Then, the adhered cells were 
treated with Cy (5 μM) for 30 min or 60 min. Then, cells 
were washed with PBS for moving the free drug in the 
medium. After that, the cells were lysed and treated with 
acetonitrile for precipitating protein. Finally, the con-
tent of Cy was detected by LC/MS (8050, SHIMADZU, 
Japan).

Synthesis and characterization of DSPE‑PEG2k‑Cy
Firstly, 140.00  mg of DSPE-PEG2k-COOH was dis-
solved in dimethylformamide. Then, cytarabine, 
2-(7-Azabenzotriazol-1-yl)-N, N, N’, N’-tetramethylu-
ronium hexafluorophosphate (HATU), triethylamine, 
and 1-hydroxybenzotriazole (HOBt) were added to the 
dimethylformamide system. The mixture was stirred for 
3–5  h in an ice bath. The molar ratio of DSPE-PEG2k-
COOH, cytarabine, HATU, HOBt, and triethylamine 
was 1:1.2:1.2:1.2:2. After that, the reaction solution was 
moved to a dialysis bag (MWCO = 3500  Da), and dia-
lyzed in 1000  mL of deionized water for 72  h. Finally, 
DSPE-PEG2k-Cy was freeze-dried for further usage. 
The molecular weight and structure of DSPE-PEG2k-
Cy were analyzed by the MALDI-TOF–MS (GCT-
Premier, Waters, USA) and the Nicolet 6700 FT-IR 

spectrophotometer (Thermo Electron Corporation, 
USA).

Preparation and characterization of Lipo@MTX 
and Cy‑Lipo@MTX
The MTX powder was dissolved in 0.5  M NaOH solu-
tion. Then the pH of the solution was adjusted to 7.0–8.0 
with HCl solution. The uniform and stable MTX solution 
obtained through the above method was used for prepar-
ing the following MTX formulations. Cy-Lipo@MTX was 
prepared by the thin film hydration method combined 
with the high-pressure homogenization method. In brief, 
soybean phospholipids, cholesterol, and DSPE-PEG2k-Cy 
(mass ratio: 4.5:1.0:1.0) were added to a round-bottom flask 
and dissolved with chloroform. Then, a yellow film was 
formed by rotating on a rotary evaporator for 2 h. Then, the 
round-bottom flask was placed in a vacuum drying oven 
overnight to remove the residual chloroform. After that, 
MTX solution was added to the round-bottom flask with 
hydration for about 30 min at 40  °C. During this process, 
the clear yellow solution gradually turned into a yellow col-
loidal solution. Then, the hydrated liquid was sonicated for 
3–5  min and homogenized 3 times with a high-pressure 
homogenizer (AH110D, ATS Engineering Inc., Canada). 
The redundant free drugs were removed by an ultrafiltra-
tion system (Labscale TFF system P6DA7080001, Mil-
lipore, USA). Finally, the dispersion was freeze-dried 
(FreeZone 2.5, LABCONCO, USA) with 5% (w/v) manni-
tol as cryoprotectant. The preparation of Lipo@MTX was 
to replace DSPE-PEG2k-Cy with an equivalent weight of 
DSPE-PEG2k-COOH, and the other preparation methods 
were described above. The preparation of fluorescein (dox-
orubicin (Dox) or IR780)-labeled liposomes was to replace 
MTX with fluorescein solution, and the other preparation 
methods were described above. Transmission electron 
microscopy images (TEM) of Lipo@MTX and Cy-Lipo@
MTX were obtained by a transmission electron micro-
scope (H-7650, Hitachi, Japan). The differential scanning 
calorimetry (DSC) curves of samples were scanned from 0 
to 200 °C at a heating rate of 10 °C/min using a differential 
scanning calorimeter (DSC 200F3, NETZSCH, Germany).

Drug loading efficiency and in vitro drug release
To measure the amount of MTX encapsulated within 
liposomes, the lyophilized Cy-Lipo@MTX or Lipo@
MTX were dissolved in acetonitrile solution. The 
obtained solution was filtered through a 0.22  µm filter 
membrane. Then, high-performance liquid chromatog-
raphy (HPLC) (1100, Agilent, USA) was used to deter-
mine drug concentrations [39]. The drug loading rate 
(DL%) and entrapment efficiency (EE%) were assessed as 
follows:
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In vitro release profiles of MTX-loaded liposomes were 
determined at 37 °C in PBS or acetate buffer with pH of 
7.4 or 5.5. Typically, 5  mL of Cy-Lipo@MTX or Lipo@
MTX were added to a dialysis tube (MWCO 3500  Da). 
Next, the dialysis tube was placed in 250  mL of buffer 
and constantly stirred (100 rpm) at 37 °C. At specific time 
points, 2 mL of the external buffer was extracted and an 
equal amount of fresh medium was added. HPLC was 
used to assess the content of MTX.

Cellular uptake studies
JEG-3 cells were used for uptake studies. Briefly, cells 
were plated overnight in 6-well plates and then treated 
with culture medium with or without fluorescein-labeled 
liposomes (Dox-labeled Lipo or Dox-labeled Cy-Lipo) for 
4 h. The fluorescence intensity was determined via flow 
cytometry (FACSCalibur, BD Biosciences, USA). Dox-
labeled nanocarrier localization within cells was assessed 
via confocal laser scanning microscopy (CLSM, FV1200, 
Olympus, Japan). JEG-3 cells were grown overnight in 
the confocal dish, followed by treatment for a certain 
time with Dox-labeled Lipo or Dox-labeled Cy-Lipo-
contained culture medium. Finally, cells were fixed with 
4% (v/v) paraformaldehyde and nuclei were DAPI stained 
before testing.

The mechanism of ENT1‑mediated endocytosis
To explore the role of ENT1 in the uptake of Cy grafted 
liposomes, two kinds of high-affinity substrates of ENT1 
were selected for competitive inhibition experiments. 
Briefly, different concentration (0.2–5.0 μM) of 2′-deoxy-
cytidine or gemcitabine was cultured with the adherent 
JEG-3 cells for 2 h. Then, the medium was removed, and 
the fresh medium containing Dox-labeled liposomes was 
added to the plate. The cells were incubated for another 
4 h. Subsequent steps were the same as those in uptake 
assay.

Endocytosis was studied by adding JEG-3 cells to 6 
well-plates and pre-treating them for 30 min with inhibi-
tors of various endocytic pathways including the clath-
rin-dependent endocytosis inhibitor chlorpromazine 
(50  μM), the caveolin-dependent endocytosis inhibitor 
indomethacin (50  μM), the micropinocytosis inhibitor 
colchicine (10  μM), and quercetin (10  μM) as tools for 
inhibiting caveolae- or clathrin-independent endocytosis. 

DL% =

(

amount of MTX in the sample/total weight of formulations
)

× 100%

EE% = (amount of MTX in the sample/total amount of MTX added in preparation)× 100%

Then, the medium was removed, and the fresh medium 
containing Dox-labeled liposomes was added to the plate. 
The cells were incubated for another 4  h. Subsequent 
steps were the same as those in uptake assay.

ENT1 regulatory mechanism of JEG-3 cells dur-
ing the uptake of Cy-Lipo was evaluated on protein 
and mRNA levels. The JEG-3 cells were added to 6-well 
plates at 105 cells/well. At 24 h post-plating, 5 μg/mL of 
Cy-Lipo was added and the cells were cultured for 0, 0.5, 
1, 2, 4, 8, 12, and 24 h. At different time point, the cells 
were collected and a protein extraction kit was used to 
isolate cytosolic  (Beyotime, China) or membrane pro-
teins  (Invent  Biotechnology, China). Segregated pro-
teins were assessed via western blotting as previously 
described, with β-actin and cadherin as respective cyto-
sol and membrane controls. Furthermore, JEG-3 cells 
treated as described above were used for RNA isolation 
for subsequent RT-PCR as previously described.

In vitro cytotoxicity
The cytotoxicities of MTX formulations were assessed 
via MTT assay. The groups were as follows: MTX solu-
tion (free MTX), MTX plus DSPE-PEG2k-Cy (abbre-
viated as MTX + Cy-lipid, the molar ratio of Cy-lipid 
to MTX was about 1:5.0), Lipo@MTX, and Cy-Lipo@
MTX. JEG-3 cells or Pricell-0051 cells were added to 
96-well plates (1 × 104 cells/well). After 24  h, cells were 
rinsed using PBS and treated with MTX formulations 
(0.001–30 μg MTX-equivalent/mL) for 48 h at 37 °C [40]. 
Viability was assessed by adding 20 μL of MTT (5  mg/
mL) per well for 4 h. Next, the medium was removed and 
formazan crystals were dissolved via the addition of 150 
μL of DMSO. A microplate reader (Varioskan Flash 3001, 
Thermo Fisher Scientific, USA) was then used to assess 
absorbance at 490 nm.

To investigate the effect of ENT1 on MTX formula-
tions induced cytotoxicity, 2′-deoxycytidine and gemcit-
abine, as competitive inhibitors of ENT1, were cultured 
with adherent JEG-3 cells for 2 h. Next, the medium was 
removed, and the fresh medium containing MTX for-
mulations (20 μg MTX-equivalent/mL) was added to the 
plate. The cells were incubated for another 48  h. MTT 
reagent was added as previously described, and absorb-
ance was assessed via microplate reader.
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Cell cycle and apoptosis studies
For cell cycle analysis, JEG-3 cells (105/well) were added 
to 6-well plates for 24 h and were then treated with cul-
ture medium or MTX formulation-contained culture 
medium at an equivalent MTX concentration (1  μg/
mL) for another 24  h. Then, JEG-3 cells were collected 
(1000  rpm, 5  min) and fixed using 70% ethanol for 8  h 
at 4℃. After resuspended in PI/RNase Staining buffer 
for 30  min, the cell cycle was determined with flow 
cytometry.

Apoptosis of JEG-3 cells was detected using the FITC 
Annexin V Apoptosis Detection Kit I. The cells (105/well) 
were seeded in 6-well plates. Following culture for 24 h, 
cells were treated with culture medium or MTX formu-
lation-contained culture medium at an equivalent MTX 
concentration (1 μg/mL) for another 24 h. All other pro-
tocols were conducted based on the provided directions. 
The cells were analyzed by flow cytometry.

Mitochondrial transmembrane potential changes and cell 
structure damage studies
Mitochondrial transmembrane potential changes 
induced by various MTX formulations were evaluated 
by the JC-1 probe. Briefly, JEG-3 cells were added to the 
confocal dish. Following culture for 24  h, the cells were 
treated with free MTX, MTX + Cy-lipid, Lipo@MTX, 
or Cy-Lipo@MTX at an equivalent MTX concentra-
tion (1 μg/mL) for 24 h. JC-1 solution was exchanged for 
cold PBS following two JC-1 staining buffer washes, after 
which samples were assessed by CLSM at λex (488 nm)/
λem (530 nm) for green fluorescence and λex (525 nm)/
λem (590 nm) for red fluorescence.

Bio-TEM was applied for observing the cell struc-
ture and mitochondrial damage effect induced by MTX 
formulations. Briefly, JEG-3 cells were seeded in a 6 cm 
dish. After culturing for 24 h, the cells were treated with 
free MTX, MTX + Cy-lipid, Lipo@MTX, or Cy-Lipo@
MTX at an equivalent MTX concentration (1  μg/mL) 
for another 24 h. Then, cells were digested, centrifuged, 
and fixed with 2.5% glutaraldehyde solution at 4  °C for 
more than 4 h. Finally, the bio-TEM observation was per-
formed after sample preparation.

In vivo fluorescence studies
BALB/c nude mice were subcutaneously injected with 
1 × 107 JEG-3 cells in the flank. When JEG-3 tumors in 
BALB/c mice were 200–300 mm3 in size, IVIS imaging 
systems (PerkinElmer, USA) were used to assess mice at 
specified time points following intravenous administra-
tion of IR780-labeled Lipo or IR780-labeled Cy-Lipo, 
respectively. The fluorescence images were collected 
at pre-treatment or suitable time points (0.5 h, 2 h, 6 h, 
12 h, and 24 h) after treatment.

Pharmacokinetic and biodistribution studies
The advanced Automatic Blood Collection System 
(Instech, USA) was applied to study the pharmacokinetic 
feature of various MTX formulations. Female SD rats 
(200–220  g) were acclimatized at 25 ± 2  °C for 1  week 
before the experiments. Animals were randomized into 3 
groups and each group contained 3 rats. Group I, II, and 
III were intravenously given free MTX, Lipo@MTX, and 
Cy-Lipo@MTX respectively at a dose of 10  mg MTX-
equivalent/kg body weight. Blood (200 μL) was obtained 
at 0.25, 0.5, 1, 2, 4, 8, 12, 24, 48, and 72 h through jugu-
lar vein after administration. 150 μL of plasma was com-
bined with 450 μL acetonitrile to precipitate proteins, 
and drug content of samples was analyzed by HPLC. The 
pharmacokinetic software (DAS 2.0) was used to assess 
key pharmacokinetic parameters including mean resi-
dence time (MRT), area under the curve (AUC), peak 
plasma concentration (Cmax), half-life (t1/2), and time to 
maximal plasma concentration (Tmax).

JEG-3 tumor-bearing mice were also used for organ 
distribution studies. Animal groups and dosage were 
consistent with pharmacokinetic studies. For bio-distri-
bution studies of MTX formulations, three animals per 
group were sacrificed at 2, 8, and 24  h following treat-
ment, and tumors, lungs, kidneys, hearts, livers, and 
spleens were isolated, weighed, and frozen. These tissues 
were then homogenized, spun down for 1 min, rested for 
45 min, and combined with 100 µl of 10% trichloroacetic 
acid solution followed by vortexing for 1  min, adding 
5 mL of acetonitrile, and incubating for 10 min. Samples 
were then spun down for 10 min at 6,000 rpm, and super-
natants were isolated, combined with mobile phase, and 
passed through 0.22 µm membrane filters. Finally, HPLC 
was applied to estimate the drug content of samples.

In vivo antitumor studies
BALB/c nude mice were subcutaneously injected with 
1 × 107 JEG-3 cells in the flank. When tumors were 
50–100 mm3 in size, nude mice were intravenously 
administrated with saline or MTX formulations (free 
MTX, MTX + Cy-lipid, Lipo@MTX, or Cy-Lipo@MTX, 
5 mg MTX-equivalent/kg body weight, each group con-
tained 6 mice) on day 6, 9, 12, 14, 18, and 21. On the 24th 
day, the mice were sacrificed, and the tumors, as well as 
the main organs, were excised, weighed, washed three 
times using saline, and subjected to fixation with 10% 
neutral buffered formalin. The tumor tissues were col-
lected for H&E, TUNEL, and Ki67 staining. All immu-
nohistochemical sections were observed with a digital 
scanning microscope imaging system (OCUS-100117, 
Grundium, Finland). The survival of large tumor-bearing 
mice (300–500 mm3 in size) was analyzed via Kaplan–
Meier analysis (each group contained 5 mice).
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In vivo biocompatibility analysis
To assess the hemolytic properties of Lipo@MTX and 
Cy-Lipo@MTX, 8 mL fresh anticoagulant blood was iso-
lated from the ear vein of white rabbits. Then, the samples 
were centrifuged and washed with saline until the super-
natant was colorless. The red blood cells were diluted 
with saline for obtaining 2% (v/v) red cell suspensions. 
Different concentrations of Lipo@MTX or Cy-Lipo@
MTX (from 0.01 to 2.0 mg/mL) were then co-incubated 
with red cell suspensions for 1 h at 37 °C. Simultaneously, 
equal volume of ultrapure water was selected as positive 
control (hemolysis rate: 100%). After incubation, samples 
were centrifuged, and the absorbance of the supernatant 
was measured at 414 nm using a microplate reader.

Healthy mice were administered the Lipo@MTX 
or Cy-Lipo@MTX dispersion via tail vein (10  mg 
MTX-equivalent/kg body weight every three days) for 
five times (each group contained 3 mice). Saline was 
injected as a control. After the administration, blood 
biochemical indices were measured. During the in vivo 
antitumor studies, the body weight and activity status 
of mice in each group were monitored for evaluating 
the side effects of the MTX formulations. After in vivo 
antitumor studies, the primary organs of each group 
were harvested for H&E staining.

Statistical analysis
All data were assessed with SPSS v17.0 (IBM Inc., IL, 
USA) and expressed as the mean ± SD. P < 0.05 was the 
significance threshold.

Results and discussion
Specific expression of ENT1 on JEG‑3 cells
To make a breakthrough in the dilemma of chorio-
carcinoma therapy and find a target membrane pro-
tein for specific drug delivery, transporter mRNA 
expression in human choriocarcinoma cells (JEG-3) 
was analyzed. The results indicated that the mRNA 
expression of human equilibrative nucleoside trans-
porter 1 (ENT1) in JEG-3 cells was significantly higher 
than that of the other cell membrane transporters, 
such as concentrative nucleoside transporters (CNTs), 
organic anion transporters (OATs), organic cation 
transporters (OCTs), carnitine/organic cation trans-
porters (OCTNs), multidrug resistance-associated 
protein (MRPs), P-glycoprotein (P-gp), and breast can-
cer resistance protein (BCRP). The gap in the expres-
sion between ENT1 and these other transporters was 
an order of magnitude (Fig.  2a). The mRNA level of 
ENT1 in JEG-3 cells was approximately 6.3 times 
of that in normal human placental trophoblast cells 

(Pricell-0051), and significantly higher than that in 
human liver cancer cells (HepG2) and human breast 
cancer cells (MCF-7) (Fig. 2b). Similarly, the expression 
of ENT1 protein in JEG-3 cells was significantly higher 
than that in Pricell-0051, HepG2, and MCF-7 cells 
(P < 0.05) (Fig.  2c). Furthermore, our group explored 
the uptake of the nucleoside analogue cytarabine (a 
substrate of ENT1) by the above four cell lines (Fig. 2d). 
The transport of Cy into cells was a time-dependent 
process, and the amount taken up by JEG-3 cells was 
significantly higher than that taken up by Pricell-0051, 
MCF-7, and HepG2 cells after 30 min and 1 h (P < 0.05). 
The above results suggested the specific expression of 
ENT1 in JEG-3 cells, which made it a potential target 
for choriocarcinoma therapy.

Preparation and characterization of Lipo@MTX 
and Cy‑Lipo@MTX
Methotrexate (MTX) is the most important first-line 
drug for the treatment of trophoblastic diseases. It is a 
polar molecule with a structure similar to that of folic 
acid and can enter the cell in two ways: through the folic 
acid transporter and by passive diffusion (Additional 
file 1: Fig. S1b). The first transport pathway has a higher 
affinity for folic acid and a low affinity for MTX. Addi-
tionally, it is difficult for the polar small molecule MTX 
to penetrate cell membranes [8]. Moreover, patients 
with trophoblastic tumors have serious resistance to 
MTX [41]. Conventional doses of MTX are usually inef-
fective, so higher doses or combination chemotherapy 
are required. However, these factors will lead to longer 
treatment times, more side effects, and a higher risk of 
treatment failure [42]. The lack of specific distribution in 
lesion sites and the low transportation efficiency of MTX 
are key scientific issues in the treatment of trophoblast-
related diseases (as displayed in Additional file  1: Fig. 
S1b).

Liposomes are the most common nanocarriers used 
for targeted drug delivery systems with biodegrada-
bility, low toxicity, and low immunogenicity [43, 44]. 
Moreover, liposomes have several advantages to over-
come obstacles in cellular uptake and improve the pay-
load biodistribution [45]. Many liposome formulations 
have been approved for clinical cancer therapy, such 
as Doxil®, Onivyde®, and Vyxeos® [46]. In this study, 
liposomes were selected as the drug carrier for intracel-
lular delivery of MTX. First, a kind of Cy-conjugated 
distearoylphosphatidylethanolamine-polyethylene gly-
col (DSPE-PEG2k-Cy, abbreviated as Cy-lipid) was syn-
thesized through a condensation reaction between the 
amine of Cy and the active carbonyl group of the car-
boxyl-terminated PEG-lipids (DSPE-PEG2k-COOH). In 
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the MALDI-TOF–MS spectrum, the m/z peak of DSPE-
PEG2k-COOH is approximately 2750 (Fig.  3a) and that 
of DSPE-PEG2k-Cy is approximately 2995 (Fig.  3b). The 
difference in molecular weight between DSPE-PEG2k-
COOH and DSPE-PEG2k-Cy is 245, which is approxi-
mately the molecular weight of Cy (MW = 243.23). The 
new peak at 1643.82  cm−1 in the FT-IR spectra was 
caused by the absorption of   −C=O bond in pyrimi-
done  ring of DSPE-PEG2k-Cy, and the characteristic 
absorption of −C-H  adjacent to oxygen  in the epoxy 
group of Cy was 874.49  cm−1 (Fig.  3c, d). The MALDI-
TOF–MS and FT-IR results showed the successful syn-
thesis of DSPE-PEG2k-Cy.

MTX-loaded liposomes were prepared by the thin-
film hydration method combined with high-pressure 
homogenization. The prepared Lipo@MTX and Cy-
Lipo@MTX were approximately 120  nm in diameter 
(Fig.  4a, b) with perfect dispersion as observed in the 
TEM images (Fig.  4c, d). The lyophilized Cy-Lipo@
MTX had a smooth appearance without collapse after 

using 5% mannitol (w/v) as cryoprotectant (Additional 
file  1: Fig. S2a). The lyophilized Cy-Lipo@MTX had 
excellent re-dispersion in PBS with shake, and there 
was no aggregation in the TEM image (Additional 
file 1: Fig. S2b, c). After being stored at room tempera-
ture for five and nine months, the particle size of Cy-
Lipo@MTX could maintain at approximately 150  nm 
(Additional file 1: Fig. S2d, e). The above results showed 
that the lyophilized formulation had good storage sta-
bility. The content of Cy-lipid in Cy-Lipo@MTX was 
calculated to be approximately 13.51%. The DL% and 
EE% of Lipo@MTX (8.92 ± 1.31% and 44.61 ± 6.59%, 
respectively) were similar to those of Cy-Lipo@MTX 
(9.46 ± 1.01% and 48.53 ± 2.54%, respectively). Next, 
DSC was applied to analyze the crystal form of the 
drug in Cy-Lipo@MTX (Additional file  1: Fig. S3). It 
was observed that the pure crystalline MTX exhibited 
a peak at 123.0 °C and this characteristic peak of MTX 
was absent in the DSC curve of Cy-Lipo@MTX, which 

Fig. 2  mRNA expression of multiple transporters in JEG-3 cells (a). mRNA (b) and protein (c) expression of ENT1 transporter in Pricell-0051, HepG2, 
MCF-7, and JEG-3 cells. The uptake of cytarabine by the above cells within a certain period of time (d). *P < 0.05, **P < 0.01 vs JEG-3 cells
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suggested that the MTX had been converted to its 
amorphous form after encapsulated by liposomes [47].

The ability of MTX-loaded liposomes to accumulate 
within tumors is dependent upon their stability within 
the circulation. We thus tested the stability of MTX for-
mulations for 72  h in PBS supplemented with 10% FBS 
(pH 7.4). Over this period, there was a slight increase 
in the particle size of Cy-Lipo@MTX and Lipo@MTX. 
The particle size maintained below 200 nm (Fig. 4e), and 
there was no precipitation in the dispersion. The high 
stability of Cy-Lipo@MTX and Lipo@MTX may be due 
to the PEG chains exhibiting steric hindrance and reduc-
ing serum protein interference [48]. This feature is criti-
cal for Cy-Lipo@MTX in cancer therapy to increase the 
distribution to the tumor site through the enhanced per-
meability and retention (EPR) effect.

In vitro drug release
The in  vitro drug release patterns of Lipo@MTX and 
Cy-Lipo@MTX were evaluated in buffer at pH values of 
7.4 or 5.5. According to the results of DSC, MTX exists 
in an amorphous form in liposomes, thus it is easier to 
dissolve in aqueous solutions. As shown in Fig. 4f, MTX 

release from Lipo@MTX and Cy-Lipo@MTX was pro-
moted by a decrease in the environmental pH value. 
This is because the solubility of MTX in acidic solutions 
is greater than that in neutral solutions [49]. At pH 7.4, 
Lipo@MTX and Cy-Lipo@MTX released 22.10 ± 1.3% 
and 35.53 ± 3.27% MTX, respectively, within 2  h. In 
comparison, 44.11 ± 8.76% and 64.27 ± 6.52% MTX was 
released within 2  h in an acidic environment (pH 5.5). 
The release rates of Lipo@MTX in the pH 7.4 and pH 
5.5 environments were 62.83 ± 5.86% and 89.96 ± 6.67% 
after 48 h, respectively, and the release rates of Cy-Lipo@
MTX in these two environments were 67.17 ± 7.39% and 
92.41 ± 1.52% after 48 h, respectively. The release profiles 
of the two nano-formulations at the same pH were simi-
lar, indicating that Cy surface functionalization would not 
influence the release of MTX. The pH-responsive drug 
release pattern of Cy-Lipo@MTX might be facilitated to 
reduce the burst release and leakage of MTX during body 
circulation. The stability and in  vitro drug release stud-
ies illustrated that the encapsulated MTX could not only 
achieve long-term circulation of the drug in the body 
but also realize specific drug release in the acidic tumor 
environment. These two properties are essential for the 

Fig. 3  MALDI-TOF–MS spectrum of DSPE-PEG2k-COOH (a) and DSPE-PEG2k-Cy (b). Thin layer chromatography was applied to monitor the synthesis 
reaction of DSPE-PEG2k-Cy (b insert). FT-IR spectrum of DSPE-PEG2k-COOH (c) and DSPE-PEG2k-Cy (d)
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Fig. 4  Particle size distribution of Lipo@MTX (a) and Cy-Lipo@MTX (b). TEM images of Lipo@MTX (c) and Cy-Lipo@MTX (d). Dynamic light 
scattering profiles of Lipo@MTX and Cy-Lipo@MTX in PBS solution containing 10% FBS for 72 h (e). Release profiles of Lipo@MTX and Cy-Lipo@MTX 
in buffer at different pH values (f)

Fig. 5  Flow cytometry profiles of JEG-3 cells that were incubated with culture medium, Dox-labeled Lipo or Dox-labeled Cy-Lipo for 4 h (a). 
Confocal images of JEG-3 cells incubation with Dox-labeled Lipo or Dox-labeled Cy-Lipo for 1 h and 4 h. The nucleus of cells was stained with DAPI 
(blue) (b). Computational ENT1 docking analysis. Docking of Cy inside the special binding sites of ENT1 (c) and the residue interaction between 
ENT1 and Cy (d)
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antitumor nano-formulations, as they can reduce toxicity 
and increase efficacy [50, 51].

In vitro cellular uptake studies
The fluorescence intensity of Dox-labeled Lipo-incubated 
JEG-3 cells was 3.95 times stronger than that of the con-
trol group after incubation for 4  h, while that of Dox-
labeled Cy-Lipo increased 10.40-fold (Fig. 5a). The above 
results revealed that modification with Cy increased the 
uptake of the liposomes by JEG-3 cells. Next, CLSM was 
applied to observe the fluorescence localization within 
JEG-3 cells at different time points. As shown in Fig. 5b, 
the red fluorescence of Dox-labeled Cy-Lipo was mainly 
distributed in the cell membrane and cytoplasm after 
incubation for 1  h. In comparison, low-intensity red 
fluorescence could be observed in the Dox-labeled Lipo-
incubated JEG-3 cells at 1 h. After co-incubation for 4 h, 
the red fluorescence intensity of Dox-labeled Cy-Lipo-
treated cells was still significantly stronger than that of 
the Dox-labeled Lipo group. CLSM observations con-
firmed the role of Cy in increasing the cellular uptake of 
Cy-Lipo. Mechanistically, it was speculated that Cy could 
bind specifically to ENT1 as a substrate and mediate the 
entry of Cy-Lipo into the cells through a certain effect, 
which would be explored in the following studies.

Computational ENT1 docking analysis
To explore the Cy binding properties in the context 
of ENT1 transport, we conducted molecular dynamic 
simulations. From a thermodynamic perspective, sta-
ble systems are denoted by negative free energy (ΔG < 0) 
[52]. The ΔG between Cy and ENT1 was − 6.5 kcal/mol, 
which indicated good binding effect between the two 
molecules. Two hydrogen bonds were formed between 
the hydroxyl of Cy and ASP-341 and ARG-345 of ENT1 
(Fig.  5c, d). Moreover, there were hydrophobic interac-
tions between Cy and ASN-30 of ENT1. The docking 
analysis results demonstrated that these three interaction 
sites were all on the furan ring of Cy and the amide group 
formed between Cy and DSPE-PEG2k-COOH was on 
the pyrimidine ring of Cy. Thus, the DSPE-PEG2k chain 
of DSPE-PEG2k-Cy had little influence on the molecu-
lar docking process between Cy and ENT1. Thus, ENT1 
could specifically recognize and transport Cy-conjugated 
nanodrugs into JEG-3 cells.

Assessment of the mechanisms of ENT1‑mediated 
endocytosis
To further clarify the mechanism of ENT1-mediated 
Cy-Lipo endocytosis into cells, competitive inhibitors 
(deoxycytidine and gemcitabine) of ENT1 and endocyto-
sis inhibitors were applied in the cellular uptake studies. 
The results showed that deoxycytidine could significantly 

reduce the uptake of Dox-labeled Cy-Lipo by JEG-3 cells 
in a concentration-dependent manner (P < 0.05) but had 
less of effect on Dox-labeled Lipo when the inhibitor 
concentration was between 0.2 μΜ and 5.0 μΜ (Fig. 6a). 
These results were because the structure of deoxycyti-
dine was similar to that of Cy. Deoxycytidine can occupy 
the binding sites between Cy and ENT1, thus hindering 
the binding of ENT1 and Cy and ultimately reducing the 
endocytosis of Dox-labeled Cy-Lipo. Similarly, gemcit-
abine, which is a cytosine derivative, also significantly 
influenced the uptake of Dox-labeled Cy-Lipo at concen-
trations of 1.0  μM and 5.0  μM (P < 0.05). These results 
indicated that the uptake of Cy-modified formulations 
was highly correlated with the function of ENT1. Then, 
we further examined the influence of endocytosis inhibi-
tors on the uptake of Cy-modified nano-formulations. 
The caveolin-mediated endocytosis inhibitor indometha-
cin impacted the uptake of Dox-labeled Cy-Lipo to the 
greatest extent and the clathrin-mediated endocytosis 
inhibitor chlorpromazine showed the next most substan-
tial inhibition among all endocytosis inhibitors (Fig. 6b). 
A reduced effect was observed for the micropinocyto-
sis inhibitor colchicine compared to indomethacin and 
chlorpromazine. Quercetin, which inhibits caveolin/
clathrin-independent endocytosis, had a certain inhibi-
tory effect on the endocytosis of Dox-labeled Cy-Lipo. 
The above results showed that binding with ENT1 and 
endocytosis were two important processes for ENT1-
mediated Cy-Lipo uptake by JEG-3 cells.

To explore whether ENT1 was involved in the process 
of endocytosis, our group assessed time-dependent alter-
ations in ENT1 protein levels via western blotting analy-
sis. We found a significant decrease in membrane protein 
level in JEG-3 cells following 30 min of exposure to Cy-
Lipo compared to the control level; however, the pro-
tein level recovered with time, and the level returned to 
normal between 0.5 h and 4 h (Fig. 6c). In the cytoplasm, 
ENT1 protein level showed an increasing trend from 0 to 
2 h and then returned to its original level (Fig. 6d). Fur-
thermore, the mRNA level of ENT1 increased from 0.5 h 
to 4 h during the uptake process, and there was a signifi-
cant difference in the expression at 2 h and 4 h compared 
to the control level (P < 0.05) (Fig.  6e). These data indi-
cated that part of the ENT1 protein on the membrane 
entered the cytoplasm along with the endocytic vesicles. 
The recovery of protein level over time may be due to 
partial endocytosed transporter recycling and additional 
transporter synthesis, as evidenced by the increased 
expression of mRNA. A schematic illustration presenting 
the ENT1-mediated endocytic cycle mechanism was dis-
played in Fig. 7.
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In vitro cytotoxicity
The cytotoxicities of free MTX, a physical mixture of 
Cy-lipid and MTX, Lipo@MTX, and Cy-Lipo@MTX 
were evaluated in JEG-3 and Pricell-0051 cells for 48  h 
(Fig. 8a, b). All of the MTX formulations displayed dose-
dependent cytotoxicity to the JEG-3 and Pricell-0051 cell 
lines. The half maximal inhibitory concentration (IC50) of 
each MTX formulation in normal cells (Pricell-0051) was 
greater than that of JEG-3 cells, indicating that JEG-3 was 
more sensitive to MTX (Table 1). For that reason, MTX 
has been selected as one of the most important first-
line drugs for choriocarcinoma therapy. The mean IC50 
of Lipo@MTX in JEG-3 cells (12.84 μg/mL) was smaller 
than that of free MTX (19.55 μg/mL). This was because 
the polar small molecule MTX were more difficult to 
penetrate cell membranes than the nano-formulations 
[8], and JEG-3 cells could take up Lipo@MTX through 
endocytosis and membrane fusion. Cy-conjugated lipids, 
which were formed through the link between the amino 
terminus of Cy and the carboxyl terminus of the lipid, 
were demonstrated to have improved antitumor activity 

in tumor cells compared to free Cy [53]. Thus, the Cy-
lipid prepared in our research may be able to play a 
synergistic role against choriocarcinoma. As displayed 
in Table  1, the mean IC50 of the MTX + Cy-lipid group 
(5.57 μg/mL) was smaller than that of both the free MTX 
group and Lipo@MTX group, which confirmed the syn-
ergistic antitumor effect of MTX and Cy-lipid. The cyto-
toxicity induced by Cy-Lipo@MTX in JEG-3 cells (mean 
IC50 = 1.51 μg/mL) was higher than that induced by free 
MTX, MTX + Cy-lipid, and Lipo@MTX. These results 
showed that the modification of Cy augmented the anti-
tumor cytotoxicity of MTX-loaded liposomes, potentially 
due to the increased uptake of the nanodrugs by JEG-3 
cells. Our group further studied the role of ENT1 in 
Cy-Lipo@MTX-induced cytotoxicity with competitive 
inhibition experiments. As displayed in Fig.  8c, d, pre-
treatment of deoxycytidine and gemcitabine (at concen-
trations between 0.2 and 5.0  μM) significantly reduced 
the toxicity of Cy-Lipo@MTX to JEG-3 cells. This result 
was consistent with the cellular uptake results in which 
the competitive inhibitor was able to inhibit the function 

Fig. 6  Influence of ENT1 substrates (a) or endocytosis inhibitors (b) on cellular uptake of Dox-labeled Lipo or Dox-labeled Cy-Lipo. *P < 0.05, 
**P < 0.01, vs cells without pre-treatment with deoxycytidine or gemcitabine. #P < 0.05, ##P < 0.01, vs cells without pre-treatment with endocytosis 
inhibitors. The variations of membrane (c) and cytosol (d) ENT1 protein expression after treatments with Cy-Lipo over 24 h. Analysis of ENT1 mRNA 
in JEG-3 cells after incubation with Cy-Lipo over 24 h (e). *P < 0.05, **P < 0.01, vs cells without treatment with Cy-Lipo
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of ENT1 and reduce the uptake of Cy-Lipo@MTX into 
cells. In comparison, deoxycytidine and gemcitabine had 
little effect on the cytotoxicity of free MTX or Lipo@
MTX in JEG-3 cells.

Cell cycle arrest and cell apoptosis‑induced effects
To assess how the MTX formulations inhibit the cell 
cycle, flow cytometry was applied to monitor cell cycle 
progression. JEG-3 cells were treated with or with-
out MTX formulation-contained medium for 24  h. As 
displayed in Fig.  8e and Additional file  1: Fig. S4, free 
MTX, MTX + Cy-lipid, Lipo@MTX, and Cy-Lipo@
MTX specifically arrested 11.59 ± 1.53%, 40.39 ± 1.73%, 
29.60 ± 3.29%, and 51.66 ± 2.53% of JEG-3 cells at the S 
phase of the cell cycle, which was a significant increase 
relative to the control cells (5.44 ± 0.97%). The results 
demonstrated that all MTX formulations inhibited the 
proliferation of JEG-3 cells by inducing S phase arrest to 
different extents, with Cy-Lipo@MTX exhibiting supe-
rior S phase arrest (P < 0.05). This could be attributed to 
the enhanced uptake and synergistic effects of MTX and 
Cy-lipid in Cy-Lipo@MTX-treated JEG-3 cells. Moreo-
ver, the flow cytometry data (Fig. 8f and Additional file 1: 
Fig. S5) showed that the apoptotic percentages of JEG-3 
cells after treatment with free MTX, MTX + Cy-lipid, 
Lipo@MTX, and Cy-Lipo@MTX were 18.03 ± 2.25%, 
28.69 ± 0.48%, 21.76 ± 3.65%, and 38.00 ± 1.36%, 

respectively, which were much higher than that of the 
control group (10.39 ± 2.78%) (P < 0.05). Additionally, 
the proportion of apoptotic cells in the Cy-Lipo@MTX 
treatment group was significantly higher than that in the 
other treatment groups (P < 0.05). All of the above cyto-
toxicity experiments confirmed that Cy-Lipo@MTX had 
a more powerful tumor suppression effect.

Mitochondrial transmembrane potential change and cell 
structure damage
The process of cell apoptosis is often accompanied by 
a change in mitochondrial transmembrane potential 
(MMP) [54]. The effect of various MTX formulations 
on mitochondrial damage in JEG-3 cells was evaluated 
by measuring the MMP with JC-1 probes. When the 
MMP level is low, JC-1 cannot accumulate within the 
mitochondrial matrix but instead exists as a green fluo-
rescent monomer. When JC-1 aggregates, it yields a red 
fluorescent signal. In CLSM studies (Fig.  9a), there was 
substantial red fluorescence in the control group, which 
notably decreased in the free MTX and Lipo@MTX 
groups. The above results indicated that free MTX and 
Lipo@MTX had a certain destructive effect on the MMP 
in JEG-3 cells. The MTX + Cy-lipid-treated tumor cells 
had a weaker red fluorescence intensity than that in the 
free MTX and Lipo@MTX groups, which confirmed 
that MTX and Cy-lipid had a synergistic damaging effect 

Fig. 7  The schematic illustration presenting the ENT1-mediated endocytic cycle mechanism
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on the MMP. Excitingly, after treatment with Cy-Lipo@
MTX, the red fluorescence in JEG-3 cells almost disap-
peared, indicating the strongest MMP damage among the 
four MTX formulations. Mitochondrial injury directly 
affects cell energy metabolism and ultimately induces 
cell apoptosis. The above research results explained the 
strongest apoptosis-inducing effects of Cy-Lipo@MTX 
among the MTX formulations.

To observe the influence of MTX formulations on 
the mitochondria and cell structure more intuitively, 
a bio-TEM study was applied. As displayed in Fig.  9b, 
in the control and free MTX-treated groups, the cell 

structure was intact and the cell boundary was clearly 
visible. These mitochondria exhibited a full shape with-
out shrinkage or aggregation (the blue arrows indicate 
normal mitochondria). After treatment with Lipo@
MTX and MTX + Cy-lipid, the tumor cells began to 
lyse, and cell debris appeared around the cells, which 
was accompanied by mitochondrial atrophy (the yel-
low arrows indicate atrophied mitochondria). In the 
Cy-Lipo@MTX-treated group, the cytoskeleton disin-
tegrated, and significant cell debris was evident at the 
cell margin, which indicated whole cell destruction. 
Moreover, a large number of atrophied mitochondria 

Fig. 8  The viability of JEG-3 (a) and Pricell-0051 cells (b) after being treated with free MTX, physical mixture of MTX and Cy-lipid, Lipo@MTX, 
or Cy-Lipo@MTX for 48 h during a certain drug concentration range. The effect of ENT1 competitive inhibitors on MTX formulations induced 
cytotoxicity (c, d). *P < 0.05, **P < 0.01, vs cells without pre-treatment with deoxycytidine or gemcitabine. Cell cycle distribution induced by culture 
medium or MTX formulation-contained medium for 24 h (e). Quantitative analysis of apoptosis after treating JEG-3 cells with culture medium or 
MTX formulation-contained medium for 24 h (f). **P < 0.01, vs Cy-Lipo@MTX group

Table 1  IC50 values of MTX formulations in JEG-3 cells and Pricell-0051 cells

* P < 0.05, vs Cy-Lipo@MTX group

IC50
(μg/mL)

JEG-3 Pricell-0051

free MTX MTX + Cy-lipid Lipo@MTX Cy-Lipo@MTX free MTX MTX + Cy-lipid Lipo@MTX Cy-Lipo@MTX

Mean 19.55* 5.57 12.84* 1.51 32.18* 13.81 25.67 4.08

SD 1.73 1.92 4.90 0.88 6.84 9.27 17.57 2.56
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gathered inside the Cy-Lipo@MTX-treated cells. All 
cell-level studies implicated the potential of Cy-Lipo@
MTX against JEG-3 tumor cells.

Tumor accumulation, pharmacokinetic study and in vivo 
biodistribution
Herein, the tumor-accumulating properties of IR780-
labeled liposomes were evaluated in choriocarcinoma 
xenograft nude mice. As seen in Fig.  10a, 30  min after 
tail vein injection of IR780-labeled Lipo, the fluores-
cence was systemically distributed, with the strongest 

fluorescence intensity in the liver. The distribution of 
IR780-labeled Lipo at the tumor site was not different 
from that in the other normal tissues except the liver. 
After 24 h, the fluorescence signal of IR780-labeled Lipo 
in normal tissues disappeared. However, there was still a 
fluorescence signal in the proximal tumor site. The fluo-
rescence signal indicated the retention of IR780-labeled 
Lipo in this region due to the EPR effect of the nano-
sized liposomes. In the IR780-labeled Cy-Lipo-treated 
mice, the fluorescence intensity of the tumor site was 
significantly stronger than that of other organs after 2 h, 

Fig. 9  CLSM image of JEG-3 cells after incubation with various MTX formulations for 24 h. Red and green fluorescence represent the JC-1 
aggregates and JC-1 monomer, respectively (a). The scale bar is 100 μm. Bio-TEM evaluation of the destructive effect caused by MTX formulations 
on JEG-3 cells, blank culture medium as control (b). The red box area is enlarged on the right, the blue arrows indicate the normal mitochondria, 
and the yellow arrows indicate the atrophied mitochondria
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and the fluorescence of the tumor site could be retained 
for 24 h. In comparison, the fluorescence intensity of the 
tumor in the IR780-labeled Cy-Lipo group was signifi-
cantly stronger than that of the IR780-labeled Lipo group 

after 2 h. Due to the specific binding effect between Cy 
and ENT1 and the enhanced endocytosis effect mediated 
by ENT1, IR780-labeled Cy-Lipo exhibited better tumor 
targeting and aggregation effects than IR780-labeled 

Fig. 10  In vivo distribution of IR780-labeled Lipo or IR780-labeled Cy-Lipo in major organs of choriocarcinoma tumor-bearing nude mice during 
24 h (a). Blood collection from rats by automatic blood sampling device in pharmacokinetic research (b). Drug-time curves of MTX formulations 
in SD rats after intravenous administration (c). Biodistribution of MTX in mice at 2 h (d), 8 h (e), and 24 h (f) after intravenous injection of MTX 
formulations. *P < 0.05, **P < 0.01, vs free MTX. #P < 0.05, vs Lipo@MTX
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Lipo. The targeting effect of Cy-Lipo would be conducive 
to the accumulation of more drugs at the tumor site to 
exert a more powerful antitumor effect with fewer side 
effects.

In vivo experiments are indispensable for evaluat-
ing novel nanodrugs. For the pharmacokinetic stud-
ies, an automatic blood collection system was utilized 
to explore the in  vivo processes of the various MTX 
formulations (Fig.  10b). The sampling process in our 
research resulted in less damage to the animals and a 
reduced impact on drug circulation. Drug-time curves 
and pharmacokinetic parameters were displayed in 
Fig.  10c and Table  2. Long-circulating liposomes have 
a certain degree of stability, and they cannot release 
MTX immediately when they enter the blood circu-
lation. The lipid shell delayed the release of MTX in 
the body, so a short absorption phase appeared in the 
drug-time curve of MTX-loaded liposomes [39, 55]. 
The plasma MTX concentration after free MTX admin-
istration was 13.52 ± 1.96 μg/mL after 0.25 h, followed 
by sharp reductions after 4 h (4.59 ± 1.61 μg/mL), 12 h 
(1.14 ± 0.49  μg/mL), and 24  h (0.43 ± 0.36  μg/mL). 
These fast decreases were due to the rapid elimination 
of MTX from the kidney and sequestration into dif-
ferent organs. The clearance rate (CL), half-life (t1/2β), 
and area under the curve (AUC) of free MTX were 
0.086 ± 0.03 L/h, 5.23 ± 2.72 h, and 62.42 ± 21.51 μg·h/
mL. The plasma MTX concentration observed just 
after administration of Lipo@MTX was lower than that 
of free MTX. The maximal MTX concentration was 
detected approximately 2  h after injection of Lipo@
MTX (Cmax = 7.49 ± 1.45  μg/mL), and a decrease in 
drug concentration was noted during 72 h after admin-
istration (0.33 ± 0.10 μg/mL). These data suggested the 
sustained release feature of the lipidic nanostructure 
evidenced by the decreased CL (~ 0.37-fold, P < 0.05) 
and improved t1/2β (~ 2.41-fold, P < 0.01) compared to 
those of free MTX-treated mice. As a result, the MRT 
(~ 2.79-fold, P < 0.01) and AUC​0-t (~ 2.57-fold, P < 0.05) 
of Lipo@MTX were significantly extended compared 

to those of free MTX-treated mice. The results con-
spicuously designated the long circulation properties 
of the PEG-decorated liposomes. Additionally, MTX 
encapsulation into nano-shells could protect this drug 
from adverse conditions, facilitating controlled MTX 
release to improve drug stability in blood circulation. 
The drug-time curve of Cy-Lipo@MTX was similar to 
that of Lipo@MTX. The slightly lower AUC​0-t of Cy-
Lipo@MTX was probably due to the faster distribution 
of Cy-Lipo@MTX to the tumor site where ENT1 was 
expressed abundantly. In brief, our results suggested 
that PEG-modified liposomes achieved better MTX 
retention in circulation. The long circulation feature of 
the nanocarriers provided Cy-Lipo@MTX with more 
opportunities to anchor to ENT1.

In vivo biodistribution studies were performed to 
confirm the efficiency of Cy-grafted liposome-mediated 
intratumoral MTX delivery and the bypass of off-target 
tissues (Fig. 10d, e, f ). Most of the free MTX was found 
in the kidneys and liver at 2 h post-treatment, suggest-
ing that these organs played a primary role in the clear-
ance of MTX. However, at 24  h post-treatment, MTX 
from Cy-Lipo@MTX was detectable primarily within 
the tumors and to a lesser extent in other tissues. The 
tumor-targeting effect and the EPR effect reduced Cy-
Lipo@MTX accumulation within normal tissues while 
encouraging selective drug entry into tumors. The Cy-
anchored formulations accumulated approximately 
8.30  μg/g MTX in the tumors at 24  h, whereas MTX 
was found at concentrations of 3.68  μg/g in the heart, 
5.26 μg/g in the liver, 1.37 μg/g in the spleen, 2.05 μg/g 
in the lung, and 1.99  μg/g in the kidney. More MTX 
(13.9  μg/g) was seen in all deep tumor tissues at 8  h 
after treatment with Cy-Lipo@MTX, which was much 
higher than the drug concentration in normal tissue. 
The MTX levels at the tumor sites were estimated as 
Cy-Lipo@MTX > Lipo@MTX > free MTX at the differ-
ent time points. The results in this section revealed the 
potential targeting, tumor-specific delivery, prolonged 
circulation, and enhanced bioavailability features of 
Cy-Lipo@MTX in tumor-bearing mice. These excellent 
characteristics would be finally reflected in the in vivo 
antitumor effects of Cy-Lipo@MTX.

In vivo choriocarcinoma therapy
Owing to the promising in  vitro and in  vivo perfor-
mance of Cy-Lipo@MTX, we further evaluated the 
antitumor activity of the designed nanodrugs against 
JEG-3 tumor models. When the mouse tumors grew 
to 50–100 mm3, the mice were treated with free MTX, 
MTX + Cy-lipid, Lipo@MTX, Cy-Lipo@MTX, or saline 
every three days. As shown in Fig.  11a, b, the tumor 
volume in the Cy-Lipo@MTX group (140.13 ± 159.40 

Table 2  Main parameters of MTX formulations after vein 
injection in rats

* P < 0.05, **P < 0.01, vs free MTX

Parameters Free MTX Lipo@MTX Cy-Lipo@MTX

AUC​0-t (μg·h/mL) 62.42 ± 21.51 160.22 ± 47.02* 134.27 ± 18.19*

MRT(0-t) (h) 6.27 ± 2.52 17.52 ± 2.47** 17.63 ± 0.33**

t1/2β (h) 5.23 ± 2.72 12.60 ± 1.51* 13.23 ± 0.41*

Vss (mg/kg/(mg/mL)) 0.58 ± 0.10 0.60 ± 0.26 0.70 ± 0.08

CL (L/h) 0.086 ± 0.03 0.032 ± 0.01* 0.037 ± 0.005*

Cmax (μg/mL) 13.52 ± 1.96 7.49 ± 1.45* 6.79 ± 1.25**
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mm3) was significantly reduced compared to that of the 
saline group (2211.35 ± 236.66 mm3, P < 0.01), free MTX 
group (1210.14 ± 285.62 mm3, P < 0.01), MTX + Cy-
lipid group (705.42 ± 94.21 mm3, P < 0.01), and Lipo@
MTX group (366.36 ± 166.49 mm3, P < 0.01) on day 24. 
Correspondingly, the tumor weight in the Cy-Lipo@
MTX group (0.19 ± 0.22 g, P < 0.01) was significantly less 
than those in the saline group (3.24 ± 0.60  g, P < 0.01), 
free MTX group (2.35 ± 0.32  g, P < 0.01), MTX + Cy-
lipid group (1.85 ± 0.36  g, P < 0.01), and Lipo@MTX 
group (0.87 ± 0.38  g, P < 0.05) at the end of the treat-
ment cycle (Fig.  11c). The tumor growth inhibition 

index of the Cy-Lipo@MTX group was 93.66%, which 
was 2.06-, 1.38-, and 1.12-fold higher than that of free 
MTX, MTX + Cy-lipid, and Lipo@MTX groups, respec-
tively. The tumors treated with Cy-Lipo@MTX exhibited 
the most potent treatment effect with almost no tumor 
growth after six times of treatment. In the in vitro study, 
the cytotoxicity of MTX + Cy-lipid was stronger than 
that of Lipo@MTX; however, the results were the oppo-
site in the in vivo studies. These inconsistent results were 
primarily caused by three factors: the enhanced cellu-
lar uptake effect of the liposome-encapsulated MTX, 
the EPR effect of the nano-sized formulations, and the 

Fig. 11  The tumor photographs on the day 24 (a). Tumor volume curves after intravenous injection of saline or MTX preparations (5 mg 
MTX-equivalent/kg body weight) from sixth day (n = 6) (b). Tumor weight of each group on day 24 (c). Kaplan–Meier survival curves of 
choriocarcinoma tumor-bearing mice treated with saline or MTX formulations (n = 5) (d). Mean body weight of the mice in different groups 
during the treatment (n = 6) (e). The H&E, Ki67, and TUNEL staining images of tumor tissues indicating the tissue necrosis, cell proliferation and cell 
apoptosis (f), scale bar is 100 µm. *P < 0.05, **P < 0.01, vs saline group. ##P < 0.01, vs free MTX treated group. ▲▲P < 0.01, vs MTX + Cy-lipid treated 
group. ▽P < 0.05, ▽▽P < 0.05, vs Lipo@MTX treated group
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improved pharmacokinetic characteristics compared to 
the free drugs. Cy-Lipo@MTX, which combined the tar-
geted and tumor-sensitive drug release features, exhib-
ited optimal antitumor inhibitory activity. To evaluate 
the therapeutic effects of the MTX preparations on mice 
bearing larger tumors (approximately 300–500 mm3), a 
survival study was applied. As displayed in Fig. 11d, the 
median survival time of the mice treated with Cy-Lipo@
MTX (45 days) was longer than that of the mice admin-
istered saline (26 days), free MTX (28 days), MTX + Cy-
lipid (34  days), or Lipo@MTX injection (35  days). The 
H&E staining results demonstrated that Cy-Lipo@
MTX exhibited the largest area of tumor tissue necrosis 
among the MTX formulations. Furthermore, the Ki67 
and TUNEL staining results suggested that the Cy-Lipo@
MTX-treated mice had the least amount of tumor cell 
proliferation and the most tumor cell apoptosis (Fig. 11f ). 
These results demonstrated the promising anti-chorio-
carcinoma effects of Cy-Lipo@MTX.

Safety evaluation
In the safety analysis, no loss of body weight was 
observed in the liposome formulation-treated groups 
(Cy-Lipo@MTX and Lipo@MTX). However, severe 
weight loss was detected in the free MTX- and 
MTX + Cy-lipid-treated mice (Fig.  11e). This might be 
due to severe free drug toxicity. At the end of treatment, 
no significant tissue destruction or damage was found 
in the H&E-stained slice images of the major organs in 
the Lipo@MTX- and Cy-Lipo@MTX-treated groups 
(Additional file  1: Fig. S6). However, there were many 
edematous glomeruli (indicated by the yellow arrows) in 
the free MTX- and MTX + Cy-lipid-treated mice, which 
indicated that long-term exposure to MTX could cause 
kidney toxicity (Additional file 1: Fig. S6). The hemolysis 
experiments indicated that the prepared Cy-Lipo@MTX 
were safe for intravenous injection (Additional file 1: Fig. 
S7). Serum biochemical parameters (alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), and 
blood urine nitrogen (BUN)) supported the safety profile 
of Cy-Lipo@MTX (Additional file 1: Fig. S8). The prom-
ising biosafety profile of Cy-Lipo@MTX makes it a valua-
ble tumor therapeutic platform, underscoring the efficacy 
and safety of systemic Cy-Lipo@MTX-mediated inhibi-
tion of primary human choriocarcinoma xenografts.

Conclusion and prospective
Ligand-modified active targeting nanovehicles repre-
sent potentially viable tools that can efficiently deliver 
chemotherapeutic drugs to tumors. However, the high 
variability/heterogeneity in the expression of tumor 
cell receptors and immunogenicity of ligand-modified 

nanovehicles disrupt the efficiency of the targeting efforts 
due to serum proteins and other enzymes. Therefore, 
the development of novel tumor treatment targets is in 
demand. Tumor cells often overexpress nutrient trans-
porters to ensure appropriate nutrient influx. These 
upregulated proteins appear to be excellent targets for 
active antitumor drug delivery. Compared with mac-
romolecular ligands, the substrates of transporters are 
small molecules, such as nucleoside analogues, amino 
acids, choline, and biotin, which are nutrients with less 
immunogenicity and steric hindrance. The properties of 
the above small molecules are not easy to change during 
modification. In addition, transporters usually have wide 
substrate selectivity, such as for nutritional and drug 
substrates.

This research attempted to find a solution to the clini-
cal treatment dilemma of choriocarcinoma from the per-
spective of transporters. ENT1, which is a membrane 
nucleoside transporter, was found to be highly expressed 
on the surface of choriocarcinoma cells, and ENT1 sub-
strate-grafted liposomes were therefore constructed for 
the targeted delivery of MTX into choriocarcinoma cells. 
Importantly, this study proposed a drug delivery strategy 
using drug substrates of transporters as targeting mole-
cules. The designed Cy-lipid, which was modified on the 
surface of Cy-Lipo@MTX, could not only assist with the 
coupling of Cy-Lipo@MTX to ENT1 but also play a syn-
ergistic antitumor role with the inclusion of MTX. Fur-
thermore, this study elucidated that ENT1 entered the 
cytoplasm along with endocytic vesicles during the endo-
cytosis process of Cy-Lipo@MTX and that the recovery 
of ENT1 could be attributed to endocytosed transporter 
recycling and de novo synthesis through overexpressed 
mRNA. Discovering and clarifying the function of ENT1 
in the transport of nanodrugs can not only reignite the 
hope of chemotherapy against choriocarcinoma but also 
offer an encouraging way to treat trophoblast-related dis-
eases, such as hydatidiform mole and ectopic pregnancy. 
In general, the transporter-guided intracellular drug 
delivery strategy holds great potential for choriocarci-
noma therapy.

Abbreviations
ENT1: Equilibrative nucleoside transporter 1; JEG-3: Choriocarcinoma cells; 
Cy: Cytarabine; GTN: Gestational trophoblastic neoplasia; DSPE-PEG2k-Cy: 
Cytarabine conjugated distearoylphosphatidylethanolamine-polyethylene 
glycol; MTX: Methotrexate; Cy-Lipo@MTX: Cytarabine-conjugated metho-
trexate-loaded liposomes; Lipo@MTX: Methotrexate-loaded liposomes; Dox: 
Doxorubicin; CNT: Concentrative nucleoside transporters; OATs: Organic 
anion transporters; OCTs: Organic cation transporters; OCTNs: Carnitine/
organic cation transporters; MRPs: Multidrug resistance-associated protein; 
P-gp: P-glycoprotein; BCRPs: Breast cancer resistance protein; DSC: Differential 
scanning calorimetry; MRT: Mean residence time; AUC​: Area under the curve; 
Cmax: Peak plasma concentration; t1/2: Half-life; Tmax: Time to maximal plasma 
concentration; DL%: Drug loading rate; EE%: Entrapment efficiency; FBS: Fetal 
bovine serum; EPR: The enhanced permeability and retention effect; TEM: 



Page 20 of 21Fei et al. J Nanobiotechnol          (2021) 19:184 

Transmission electron microscopy; ΔG: Free energy; IC50: The half maximal 
inhibitory concentration; MMP: Mitochondrial transmembrane potential; 
CLSM: Confocal laser scanning microscopy; HPLC: High-performance liquid 
chromatography.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12951-​021-​00931-3.

 Additional file 1. Additional figures and table.

Acknowledgements
Not applicable.

Authors’ contributions
JL. Qin and CH. Zheng designed the research and provided financial research 
support. WD. Fei, YC. Zhao, and XD. Wu carried out the experiments and per-
formed data analysis. DL. Sun, Y. Yao and FM. Wang participated in part of the 
experiments. WD. Fei, M. Zhang and CQ Li wrote and revised the manuscript. 
All authors read and approved the final manuscript.

Funding
This study was financially supported by the National Natural Science Founda-
tion of China (No. 81873838) and the Natural Science Foundation of Zhejiang 
Province (Nos. LQ20H300002 and LGF21H160023).

 Availability of data and materials
All data generated or analyzed during this study are included in this published 
article.

Declarations

Ethics approval and consent to participate
The animal experiment was authorized according to the Laboratory Animal 
Center of Zhejiang Chinese Medical University. The Scientific Investigation 
Board of Zhejiang Chinese Medical University approved all animal studies, 
which were consistent with ethical guidelines. The ethics Approval Number is 
IACUC-20200601-01.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interests in the paper.

Author details
1 Department of Pharmacy, Women’s Hospital, Zhejiang University School 
of Medicine, Hangzhou 310006, China. 2 Department of Gynecologic Oncol-
ogy, Women’s Hospital, Zhejiang University School of Medicine, Hang-
zhou 310006, China. 3 Department of Ultrasound, Women’s Hospital, Zhejiang 
University School of Medicine, Hangzhou 310006, China. 

Received: 3 March 2021   Accepted: 7 June 2021

References
	1.	 Lurain JR. Gestational trophoblastic disease II: classification and man-

agement of gestational trophoblastic neoplasia. Am J Obstet Gynecol. 
2011;204(1):11–8.

	2.	 Nadhan R, Vaman JV, Nirmala C, Sengodan SK, Hemalatha SK, Rajan 
A, Varghese GR, Neetha RL, Krishna BVA, Thankappan R, Srinivas P. 
Insights into dovetailing GTD and Cancers. Crit Rev Oncol/Hematol. 
2017;114:77–90.

	3.	 Ngan HYS, Seckl MJ, Berkowitz RS, Xiang Y, Golfier F, Sekharan PK, Lurain 
JR, Massuger L. Update on the diagnosis and management of gestational 
trophoblastic disease. Int J Gynecol Obstet. 2018;143:79–85.

	4.	 Seckl MJ, Sebire NJ, Berkowitz RS. Gestational trophoblastic disease. 
Lancet (London, England). 2010;376(9742):717–29.

	5.	 Shih IM. Gestational trophoblastic neoplasia-pathogenesis and potential 
therapeutic targets. Lancet Oncol. 2007;8(7):642–50.

	6.	 Cheung ANY, Zhang HJ, Xue WC, Siu MKY. Pathogenesis of chorio-
carcinoma: clinical, genetic and stem cell perspectives. Future Oncol. 
2009;5(2):217–31.

	7.	 Zhang B, Cheng G, Zheng M, Han J, Wang B, Li M, Chen J, Xiao T, Zhang J, 
Cai L, Li S, Fan X. Targeted delivery of doxorubicin by CSA-binding nano-
particles for choriocarcinoma treatment. Drug Deliv. 2018;25(1):461–71.

	8.	 Stika CS. Methotrexate: the pharmacology behind medical treatment for 
ectopic pregnancy. Clin Obstet Gynecol. 2012;55(2):433–9.

	9.	 Horrigan TJ, Fanning J, Marcotte MP. Methotrexate pneumonitis after 
systemic treatment for ectopic pregnancy. Am J Obstet Gynecol. 
1997;176(3):714–5.

	10.	 Dai Z, Yao Q, Zhu L. MMP2-sensitive PEG-lipid copolymers: a new type 
of tumor-targeted P-glycoprotein inhibitor. ACS Appl Mater Interfaces. 
2016;8(20):12661–73.

	11.	 Yao Q, Choi JH, Dai Z, Wang J, Kim D, Tang X, Zhu L. Improving tumor 
specificity and anticancer activity of dasatinib by dual-targeted poly-
meric micelles. ACS Appl Mater Interfaces. 2017;9(42):36642–54.

	12.	 Zhang X, Xi Z, Machuki JO, Luo J, Yang D, Li J, Cai W, Yang Y, Zhang L, 
Tian J, Guo K, Yu Y, Gao F. Gold cube-in-cube based oxygen nanogen-
erator: a theranostic nanoplatform for modulating tumor microenvi-
ronment for precise chemo-phototherapy and multimodal imaging. 
ACS Nano. 2019;13(5):5306–25.

	13.	 Fei W, Chen D, Tang H, Li C, Zheng W, Chen F, Song Q, Zhao Y, Zou Y, 
Zheng C. Targeted GSH-exhausting and hydroxyl radical self-producing 
manganese-silica nanomissiles for MRI guided ferroptotic cancer 
therapy. Nanoscale. 2020;12(32):16738–54.

	14.	 Belfiore L, Saunders DN, Ranson M, Thurecht KJ, Storm G, Vine KL. 
Towards clinical translation of ligand-functionalized liposomes in tar-
geted cancer therapy: challenges and opportunities. J Control Release. 
2018;277:1–13.

	15.	 Kou L, Yao Q, Zhang H, Chu M, Bhutia YD, Chen R, Ganapathy V. Trans-
porter-targeted nano-sized vehicles for enhanced and site-specific 
drug delivery. Cancers (Basel). 2020;12(10):2837.

	16.	 Atb Kou L, Bhutia YD, Yao Q, He Z, Sun J, Ganapathy V. Transporter-
guided delivery of nanoparticles to improve drug permeation across 
cellular barriers and drug exposure to selective cell types. Front Phar-
macol. 2018;9:27.

	17.	 Zhu Y, Jan F, Zhong Z. Dual-targeted nanomedicines for enhanced 
tumor treatment. Nano Today. 2018;18:65–85.

	18.	 Li L, Di X, Wu M, Sun Z, Zhong L, Wang Y, Fu Q, Kan Q, Sun J, He Z. 
Targeting tumor highly-expressed LAT1 transporter with amino acid-
modified nanoparticles: toward a novel active targeting strategy in 
breast cancer therapy. Nanomedicine. 2017;13(3):987–98.

	19.	 Kou LF, Bhutia YD, Yao Q, He ZG, Sun J, Ganapathy V. Transporter-
guided delivery of nanoparticles to improve drug permeation across 
cellular barriers and drug exposure to selective cell types. Front Phar-
macol. 2018;9:16.

	20.	 Minami K, Shinsato Y, Yamamoto M, Takahashi H, Zhang SX, Nishizawa 
Y, Tabata S, Ikeda R, Kawahara K, Tsujikawa K, Chijiiwa K, Yamada K, 
Akiyama S, Perez-Torras S, Pastor-Anglada M, Furukawa T, Yasuo T. Ribo-
nucleotide reductase is an effective target to overcome gemcitabine 
resistance in gemcitabine-resistant pancreatic cancer cells with dual 
resistant factors. J Pharmacol Sci. 2015;127(3):319–25.

	21.	 Myers SN, Goyal RK, Roy JD, Fairfull LD, Wilson JW, Ferrell RE. Func-
tional single nucleotide polymorphism haplotypes in the human 
equilibrative nucleoside transporter 1. Pharmacogenet Genomics. 
2006;16(5):315–20.

	22.	 Takagaki K, Katsuma S, Kaminishi Y, Horio T, Nakagawa S, Tanaka T, Ohgi T, 
Yano J. Gene-expression profiling reveals down-regulation of equilibra-
tive nucleoside transporter 1 (ENT1) in Ara-C-resistant CCRF-CEM-derived 
cells. J Biochem. 2004;136(5):733–40.

	23.	 Liu X, Xiang J, Zhu D, Jiang L, Zhou Z, Tang J, Liu X, Huang Y, Shen Y. 
Fusogenic reactive oxygen species triggered charge-reversal vector for 
effective gene delivery. Adv Mater. 2016;28(9):1743–52.

https://doi.org/10.1186/s12951-021-00931-3
https://doi.org/10.1186/s12951-021-00931-3


Page 21 of 21Fei et al. J Nanobiotechnol          (2021) 19:184 	

	24.	 Bhutia YD, Babu E, Ramachandran S, Yang S, Thangaraju M, Ganapathy V. 
SLC transporters as a novel class of tumour suppressors: identity, function 
and molecular mechanisms. Biochem J. 2016;473:1113–24.

	25.	 Li J, Zhou L, Ye D, Huang S, Shao K, Huang R, Han L, Liu Y, Liu S, Ye L, Lou 
J, Jiang C. Choline-derivate-modified nanoparticles for brain-targeting 
gene delivery. Adv Mater. 2011;23(39):4516–20.

	26.	 Li J, Guo Y, Kuang Y, An S, Ma H, Jiang C. Choline transporter-targeting and 
co-delivery system for glioma therapy. Biomaterials. 2013;34(36):9142–8.

	27.	 Kou LF, Yao Q, Sivaprakasam S, Luo QH, Sun YH, Fu Q, He ZG, Sun J, 
Ganapathy V. Dual targeting of L-carnitine-conjugated nanoparticles 
to OCTN2 and ATB(0,+) to deliver chemotherapeutic agents for colon 
cancer therapy. Drug Deliv. 2017;24(1):1338–49.

	28.	 Luo Q, Gong P, Sun M, Kou L, Ganapathy V, Jing Y, He Z, Sun J. Trans-
porter occluded-state conformation-induced endocytosis: amino 
acid transporter ATB(0,+)-mediated tumor targeting of liposomes for 
docetaxel delivery for hepatocarcinoma therapy. J Control Release. 
2016;243:370–80.

	29.	 Li L, Di X, Wu M, Sun Z, Zhong L, Wang Y, Fu Q, Kan Q, Sun J, He Z. Target-
ing tumor highly-expressed LAT1 transporter with amino acid-modified 
nanoparticles: toward a novel active targeting strategy in breast cancer 
therapy. Nanomed Nanotechnol Biol Med. 2017;13(3):987–98.

	30.	 Hao Z, Liu R, Wang Y, Bartlam M. Structure and application of human 
equilibrative nucleoside transporter—a review. Chin J Cell Biol. 
2016;38(6):736–43.

	31.	 Huang WY, Zeng X, Shi YG, Liu MH. Functional characterization of human 
equilibrative nucleoside transporter 1. Protein Cell. 2017;8(4):284–95.

	32.	 Okamura Y, Yasukawa S, Narimatsu H, Boku N, Fukutomi A, Konishi M, 
Morinaga S, Toyama H, Kaneoka Y, Shimizu Y, Nakamori S, Sata N, Yamakita 
K, Takahashi A, Kainuma O, Hishinuma S, Yamaguchi R, Nagino M, Hirano 
S, Yanagisawa A, Mori K, Uesaka K. Human equilibrative nucleoside 
transporter-1 expression is a predictor in patients with resected 
pancreatic cancer treated with adjuvant S-1 chemotherapy. Cancer Sci. 
2020;111(2):548–60.

	33.	 Vos LJ, Yusuf D, Lui A, Abdelaziz Z, Ghosh S, Spratlin JL, Mackey JR. 
Predictive and prognostic properties of human equilibrative nucleoside 
transporter 1 expression in gemcitabine-treated pancreatobiliary cancer: 
a meta-analysis. JCO Precis Oncol. 2019;3:1–22.

	34.	 Tavolari S, Deserti M, Vasuri F, Curti S, Palloni A, Pinna AD, Cescon M, Frega 
G, De Lorenzo S, Barbera MA, Garajova I, Ricciardiello L, Malvi D, D’errico-
Grigioni A, Pantaleo MA, Brandi G. Membrane human equilibrative 
nucleoside transporter 1 is associated with a high proliferation rate and 
worse survival in resected intrahepatic cholangiocarcinoma patients not 
receiving adjuvant treatments. Eur J Cancer. 2019;106:160–70.

	35.	 Hubeek I, Stam RW, Peters GJ, Broekhuizen R, Meijerink JPP, Van Wering 
ER, Gibson BES, Creutzig U, Zwaan CM, Cloos J, Kuik DJ, Pieters R, Kaspers 
GJL. The human equilibrative nucleoside transporter 1 mediates in vitro 
cytarabine sensitivity in childhood acute myeloid leukaemia. Br J Cancer. 
2005;93(12):1388–94.

	36.	 Szulc A, Pulaski L, Appelhans D, Voit B, Klajnert-Maculewicz B. Sugar-mod-
ified poly(propylene imine) dendrimers as drug delivery agents for cyta-
rabine to overcome drug resistance. Int J Pharm. 2016;513(1–2):572–83.

	37.	 Karl PI, Harvey B, Fisher SE. Ethanol and mitotic inhibitors promote differ-
entiation of trophoblastic cells. Alcohol Clin Exp Res. 1996;20(7):1269–74.

	38.	 Azizkhan JC, Speeg KV, Stromberg K, Goode D. Stimulation of human 
chorionic-gonadotropin by jar line choriocarcinoma after inhibition of 
DNA-synthesis. Cancer Res. 1979;39(6):1952–9.

	39.	 Garg NK, Singh B, Jain A, Nirbhavane P, Sharma R, Tyagi RK, Kushwah 
V, Jain S, Katare OP. Fucose decorated solid-lipid nanocarriers mediate 
efficient delivery of methotrexate in breast cancer therapeutics. Colloids 
Surf B Biointerfaces. 2016;146:114–26.

	40.	 Lin L, Xu W, Liang H, He L, Liu S, Li Y, Li B, Chen Y. Construction of pH-
sensitive lysozyme/pectin nanogel for tumor methotrexate delivery. 
Colloids Surf B Biointerfaces. 2015;126:459–66.

	41.	 Qu J, Usui H, Kaku H, Shozu M. Presence of the methylenetetrahydrofolate 
reductase gene polymorphism MTHFR C677T in molar tissue but not 
maternal blood predicts failure of methotrexate treatment for low-risk 
gestational trophoblastic neoplasia. Eur J Pharmacol. 2017;794:85–91.

	42.	 Wang MY, Yang ZL, Li YM, Chen BL, Wang J, Ma XD, Wang Y. Conservative 
management of cesarean scar pregnancies: a prospective randomized 
controlled trial at a single center. Int J Clin Exp Med. 2015;8(10):18972–80.

	43.	 Torchilin VP. Recent advances with liposomes as pharmaceutical carriers. 
Nat Rev Drug Discov. 2005;4(2):145–60.

	44.	 Malam Y, Loizidou M, Seifalian AM. Liposomes and nanoparticles: 
nanosized vehicles for drug delivery in cancer. Trends Pharmacol Sci. 
2009;30(11):592–9.

	45.	 Papahadjopoulos D, Allen TM, Gabizon A, Mayhew E, Matthay K, Huang 
SK, Lee KD, Woodle MC, Lasic DD, Redemann C, Martin FJ. Sterically 
stabilized liposomes - improvements in pharmacokinetics and antitumor 
therapeutic efficacy. Proc Natl Acad Sci U S A. 1991;88(24):11460–4.

	46.	 Norouzi M, Amerian M, Amerian M, Atyabi F. Clinical applications of 
nanomedicine in cancer therapy. Drug Discov Today. 2020;25(1):107–25.

	47.	 Pandey S, Mahtab A, Kumar V, Ahmad FJ, Verma AK, Talegaonkar S. Design 
and development of bioinspired calcium phosphate nanoparticles of 
MTX: pharmacodynamic and pharmacokinetic evaluation. Drug Dev Ind 
Pharm. 2019;45(7):1181–92.

	48.	 Fei W, Zhang Y, Han S, Tao J, Zheng H, Wei Y, Zhu J, Li F, Wang X. RGD 
conjugated liposome-hollow silica hybrid nanovehicles for targeted and 
controlled delivery of arsenic trioxide against hepatic carcinoma. Int J 
Pharm. 2017;519(1–2):250–62.

	49.	 Costa Lima SA, Gaspar A, Reis S, Duraes L. Multifunctional nanospheres 
for co-delivery of methotrexate and mild hyperthermia to colon cancer 
cells. Mater Sci Eng C Mater Biol Appl. 2017;75:1420–6.

	50.	 Huang ZR, Tipparaju SK, Kirpotin DB, Pien C, Kornaga T, Noble CO, Koshka-
ryev A, Tran J, Kamoun WS, Drummond DC. Formulation optimization of 
an ephrin A2 targeted immunoliposome encapsulating reversibly modi-
fied taxane prodrugs. J Control Release. 2019;310:47–57.

	51.	 Lee SM, Lee OS, O’halloran TV, Schatz GC, Nguyen ST. Triggered release 
of pharmacophores from [Ni (HAsO3)]-loaded polymer-caged nanobin 
enhances pro-apoptotic activity: a combined experimental and theoreti-
cal study. ACS Nano. 2011;5(5):3961–9.

	52.	 Kou L, Yao Q, Sun M, Wu C, Wang J, Luo Q, Wang G, Du Y, Fu Q, Wang 
J, He Z, Ganapathy V, Sun J. Cotransporting ion is a trigger for cellular 
endocytosis of transporter-targeting nanoparticles: a case study of 
high-efficiency SLC22A5 (OCTN2)-mediated carnitine-conjugated 
nanoparticles for oral delivery of therapeutic drugs. Adv Healthc Mater. 
2017;6(17):1700165.

	53.	 Liu R, Zhang J, Zhang D, Wang K, Luan Y. Self-assembling nanoparticles 
based on cytarabine prodrug for enhanced leukemia treatment. J Mol 
Liq. 2018;251:178–84.

	54.	 Sun M, He L, Fan Z, Tang R, Du J. Effective treatment of drug-resistant lung 
cancer via a nanogel capable of reactivating cisplatin and enhancing 
early apoptosis. Biomaterials. 2020;257:120252.

	55.	 Chen QY, Bai L, Zhou XL, Xu PX, Li XR, Xu HL, Zheng YY, Zhao YM, Lu SS, 
Xue M. Development of long-circulating lapachol nanoparticles: forma-
tion, characterization, pharmacokinetics, distribution and cytotoxicity. 
RSC Adv. 2020;10(50):30025–34.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Nucleoside transporter-guided cytarabine-conjugated liposomes for intracellular methotrexate delivery and cooperative choriocarcinoma therapy
	Abstract 
	Graphic abstract: 

	Background
	Experimental section
	Materials
	Cell culture and animals
	High expression of ENT1 in JEG-3 cells
	Specific uptake of cytarabine into the cells
	Synthesis and characterization of DSPE-PEG2k-Cy
	Preparation and characterization of Lipo@MTX and Cy-Lipo@MTX
	Drug loading efficiency and in vitro drug release
	Cellular uptake studies
	The mechanism of ENT1-mediated endocytosis
	In vitro cytotoxicity
	Cell cycle and apoptosis studies
	Mitochondrial transmembrane potential changes and cell structure damage studies
	In vivo fluorescence studies
	Pharmacokinetic and biodistribution studies
	In vivo antitumor studies
	In vivo biocompatibility analysis
	Statistical analysis

	Results and discussion
	Specific expression of ENT1 on JEG-3 cells
	Preparation and characterization of Lipo@MTX and Cy-Lipo@MTX
	In vitro drug release
	In vitro cellular uptake studies
	Computational ENT1 docking analysis
	Assessment of the mechanisms of ENT1-mediated endocytosis
	In vitro cytotoxicity
	Cell cycle arrest and cell apoptosis-induced effects
	Mitochondrial transmembrane potential change and cell structure damage
	Tumor accumulation, pharmacokinetic study and in vivo biodistribution
	In vivo choriocarcinoma therapy
	Safety evaluation

	Conclusion and prospective
	Acknowledgements
	References




