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Background: Rapamycin is a promising agent for treating tumors, but clinical applications 
of rapamycin are limited due to its poor water solubility and low bioavailability. This paper 
constructs a liposome delivery system for rapamycin to improve the effect in treating 
colorectal cancer.
Methods: We prepared the rapamycin liposomes using the ethanol injection method. The 
cellular uptake and biodistribution were detected by LC-MS and in vivo imaging system. 
MTT assay, transwell migration experiment, flow cytometry, and Western blot analysis 
evaluated the antitumor effect of rapamycin liposomes in vitro. Furthermore, HCT-116 
tumor-bearing mice were used to assess the therapeutic efficacy of rapamycin liposomes 
in vivo.
Results: The prepared rapamycin liposomes had a particle size of 100±5.5 nm and with 
a narrow size distribution. In vitro cellular uptake experiments showed that the uptake of 
rapamycin liposomes by colorectal cells was higher than that of free rapamycin. 
Subsequently, in vivo imaging experiments also demonstrated that rapamycin liposomes 
exhibited higher tumor accumulation. Therefore, the ability of rapamycin liposomes to 
inhibit tumor proliferation, migration and to induce tumor apoptosis is superior to that of 
free rapamycin. We also demonstrated in vivo good antitumor efficacy of the rapamycin 
liposomes in HCT-116 xenograft mice. In addition, rapamycin liposomes and 5-FU can 
synergistically improve the efficacy of colorectal cancer via the Akt/mTOR and P53 
pathways.
Conclusion: Collectively, rapamycin liposomes are a potential treatment for colorectal 
cancer, as it not only improves rapamycin’s antitumor effect but also synergistically enhances 
5-FU’s chemotherapy effect.
Keywords: rapamycin liposomes, 5-fluorouracil, Akt/mTOR, P53, colorectal cancer

Introduction
Colorectal cancer (CRC) is a type of epithelial cancer and has the third-highest 
mortality rate worldwide. 5-Fluorouracil (5-FU)-based chemotherapy drugs are the 
first line of treatment for CRC. However, development of multidrug resistance has 
limited the effects of 5-FU, and 5-FU has a toxicity to normal cells.1 Currently, 
combination treatments of 5-FU with other agents is becoming a promising strategy 
to improve CRC therapy.

Rapamycin (Rapa) are traditionally used as immunosuppressors, and recent 
researches have found that Rapa have been extensively applied in various types 

Correspondence: Peng-Ke Yan  
The Third Affiliated Hospital of 
Guangzhou Medical University, 
Guangzhou 510150, People’s Republic of 
China  
Email gysyypk@126.com

submit your manuscript | www.dovepress.com International Journal of Nanomedicine 2021:16 269–281                                                    269

http://doi.org/10.2147/IJN.S270939 

DovePress © 2021 Chen et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine                                                 Dovepress
open access to scientific and medical research

Open Access Full Text Article

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0002-5082-7909
mailto:gysyypk@126.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com


cancer, including osteosarcoma, bladder cancer, cervical 
cancer, and skin cancer. Rapa possesses antitumor activ
ities through various mechanisms, including cell prolifera
tion, invasion, migration inhibition, apoptosis promotion, 
and anti-angiogenesis effect.2–4 In addition, accumulating 
evidences have indicated that clinical chemotherapy drugs 
(eg, the cisplatin and paclitaxel) can be combined with 
Rapa in order to improve its efficacy.5,6 For example, Rapa 
synergizes with cisplatin in anti-endometrial cancer by 
improving the IL-27-stimulated cytotoxicity of natural 
killer (NK) cells.7 In another study, combined Rapa and 
doxorubicin-loaded cyclic octapeptide liposomes improve 
therapeutic outcomes of triple-negative breast cancer.8 

Importantly, a previous study reported that Rapa combined 
with 5-FU to treat colorectal cancer, which suppresses 
cancer cell progression by inhibiting the proliferation and 
inducing apoptosis.9,10 However, the Rapa achieved tumor 
response in only 36%, while the tumor inhibition rate of 
the combined group is 55%.

The development of clinical applications of Rapa is 
limited due to its poor water solubility (2.6 μg/mL).11 

Everolimus is a macrolide derivative of Rapa which 
ameliorates the problem of poor solubility, but its a second- 
line drug for advanced renal cell carcinoma.12,13 Thus, 
further improving bioavailability and local drug concentra
tion is a key strategy for improving the therapeutic effect. 
Nowadays, nano-based drug delivery systems are devel
oped to deliver antitumor drugs to treat CRC.14–16 

Furthermore, several evidences indicated that nanoscale 
delivery vehicles, such as liposomes, micelles, and nano
particles improve Rapa’s aqueous solubility, bioavailability 
and enhance the drug’s antitumor properties.17–19

Based on these reports, this study aimed to construct 
a liposome delivery system for Rapa (Rapa liposomes) and 
assesses whether Rapa liposomes’s antitumor effect is 
superior to that of free rapamycin and whether Rapa lipo
somes improve the effect of 5-FU in treating CRC. Finally, 
the potential molecular mechanisms were further verified 
in vitro and in vivo.

Materials and Methods
Materials, Cell Culture, and Animals
Rapamycin and 5-FU were obtained from meilunbio 
(Dalian, China). The anti Caspase3 antibody, Cleaved 
Caspase3 antibody, p-AKT (ser 473) antibody, p-AKT 
(Thr 308) antibody, p70 S6 Kinase antibody, and 
p-p70S6 Kinase (Thr 389) antibody were purchased from 

Cell Signaling Technology (Danvers, MA, USA). The ki- 
67 antibody was purchased from Abcam (Cambridge, 
UK). The BCL-2 antibody, Bax antibody, AKT antibody, 
p53 antibody, E-Cadherin antibody, N-Cadherin antibody, 
Vimentin antibody, MMP-9 antibody and PCNA antibody 
were purchased from Proteintech (Wuhan, China). The 
GAPDH rabbit polyclonal antibody was obtained from 
XianZhi Biotech (Hangzhou, China). The peroxidase- 
conjugated secondary antibodies were obtained from 
CWBIO (Taizhou, China).

The human CRC cell line HCT-116 and SW-480 cells 
were purchased from iCell Bioscience Inc (Shanghai, 
China). The cells were cultured in a DMEM medium 
containing 10% FBS in a 37 °C incubator containing 5% 
CO2.

Female athymic nude mice (6–8 weeks old) were pur
chased from Guangdong Medical Laboratory Animal 
Center. All animal studies were performed in accordance 
with the Guide for the Care and Use of Laboratory 
Animals. The Laboratory Animal Ethics Committee of 
the Third Affiliated Hospital of Guangzhou Medical 
University approved all experimental protocols.

Preparation and Characterization of the 
Rapa Liposomes
The Rapa liposomes were prepared by ethanol 
injection method. The composition based on soy 
phosphatidylcholine:cholesterol:PEG-DSPE were employed 
for Rapa liposomes. Rapa to total lipid ratios were 1:10. 
Firstly, lipids and Rapa were dissolved in absolute ethanol 
by magnetic stirring. Then, the ethanol solution was poured 
into PBS buffer under stirring, the stirring speed was 
450 rpm, and the stirring time was 30 min. The obtained 
liposomal colostrum was homogenized five times with a high 
pressure homogenizer, the homogenization pressure was 600 
bar, and the liquid supply flow rate was 20 mL/min. The 
liposome solution was filtered by a 0.22 μm microporous 
membrane, and was lyophilized and stored at 4 °C before 
use. The DiR fluorescent liposome was prepared in the same 
manner as the Rapa liposomes, and Rapa was replaced with 
DiR fluorescein.

The intensity particle size and zeta potential were eval
uated using dynamic light scattering (DLS, Malvern, nano 
ZS, UK). The Rapa liposomes were stained with 2% phos
photungstic acid, and their morphology was examined by 
transmission electronic microscopy (TEM, JEM-1400plus). 
The drug loading and encapsulation efficiency of Rapa 
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liposomes was measured by high performance liquid chro
matography (Dikma, Diamonsil ODS C18 column, 
250×4.6 mm, 5 µm, HPLC, Agilent).

In vitro Cellular Uptake
The HCT-116 cells were seeded in six-well plates, and 
the cells were grown to 80%. The cells were incubated 
with free Rapa and Rapa liposomes containing the same 
concentration of 8 ug/mL of Rapa for 30 minutes, 60 min
utes, 90 minutes and 120 minutes. The protein was 
extracted, and the intracellular protein concentration of 
each well was measured by BCA method (Beyotime 
Biotechnology, Shanghai). The cellular uptake of Rapa 
in HCT-116 was measured by LC-MS (Agilent SB-C18 
2.1×100 mm 3.5 μm, internal standard substances: 
Danazol).

Cell Viability
The HCT-116 and SW-480 cells were seeded at a density 
of 5×103 cells/well in 96-well plates. Afterwards, the cells 
were incubated with free Rapa, Rapa liposomes and 5-FU 
alone or in combination, respectively. After 48 hours, the 
formulations were changed with DMEM medium con
tained MTT (5 mg/mL) for 4 hours. Then, MTT was 
removed, and 100 µL DMSO was dropped in to dissolve 
the formazan crystals at 37 °C (dark, lasted for 4 hours). 
A microplate reader (Bio-Rad Model 680, UK) was used 
to measure the absorbance at 490 nm. The drug concentra
tion at which the growth of 50% of the cells was inhibited 
(defined as IC50) was detected by curve fitting of the cell 
viability data in comparison with that of the control 
groups.

Colony Formation Unit Assay
The tumor cells were seeded in six-well plates with 
a density of 1×103 cells/well. After the cells were attached, 
the cells were treated with free Rapa, Rapa liposomes and 
5-FU alone or in combination. Seven to ten days after the 
administration, the colonies were stained with crystal vio
let and photographed.

Cell Apoptosis Analysis
The apoptosis was detected by a flow apoptosis assay kit 
(KeyGEN BioTECH, China), and the cells were treated 
with Rapa, Rapa liposomes and 5-FU alone or 
in combination. After 48 hours of administration, the 
cells were collected by centrifugation, washed twice with 
PBS, and suspended in 400 uL of Annexin V binding 

solution. Then, 5 uL of Annexin V-FITC staining solution 
were added, and the solution was incubated for 15 minutes 
in the dark. Next, 10 uL of PI staining solution were 
added, and the solution was incubated for 5 minutes in 
the dark and immediately tested by flow cytometry.

Cell Migration Experiments
Cell migration experiments were performed using a transwell 
plate with a pore size of 8 µm. The density of cell suspension 
was 5 x 106/mL with a serum-free medium, which was added 
to the upper chamber of the transwell chamber, and a 10% 
FBS medium was added to the lower chamber. Meanwhile, 
the drug was added to the upper chamber for treatment with 
Rapa, Rapa liposomes and 5-FU alone or in combination. 
After 36 hours of treatment, the cells that were not migrated 
in the upper chamber were wiped with a cotton swab, fixed 
by crystal violet staining, and photographed.

Western Blot Analysis
The HCT-116 or SW-480 cells were seeded in six-well plates 
and divided into six groups for treatment with free Rapa, 
Rapa liposomes and 5-FU alone or in combination. The 
protein was extracted by cell RIPA lysis buffer containing 
a protease and phosphatase inhibitor cocktail and the protein 
concentration was measured using the BCA method. 
Separation was performed using SDS-PAGE gel. The protein 
samples were transferred onto the PVDF membranes, 
blocked with 5% skim milk (Solarbio, Beijing) or 5% 
BSA, washed twice with TBST, and then incubated with 
appropriate dilution of the primary antibody (BCL-2, diluted 
1:1000; Bax, diluted 1:2000; Caspase3, diluted 1:1000; 
Cleaved Caspase3, diluted 1:1000; AKT, diluted 1:1000; 
p-AKT (ser 473), diluted 1:1000; p-AKT (Thr 308), diluted 
1:1000; p70 S6 Kinase, diluted 1:1000; p-p70S6 Kinase, 
diluted 1:1000; P53, 1:2000; E-Cadherin, diluted 1:1000; 
N-Cadherin, diluted 1:1000; Vimentin, diluted 1:1000; 
MMP-9, diluted 1:1000; PCNA, diluted 1:5000; GAPAD, 
1:1000) at 4 °C overnight. After washing with TBST three 
times, the samples were incubated with a secondary antibody 
for 1 hour at room temperature, and ECL illuminating solu
tion (Millipore, USA) was used for development. Finally, the 
gray value of the band was analyzed by Image J software.

In vivo Imaging
Biodistribution assay was performed as described 
previously.20 After inoculation of HCT-116 cells in nude 
mice, the tumor volume was as long as ~250 mm3, and 
free DiR and DiR liposomes were injected into the tail 
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vein. The concentration of DiR was 1.5 mg/kg, and the 
distribution of DiR in vivo was observed and photo
graphed by an Xenogen IVIS100 imaging system 
(XenogenCorp., Hopkinton, MA, USA) at time points of 
6 hours, 18 hours, and 24 hours after liposomes adminis
tration. Mice were sacrificed at 24 hours and the fluores
cence of the major organs (heart, liver, spleen, lung, 
stomach, kidneys, tumor, blood) were also measured.

In vivo Antitumor Effects
About 100 μL 5×106 HCT-116 cells in PBS mixed with 
100 μL matrigel (BD Biosciences) were implanted subcu
taneously into the backs of mice. Of the injected mice, 
95% developed a tumor with an average volume of about 
50~100 mm3 after seven days. The mice were randomly 
divided into six groups (n = 6), which were intravenously 
injected every two days with saline, Rapa (2 mg/kg), Rapa 
liposomes (2 mg/kg), 5-FU (30 mg/kg), Rapa joint 5-FU 
group and Rapa liposomes joint 5-FU group, respectively. 
Next, a vernier caliper was used to survey the tumor size 
every other day, and the tumor volume (V) = 
length×width2/2. The antitumor efficacy was determined 
based on tumor growth and terminal tumor weight.

Hematoxylin and Eosin (H&E) Staining
After the mice were sacrificed, the tumor tissues were 
embedded in paraffin, deparaffinized, stained with hema
toxylin nuclear stain semen and 0.5% eosin staining solu
tion, and sealed with neutral gum. The pictures were 
detected with microscope (Nikon, Ni-u, Tokyo, Japan) in 
five random fields.

Immunohistochemistry
Paraffin sections were deparaffinized, and blocked with 
serum, primary antibody working solution (ki-67, 
diluted 1:200) was added at 4 °C overnight, washed 
with PBS twice for 5 minutes each time, and incubated 
with a secondary antibody at room temperature for 30 
minutes. Then, 1–2 drops of DAB Plus Chromogen was 
mixed with 1 mL of DAB plus substrate was incubated 
with the sections for 5~15 minutes. The samples were 
detected with a microscope (Nikon, Ni-u, Tokyo, Japan) 
and the positive ki-67 cells were counted in five random 
fields.

TUNEL Assay
The apoptotic cells were investigated by TdT-mediated 
dUTP nick-end labeling assay (TUNEL, Promega, USA) 

in vivo. In brief, paraffin sections were first dehydrated 
and transparent, followed by permeation with DNase- 
free proteinase K, and washed three times with PBS. 
Add the prepared TUNEL detection solution to the sec
tion and incubate at 37 °C for 60 minutes. Finally, the 
section was mounted with an anti-fluorescence quench
ing mounting solution and observed under a confocal 
microscope (Nikon, A1R+N-STORM, Tokyo, Japan).

Statistical Analysis
GraphPad Prism 8 (GraphPad Software, San Diego, CA, 
USA) was used to draw the picture. SPSS 17.0 was used 
for statistical analysis. One-way analysis of variance 
(ANOVA) was used to analyze the significance between 
the groups. All data were expressed as mean values ± SD, 
and P < 0.05 indicated significance.

Results and Discussion
Characterization of Rapa Liposomes
The delivery of drugs using nanocarriers is a new 
approach to the treatment of cancer.14–17 The appearance 
of Rapa liposomes is shown in Figure 1A, the clear 
solution of Rapa liposomes was observed, which indi
cated that delivery of Rapa by liposomes optimizes the 
solubility problems. Moreover, the Rapa liposomes 
could be lyophilized into a power form (Figure 1B). 
As can be noted from Figure 1C and D, the particle 
size of Rapa liposomes was about 100±5.5 nm, the 
polymer dispersity index (PDI) was 0.125–0.25, and 
the zeta potential of the Rapa liposomes was about 
−3.59±0.72 mV, which implied a nearly neutral surface 
charge. The results of the TEM show that the shape of 
Rapa liposomes was spherical (Figure 1E), and the 
particle size is similar to that measured by DLS. The 
Rapa liposomes had a drug loading and encapsulation 
efficiency of 9.0 ± 0.5% and 80 ± 2.5%, respectively. 
Meanwhile, the particle size and drug loading of re- 
dissolved Rapa liposomes was consistent with liposomes 
before lyophilization.

We also used LC-MS to detect the cellular uptake of 
Rapa liposomes and free Rapa by the HCT-116 cells. The 
results showed that over a 30–120 min period, the accu
mulation Rapa concentration of the Rapa liposomes was 
found to 1.5–2 fold higher than that of free Rapa. These 
results indicated that Rapa liposomes are capable of 
obviously increasing the intracellular delivery of Rapa in 
a time dependent manner (*P<0.05,**P<0.01, Figure 1F). 
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This phenomenon may be attributed to the liposomes pre
sent of endocytosis advantage.21,22 Besides, when the 
liposomes enter into HCT-116 cells, sustained intracellular 
release of Rapa also lead to a raised intracellular concen
tration of Rapa.23

Effects of Rapa Liposomes and 5-FU on 
Cell Proliferation
In order to verify whether the enhanced cellular uptake of 
Rapa liposomes increase the antitumor efficacy of rapamycin 
on CRC cells, the in vitro cytotoxicity effect of free Rapa and 

Figure 1 Characterization of Rapamycin liposomes. (A) Photograph of rapamycin liposomes. (B) Photograph of freeze-dried powder of rapamycin liposomes. (C) The 
particle size distribution of rapamycin liposomes. (D) The Zeta potential of rapamycin liposomes. (E) Representative TEM image of rapamycin liposomes.Scale bar represents 
200 nm. (F) Free rapamycin and rapamycin liposomes cellular uptake by HCT-116 cells. *p<0.05, and **p<0.01. 
Abbreviations: R, rapamycin; RL, rapamycin liposomes.

Figure 2 Cell proliferation and colony formation of colorectal cancer cells treated by different drug. The cell viability of (A) HCT-116 cells and (B) SW-480 cells after 
treatment rapamycin or rapamycin liposomes for 48 hours. The cell viability of (C) HCT116 cells and (D) SW-480 cells after treatment rapamycin liposomes or 5-Fu alone 
or in combination for 48 hours. The clone forming ability of HCT-116 cells was photographed (E) and their relative numbers were calculated (F). The clone forming ability of 
SW-480 cells was photographed (G) and their relative numbers were calculated (H). All data are expressed as the mean±SD (n=3).*p<0.05 and **p<0.01. 
Abbreviations: R, rapamycin; RL, rapamycin liposomes.
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Rapa liposomes against HCT-116 and SW-480 cells was eval
uated by the MTT assay. As shown in Figure 2A and B, free 
Rapa and Rapa liposomes inhibited the growth of HCT-116 
and SW-480 cells in a dose-dependent manner, but the IC50 of 
the Rapa liposomes was lower than that of the free Rapa in the 
both cells (Table 1). These results clearly show that liposomes 
improved the cytotoxicity of Rapa to CRC cells.

Next, we evaluated the cytotoxicity of 5-FU in the pre
sence of free Rapa or Rapa liposomes of CRC cells. In 
contrast 5-FU alone and the combined treatment Rapa lipo
somes significantly increased the cytotoxicity in HCT-116 
cells (Figure 2C). Similarly, the IC50 of 5-FU treatments 
was higher than that of combined treatments in SW-480 
cells (Figure 2D). Overall, Rapa liposomes enhanced the 
5-FU-induced cytotoxicity of CRC cells.

To further confirm the proliferation of CRC cells treat
ment Rapa liposomes or 5-Fu alone or in combination, 
colony formation was performed. The numbers of clones 
in the free Rapa group and Rapa liposomes group of HCT- 
116 cells were 49.2±5.2 and 33.1±7.3, respectively 
(**p<0.01, Figure 2E and F). At the same time, similar 
results were found in SW-480 cells which were shown in 
Figure 2G and H (*p<0.05). Moreover, the number of cell 
clones in the Rapa liposomes and 5-FU combination 
groups was obviously less than that of the single-drug in 
HCT-116 cell lines (**p<0.01).

Effects of Rapa Liposomes and 5-FU on 
Cell Apoptosis
The apoptosis of HCT-116 and SW-480 cells was detected 
by Annexin V-PI double staining. The apoptotic rate of 
Rapa in HCT-116 cells was 21.6±2.8%, while the Rapa 
liposomes group markedly enhanced apoptosis rate, result
ing in 37.2±3.1% (***P<0.001). Moreover, the combined 
treatment with Rapa liposomes and 5-FU resulted in 64.8 
±7.1% apoptosis rate (***P<0.001, Figure 3A and B). 
Figure 3E and F also show that the combination treatment 
induced cell apoptosis more effectively than the other 
treatments in SW-480 cell lines (**P<0.01). 

Subsequently, the corresponding apoptosis protein Bax/ 
Bcl-2 ratio and cleaved caspase 3 were obviously up- 
regulated in the combination treatment group (Figure 3C, 
D, G and H).

Effects of Rapa Liposomes and 5-FU on 
Cell Migration
To determine whether Rapa liposomes or 5-Fu alone or in 
combination inhibited the metastasis of colorectal cells, we 
examined the cell migration by transwell assay. As shown 
in Figure 4B and D, compared with the free Rapa group, 
the migratory number of the Rapa liposomes group was 
markedly decreased in SW-480 cells (*P<0.05). Moreover, 
the migratory cell numbers of the Rapa liposomes and 
5-FU combination group was slightly less than that of 
the single-drug group in HCT-116 (***P<0.01, Figure 
4A and C) and SW-480 cells (*P<0.05). Taken together, 
these results demonstrate that a combination of Rapa lipo
somes and 5-FU shows a potential effect of inhibiting the 
metastasis of CRC.

The occurrence of Epithelial-Mesenchymal Transition 
(EMT) in epithelial cancer cells is a key factor in tumor 
migration and invasion. Then, the expression of the pro
teins involved in EMT was detected. As shown in Figure 
4E–H, compared with the free Rapa group, the expression 
of epithelial cell marker E-Cadherin was up-regulated in 
the Rapa liposomes, while N-Cadherin, vimentin, and 
MMP-9 were down-regulated. Additionally, we found the 
combination group further inhibited N-Cadherin, vimentin, 
and MMP-9 but promoted the E-cadherin expression in 
both CRC cells.

The Antitumor Mechanism of Rapa 
Liposomes and 5-FU In vitro
To analyze the possible mechanism of how Rapa liposomes 
and 5-FU inhibit proliferation and induce apoptosis in vitro, 
Western blot analysis was used to detect the expression of 
related proteins. The AKT/mTOR pathway regulates various 
cellular processes which include protein synthesis, cell pro
liferation, energy metabolism and autophagy.24–27 mTOR 
inhibitor Rapa inhibits the expression of p-p70S6K and 
regulates downstream pathways. Thus, pS6K is used as 
a marker for mTOR1 activity.28 As shown in Figure 5A–D, 
there was no change in total AKT and p70S6K protein 
expression in the HCT-116 and SW-480 cells, but the expres
sion of p-AKT (Ser 473), p-AKT (Thr 308), and p-p70S6K 
(Thr 398) was decreased after treatment of tumors with free 

Table 1 Inhibitory Concentration (IC50 in μg/mL) of Free Rapa 
and Rapa Liposomes

Cell Line Free Rapa Rapa Liposomes

HCT-116 15.34+1.18 5.61±0.75

SW480 12.22+1.08 7.52±0.51
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Rapa and Rapa liposomes. However, the protein levels were 
significantly down-regulated when treated with Rapa lipo
somes compared with free Rapa (***P<0.001).

On the other hand, 5-FU acting as a thymidylate synthase 
inhibitor and metabolite interferes with DNA and RNA, thus 
leading to inhibition of cell proliferation and inducing 
apoptosis.29 Our results show that 5-FU significantly increased 
P53 expression, thereby activating the downstream apoptotic 
pathway (Figure 5A–D). These results suggested that the Rapa 
liposomes synergized with the antitumor effect of 5-FU by 
targeting the AKT/mTOR and P53 signaling pathway.

Notably, excessive inhibition of mTOR negatively regu
lates the AKT pathway.30 However, Rapa combined with 
other drugs would attenuate this effect. For example, the 
combination of Rapa and melatonin blocked the negative 
feedback loop, which decreased head and neck squamous 

cell carcinoma cell viability, proliferation and clonogenic 
capacity.31 Meanwhile, autophagy activator Rapa combined 
5-FU may overcome multidrug resistance in cancer.10,32 

Collectively, Rapa is an ideal chemosensitizer for 5-FU treat
ment of CRC.

In vivo Biodistribution of DiR Liposomes
The distribution of DiR liposomes in nude mice was 
detected by in vivo imaging. The same doses of DiR and 
DiR liposomes were injected into the tail vein. As 
expected, DiR liposomes showed fluorescence in the trans
planted tumor 6 h after administration, and obvious fluor
escence enrichment occurred at 24 h (Figure 6A). In this 
study, the PEGylated liposomes were used to deliver Rapa 
to improve the anti-CRC effect. The PEG segments are 
located at the surface of the liposomes and formed a layer 

Figure 3 Cell apoptosis and the related signaling pathways of colorectal cancer cells treated by different drug. (A and B) Cell apoptosis analysis of HCT-116 cells via FITC 
Annexin V/PI double staining, and the percentage of apoptotic rates was calculated. (C and D) The Bax, Bcl-2, Caspase-3 and cleaved Caspase-3 protein expression in HCT-116 
cells was examined by Western blot analysis, and the protein levels were quantified by densitometry. (E and F) Cell apoptosis analysis of SW-480 cells via FITC Annexin V/PI 
double staining, and the percentage of apoptotic rates was calculated. (G and H) The Bax, Bcl-2, Caspase-3 and cleaved Caspase-3 protein expression in SW-480 cells was 
examined by Western blot analysis, and the protein levels were quantified by densitometry. All data are expressed as the mean±SD (n=3). *p<0.05, **p<0.01 and ***p <0.001. 
Abbreviations: R, rapamycin; RL, rapamycin liposomes.
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of hydration film, which reduces the interactions with 
serum proteins and improves the spatial stability.33,34 

Therefore, the PEGylated liposomes extend the circulation 
time of liposomes in vivo and evade scavenging by the 
reticuloendothelial system (RES).35 Moreover, the lipo
somes with a small size (10–200 nm) passively accumulate 
in solid tumors due to the enhanced permeability and 
retention (EPR) effect.36–38 Figure 6B shows the fluores
cent images of major organs and tumors after injection at 
24h, which further suggests that liposomes exhibit high 

tumor accumulation. Some fluorescence intensity was also 
detected in the liver and spleen. The reason for this phe
nomenon is kupffer cells in liver participate in the uptak
ing and demoting of extra-phagocytosis.39

The Antitumor Effects of Rapa Liposomes 
and 5-FU In vivo
We investigated the antitumor effects of Rapa liposomes 
and 5-FU in HCT-116 cell xenograft mice. 
A representative tumor from each group was shown in 

Figure 4 Cell migration and the related signaling pathways of colorectal cancer cells treated by different drug. Representative images (A) and quantitative data (C) of the 
transwell migration assay to assess the effect of drugs on HCT-116 cells. Representative images (B) and quantitative data (D) of the transwell migration assay to assess the 
effect of drugs on SW-480 cells. (E and F) The expression of the E-Cadherin, N-Cadherin, vimentin, and MMP-9 proteins in HCT-116 cells were analyzed by Western blot. 
(G and H) The expression of the E-Cadherin, N-Cadherin, vimentin, and MMP-9 proteins in SW-480 cells were analyzed by Western blot. All data are expressed as the 
mean±SD (n = 3) *p<0.05, and ***p<0.001. Scale bar = 50 μm. 
Abbreviations: R, rapamycin; RL, rapamycin liposomes.
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Figure 6C, the volume of the saline group, Rapa group, 
Rapa liposomes group, and Rapa liposomes and 5-FU 
combination group were 1383.3±276.1 mm3, 839.8 
±103.9 mm3, 536.8±174.1 mm3 (*P<0.05), and 134.2 
±31.1 mm3 (**P<0.01), respectively. The tumor inhibition 
rate of the combination group resulted in 90% when com
pared with the saline group (Figure 6D). Those indicating 
that the combination of Rapa liposomes and 5-FU is 
a potentially effective treatment for CRC. This is consis
tent with previous studies that the delivery of antitumor 
drugs by micelles or nanoparticles can improve the ther
apeutic effect of the drug.14,19,40,41 Importantly, the anti
tumor effect of Rapa has been greatly improved compared 
to what was previously reported in the literature.9

The removed tumor tissues were weighed, the group 
treated with Rapa liposomes showed reduced tumor weight 

in comparison with free Rapa (*P<0.05). Moreover, the 
tumor weight of the combination of Rapa liposomes and 
5-FU group was lower than that of a single-drug administra
tion group (*P<0.05, Figure 6E). Noteworthy, HE staining in 
the tumor tissue found that the combined administration 
group exhibited a larger death area (Figure 6F).

Simultaneously, the proliferation of tumor cells in vivo 
was detected by ki-67 staining. As shown in Figure 7A and 
C, the ki-67 positive cells were significantly decreased in the 
combination group compared with that in other groups 
(**P<0.01). Furthermore, we also examined the expression 
of PCNA protein in tumor tissues. The PCNA protein 
expression in the combination group was lower than that 
of the single-drug group (***P<0.001, Figure 7E and H). 
These findings imply that inhibiting the proliferation of 
tumor cells may be one of its antitumor mechanisms.

Figure 5 The antitumor mechanism of colorectal cancer cells treated by different drug. (A and B) The expression of the p-AKT (Ser 473), p-AKT (Thr 308), p-p70S6K (Thr 
389) and P53 proteins in HCT-116 cells were analyzed by Western blot. (C and D) The expression of the p-AKT (Ser 473), p-AKT (Thr 308), p-p70S6K (Thr 389) and P53 
proteins in SW-480 cells were analyzed by Western blot. All data are expressed as the mean±SD (n = 3) *p<0.05, **p<0.01 and ***p<0.001. 
Abbreviations: R, rapamycin; RL, rapamycin liposomes.
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In addition, the TUNEL assay was applied to dis
cover the apoptosis in vivo. As shown in Figure 7B, 
the greenish fluorescence was observed in colorectal 
cancer tumor tissue from the group treated with the 
drug. The apoptosis index was in the combination of 
Rapa liposomes and 5-FU group (12.42%±0.15%, 
***P<0.001) significantly higher than that in groups 
treated with free Rapa (4.32%±0.75%), Rapa liposomes 
(6.62%±0.70%, **P<0.01), and 5-FU (7.07%±0.36%, 
Figure 7D), respectively. These results suggested that 

the induction of tumor cell apoptosis is another anti
tumor mechanism in vivo.

The Antitumor Mechanism of Rapa 
Liposomes and 5-FU In vivo
To further confirm the antitumor mechanism in vivo, we 
examined the expression of proteins in a tissue specimen 
of HCT-116 xenograft tumor. Firstly, the EMT associated 
protein levels of N-Cadherin, vimentin and MMP-9 

Figure 6 The Biodistribution and antitumor efficacy of different treatment in HCT-116 xenograft mice. (A) Representative live animal fluorescence images of DiR-loaded 
liposomes in HCT-116 induced xenograft mice. (B) Representative fluorescence images of organs and tumor of mice at 24 h post injection. (C) Photo of subcutaneous 
tumors in each group. (D) Subcutaneous tumor volume development curve in each group. (E) Weight of subcutaneous tumors in each group. (F) Representative HE staining 
images of tumors in each group, Scale bar = 50 μm. All data are expressed as the mean±SD (n = 6). *p<0.05 and **p<0.01. 
Abbreviations: R, rapamycin; RL, rapamycin liposomes.
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expression was down-regulation, but promoted E-cadherin 
expression after treatment of tumors with Rapa liposomes 
and 5-FU (Figure 7F and I). Our results demonstrated that 
combination treatments can inhibit tumor cell EMT con
sistent with previous studies.42

In addition, the AKT/mTOR and P53 pathway were 
detected in tumor tissues. As shown in Figure 7G and J, 
Rapa and Rapa liposomes inhibit the AKT/mTOR path
way by down-regulating the expression of p-AKT (Ser 
473), p-AKT (Ser308), and p-p70S6K (Thr 389) proteins. 

Meanwhile, 5-FU increased the expression of the P53 
protein. These results showed that combination of Rapa 
liposomes and 5-FU affected the expression of Akt/mTOR 
and P53 signaling pathway and achieved synergistic anti
tumor effects in vivo.

Conclusion
In general, we developed Rapa liposomes for treatment CRC. 
The cellular uptake, cytotoxicity and cell apoptosis of Rapa 
liposomes were increased in vitro compared with free Rapa. 

Figure 7 Analysis proliferation, apoptosis and metastasis in vivo and detection of related signaling pathways. Representative Ki67 immunohistochemistry images (A) and 
quantitative data (C) of tumors in each group. Representative TUNEL immunofluorescent images (B) and quantitative data (D) of tumors in each group. (E and H) The 
expression of the PCNA protein in tumors were analyzed by Western blot. (F and I) The expression of the E-Cadherin, N-Cadherin, vimentin, and MMP-9 proteins in 
tumors were analyzed by Western blot. (G and J) The expression of the p-AKT (Ser 473), p-AKT (Thr 308), p-p70S6K (Thr 389) and P53 proteins in tumors were analyzed 
by Western blot. All data are expressed as the mean±SD (n = 3) Scale bar = 50 μm. **p<0.01 and ***p <0.001. 
Abbreviations: R, rapamycin; RL, rapamycin liposomes.
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Meanwhile, Rapa liposomes were more effective in suppres
sing tumor growth in vivo. Furthermore, Rapa liposomes 
combined with 5-FU achieves a synergistic antitumor effect 
via the Akt/mTOR and P53 pathways in vitro and in vivo. In 
the future, multiple researches indicate that the liposomes or 
nanoparticles-based co-delivery of rapamycin and clinical 
chemotherapy drugs system achieve the synergistic/com
bined effect, while decreasing the systemic toxicity. 
Besides, co-delivery of chemotherapeutic agents by lipo
somes can overcome tumor multidrug resistance.43,44 Of 
note, further modification of the liposome surface, such as, 
folic acid or hyaluronic acid, enhance the active targeting 
effect and improve the antitumor effect.45,46
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