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Background: Colon cancer is a top lethal cancer in man and women worldwide and drug 
resistance is the major cause of cancer-related death. Combinational therapy and drug 
delivery with nanoparticles have been shown to effectively overcome drug resistance in 
many cancers. We previously reported that nanoemulsion (NE) loaded paclitaxel (PTX) and 
BEZ235 could synergistically inhibit colon cancer cell growth.
Purpose: To investigate whether NE loaded PTX and BEZ235 can overcome drug resis-
tance and synergistically inhibit drug-resistant colon cancer cell growth in vitro and in vivo.
Methods: The in vitro treatment effect on cell viability was assayed using CCK8 kit, cell 
morphological change was detected by β-tubulin immunofluorescence staining, drug resistance- 
related proteins were analyzed by Western blotting, and in vivo tumor growth test was performed in 
nude mice xeno-transplanted with 2 drug-resistant colon cancer cell lines HCT116-LOHP and 
HT29-DDP.
Results: Both cell lines were sensitive to PTX but relatively insensitive to BEZ235. PTX 
combined with BEZ235 synergistically inhibited the proliferation of both cell lines. 
Nanoemulsion loaded PTX (NE-PTX) reduced the IC50 of PTX to approximately 2/5 of free 
PTX, indicating a high inhibitory efficacy of NE-PTX. When NE-PTX combined with a low 
concentration of BEZ235 (50 nM), the IC50 was decreased to approximately 2/3 of free PTX. 
Moreover, NE-PTX+BEZ235 treatment increased apoptosis, decreased Pgp and ABCC1 expres-
sion, and reduced tumor weights compared to the single drug treatment and the control group. 
These results suggest that nanoemulsion loaded PTX+BEZ235 can overcome drug resistance 
and improve the inhibitory effect on cancer cell proliferation and tumor growth.
Conclusion: Our study thus provides a possible new approach to treat colon cancer patients 
with drug resistance.
Keywords: colon cancer, nanoemulsion, paclitaxel, BEZ235, drug-resistance

Introduction
Colon cancer is one of the most common malignant tumors in both men and 
women. Most cases of colon cancer are diagnosed at advanced stages.1 

Chemotherapy is the common treatment approach and the first-line drugs include 
5-FU, platinum-based drugs, and EGFR receptor blockers. However, multi-drug 
resistance caused by 5-FU and platinum drugs is a great challenge in the successful 

Correspondence: Hong Zou; Wenyi Gu  
Tel +86 13899528366; +61733464168  
Email zouhong_patho@163.com;  
w.gu@uq.edu.au

submit your manuscript | www.dovepress.com International Journal of Nanomedicine 2021:16 2173–2186                                               2173

http://doi.org/10.2147/IJN.S290731 

DovePress © 2021 Hu 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

http://orcid.org/0000-0003-3360-1390
mailto:zouhong_patho@163.com
mailto:w.gu@uq.edu.au
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


treatment of colon cancer. Several mechanisms of multi-
drug resistance in colon cancer have been reported to date. 
These include enhanced efflux caused by the high expres-
sion of ATP-binding transporters (such as P-glycoprotein, 
Pgp), decreased intracellular drug concentration, decreased 
sensitivity of tumor cells to chemotherapeutic drugs, 
changes in activities and content of drug-resistance- 
related enzymes, and anti-apoptosis.2–7 About 46% of 
colorectal cancers have K-ras gene mutations,8,9 making 
targeted therapies by EGFR receptor blockers, such as 
cetuximab, inefficient.1 The incidence of multidrug resis-
tance in patients with colorectal cancer metastases is more 
than 90%.7,8 Existing chemotherapy drugs for colorectal 
cancer have varying degrees of toxicity and side effects. 
Therefore, overcoming chemotherapy resistance, finding 
new, effective, and low toxicity drugs or approaches have 
a great clinical significance.

Paclitaxel (PTX) can effectively promote cancer cell 
apoptosis and is effective to tumor cells with K-ras gene 
mutation.10–15 PI3K/Akt/mTOR signaling pathway is 
thought to be closely related to multidrug resistance in 
human colon cancer. It was reported that blockage of 
PI3K/AKT signaling pathway could enhance drug sensi-
tivity of HCT-116/L-OHP resistant cells and reverse Pgp- 
mediated multidrug resistance in human colon cancer.16,17 

BEZ235, a PI3K/Akt/mTOR dual-pathway inhibitor, has 
been reported to enhance the sensitivity of colon cancer 
cell line HCT-116 to 5-FU and inhibit the growth of colon 
cancer stem cells.18–20 Combinational therapy with multi-
ple drugs is a common strategy to overcome drug resis-
tance. Herein, we speculated that the combination of 
BEZ235 and PTX may synergistically act on multiple 
targets of colon cancer cells to reduce drug resistance 
and promote cell apoptosis. Previously, we demonstrated 
that PTX and PI3K/mTOR inhibitor BEZ235 had a good 
synergistic inhibitory effect on the growth of colon cancer 
cells; and a nanoemulsion loaded with PTX and BEZ235 
combination showed even more markable improvement in 
inhibitory activity.21 However, PTX are highly hydropho-
bic molecules, which hamper the maximally effective 
dosage delivery to patients, limiting treatment efficacy in 
the clinic. Their application for cancer treatment is limited 
by their low solubility and bioavailability. We further 
encapsulated PTX into nanoemulsion and then mixed 
with BEZ235 and have demonstrated that PTX nanoemul-
sion-BEZ235 combination therapy further significantly 
inhibited the growth of HCT-116 and HT-29 colon cancer 
cells due to the increase of solubility and bioavailability of 

PTX.21 Nanoemulsion nanoparticles consist of oils, sur-
factants/co-surfactants and water with the size in the range 
of 10–200 nm. They are able to encapsulate various hydro-
phobic drugs together if these drugs are soluble in the oil 
phase to enhance drug solubility in water. Importantly, the 
hydrophobic drugs encapsulated in nanoemulsion can be 
taken up by the cancer cells efficiently and have a long 
circulation time in the body. Studies have reported that 
paclitaxel nanoemulsion not only reduces the toxicity of 
the drug, but also prolongs the action time of the drug in 
the rat.22,23

Herein, we hypothesize that the combination of PTX 
and BEZ235 may synergistically act on multiple targets of 
colon cancer cells to reduce drug resistance and promote 
cell apoptosis. However, there have been no reports on the 
effect of nanoemulsion loaded PTX (NE-PTX) and 
BEZ235 combination on drug-resistant colon cancer 
cells. Therefore, we aimed to investigate whether the 
combination of NE-PTX and BEZ235 could show 
a synergistic inhibitory effect on drug-resistant colon can-
cer cell growth (both in vitro and in vivo), with reduced 
drug toxicity and side effects. Morphological changes and 
their underlying mechanisms were also analyzed. The 
results confirm that combination of NE-PTX and 
BEZ235 can significantly enhance the inhibition of the 
growth of drug-resistant colon cancer cells, providing 
great potential in colon cancer treatment for the future 
clinical application.

Materials and Methods
Materials
The oxaliplatin-resistant (HCT116-LOHP) and cisplatin- 
resistant (HT29-DDP) human colon cancer cell lines 
were purchased from Shanghai Aurora Technology Co., 
Ltd. (Shanghai, China). The cisplatin and oxaliplatin used 
to maintain the resistance of the two colon cancers were 
purchased from Sigma, USA. Both BEZ235 and PTX were 
purchased from Selleck Chemicals, USA. Oxaliplatin and 
cisplatin are dissolved in saline for storage, PTX and 
BEZ235 are dissolved in DMSO for storage. The sources 
of other reagents related to cell culture are as follows: 
RPMI 1640 medium (Invitrogen, USA), 0.25% EDTA 
trypsin (Beijing Soleibao, China), fetal bovine serum 
(Biolnd, Israel), penicillin streptomycin Mixture (Beijing 
Soleibao Company, China), DMSO (Beijing Soleibao 
Company, China), PBS (Shanghai Shenggong Company, 
China); CCK-8 cell proliferation-toxicity detection kit 
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(Tongren Institute of Chemistry, Japan) is used to detect 
cell proliferation; the cytoskeleton-related reagents are 
anti-beta tubulin antibody, FITC-labeled anti-rabbit IgG 
(Abcam, US), propidium iodide (Sigma, US), cell cycle 
detection kit purchased From Lianke Biotechnology, 
China; Western Blotting assay antibodies and their con-
centrations are Pgp (1:1000, CST, US), ABCC1 (1:1000, 
CST, USA), β-actin (1:1000, Abcam, USA), Bcl-2 
(1:1000, CST, USA).

Methods
Preparation of Paclitaxel Nanoemulsion21

Paclitaxel was dissolved in DMSO. It was then mixed with 
Capryol 90, Tween 20, and propylene glycol (Tween 20 to 
propylene glycol volume ratio was 2:1) on a vortex mixer 
to form an emulsified mixture. Water was added to this 
mixture and the mixture was stirred at the highest speed 
for 5 minutes to obtain the nanoemulsion. The mass ratio 
of Capryol 90, Tween 20 and propylene glycol to water 
was 20:35:45. Dynamic light scattering (Nano ZS, 
Zetasizer, Nano series, Malvern Instruments) was used to 
measure the average particle size and distribution of pacli-
taxel nanoemulsions. The stability was investigated by 
measuring its size distribution characteristics in serum- 
containing medium, PBS and PH5.8 buffer for 6 consecu-
tive days. The prepared paclitaxel nanoemulsions (2 mM) 
were stored at 4°C for further assays.

CCK8 (Cell Counting Kit-8) Cell Viability 
Assay
Both cell lines were culture in RPMI-1640 medium containing 
10% fetal bovine serum and 5% penicillin/streptomycin. 
Medium was supplemented with cisplatin (1.5 μg/mL) for 
culture of HT29DDP cell line and with oxaliplatin 
(10 μg/mL) for culture of HCT116-LOHP cell line to maintain 
the corresponding resistance phenotype of the two drug- 
resistant cells. Cells were incubated in a constant temperature 
humidified incubator at 37°C and 5%CO2. For subculture, 
cells were digested by 0.25% trypsin. HCT116-LOHP or 
HT29DDP cells were seeded 96-well plates with cell density 
of 4⨯103 cells per well. After incubating overnight, cells were 
attached and grown in the wells. Then, RPMI 1640 medium 
was removed and replaced by fresh RPMI-1640 medium 
containing BEZ235, PTX, NE-PTX or NE-PTX+BEZ235 
(50 nM) with different concentration, respectively. Among 
them, the details of mixing 50nM BEZ235 with different 
concentrations of PTX or NE-PTX medium are as follows, 

when BEZ235 was added to the cell culture medium, we 
mixed the 1mg/mL BEZ235 concentrate with the cell culture 
medium to obtain a cell culture medium containing 50nM 
BEZ235, and then added PTX or PTX to the cell culture 
medium containing 50nMBEZ235. NE-PTX, obtain cell cul-
ture medium containing 100nM PTX or NE-PTX and 
50nMBEZ235, and then add the cell culture medium contain-
ing BEZ235 to dilute in order to prepare corresponding med-
ium containing 50nmBEZ235 and different concentrations of 
PTX and NE-PTX, And then classified according to the 
experimental group, change the medium, and then observe 
and determine. After 48 hours of treatment, 10μL of CCK-8 
reagent was added to each well in the dark, then the 96-well 
plate was wrapped with foil and put it in the incubator. After 3 
hours, the absorbance OD values were measured at A450nm 
with xMark microplate reader (BIO-RAD, USA), and the cell 
survival rate was calculated according to the following 
formula:

Cell survival rate% = (absorbance OD value of experi-
mental group-absorbance of blank group) ÷ (absorbance OD 
value of control group-absorbance of blank group) × 100%

A combination index was calculated to determine the 
synergetic effect of combination treatment based on the 
following formula:

CI ¼
Cell availabity of NE � PTX þ BEZ235

Cell availability of NE � PTX � cell
availability of BEZ235 50nMð Þ

CI < 1, = 1 and > 1 indicated synergic, additive and 
antagonistic effect, respectively.

β-Tubulin Staining Experiment
The colon cancer HT29DDP and HCT116-LOHP cells 
were cultured in 6-well plates (2⨯105 cells per well). 
After 24 hours, cells were treated with drug directly 
added to the medium. After 2 hours treatment, the medium 
was removed. The cells were fixed with 4% paraformalde-
hyde, permeated with 0.5% Triton X-100 for 20 minutes, 
and blocked with 3% goat serum at room temperature for 
30 minutes. Cells were then incubated with diluted rabbit 
anti-human β-tubulin antibodies (Abcam, USA) overnight 
at 4°C. Subsequently, cells were washed with PBST three 
times, and incubated with FITC (green fluorescence) 
labeled anti-rabbit fluorescent antibody (Abcam, USA) at 
37°C for 1 hour. Then, cells were washed with PBST three 
times and incubated with PI (propidium iodide purchased 
from Sigma) to stain the nuclei (red fluorescence). Excess 
PI was removed by washing with PBS. Cells were then 
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mounted onto glass slides with an anti-fluorescent quench-
ing agent, and then observed and photographed under 
a fluorescence microscope.

Apoptosis Analysis
Apoptosis was analyzed by cell cycle kit (Biotech Corp). 
HT29DDP and HCT116-LOHP cells were cultured in 
6-well plates. On the second day, cells were treated with 
PTX, BEZ235, or a combination of the two drugs. After 
24 hours, 2⨯105 - 1⨯106 cells were collected by centrifu-
gation and washed with PBS. Subsequently, 1 mL of DNA 
staining solution and 10mL of permeabilization solution 
were added to cells and mixed by vortexing for 5–10 
seconds. Then, the cells were incubated at room tempera-
ture for 30 minutes and analyzed by flow cytometry. The 
apoptotic cells were gated as sub-G1/G0 population from 
single cells.

Western Blotting for Determination of 
Multidrug Resistance and Anti-Apoptosis 
Protein Expression
After treating HT29DDP and HCT116-LOHP cells with 
different drugs for 24 hours, cells were washed twice with 
PBS and the total protein was extracted. The protein con-
centration was determined by using Nano Drop spectro-
photometer. The proteins were separated by gel 
electrophoresis (BIO-RAD, USA) and transferred to 
PVDF membranes. The membranes were blocked at 
room temperature (5% BSA) for 2 hours and then incu-
bated with rabbit anti-human Pgp and ABCC1 and mouse 
anti-human Bcl-2 and β-actin antibodies overnight at 4 °C. 
Then, the membranes were washed at room temperature, 
treated with horseradish peroxidase conjugated anti-rabbit 
and anti-mouse IgG antibodies for 2 hours, and exposed to 
ECL for observation and imaging.

Tumor Growth and Treatment in Nude 
Mice
Our animal experiments were approved by the Animal 
Ethic Committee of Affiliated Hospital, Shihezi 
University School of Medicine. According to China’s 
“Guidelines for the Ethical Review of Laboratory Animal 
Welfare” (GB/T 35892–2018), as well as the “3Rs” animal 
welfare and ethical principles, which refers to replacing 
and reducing animals in experiments, and refining proce-
dures to make them less harmful, eighty female BALB/ 
C-nu nude mice were evenly divided into two halves (one 

was injected with HT29DDP and the other injected 
HCT116-LOHP cells; 2⨯106 cells per injection in 50 
uL). When the tumor size reached 50–100 mm3, animals 
in each of these halves were randomly divided into five 
groups (PBS control group, PTX group-10mg/kg, BEZ235 
group-20mg/kg, NE-PTX group-6.6mg/kg, NE-PTX 
+BEZ235 group-6.6 mg/kg, NE-PTX+BEZ235-20 mg/kg; 
8 mice per group). EDTA was used to prepare the drug 
solutions. The drugs were injected every two days. The 
tumor was injected with a single injection of 50 ul. The 
longest diameter (a) and the shortest diameter (b) of the 
tumor were measured by vernier caliper after every 2 days, 
whereas the weight of nude mice was measured after every 
3 days. After three weeks, the mice were euthanized, and 
the volume of tumors was measured (V (mm3) = ab2/2).

Statistical Analyses
Data collected from experimental and control groups were 
expressed as mean ± SD. One-way analysis of variance 
and the unpaired Student’s t-test (GraphPad Prism 6 pro-
gram) were used to analyze the differences between 
groups and identify the significant differences (two-tail, 
P< 0.05) between experimental and control groups.

Results
Characterization of NE-PTX
The homogenous NE-PTX was prepared by low-energy 
spontaneous emulsification. At an oil/emulsifier/water 
ratio of 20:35:45, a clear and uniform suspension was 
obtained, the final concentrations of NE-PTX were 2.0 
mM. After loading the drugs, the size and polydispersity 
index of the drug-NE remained unchanged.21 The dynamic 
light scattering results in Figure 1A show that the NE-PTX 
had a narrow size distribution and polydispersity index of 
0.19, It has similar particle size and PDI in medium, PBS 
and pH5.8 buffer. In the subsequent 6 days of contact 
measurement (Figure 1B), we found that the distribution 
and particle size of the NE-PTX remained in the same 
zone without significant changes, especially in the med-
ium, indicating that the NE-PTX has a good stability.

Inhibitory Effects of PTX, BEZ235, and 
the Combination of the Two Drugs on 
Drug-Resistant Colon Cancer Cells
To investigate whether the combination of PTX and BEZ235 
has synergistic effects in drug-resistant colon cancer cells, we 
first investigated the inhibitory effects of individual drugs. 
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Both drug-resistant cell lines HT29DDP and HCT116-LOHP 
were sensitive to PTX treatment (IC50 = 34.78 nM and 37.56 
nM (Table 1, Figure 2A), respectively). However, they were 
not very sensitive to BEZ235 (IC50 = 483.8 nM and 651.9 nM, 
respectively; Figure 2B). Because BEZ235 is not sensitive to 
colon cancer drug-resistant cells, it is worth exploring whether 
low concentrations of BEZ235 can enhance the sensitivity of 
colon cancer drug-resistant cells to PTX. Therefore, both cells 

were treated with PTX combined with BEZ235 at 50 nM (9–13 
folds lower). As compared with PTX alone, the combination 
treatment decreased the IC50 of PTX to one third in both cell 
lines (21.48 nM and 26.42 nM in HT29DDP and HCT116- 
LOHP cell lines, respectively; Figure 2C), suggesting that 
BEZ235 can increase the sensitivity of drug-resistant cells to 
PTX. The combination index of 50nM BEZ235+10nM PTX 
are 0.86 and 0.92 in HT29DDP and HCT116-LOHP cell lines, 
respectively (Table 2). These data indicate that the combination 
approach with PTX and BEZ235 has synergistic treatment 
effect on drug-resistant colon cancers.

Nanoemulsion Delivery More Effectively 
Inhibits the Growth of Drug-Resistant 
Colon Cancer Cells
Nanoemulsion can reduce toxicity and side effects by 
increasing the solubility and efficacy of chemotherapeutic 
drugs.21 Therefore, we prepared nanoemulsion to deliver 
PTX to further improve their efficiency. Compared with 

Figure 1 Particle size of NE-PTX from DLS analysis. (A) The NE-PTX had a narrow size distribution and polydispersity index of 0.19, It has similar particle size and PDI in 
RPMI 1640 medium, PBS and pH5.8 buffer. (B) In the subsequent 6 days of contact measurement, the distribution and particle size of the NE-PTX remained in the same zone 
without significant changes, especially in the medium, indicating that the NE-PTX has good stability. 
Abbreviations: DLS, dynamic light scattering; NE, nanoemulsion; PTX, paclitaxel.

Table 1 IC50s of Free or NE-Loaded BEZ235 and PTX in Drug- 
Resistant Colon Cancer Cell Treatment

Treatment HT-29 DDP 
(nM)

HCT116-LOHP 
(nM)

PTX 34.70 37.50

BEZ235 483.80 651.90
BEZ235-50nM + PTX 21.48 26.42

NE-PTX 21.57 22.77

BEZ235-50nM + NE-PTX 11.84 14.78

Abbreviations: IC50, 50% inhibitory concentrations; NE, nanoemulsion; PTX, 
paclitaxel.
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Figure 2 Dose-dependent inhibitory effects of PTX, BEZ235, NE-PTX, and their combinations on HT29DDP and HCT116-LOHP growth measured by CCK8 assay. (A) 
CCK8 assay results in HT29DDP and HCT116-LOHP cells treated with PTX at various concentrations. (B) CCK8 assay results in both cell lines treated with BEZ235 at 
different concentrations. (C) Different concentrations of PTX combined with 50nM-BEZ355 improved sensitivity of both cell lines to the treatment. (D) NE-PTX showed 
the improved inhibitory effects in both cell lines. (E) NE-PTX combined with BEZ235 (NE-PTX + BEZ235) synergistically inhibit the growth of both cell lines. (F) The 
control of NE; no obvious toxic effects were observed in the two cell lines at the dose lower than 150 nM.
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PTX alone (free drug), NE-PTX showed an improved 
inhibitory effect in both HT29DDP and HCT116-LOHP 
cells (IC50 = 21.57 nM and 22.77 nM, respectively, which 
were about 2/5 (40%) times lower than that of PTX alone; 
Figure 2D). Combination of NE-PTX with 50 nM BEZ235 
further decreased the IC50 of PTX to 11.84 nM and 14.78 
nM in HT29DDP and HCT116-LOHP cells (Figure 2E), 
respectively. These IC50 were about 1/3 times lower than 
that of PTX alone, 1/2 times lower than that of PTX 
combined with BEZ235 at 50 nM, showing that NE-PTX 
combined with low concentration BEZ235 also showed 
a more obvious sensitization effect. The combination 
index of 50nM BEZ235+10nM NE-PTX are 0.79 and 
0.88 in HT29DDP and HCT116-LOHP cell lines, respec-
tively (Table 2), indicating that nanoemulsion loaded with 
PTX combined with low concentrations of BEZ235 can 
synergistically inhibit the growth of the drug-resistant 
colon cancer cells. This significant reduction in the dose 
of chemotherapeutic drugs will dramatically reduce their 
toxicity and side effects, As NE alone did not show much 
cytotoxicity, even at 120 nM (Figure 2F).

PTX and BEZ235 Induce Morphological 
Changes in Drug-Resistant Colon Cancer 
Cells
In addition to the significant cell death after 24 hours treat-
ment (Figure 3A), cell morphological changes were observed 
in both HT29DDP and HCT116-LOHP cells. Using β- 
tubulin staining (green fluorescence), we could see that the 
round-shaped cells in controls became more fibroblast-like 
cells in the treatment samples. The red fluorescence shows 
the nucleus stained by PI, the morphological changes were 
more obvious in PTX+BEZ235 groups (Figure 3B). The 
morphological changes were the results from BEZ235 treat-
ment that is consistent with previous reports.21

Combination Treatment Significantly 
Decreased the Expressions of Pgp and 
ABCC1 Proteins
Colon cancer cells are prone to multidrug resistance. To 
study the mechanism of action of PTX and BEZ235 on 
HT29DDP and HCT116-LOHP colon cancer cells, we 
compared the expression of Pgp and multidrug resistance- 
associated protein (ABCC1) between different treatment 
groups by Western blotting analysis. Compared to the 
untreated control group, the expression of Pgp 
(Figure 4A–D) and ABCC1 (Figure 4E–H) was markedly 
decreased after the single drug and NE-PTX treatment. 
With the drug dose increased, the protein expression 
decreased more significantly. Although there was no sig-
nificant difference in the expression of Pgp and ABCC1 
protein in the BEZ235 50nM group, the combination ther-
apy decreased even more (P < 0.05) (Figure 4A, B, E, 
F and Figure 4C, D, G, H for HT29DDP and HCT116- 
LOHP cells, respectively). The effect of PTX combined 
with BEZ235 and NE-PTX combined with BEZ235 in 
reducing the expression of drug-resistant protein was 
more obvious than that of single drug application. 
Among them, the NE-PTX combined with BEZ235 
group showed the most obvious effect on reducing the 
expression of resistance protein.

Combination Treatment Promoted 
Apoptosis in Drug-Resistant Colon 
Cancer Cells
We further analyzed the effect of combinational therapy on 
apoptosis of colon cancer cells. The results (Figure 5A–D) 
for HT29DDP and HCT116-LOHP cells, respectively) 
showed that the apoptotic rates of different treatment groups 
were higher than those of the untreated control group; the 

Table 2 Analysis of Combination Index (CI) of BEZ235 and PTX/NE-PTX Treatment Using the Mean Values of Cell Viability (%)

Cell Lines Concentrations Cell Viability CI*

BEZ235 (nM) PTX (nM) BEZ235 PTX BEZ235/PTX

HT29 DDP 50 10 0.97 0.80 0.61 0.85

HCT116LOPH 50 10 0.96 0.79 0.70 0.93

BEZ235 (nM) NE-PTX (nM) BEZ235 NE-PTX BEZ235/NE-PTX

HT29 DDP 50 10 0.97 0.70 0.54 0.79

HCT116LOPH 50 10 0.96 0.72 0.61 0.88

Note: *CI ¼ Cell availabity of NE� PTXþBEZ235
Cell availability of NE� PTX�cell availability of BEZ235 50nMð Þ

CI < 1, = 1 and > 1 indicated synergic, additive, and antagonistic effect, respectively. 
Abbreviations: PTX, paclitaxel; NE, nanoemulsion.
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difference between PTX-16nM group and the control group 
was statistically significant (P <0.05). The difference 
between combination therapy group (PTX-8nM + BEZ 
50nM group and PTX-16nM + BEZ 50nM group) and the 
control group was also statistically significant (P < 0.01). 
These data indicate that PTX combined with BEZ235 can 
more effectively promote apoptosis in drug-resistant colon 
cancer as compared with PTX alone. We then further ana-
lyzed the levels of Bcl-2 protein (an anti-apoptosis protein 
associated with mitochondria apoptosis pathways) and 
found that the treatment with a single drug led to 
a reduction in this protein, but the more significant reduc-
tion was seen in the combination treatment (Figure 6). 
Compared to the untreated control, the expression of Bcl- 
2 was significantly decreased after single paclitaxel and NE- 

PTX treatment; the combination therapy decreased it even 
more significantly (P < 0.05) for HT29DDP and HCT116- 
LOHP cells, respectively). Among them, the NE-PTX com-
bined with BEZ235 group showed the most obvious effect 
of reducing the expression of resistance protein, which is 
consistent with the above cell death results.

Combination Therapy Significantly 
Inhibited the Tumor Growth in 
Xenotransplant Tumor Model
To further verify the in vitro results, we employed the 
xenotransplant tumor model in mice. HT29DDP and 
HCT116-LOHP cells were subcutaneously injected into 
nude mice. The mice in each group were photographed 

Figure 3 Cell number and morphological changes after BEZ235 and PTX treatment. (A) Bright-field images of cell death induced by PTX and BEZ235 alone or combination 
treatment. Significant reduction in the cell number was observed in the treated groups, compared to the control. The images were taken using an Olympus IX51 fluorescent 
microscope at 100⨯ magnification. (B) The morphological changes of cells treated with PTX or BEZ235 or both for 2 hours. Using β-tubulin staining (green fluorescence) 
and nucleus stained by PI (red fluorescence), the morphological change from round-shaped cells in controls to fibroblast-shaped cells in the treatment groups was observed. 
The images were taken using an Olympus IX51 fluorescent microscope at 400⨯ magnification.
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after 3 weeks of tumor formation (Figure 7A). Mice with 
both HT29DDP and HCT116-LOHP tumors gained 
weight, which was similar between all animals, allowing 
for modeling (Figure 7B). After the tumors reached 
a predefined volume, drugs were injected into the tumors. 
After 3 weeks, the tumors were dissected and weighed 
(Figure 7C). Compared to the untreated group, the tumor 
weight of different treatment groups decreased, with more 
significant decrease observed in the combination treatment 

group (Figure 7D) (P<0.005). This result confirms that the 
combination therapy can significantly inhibit the tumor 
growth in vivo, which was consistent with the results 
obtained in vitro.

Discussion
Our previous studies have shown that PTX and BEZ235 have 
a synergistic inhibitory effect on the growth of K-ras mutant 
or non-mutant colorectal cancer cells. Nanoemulsion loaded 

Figure 4 The expression of Pgp and ABCC1 in HT29DDP and HCT116-LOHP cells. The Western Blotting (WB) assay results show that compared to the untreated control, the 
expression of Pgp (A–D) and ABCC1 (E–H) was significantly decreased after single PTX and NE-PTX treatment; the combination therapy decreased even more significantly (P < 
0.05) (A, B, E, F and C, D, G, H) for both HT29DDP and HCT116-LOHP cells. The graphs of b, d, f. and h are the densitometry results of corresponding WB assays. 
Notes: *P<0.05; **P<0.01.
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with PTX and BEZ235 combination was shown to further 
enhance the sensitivity and synergism.21 However, these 
studies used ordinary colon cancer cells. Nanoemulsion 
(NE) is a stable, transparent, low-viscosity, homogeneous 
and thermodynamically stable dispersion system formed by 
oil phase, water phase, surfactant and co-surfactant in appro-
priate proportions. Nanoemulsions can increase the solubility 
of poorly soluble drugs, improve the stability and bioavail-
ability of drugs.21–23,25 In the present study, we aimed to 
explore whether NE-PTX combined with BEZ235 could 
exert the same synergistic inhibitory effect on the growth of 
colon cancer drug-resistant cell lines. The NE-PTX prepared 
by us shows good stability in culture medium, PBS and 
pH5.8 buffer. Cell viability results show that the combination 
treatment can improve inhibitory effects of PTX by reducing 
its IC50 and inhibit the tumor growth in animal model. This 

suggests that the approach has the potential to reduce the 
dosage of PTX and reduce its toxicity and side effects, which 
proves its potential clinical application value in the treatment 
of colon cancer.

The cellular mechanism of PTX acting on cancer cells 
(including these with K-ras gene mutations) includes inter-
fering with the dynamic balance between microtubules and 
tubulin dimers, arresting the cell cycle into G2/M phase, 
and promoting apoptosis.24,26,27 BEZ235 is a dual inhibi-
tor of PI3K/Akt/mTOR signaling pathway that down- 
regulates the expression of ATP-binding transporters 
(such as Pgp), reverses Pgp-mediated multidrug resistance 
in colorectal cancer, and promotes apoptosis.20,28 

Therefore, we hypothesized that PTX combined with 
BEZ235 could simultaneously act on the growth, prolif-
eration, apoptosis, and drug resistance in colon cancer 

Figure 5 Apoptosis analysis by sub-G1/G0 population with PI staining. After different treatments with PTX and BEZ235 in HT29DDP (A and B) and HCT116-LOHP (C and D) 
cancer cells, different degrees of apoptosis were observed. Graph a and c show the apoptotic sub-G1/G0 (P3) populations. Graphs c and d show the summary of 3 individual assays. 
Notes: *P < 0.05, **P < 0.01.
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cells to achieve synergistic antitumor and anti-drug resis-
tance effects. The results of the present study confirmed 
our hypothesis. To further improve the sensitivity of tumor 
cells to PTX, we used nanoemulsion delivery as we 
reported before (Hong Zou et al 2016), and we prove 
that nanoemulsion delivery is more effective at reducing 
IC50 and inhibiting cancer cell growth in vitro and in vivo. 
Moreover, it is clear seen that PTX+BEZ235 exhibits 
a synergistic inhibition of cancer cells that is advantageous 
to individual drug. For future application, nanoemulsion 
loaded both drugs together may benefit this treatment 
approach.

The mechanism of colon cancer resistance involves 
resistance of tumor cells against apoptosis. It is known 
that nearly half of the colon cancer patients have K-ras 
gene mutations. Therefore, the EGFR receptor blockers, 
such as cetuximab, become inefficient, which is also 
a major issue in clinical practice. PTX can effectively 
promote apoptosis, and tumor cells with K-ras mutation 
are also sensitive to PTX.10,11,29 The main targets and 
function of PTX include: (1) PTX is localized in the tubu-
lin/microtubule system. It promotes microtubule polymer-
ization, inhibits microtubule degradation, and arrests cell 

division in G2/M phase. (2) PTX causes abnormalities in 
autophagic transport and localization. Moreover, it inhibits 
degradation of autophagy, thereby inducing apoptosis and 
degradation of cells.10 BEZ235 can also inhibit apoptosis in 
colon cancer cells. Therefore, we used flow cytometry to 
analyze the apoptosis of HT29DDP and HCT116-LOHP 
cells in different treatment groups of PTX and BEZ235. 
The results showed that the apoptosis rates of HT29DDP 
and HCT116-LOHP cells in treatments groups were higher 
than those in the negative control group. This indicated that 
PTX and BEZ235 could promote apoptosis in both colon 
cancer cell lines, albeit at different extents. The rate of 
apoptosis in PTX-16nM group was significantly different 
from the control group (P < 0.05), indicating that high PTX 
concentration induced relatively high apoptosis in both 
drug-resistant colon cancer cells. This suggested that PTX 
induced apoptosis in a concentration-dependent manner, 
which was consistent with the results of CCK8 experiment. 
For example, PTX-8nM+BEZ50nM group and PTX-16nM 
+BEZ50nM group had significantly higher degree of apop-
tosis than that in the control group (P < 0.01). This further 
confirmed that the combination of PTX and BEZ235 could 
promote apoptosis of resistant colon cancer cell lines more 

Figure 6 Apoptosis analysis by the expression of Bcl-2 (B-cell lymphoma 2) protein in HT29DDP and HCT116 LOHP cell lines. After different treatments with PTX and 
BEZ235, the expression of Bcl-2 was significantly decreased after single paclitaxel (PTX) and NE-PTX treatment; while the combination therapy decreased it even more 
significantly (for HT29DDP (A and B) and HCT116-LOHP cells (C and D). Among them, the NE-PTX combined with BEZ235 group showed the most obvious effect of 
reducing the expression of this protein. 
Notes: *P<0.05; **P<0.01.
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obviously. Moreover, the combination treatment showed 
stronger inhibitory effect on tumor growth and could sig-
nificantly promote apoptosis, and inhibit tumor growth.

In tumors with MDR, ABC membrane transporter 
family helps tumor cells to pump out intracellular che-
motherapy drugs to the outside of cells, which is an 
important mechanism of drug resistance in tumor cells.30 

ABCB1/Pgp are the most important members of MDR 
involved in cell membrane transport function, and are the 
main target of tumor MDR inhibitors.31 ABCC1/MRP1 
and ABCB1/Pgp are energy-dependent drug efflux 
pumps with ATP binding sites and drug binding sites. 
ATP can be hydrolyzed by binding to ABCC1 and Pgp 
to provide energy. This energy is used to pump out drugs 
entered the cells, lead to reducing the intracellular drug 
concentration or formation of septal distribution. 
Therefore, the intracellular drug concentration fails to 
reach the effective levels that will result in drug resistance 
and to the failure of chemotherapy. Thus, it is necessary to 

find new treatment approaches for drug-resistant colon 
cancers. In this study, the protein expressions of Pgp and 
ABCC 1 in both cell lines were detected by Western 
blotting assay. The results showed that the expression of 
both proteins was down-regulated compared to the 
untreated control after treatment with combination of 
PTX and BEZ235, indicating that the combination treat-
ment can reduce multidrug resistance of both resistant 
colon cancer cell lines by suppressing the protein levels 
of the transporter. For instance, the expressions of Pgp and 
ABCC1 in PTX-16nM, BEZ50nM, and combination 
groups were all lower than those in PTX-8nM group, 
indicating their superior in inhibitory effect to PTX-8nM 
group (Figure 3). In addition, the expressions of Pgp and 
ABCC1 in PTX-8nM+BEZ50nM and PTX-16nM 
+BEZ50nM groups were lower than those in BEZ50nM 
group, providing evidence supporting that the combination 
treatments have a stronger inhibitory effect than BEZ235 
alone treatment. This is further supported by the 

Figure 7 Inhibition of tumor growth in nude mice after drug treatments. (A) tumors on nude mice: (1) the control group, injected with PBS; (2) PTX, injected with 10mg/kg 
PTX; (3) BEZ235, injected with 20mg/kg BEZ235; (4) NE-PTX, injected with 6.6mg/kg; (5) NE-PTX + BEZ235, injected with 20mg/kg. The mice were imaged at day 21 post 
cancer cell injection. (B) The body weight of nude mice in different groups from day 0 to day 25. (C) Images of dissected tumors from each group of (A). (D) Comparison of 
tumor weights among different groups. 
Notes: *P < 0.05; **P < 0.01.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                       

International Journal of Nanomedicine 2021:16 2184

Hu et al                                                                                                                                                               Dovepress

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


expressions of Pgp and ABCC1 in PTX-16nM+BEZ50nM 
group were significantly lower than those in PTX-16nM 
group (P < 0.01). Thus, the combination of PTX and 
BEZ235 could inhibit or reduce drug resistance of colon 
cancer by inhibiting the expression of ABCB1/Pgp. To 
validate the in vitro results, we tested the synergistic effect 
of PTX and BEZ235 in nude mice. The results showed 
that the tumor weights of the nude mice treated with PTX, 
BEZ235, NE-PTX, and NE-PTX+BEZ235 were lower 
than that of the untreated (control group) mice; the tumor 
weight of the nude mice treated with NE-PTX and 
BEZ235 was the lowest. These results corroborated with 
those of in vitro experiments. Compared with the PTX 
treatment group, the tumor weights of NE-PTX and NE- 
PTX+BEZ235 treatment groups decreased more signifi-
cantly. Together, our data indicate that PTX loaded in 
nanoemulsions and combines with BEZ235 can effectively 
overcome drug resistance, increase drug sensitivity of drug 
resistant colon cancer cells, which promise a potential 
approach to treat drug-resistant colon cancer.

Conclusions
PTX combined with BEZ235 could effectively and synergis-
tically inhibit the proliferation of drug-resistant colon cancer 
HT29DDP and HCT116-LOHP cells in vitro and in vivo. This 
mechanism is mainly related to the increased apoptosis and the 
inhibition of multidrug resistance. Together with previous 
research,21 it suggests that PTX combined with low concentra-
tion of BEZ235 is a promising approach to treat not only 
ordinary colon cancer cells but also platinum-resistant colon 
cancer cells. The use of nanoemulsion delivery system has 
further increased the sensitivity of tumor cells to PTX, and 
NE loaded PTX has the characteristics of good stability and 
increased solubility. Therefore, this approach should be 
explored further for clinical application, in the treatment of 
colon cancer.
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