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efficacy against heterogeneous and refractory cancer cells in vitro and in vivo. 

 
* These authors contributed equally to this work 

 
# Corresponding author: Wan-Liang Lu, PhD, Professor and Vice Dean, School of Pharmaceutical 

Sciences, Peking University, Beijing 100191, China, luwl@bjmu.edu.cn, Tel.: +861082802683, Fax: 
+8610 82802683 



Prnano.com, https://doi.org/10.33218/prnano2(3).190608.1  Andover House, Andover, MA USA  
The official Journal of CLINAM – ISSN:2639-9431 (online)  License: CC BY-NC-SA 4.0 

 

319 

Abstract 
Intrinsic drug resistance has been demonstrated in different types of breast cancer cells, leading to the 

recurrence of disease after treatment. Here, we report a functional drug liposome that enables electric 
charge conversion in the weak acidic milieu of cancer to enhance the treatment efficacy of different 
breast cancers. The functional drug liposomes were developed by encapsulating daunorubicin and 
rofecoxib, and modified with new functional material, D-alpha tocopherol acid succinate-polyethylene 
glycol-glutarate (TPGS1000-glutarate). The results demonstrated that the liposomes promoted the effects 
of cellular uptake and lysosomal escape, followed by targeting the mitochondria. Consequently, the 
electric charge conversable drug liposomes significantly enhanced the treatment efficacy by initiating 
a cascade of reactions through inducing autophagy and apoptosis in different breast cancer cells. In 
conclusion, the electric charge conversable drug liposomes enable to enhance treatment efficacy of 
different breast cancers, and hence the study could offer a broadly applicable strategy to enhance 
efficacy against heterogeneous and refractory cancer cells.  
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Rationale and Purpose 
Intrinsic drug resistance of breast cancer cells 

always leads to the recurrence of disease after 
treatment. To circumvent this problem, we 
fabricated a novel electric charge conversion 
drug liposome, which was developed by 
encapsulating daunorubicin and rofecoxib, and 
modified with new functional material, D-alpha 
tocopherol acid succinate-polyethylene glycol-
glutarate (TPGS1000-glutarate). The functional 
drug liposome enables the drug to be 
endocytosed by heterogeneous drug-resistant 
cancer cells, followed by rapidly escaping from 
the lysosomes, hence enhancing drug efficacy 
in killing the refractory cancer cells. The 
electric charge conversable drug liposome 
could not only provide a platform to load 
various anticancer drugs for troubleshooting 
problems encountered in clinical treatment but 
also a facile, effective, safe and broadly 
applicable strategy to enhance efficacy against 
heterogeneous resistant and refractory cancer 
cells.    

2. Introduction 
Intrinsic drug resistance has been 

demonstrated in different types of cancers 
including breast cancer,[1, 2] and heterogeneity 
of cancer is one of the causes for the intrinsic 
drug resistance. Cancer heterogeneity may arise 
from genetic differences in which cancer tissue 
comprises a diverse subpopulation of cells. 
Different subgroups of cells have different 
sensitivity to the same drug, [3] and 

accordingly, they have different uptake 
capacity, leading to a clinical issue that the 
conventional chemotherapeutic agents cannot 
eliminate heterogeneous cancer cells 
completely.[4]  

To circumvent this problem, we fabricated a 
novel electric charge conversion drug liposome 
which could significantly increase the drug 
uptake by different breast cancer cells, and then 
eliminate heterogeneous breast cancer cells 
through inducing autophagy and apoptosis. In 
the construct, daunorubicin was encapsulated 
as an anticancer agent, and rofecoxib was 
incorporated together as an agent for inducing 
autophagy and apoptosis. Furthermore, a newly 
synthesized conjugate of D-alpha tocopherol 
acid succinate-polyethylene glycol-glutarate 
(TPGS1000-glutarate) was modified onto the 
liposomes as the charge conversion material for 
promoting cellular uptake and lysosome escape 
in the breast cancer cells.  

Daunorubicin is used widely for the treatment 
of various cancers. The anticancer effect of 
daunorubicin derives from its actions by DNA 
intercalation, reactive oxygen species (ROS) 
production, and interaction with DNA 
topoisomerases I and II. It damages cancer cells 
via multiple mechanisms that lead to their 
death.[5, 6] However, its efficacy is limited by 
heterogeneous drug resistance.[7] 

Rofecoxib is a nonsteroidal anti-
inflammatory drug that is a selective inhibitor 
of cyclooxygenase-2 (COX-2).[8] Recent 
studies have revealed that COX-2 
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overexpression is associated with poor survival 
of patients with breast cancer and that rofecoxib 
shows efficacy in reducing the risk of cancer 
recurrence.[6] We find that rofecoxib can 
induce autophagy and apoptosis in cancer cells. 

Polyethylene glycol (PEG) modified drug 
liposome carriers can stay in the blood 
circulation system for a longer time, and 
produce superior accumulation in cancer tissue 
via the “enhanced permeability and retention” 
(EPR) effect.[9, 10] Based on the same 
rationale, TPGS1000, a PEG containing material, 
is also able to stay in the circulation for a longer 
time. Also, it can also enhance cellular 
uptake.[11] In this study, we newly synthesize 
a TPGS1000-glutarate, which is a polymer with 
carboxyl pendant groups. At pH 7.4, the 
carboxyl groups are deprotonated and the 
TPGS1000-glutarate turns to be negatively 
charged; conversely, the synthesized conjugate 
TPGS1000-glutarate is positively charged by 
protonation in a weakly acidic environment of 
cancer, enabling that the TPGS1000-glutarate 
modified drug liposomes have electric charge 
conversion ability. 

Here, we report that the functional drug 
liposomes can be endocytosed by two types of 
heterogeneous breast cancer cells: human 
breast cancer MCF-7 cells and triple-negative 
human breast cancer MDA-MB-231 cells, 
resulting in autophagy, apoptosis, and necrosis 
to eliminate breast cancer cells. Also, we 
further reveal the mechanisms at the organelle 
and molecular levels, followed by confirming 
the efficacy in breast cancer cell-bearing mice. 

Materials and Methods 
Materials and cancer cells  
Daunorubicin hydrochloride and rofecoxib 

were purchased from Nanjing Tianzun Zezhong 
Chemicals, Co. Ltd. (Nanjing, China). 
Dicyclohexylcarbodiimide (DCC), 4-
dimethylaminopyridine (DMAP), D-a-
tocopheryl polyethylene glycol 1000 succinate 
(TPGS1000), sulforhodamine-B, and Sephadex 
G-50 were purchased from Sigma Aldrich (St. 
Louis, MO, USA). Glutaric acid were obtained 
from J&K Scientific Ltd. (Beijing, China). 
Dimethyl sulphoxide DMSO was purchased 
from Amresco (Solon, OH, USA). Other 
reagents were from Beijing Chemical Reagents 
(Beijing, China).  

Human breast cancer MCF-7 and triple-
negative breast cancer MDA-MB-231 cells 
were purchased from the Institute of Basic 
Medical Science, Chinese Academy of Medical 
Science (Beijing, China). The cancer cells were 
cultured at 37°C under an atmosphere of 5% 
CO2. Culture medium for MCF-7 cells was 
RPMI-1640 medium (Macgene, Beijing, 
China) supplemented with 10% fetal bovine 
serum (FBS, Gibco, Beijing local agent, 
China), while culture medium for MDA-MB-
231 cells was Leibovitz’s L15 medium 
(Macgene) supplemented with 10% fetal 
bovine serum (FBS, Gibco).  

Female nu/nu nude mice (initially weighing 
19–22g) were obtained from Vital River 
Laboratory Animal Center (Beijing, China), 
and kept under specific pathogen-free (SPF) 
condition with free access to standard food and 
water. All of the animal experiments adhered to 
the principles of care and use of laboratory 
animals and were approved by the Institutional 
Animal Care and Use Committee of Peking 
University. 

Preparation and characterization of 
liposomes  

TPGS1000-glutarate was synthesized by 
conjugation of TPGS1000 with glutaric acid.  

Amounts of 0.2 mmol glutaric acid, 0.1 mmol 
DMAP, and 0.24 mmol DCC were dissolved in 
2 mL DMSO. The mixture was stirred for 2 
hours using a magnetic stirrer under nitrogen 
gas protection. After addition of 0.04 mmol 
TPGS1000, the reaction mixture was further 
stirred for 24 hours at room temperature. The 
crude product was transferred into a dialysis 
tubing (cut-off MW, 1000 Da) and dialyzed 
against deionized water for another 48 hours to 
remove uncoupled glutaric acid, DMAP, DCC, 
and DMSO. Resultant was then lyophilized and 
stored at −20°C. The product was confirmed by 
MALDI-TOF-MS (Shimadzu, Japan). 

To fabricate functional daunorubicin plus 
rofexocib liposomes, egg phosphatidylcholine 
(NOF, Japan), cholesterol, TPGS1000-glutarate, 
and rofecoxib were dissolved in chloroform at 
a ratio of 70:30:5:2.8 (mol/mol) into a pear-
shaped bottle. The solvent was removed by a 
rotary vacuum evaporator, and the lipid film 
was hydrated with 250 mM ammonium sulfate 
by sonication in a water bath for 5 min. 
Subsequently, the suspensions were treated 
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using an ultrasonic cell disruptor for 10 minutes 
(200 W). The suspensions obtained were 
extruded through polycarbonate membranes 
(Millipore, Bedford, MA, USA) thrice using 
400-nm pore sizes, and then thrice using 200-
nm pore sizes. The functional rofecoxib 
liposomes were then produced. The 
suspensions of functional rofecoxib liposomes 
were dialyzed (cut-off MW, 8,000–12,000 Da) 
in the phosphate-buffered saline (137 mM 
NaCl, 2.7 mM KCl, 8 mM Na2HPO4 and 2 mM 
KH2PO4, PBS pH 7.4) for 24 hours, and 
incubated with daunorubicin solution in a water 
bath at 60°C with continually shaking for 20 
minutes (lipids: drug 20:1, w/w). The 
functional daunorubicin plus rofecoxib 
liposomes were produced.  

Daunorubicin plus rofecoxib liposomes were 
similarly prepared by replacing TPGS1000-
glutarate with TPGS1000. Daunorubicin 
liposomes, and rofecoxib liposomes were 
prepared by using the same procedures as 
above, excluding the addition of rofecoxib or 
daunorubicin. Blank functional liposomes were 
similarly prepared, excluding the addition of 
rofecoxib and daunorubicin. In addition, two 
kinds of liposomes were also similarly prepared 
as the fluorescent probes for evaluating 
targeting effects, including DiR liposomes and 
targeting DiR liposomes (lipids: DiR = 200:1, 
w/w).  

Particle sizes, polydispersity index (PDI) and 
zeta potential values were measured with a 
Nano Series Zen 4003 Zetasizer (Malvern 
Instruments Ltd., Malvern, UK). A 
transmission electron microscope (TEM, FEI 
Company, OR, US) was used to further observe 
the morphology of the liposomes. Both 
daunorubicin and rofecoxib were 
simultaneously measured by a high-
performance liquid chromatography system 
(Agilent Technologies Inc. Cotati, CA, US) 
with gradient elution. The wavelengths were set 
at 254 nm for daunorubicin and 233 nm for 
rofecoxib.  

The encapsulation efficiency (EE) of 
daunorubicin or rofecoxib was calculated using 
the formula: EE = (Wencap/Wtotal) ×100%, where 
Wencap is the measured amount of daunorubicin 
or rofecoxib in the liposome suspensions after 
passing over the Sephadex G-50 column, and 
Wtotal is the measured amount of daunorubicin 
or rofecoxib in the initial liposome suspensions. 

In vitro release of daunorubicin or rofecoxib 
from the liposomes was performed by dialysis 
against the release medium containing serum 
protein (pH 7.4 PBS containing 10% FBS) at 
100 revolutions per minute at 37°C. 
Daunorubicin or rofecoxib content in the 
release medium was measured by HPLC. The 
release rate (RR, %) was calculated using the 
formula: RR = (Wi/Wtotal) × 100%, where Wi is 
the measured amount of daunorubicin or 
rofecoxib at the ith time-point in the release 
medium, and Wtotal is the total amount of 
daunorubicin or rofecoxib in the equal volume 
of liposome suspensions prior to dialysis. Each 
assay was repeated in triplicate. 

 Assay for cellular uptake  
To estimate cellular uptake qualitatively, 

cancer cells were seeded onto culture plates. 
After treatment with different drug 
formulations, cancer cells were imaged and 
analyzed using confocal laser fluorescence 
microscopy (CLFM) or measured by flow 
cytometry.  

To estimate the cellular uptake qualitatively, 
MCF-7 cells and MDA-MB-231 cells were 
seeded into chambered coverslips at a density 
of 1.5×105 cell/well. After incubation for 24 
hours, the cells were treated with free 
daunorubicin, daunorubicin liposomes, and 
functional daunorubicin liposomes at a 
concentration of 10 μM daunorubicin for 
another 6 hours. The cells were then washed 
with cold PBS (pH 7.4) three times and stained 
with Hoechst 33342 (1 μg/mL) for cell nucleus 
staining for 30 minutes. Finally, the cells were 
imaged and analyzed using a confocal laser 
scanning fluorescent microscope (Leica, 
Heidelberg, Germany). Daunorubicin was used 
as the fluorescent probe. The excitation was set 
at 488 nm and the emission was set at 560 nm. 

To evaluate the cellular uptake quantitatively, 
MCF-7 cells and MDA-MB-231 cells were 
seeded into six-well plates at a density of 3 × 
105 cells/well and cultured for 24 hours. Prior 
to the experiment, the cells were washed twice 
with PBS (pH 7.4) to remove the remnant 
growth medium and then incubated in serum-
free culture medium containing free 
daunorubicin, daunorubicin liposomes or 
functional daunorubicin liposome at a 
concentration of 10 μM daunorubicin. Blank 
culture medium was used as the blank control. 
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After incubation for 6 hours, cells were washed 
three times with cold PBS and then re-
suspended in 300 μL PBS. Daunorubicin 
fluorescence intensity was measured by 
FACScan flow cytometer (FACScan, Becton 
Dickinson, San Jose, CA) with 10,000 events 
collected. The excitation was set at 488 nm and 
the emission was set at 560 nm. Each 
experiment was performed in triplicate.  

Lysosome escape  
To study lysosome escape, cancer cells were 

incubated with different drug formulations. 
Lysosomes were stained, imaged and analyzed 
using CLFM.  

To study the lysosome escape in cancer cells, 
MCF-7 cells and MDA-MB-231 cells were 
seeded into chambered coverslips at 2 × 105 
cells per well. After incubation for 24 hours, the 
cells were treated with free daunorubicin, 
daunorubicin liposomes, daunorubicin plus 
rofecoxib liposomes, and functional 
daunorubicin plus rofecoxib liposomes, and 
further incubated for 4 hours and 12 hours, 
respectively. The final concentration of 
daunorubicin was 10 μM. Control experiments 
were undertaken by the addition of blank 
medium. Then, cells were washed with PBS 
(pH7.4) and stained with 20 nM LysoTracker 
Deep Red FM for 2 hours under an atmosphere 
of 5% CO2 at 37°C. Daunorubicin was used as 
the fluorescent probe. The cells were imaged 
and analyzed using CLFM (Leica). Composite 
images were created by overlapping the images 
from individual channels. 

Autophagy assay 
To evaluate autophagy and signaling 

pathways, cancer cells were seeded onto 96-
well culture plates. After incubation with 
different drug formulations, proteins were 
marked with antibodies, measured using the 
Operetta high-content analysis system, and 
calculated using the Columbus system. For 
details, refer to the Supporting Information. 

Apoptosis assay 
To evaluate the induction of apoptosis and 

ROS, cancer cells were harvested and stained 
after incubation with different drug 
formulations and assessed by flow cytometry. 
To evaluate apoptosis signaling pathways, 
related proteins were marked with antibodies 
after treatment. To evaluate colocalization with 

mitochondria, the latter was stained after 
treatment with different drug formulations, 
imaged and analyzed using CLFM.  

To evaluate the apoptosis ratio, MCF-7 cells 
and MDA-MB-231 cells were seeded at a 
density of 4 × 105 cells/well in 6-well culture 
plates. After incubation for 24 hours, the cells 
were treated with free daunorubicin, 
daunorubicin liposomes, daunorubicin plus 
rofecoxib liposomes, and functional 
daunorubicin plus rofecoxib liposomes at a 
concentration of 10 μM daunorubicin and/or 
10μM rofecoxib. Culture medium was used as 
the blank control. After incubation for 12 hours, 
cells were harvested and stained with SYTOX 
Green and Annexin V-keyfluor 647 according 
to the protocol. Once stained, the cells were 
determined in 1 hour by flow cytometer 
(Gallios, Beckman Dickson, USA). Each assay 
was repeated in triplicate. Annexin v-kfluor647 
and SYTOX Green were used as positive 
markers and cell populations were classified 
according to staining results. The lower left 
quadrant contains double-negative cells 
(normal cells), the upper left quadrant contains 
SYTOX Green single-positive cells (damaged 
cells), the lower right quadrant contains 
Annexin v-kfluor647 single-positive cells 
(early apoptotic cells) and the upper-right 
quadrant contains double-positive cells (late 
apoptotic cells). 

To evaluate the apoptosis signaling pathway, 
MCF-7 cells and MDA-MB-231 cells were 
seeded at a density of 5000 cells/well in 96-well 
plates. After incubation for 24 hours, cells were 
treated with daunorubicin liposomes, 
daunorubicin plus rofecoxib liposomes, and 
functional daunorubicin plus rofecoxib 
liposomes at a concentration of 10 μM 
daunorubicin and/or 10 μM rofecoxib. Culture 
medium was added as a blank control. After 
incubation for 6 hours, the cells were fixed with 
4% formaldehyde for 15 minutes, 
permeabilized with 0.5% Triton X-100 for 15 
minutes and blocked with 10% goat serum that 
contained 0.3 M glycine for 2 hours at room 
temperature. The cells were subsequently 
incubated with the primary antibody (anti-
Caspase 8, anti-Caspase 9, anti-Caspase 3, anti-
Mcl-1, anti-Bcl-2; Sangon), and anti-Bax 
(Biotime, China) at 4°C overnight, followed by 
incubation with the secondary antibody (Alexa 
Fluor 488- labeled goat anti-mouse antibody; 
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OriGene) at room temperature for 2 hours. Both 
primary and secondary antibodies were 
properly diluted according to the kit 
instructions. Nuclei were stained with Hoechst 
33342 (1 μg/mL) for 30 minutes at room 
temperature. The fluorescence intensity of each 
well was measured using the Operetta high 
content screening system and calculated with 
the Columbus system (PerkinElmer). 

To evaluate the induced ROS, MCF-7 cells 
and MDA-MB-231 cells were seeded in 6-well 
plates at a density of 3 × 105 cells/well and 
incubated for 24 hours. Cells were treated with 
free daunorubicin, daunorubicin liposomes, 
daunorubicin plus rofecoxib liposomes, and 
functional daunorubicin plus rofecoxib 
liposomes at a concentration of 10 μM 
daunorubicin and/or 10 μM rofecoxib. Culture 
medium was used as the blank control. After 
incubation for 6 hours, cells were stained with 
1 μM DCFH-DA (Biotime) for 10 minutes. The 
cells were then washed, harvested and re-
suspended in PBS (pH7.4) and determined 
immediately by flow cytometry as above. 

To evaluate the co-localization effect with 
mitochondria, MCF-7 cells and MDA-MB-231 
cells were seeded into chambered coverslips at 
2 × 105 cells per well. After incubation for 24 
hours, cells were treated with free 
daunorubicin, daunorubicin liposomes, 
daunorubicin plus rofecoxib liposomes and 
functional daunorubicin plus rofecoxib 
liposomes for 12 hours. The final concentration 
of daunorubicin was 10 μM. Control 
experiments were undertaken by the addition of 
blank medium. Then, cells were washed with 
PBS (pH 7.4) and stained with 100 nM 
MitoTracker Deep Red FM for 30 minutes. 
Daunorubicin was used as the fluorescent 
probe, and composite images were created by 
overlapping the images from individual 
channels. 

Cytotoxicity assay 
To evaluate cytotoxicity, the survival of 

cancer cells was determined using a 
sulforhodamine B (SRB) colorimetric assay 
after treatment with different drug 
formulations.  

To evaluate cytotoxicity, MCF-7 cells and 
MDA-MB-231 cells were seeded at a density of 
7200 cells/well in 96-well culture plates and 
cultured for 24 hours. In free drug treatments, 

cells were then treated with serial 
concentrations of free daunorubicin, and free 
daunorubicin plus free rofecoxib. The 
concentration of daunorubicin was in the range 
of 0 – 1.0 μM for MCF-7 cells, and 0 – 3.0 μM 
for MDA-MB-231 cells. The concentration of 
rofecoxib was in the range of 1.0 – 5.0 μM for 
MCF-7 cells, and 2.5 – 10.0 μM for MDA-MB-
231 cells. In liposome treatments, cells were 
treated with blank functional liposomes, 
rofecoxib liposomes, daunorubicin liposomes, 
daunorubicin plus rofecoxib liposomes, and 
functional daunorubicin plus rofecoxib 
liposomes. Both concentrations of 
daunorubicin and rofecoxib were in the range 
of 0 – 3.0 μM (daunorubicin: rofecoxib = 1:1, 
μM/μM). After incubation for another 48 hours, 
the inhibitory effect was assayed with SRB 
assay. The survival rate was calculated using 
the following formula: Survival % = (A540 nm 
for treated cells / A540 nm for control cells) × 100%, where 
A540 nm represents the absorbance value. 

In vivo imaging 
To evaluate drug distribution and anticancer 

efficacy in vivo, breast cancer cells were 
xenografted in female Nu/Nu nude mice. To 
image drug distribution, fluorescence and 
radiographic images were captured using an in 
vivo imaging system at varying time-points 
after injection of DiR-labeled formulations.  

To evaluate the drug distribution and 
anticancer efficacy in vivo, female Nu/Nu nude 
mice were included for the studies. Briefly, 
approximately 6 × 106 MCF-7 cells were re-
suspended in 200 μL serum-free 1640 culture 
medium and injected subcutaneously into the 
right flank of the mouse.  

To image drug distribution, functional DiR 
liposomes were used as the fluorescent probe. 
12 female Nu/Nu nude mice were inoculated 
with MCF-7 cells as above. When cancer tissue 
reached approximately 1000 mm3 in volume, 
the cancer-bearing mice were randomly divided 
into four groups (3 per group). Afterwards, 
different formulations were administered to 
mice via the tail vein. The drug administration 
groups were set as follows: (1) physiological 
saline; (2) free DiR (2.0mg/kg); (3) DiR 
liposomes (2.0 mg/kg); and (4) functional DiR 
liposomes (2.0 mg/kg). The mice were then 
anesthetized with isoflurane. Fluorescent 
radiographic images were captured using an in 
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vivo imaging system (Carestream, Fx Pro, 
USA) at varying time-points (1, 2, 3, 6, 12, 24 
and 36 hours). The mice were sacrificed by 
cervical dislocation at 36 hours to collect cancer 
masses, hearts, livers, spleens, lungs, and 
kidneys. The fluorescent and radiographic 
images were also captured for all ex vivo tissues 

Anticancer efficacy  
When tumors reached about 100 mm3 in 

volume, the cancer-bearing mice were 
randomly divided into five groups (6 per 
group). At day 10, 12, 14, 16 and 18 post-
inoculation, different formulations were 
administered to mice via tail vein at a dose of 5 
mg/kg daunorubicin (or daunorubicin: 
rofecoxib = 1:1, mol/mol), respectively. The 
drug administration groups were set as follows: 
(1) physiological saline; (2) free daunorubicin; 
(3) daunorubicin liposomes; (4) daunorubicin 
plus rofecoxib liposomes; and (5) functional 
daunorubicin plus rofecoxib liposomes. 
Physiological saline was administered as a 
blank control. Cancer volumes were measured 
every day with a caliper, and weight changes of 
mice were monitored every day with a 
weighing scale. Cancer volumes (V) were 
calculated with the formula: V= length × 
width2/2 (mm3), and cancer volume ratio was 

evaluated with the formula: R = V ith day/V9th day. 
The cancer-bearing mice were sacrificed at day 
20 by cervical dislocation. Cancer masses were 
carefully isolated. 

Statistical analysis 
Data are the mean ± standard deviation. One-

way analysis of variance was used to determine 
significance among groups, after which post 
hoc tests with the Bonferroni correction were 
used for multiple comparisons between 
individual groups. P < 0.05 was considered 
significant. 

 
Results  

Fabrication of functional drug liposomes and 
electric charge conversion 

To fabricate the functional drug liposomes, 
daunorubicin was encapsulated within the 
liposome vesicle by the ammonium sulfate 
gradient method. Lipophilic rofecoxib was 
incorporated into the lipid bilayer of the 
liposome. TPGS1000-glutarate was newly 
synthesized and inserted into the bilayer of the 
liposome (Figure 1A, Figure S1A).  

 
 

 
Figure 1: (a). Schematic representation of functional daunorubicin plus rofecoxib liposomes. (b) TEM images of functional 

daunorubicin 

Morphologic analyses under transmission 
electron microscopy demonstrated that the 
functional drug liposomes displayed a smooth 
surface (Figure1 B). In the liposomes, the 
encapsulation efficiencies of daunorubicin and 
rofecoxib were >91% and >83%, respectively. 
The mean particle size of functional drug 
liposomes was approximately 85 nm with a 
narrow polydispersity index (0.20). In the 

simulated conditions, the zeta potentials 
showed that the functional daunorubicin plus 
rofecoxib liposomes were negatively charged 
but positively charged in a weak acidic 
condition (Figure 1C, Supplementary Table 
S1). The releases from liposomes in vitro at 48 
hours were 14.71 ± 1.62% for daunorubicin 
(Figure S1B), and 24.62 ± 0.76% for rofecoxib 
(Figure S1C). 
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Figure 1c. Illustration for electric charge conversion of the functional daunorubicin plus rofecoxib liposomes. Notes: (a) 

Schematic representation of functional daunorubicin plus rofecoxib liposomes. (b) TEM images of functional daunorubicin 
plus rofecoxib liposomes. (c) Schematic diagram of functional liposomes electric charge conversion and lysosomal escape. 

Promoting liposome cellular uptake by 
breast cancer cells 

To identify cellular uptake, confocal laser 
fluorescence microscopy (CLFM) and flow 
cytometry were used for qualitative and 
quantitative purposes. In confocal images, 
daunorubicin showed green fluorescence, 
whereas nuclei were stained blue. Bright-green 
fluorescence was used to denote uptake by 
MCF-7 cells (Figure 2A) and MDA-MB-231 

cells (Figure 2B). The results showed that the 
functional daunorubicin liposomes had the 
strongest cellular uptake as compared with the 
control. The semi-quantitative evaluation by 
flow cytometry revealed that the ranking of 
cellular uptake was free daunorubicin > 
functional daunorubicin liposomes > 
daunorubicin liposomes > blank medium in 
both types of cancer cells (Figure 2C and D, 
Supplementary Figure S2A and B).   
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Figure 2. Cellular uptake by breast cancer cells after treatment. Notes:(a) Images of cellular uptake by MCF-7 cells by 

confocal laser fluorescent microscopy. (b) Images of cellular uptake by MDA-MB-231 cells by confocal laser fluorescent 
microscopy. (c) Cellular uptake by MCF-7 cells indicated by fluorescence intensity by flow cytometry. (d) Cellular uptake by 
MDA-MB-231 indicated by fluorescence intensity by flow cytometry. 1, blank control; 2, free daunorubicin; 3, daunorubicin 
liposomes; 4, functional daunorubicin liposomes. Data are presented as mean ± standard deviation (n = 3). 

Enhancing lysosomal escape in breast cancer 
cells 

To understand the escape of liposomes from 
lysosomes after treatment with various 
formulations, the co-localization of liposomes 
with lysosomes of cancer cells was observed 
with CLFM. The lysosomes were stained as red 
fluorescence by LysoTracker Deep Red, 
whereas daunorubicin was marked as green 
fluorescence. Bright-yellow fluorescence was a 
composite image of red and green fluorescence, 
and thus used to indicate co-localization of 
liposomes into lysosomes. The results showed 
that the functional daunorubicin plus rofecoxib 
liposomes were co-localized into lysosomes at 
4 hours and escaped from the lysosomes within 
12 hours in both types of cancer cells (Figure 

3A and B). Inducing autophagy and signaling 
pathway in breast cancer cells 

To evaluate the induction of autophagy after 
treatment with various formulations, the 
induced autophagosomes in cancer cells were 
observed with an Operetta high-content 
imaging system and calculated using the 
Columbus system. After incubation with blank 
medium, free daunorubicin, daunorubicin 
liposomes, daunorubicin plus rofecoxib 
liposomes, and functional daunorubicin plus 
rofecoxib liposomes, the activity ratios of 
LC3B in MCF-7 cells were 1.00 ± 0.03, 1.05 ± 
0.05, 1.10 ± 0.04 and 1.13 ± 0.06, respectively 
(Figure 4A and B). Similar results were 
observed in MDA-MB-231 cells 
(Supplementary Figure S3A and B).  
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Figure 3. Lysosome co-localization and then lysosome escape of functional daunorubicin plus rofecoxib liposomes in breast 

cancer cells. Notes: The assays were performed by confocal laser fluorescent microscopy. (a) MCF-7 cells. (b) MDA-MB-231 
cells. 1, blank control; 2, free daunorubicin; 3, daunorubicin liposomes; 4, daunorubicin plus rofecoxib liposomes; 5, 
functional daunorubicin plus rofecoxib liposomes. 

To understand autophagy signaling pathway 
after treatment, expressions of autophagy-
associated proteins were measured using the 
Operetta high-content imaging system and 
calculated using the Columbus system. As 
compared with controls, functional 
daunorubicin plus rofecoxib liposomes 
significantly increased the fluorescence 
intensities of phosphatase and tensin homolog 
(PTEN) and forkhead box protein O1 (FoxO1), 
but notably suppressed those of 
phosphatidylinositol 3-kinase (PI3K), protein 
kinase B (PKB), mammalian target of 
rapamycin (mTOR) and P53 (Figure 4C, 
Supplementary Figure S3C). 

After treatment with blank medium, 
daunorubicin liposomes, daunorubicin plus 
rofecoxib liposomes, and functional 
daunorubicin plus rofecoxib liposomes, the 
activity ratios of biomarkers in the pathways in 
MCF-7 cells were 1.00 ± 0.04, 0.88 ±0.04, 0.90 
± 0.04 and 0.84 ± 0.03 for PI3K; 1.00 ± 0.09, 
0.74 ± 0.08, 0.61 ± 0.05 and 0.59 ± 0.01 for 
PKB; 1.00 ± 0.04, 0.80 ± 0.06, 0.79 ± 0.04 and 
0.72 ± 0.04 for mTOR; 1.00 ± 0.08, 0.79 ± 0.06, 

0.76 ± 0.06 and 0.68 ± 0.03 for P53, 1.00 ± 0.04, 
1.06 ± 0.07, 1.07 ± 0.06 and 1.20 ± 0.16 for 
PTEN; 1.00 ± 0.06, 1.09 ± 0.14, 0.94 ± 0.12 and 
1.23 ± 0.18 for FoxO1, respectively (Figure 
4D). Similar results were observed in MDA-
MB-231 cells (Supplementary Figure S3D). 

Initiating apoptosis and signaling pathway in 
breast cancer cells 

To evaluate the induction of apoptosis after 
treatment with various formulations, the 
induced apoptosis in both types of cancer cells 
was observed by flow cytometry. After 
incubation with blank medium, free 
daunorubicin, daunorubicin liposomes, 
daunorubicin plus rofecoxib liposomes, and 
functional daunorubicin plus rofecoxib 
liposomes, the total percentages of apoptosis in 
MCF-7 cells were 5.91 ± 0.50, 21.33 ± 3.46, 
12.49 ± 2.12, 23.28 ± 3.50 and 33.90 ± 6.40 
(Figure 5A); and total percentages of apoptosis 
in MDA-MB-231 cells were 6.83 ± 0.32, 19.48 
± 0.94, 19.18 ± 0.45, 21.71 ± 2.83 and 31.90 ± 
4.13 , respectively (Supplementary Figure 
S4A). 
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Figure 4. Induction of autophagy and changes of autophagy proteins in the signaling pathway in breast cancer cells Notes: 

The assays were performed by Operetta high-content imaging system with Columbus system. (a) Fluorescence intensities of 
LC3B in MCF-7 cells. (b) Activity ratios of LC3B in MCF-7 cells. (c) Autophagy proteins in the signaling pathways in MCF-
7 cells. (d) Autophagy proteins in the signaling pathways in MCF-7 cells. 1, blank control; 2, daunorubicin liposomes; 3, 
daunorubicin plus rofecoxib liposomes; 4, functional daunorubicin plus rofecoxib liposomes. P < 0.05; a, vs 1; b, vs 2; c, vs 
3. Data are presented as mean ± standard deviation (n=3). 
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To understand apoptosis signaling pathways 
after treatment with various formulations, the 
qualitative and quantitative expressions of 
apoptosis-associated proteins were measured 
with the Operetta high-content imaging system 
and calculated with the Columbus system. As 
compared with the blank control, functional 
daunorubicin plus rofecoxib liposomes 
evidently increased the fluorescence intensities 
of caspase 3, caspase 8, caspase 9, and pro-
apoptotic protein Bax significantly, but 
significantly decreased the fluorescence 
intensities of the anti-apoptotic proteins Mcl-1 
and Bcl-2, in both types of cancer cells (Figure 
5B, Supplementary Figure S4B). 

After treatment with blank medium, 
daunorubicin liposomes, daunorubicin plus 
rofecoxib liposomes, and functional 
daunorubicin plus rofecoxib liposomes, the 
activity ratios of the apoptotic enzymes, and 
pro-/anti-apoptotic proteins were 1.00 ± 0.02, 
1.11 ± 0.01, 1.14 ± 0.02 and 1.21 ± 0.04 for 
caspase 8; 1.00 ± 0.02, 1.02 ±0.04, 1.07 ± 0.03 
and 1.13 ± 0.04 for caspase 9; 1.00 ± 0.03, 1.11 
± 0.04, 1.21 ± 0.04 and 1.29 ± 0.06 for caspase 
3; 1.00 ± 0.03, 1.07 ± 0.03, 1.12 ± 0.03 and 1.30 

± 0.04 for Bax; 1.00 ± 0.03, 0.88 ± 0.03, 0.89 ± 
0.04 and 0.84 ± 0.03 for Mcl-1; 1.00 ± 0.04, 
0.80 ± 0.05, 0.84 ± 0.06 and 0.76 ± 0.05 for Bcl-
2, respectively (Figure 5C and D, 
Supplementary Figure S4B and C). 

After treatment with various formulations, the 
ranking for the induced reactive oxygen species 
(ROS) was functional daunorubicin plus 
rofecoxib liposomes > daunorubicin plus 
rofecoxib liposomes > daunorubicin 
liposomes > free daunorubicin > blank medium 
(Figure 5E, Supplementary Figure S4E). 
Accordingly, the activity ratios of ROS were 
1.00 ± 0.08, 2.58 ± 0.24, 3.17 ± 0.03, 3.43 ± 
0.19 and 3.95 ± 0.12, respectively (Figure 5F, 
Supplementary Figure S4F). 

The co-localization of daunorubicin with 
mitochondria was observed by CLFM. 
Mitochondria were stained red, whereas light-
green fluorescence was used to denote 
formulations containing daunorubicin. The 
results showed that, after 12 hours of 
incubation, the functional daunorubicin plus 
rofecoxib liposomes accumulated selectively 
into the mitochondria of breast cancer cells 
(Figure S5).  

 

 
Figure 5a. Induction of apoptosis and changes of apoptosis proteins in the signaling pathway in breast cancer cells. (a) 

Apoptosis of MCF-7 cells by flow cytometry; 
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Figure 5b. Induction of apoptosis and changes of apoptosis proteins in the signaling pathway in breast cancer cells. Notes: 

(b) Expressions of apoptosis proteins in MCF-7 cells Operetta high-content imaging system with Columbus system; Scale bar, 
50 nm. (c) Activated Caspases enzymes and apoptosis proteins in MCF-7 cells by an Operetta high-content imaging system 
with the Columbus system; (d) Changes of apoptosis proteins in MCF-7 cells by Operetta high-content imaging system with 
Columbus system; (e) Fluorescence intensity of ROS levels of human breast cancer MCF-7 cells; (f) ROS activity ratio of 
human breast cancer MCF-7 cells. 1, blank control; 2, free daunorubicin; 3, daunorubicin liposomes; 4, daunorubicin plus 
rofecoxib liposomes; 5, functional daunorubicin plus rofecoxib liposomes. P < 0.05; a, vs 1; b, vs 2; c, vs 3; d, vs 4. Data are 
presented as mean ± standard deviation (n=3). 

Improving cytotoxicity to breast cancer cells 
To illustrate the killing effects on breast 

cancer cells after treatment with various 
formulations in vitro, inhibitory effects were 
studied with an SRB assay. After treatment 
with various liposome formulations, functional 
daunorubicin plus rofecoxib liposomes 
enhanced the killing effects on both types of 
cancer cells significantly compared with 
controls (Figure 6A and B). The ranking for the 

inhibitory effects on MCF-7 cells or MDA-
MB-231 cells was functional daunorubicin plus 
rofecoxib liposomes > daunorubicin plus 
rofecoxib liposomes > daunorubicin liposomes. 
The results demonstrated that the functional 
daunorubicin plus rofecoxib liposomes had the 
strongest killing effects on both types of cancer 
cells. Further, rofecoxib liposomes and blank 
functional liposomes themselves did not show 
significant cytotoxic effects on the two types of 
cancer cells. 
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Figure 5(c) Activated Caspases enzymes and apoptosis proteins in MCF-7 cells by an Operetta high-content imaging system 

with the Columbus system; (d) Changes of apoptosis proteins in MCF-7 cells by Operetta high-content imaging system with 
Columbus system; (e) Fluorescence intensity of ROS levels of human breast cancer MCF-7 cells; (f) ROS activity ratio of 
human breast cancer MCF-7 cells. 1, blank control; 2, free daunorubicin; 3, daunorubicin liposomes; 4, daunorubicin plus 
rofecoxib liposomes; 5, functional daunorubicin plus rofecoxib liposomes. P < 0.05; a, vs 1; b, vs 2; c, vs 3; d, vs 4. Data are 
presented as mean ± standard deviation (n=3). 

Enhancing anticancer efficacy in nude mice 
in vivo 

To evaluate drug distribution and anticancer 
efficacy in vivo, a human breast cancer MCF-7 
cell-bearing nude mice model was constructed 
successfully. To observe drug distribution in 
real-time, l, l'-dioctadecyl3,3,3',3'-tetramethyl-
indocarbocyanine iodide (DiR)-labeled 
functional liposomes were administered (i.v.) to 
cancer cell-bearing mice and observed by an 
imaging system in vivo. After administration of 
functional DiR liposomes, a strong DiR 
fluorescent signal was observed in the blood 
circulation and in cancer tissue, in which the 
fluorescence signal was maintained for ≤36 
hours. In contrast, after administration of DiR 
liposomes, the fluorescence signal in cancer 
tissue decreased gradually at 12 hours whereas, 
after administration of free DiR, the 
fluorescence signal was mainly in the liver 
(Supplementary Figure S6A). Thirty-six hours 
after administration, animals were terminated, 
and cancer tissues and major organs isolated for 
optical imaging ex vivo. The results showed 
that the fluorescence signal was obvious in 
cancer tissue after administration of functional 
DiR liposomes. In contrast, the fluorescence 
signal was not observed in cancer tissues after 
administration of free DiR. In addition, strong 

fluorescence signals could be detected in the 
liver and spleen after administration of all DiR 
formulations (Supplementary Figure S6B). 

The results demonstrated that all treatment 
groups showed significant anticancer efficacy 
compared with the control (physiologic saline), 
and that the functional daunorubicin plus 
rofecoxib liposomes had the strongest 
anticancer efficacy in terms of cancer volume 
ratio (Figure 6C). The tumor inhibition at 20 
days after incubation was 35.05 ± 11.44% for 
daunorubicin, 41.97 ± 12.40% for daunorubicin 
liposomes, 50.95 ± 7.25% for daunorubicin 
plus rofecoxib liposomes, and 67.04 ± 4.51% 
for functional daunorubicin plus rofecoxib 
liposomes. At the end of the experiment, the 
weights of cancer masses ex vivo from different 
treatment groups confirmed that the functional 
daunorubicin plus rofecoxib liposomes 
exhibited the most significant efficacy as 
compared with controls. 

To illustrate the safety of liposomes, body 
weights of mice were recorded during drug 
administration, and blood examinations are 
undertaken at the end of drug administration. 
The results showed that the body weights and 
blood indices of mice were not affected 
significantly during administrations (Figure 
6D, Supplementary Table S2). 
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Figure 6. Killing effects in breast cancer cells and anticancer efficacy in breast cancer-bearing nude mice. Notes: (a) 

Cytotoxicity to MCF-7 cells. (b) Cytotoxicity to MDA-MB-231 cells. (c) Cancer volume ratios after treatments. (d) Bodyweight 
changes during the treatments. The arrows indicate the day of drug administration. P < 0.05. a, vs blank functional liposomes; 
b, vs rofecoxib liposomes; c, vs daunorubicin liposomes; d, vs daunorubicin plus rofecoxib liposomes; e, vs saline; f, vs free 
daunorubicin. The Molar ratio of daunorubicin to rofecoxib in the liposomes was set at 1: 1. Data are presented as mean ± 
standard deviation (n=6). 



Prnano.com, https://doi.org/10.33218/prnano2(3).190608.1  Andover House, Andover, MA USA  
The official Journal of CLINAM – ISSN:2639-9431 (online)  License: CC BY-NC-SA 4.0 

 

333 

Discussion  
A heterogeneous cancer can efflux drugs from 

within cells, leading to the reduced uptake of 
drugs by cells and resulting in the relapse and 
metastasis of cancer.[12, 13] To promote 
cellular uptake and subsequent lysosomal 
escape, and to initiate the programed death of 
cells, we constructed a kind of unique electric 
charge conversion liposomes, referring to as the 
functional drug liposomes, by encapsulating 
daunorubicin and rofecoxib, and modified with 
a new conjugate of TPGS1000-glutarate (Figure 
1A). 

The functional drug liposomes possess 
suitable physicochemical properties, including 
a smooth surface, a round shape (Figure 1B), 
nano-scale particle size, and high encapsulation 
efficiency (Table S1). These features allow 
functional drug liposomes to remain stable in 
the blood circulation system, and to increase the 
accumulation of liposome carriers into cancer 
tissues via the EPR effect.[14] 

The functional drug liposomes can promote 
the cellular uptake, as evidenced by CLFM 
(Figure 2A and B) and by flow cytometry 
(Figure 2C and D, Supplementary Figure S2A 
and B). The mechanisms are associated with the 
following aspects. TPGS1000-glutarate modified 
drug liposomes are negatively charged in the 
blood circulation and in the normal tissues (pH 
7.4), while the surface electric charge of the 
liposomes quickly converts into positively 
status once arriving at the weak acidic 
environment of cancer tissues (pH 6.5), and 
then positively charged liposomes are attracted 
by negatively charged cancer cells, thus 
increasing cellular uptake through adsorptive-
mediated endocytosis (AME).[15-7] 

After endocytosis, the functional drug 
liposomes are entrapped by endosomes, are 
concentrated into lysosomes, and escape from 
the lysosomes (Figure 1C and Figure 3). This 
can be explained by the mechanism that the 
functional drug liposomes are further enriched 
into lysosomes, where the pH value is even 
lower (pH 4.0–6.0) than cancer extracellular 
environment.[18] The enrichment of the 
liposomes by lysosomes brings about a pH rise 
in lysosomes and thus simultaneously results in 
an internal flow of protons (H+). Consequently, 
to keep the electric charge and concentration 
balance, a mass of chloride ions and water in 
the cytoplasm flow into the lysosomes as 
well.[19, 20] These processes finally lead to the 

swelling and rupture of lysosomes.[21] 
Accordingly, the functional drug liposomes are 
released into the cytosol (escape), hence 
avoiding the degradation by lysosomal 
enzymes and acidic environment. 

After escape, the functional drug liposomes 
could exist in two states: whole vesicles and 
ruptured vesicles (Figure 1C). The cationic 
whole vesicles could be attracted onto 
mitochondria in response to a negative 
mitochondrial membrane potential.[22] 
whereas ruptured vesicles result in the release 
of daunorubicin and rofecoxib. Both the whole 
and the ruptured functional drug liposomes 
cause a cascade of biochemical reactions in 
heterogeneous cancer cells by inducing 
autophagy and apoptosis, in addition to necrosis 
caused by daunorubicin, as described below.    

Autophagy allows orderly degradation and 
recycling of cellular components. Cytoplasmic 
constituents are isolated from the rest of the cell 
within a double-membraned vesicle known as 
an autophagosome. The latter then fuses with a 
lysosome and the contents are degraded and 
recycled. In the context of disease, autophagy 
can be seen as an adaptive response to stress 
that promotes cell survival whereas, in other 
cases (e.g. cytotoxic-agent stimuli), it appears 
to promote cell death.[23] Autophagy was 
evidenced by autophagosome formation 
induced by treatment with functional 
daunorubicin plus rofecoxib liposomes through 
the regulation of related proteins (Figure 4A 
and B). 

The central protein of autophagy, LC3B, is 
conjugated with phosphotidylethanolamine and 
incorporated into the membrane of the 
phagophore (autophagosome precursor), 
thereby initiating autophagy.[24] 

The increased expression of PTEN and the 
reduced expressions of PI3K, Akt and mTOR 
suggest that the PI3K/Akt signaling pathway is 
suppressed by treatment with functional 
daunorubicin plus rofecoxib liposomes (Figure 
4D). This is because the class-I PI3K/Akt (a 
serine/threonine-specific protein kinase, also 
known as PKB) signaling pathway promotes 
cell growth in response to mitochondrial signals 
in cancer cells.[25] Class-I PI3K generates 
phosphatidylinositol (3,4) P2 and 
phosphatidylinositol (3,4,5) P3, which bind to 
the pleckstrin homology domain of Akt and its 
activator 3-phosphoinositide–dependent 
protein kinase-1 (PDK-1).[26] If the Akt 
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signaling pathway is activated, autophagy is 
reduced. In contrast, suppression of the Akt 
signaling pathway induces a high rate of 
autophagy. Akt and PDK-1 also activate other 
kinases, including mTOR, which negatively 
regulates autophagy. The cancer suppressor 
PTEN, which has 3′-phosphoinositide 
phosphatase activity and antagonizes the 
PI3K/Akt pathway, positively regulates 
autophagy.[27] The increased expression of 
PTEN results in constitutive inactivation of the 
Akt signaling pathway, activation of autophagy 
and leads to cell death.[28] 

Further, the increased expression of FoxO1 is 
involved in the induction of autophagy. FoxO1 
is a type of transcription factor that initiates 
expression of the protein LC3 directly. FoxO1 
can induce autophagy in the cytosol through its 
acetylation and direct binding to autophagy-
related protein 7, resulting in the formation of 
LC3B.[29] 

In addition, the reduced expression of P53 in 
cytoplasm inactivates expression of mTOR, 
and results in the induction of autophagy. This 
phenomenon can be explained by P53-
dependent autophagy, which is a complex (but 
poorly understood) signaling pathway in 
autophagy. In the nucleus, P53 can activate 
adenosine 5′-monophosphate-activated protein 
kinase to inhibit mTOR expression and induce 
autophagy. In contrast to nuclear P53, 
cytoplasmic P53 induces autophagy by mTOR 
inactivation.[30] 

The results from apoptosis experiments 
demonstrate that the functional daunorubicin 
plus rofecoxib liposomes enable significant 
apoptosis of breast cancer cells (Figure 5A, 
Supplementary Figure S4A). The released 
daunorubicin and rofecoxib (acting as an 
enhancer) in the cytoplasm could initiate 
expression of upstream caspase 8 (initiator) and 
subsequently activate downstream caspase 3 
(effector), leading to programmed death via a 
cascade of apoptotic reactions (Figure 5B and 
C, Figure S4B and C). Besides, the whole 
functional daunorubicin plus rofecoxib 
liposomes act on mitochondria through electric 
attraction (Figure S5A and B), followed by 
endocytosis, resulting in the opening of 
mitochondrial permeability transition (PT) 
pores, and causing the programmed death.  

As for the induced apoptosis by targeting 
mitochondria, two mechanisms are involved in 
this process. The first mechanism is associated 
with the opening of PT pores.[31] which 

induces swelling of the mitochondrial matrix, 
resulting in rupture of the outer membrane,[32] 
thereby causing spillage of cytochrome C. The 
second mechanism is through channels formed 
by protein aggregates induced by Bax (a pro-
apoptotic gene encoding proteins belonging to 
the Bcl-2 family).[33] After insertion of 
activated Bax into the outer mitochondrial 
membrane, it aggregates and forms channels 
through which cytochrome C is released into 
the cytosol. Consequently, the released 
cytochrome C is bound with a precursor of 
caspase 9 to form apoptosomes, and then 
activates upstream caspase 9 (Figure 5B and, C, 
Figure S4B and C), followed by activation of 
the effector caspase 3 as well, resulting in a 
cascade of apoptotic reactions.[34, 35] In these 
processes, the pro-apoptotic protein Bax cab 
also be co-activated by suppression of 
expression of the anti-apoptotic protein Bcl-
2/Mcl-1[36, 37] by functional daunorubicin 
plus rofecoxib liposomes (Figure 5D, Figure 
S4D).  

In addition, the functional daunorubicin plus 
rofecoxib liposomes result in a pronounced 
production of ROS (Figure 5E and, F, Figure 
S4E and F). ROS are chemically reactive 
molecules containing oxygen, which also 
induce apoptosis via complex pathways.[38] 
ROS also damage the mitochondrial membrane 
to release cytochrome C, hence potentiating the 
apoptosis.[39]  

In contributing to the overall killing effect, 
daunorubicin released from the ruptured 
liposomes is internalized by the nucleus, and 
result in the necrosis of cancer cells. Improved 
killing effects are evidenced by the cytotoxicity 
assay in vitro. Free daunorubicin has a 
restricted effect, showing intrinsic drug-
resistance in cells. After co-treatment with 
rofecoxib, functional daunorubicin plus 
rofecoxib liposomes display the strongest 
killing effect on both types of cancer cells 
(Figure 6A and B).   

To verify overall anticancer efficacy, tumor 
volume is measured and calculated after 
treatments. Real-time imaging (Figure S6A and 
B) demonstrates the long duration of functional 
liposomes in the blood circulation system and 
EPR effect in cancer tissue. The in vivo study 
confirms that the functional daunorubicin plus 
rofecoxib liposomes have the strongest 
anticancer efficacy (Figure 6A) while do not 
influence on body weight and blood indicators 
(Figure 6B). 
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Conclusions 
In summary, the functional daunorubicin plus rofecoxib liposomes are developed by modifying a 

newly synthesized TPGS1000-glutarate. In the simulated conditions, negative charges of the functional 
drug liposomes at pH 7.4 are conversed into positive charges at pH 6.5. The function verification studies 
demonstrate that the liposomes significantly promote the cellular uptake and lysosomal escape, 
followed by targeting the mitochondria, thus initiating a cascade of reactions through induction of 
autophagy and apoptosis in breast cancer cells. In conclusion, TPGS1000-glutarate modified functional 
drug liposomes enable the electric charge conversion to enhance treatment efficacy of breast cancer. 
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Supporting Information 
 

 
Fig. S1 Characterization of functional daunorubicin plus rofecoxib liposomes 

Notes: (a) MALDI-TOF-MS spectra of TPGS1000-glutarate conjugate. (b) In vitro release rates of daunorubicin from the 
liposomes in the simulated blood fluids. (c) In vitro release rates of rofecoxib from the liposomes in the simulated blood fluids. 
Data are presented as mean ± standard deviation (n=3). 
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Fig. S2 Cellular uptake by breast cancer cells after treatment. Notes: (a) Cellular uptake by MCF-7 cells indicated by 

fluorescence intensity. (b) Cellular uptake by MDA-MB-231 indicated by fluorescence intensity. 1, blank control; 2, free 
daunorubicin; 3, daunorubicin liposomes; 4, functional daunorubicin liposomes. 
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Fig. S3 Induction of autophagy and changes of autophagy proteins in the signaling pathway in breast cancer cells after 

treatment. Notes: The assays were performed by Operetta high-content imaging system with Columbus system. (a) 
Fluorescence intensities of LC3B in MDA-MB-231 cells. (b) Activity ratios of LC3B in MDA-MB-231 cells. (c) Autophagy 
proteins in the signaling pathways in MDA-MB-231 cells. (d) Autophagy proteins in the signaling pathways in MDA-MB-231 
cells. 1, blank control; 2, daunorubicin liposomes; 3, daunorubicin plus rofecoxib liposomes; 4, functional daunorubicin plus 
rofecoxib liposomes. P < 0.05; a, vs 1; b, vs 2; c, vs 3. Data are presented as mean ± standard deviation (n=3). 
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Fig. S4.  Changes of apoptosis proteins in the signaling pathway in breast cancer cells after treatment. Notes: (a) Apoptosis 

of MDA-MB-231 cells by flow cytometry; (b) Expressions of apoptosis proteins in MDA-MB-231 cells by Operetta high-content 
imaging system with Columbus system; Scale bar, 50 nm. (c) Activated Caspases enzymes in MDA-MB-231 cells by Operetta 
high-content imaging system with Columbus system. (d) Changes of apoptosis proteins in MDA-MB-231 cells by Operetta 
high-content imaging system with Columbus system. (e) Fluorescence intensity of ROS levels of triple-negative breast cancer 
MDA-MB-231 cells. (f) ROS activity ratio in MDA-MB-231 cells. 1, blank control; 2, free daunorubicin; 3, daunorubicin 
liposomes; 4, daunorubicin plus rofecoxib liposomes; 5, functional daunorubicin plus rofecoxib liposomes. P < 0.05; a, vs 1; 
b, vs 2; c, vs 3; d, vs 4. Data are presented as mean ± standard deviation (n=3). 
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Fig. S5 Mitochondria co-localization of functional daunorubicin plus rofecoxib liposomes in breast cancer cells after 

treatment. Notes: The assays were performed by confocal laser fluorescent microscopy. (a) MCF-7 cells. (b) MDA-MB-231 
cells. 1, blank control; 2, free daunorubicin; 3, daunorubicin liposomes; 4, daunorubicin plus rofecoxib liposomes; 5, 
functional daunorubicin plus rofecoxib liposomes. 

 

 

 
Fig. S6 In vivo imaging drug distribution in breast cancer-bearing nude mice after intravenous administration. Notes: (a) 

In vivo real-time images of functional DiR liposomes; (b) Ex vivo images of cancer masses and major organs at 36 h. 
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Table S1. Characterization of liposomes. 
Liposomes Mean size 

(nm) 
PDI Zeta potential 

(mV) 
Encapsulation efficiency 

(%) 
Daunorubicin Rofecoxib 

Blank 
functional 
liposomes 

81.48±0.78 0.190±0.011 -11.43±0.75   

Daunorubicin 
liposomes 

75.25±2.41 0.221±0.032 -2.70±0.05 91.7±2.3  

Rofecoxib 
liposomes 

82.25±0.48 0.210±0.009 -3.44±0.22  90.3±0.7 

Daunorubicin 
plus rofecoxib 
liposomes 

87.00±0.15 0.212±0.006 -6.42±0.65 (pH 7.4) 
-4.09±0.72 (pH 

6.5) 

93.9±2.7 87.1±1.5 

Functional 
daunorubicin 
plus rofecoxib 
liposomes 

84.51±0.90 0.219±0.016 -10.02±0.73 (pH 
7.4) 
2.81±1.42 (pH 6.5) 

97.0±1.4 83.1±3.6 

 

 

 

Table S2. Blood examinations of breast cancer-bearing nude mice after administration. 

Assay Saline Free 
daunorubicin 

Daunorubicin 
liposomes 

Daunorubicin 
plus Rofecoxib 
liposomes 

Functional  
daunorubicin 
+ rofecoxib 
liposomes 

WBCa (109/L) 4.95 ± 0.42 5.00 ± 0.82 5.10 ± 0.76 4.03 ± 0.46* 4.77 ± 0.87 
RBCb (1012/L) 7.15 ± 0.44 5.50 ± 0.75* 5.88 ± 0.42* 5.81 ± 0.76* 5.66 ± 0.75* 
HGBc (g/L) 12.67 ± 1.12  9.67 ± 1.50* 10.33 ± 1.00* 10.10 ± 1.37* 9.90 ± 0.74* 
MCV d (fL) 53.57 ± 1.14 53.58 ± 1.60 52.80 ± 0.81 52.06 ± 1.42 52.77 ± 1.37 
MCHe (pg) 17.70 ± 0.83 17.98 ± 0.74 17.52 ± 0.50 17.07 ± 0.60 17.41 ± 1.04 
RDWf (%) 14.31 ± 0.82 14.2 ± 1.04 12.93 ± 0.61 13.35 ± 0.76 13.52 ± 1.09 
PDWh (%) 13.77 ± 0.69 14.61 ± 0.73 14.46 ± 0.73 14.62 ± 0.50 14.23 ± 0.93 
GRNi (109/L) 4.53 ± 0.51 4.23 ± 0.47 4.47 ± 0.67 3.47 ± 0.50* 4.60 ± 0.40 

Notes: Data are presented as the mean ± SD (n = 3). a, white blood cells; b, red blood cells; c, hemoglobin;  
d, mean corpuscular volume; e, mean corpuscular hemoglobin; f, red cell distribution width; h, platelet 

distribution width; i, neutrophil granulocyte. 1. Saline. * P <0.05, versus. 1. 
 

 


