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Abstract Recently, considerable attention in the field of cancer therapy has been focused on the

mammalian rapamycin target (mTOR), inhibition of which could result in autophagic cell death

(ACD). Though novel combination chemotherapy of autophagy inducers with chemotherapeutic agents

is extensively investigated, nanomedicine-based combination therapy for ACD remains in infancy. In

attempt to actively trigger ACD for synergistic chemotherapy, here we incorporated autophagy inducer

rapamycin (RAP) into 7pep-modified PEG-DSPE polymer micelles (7pep-M-RAP) to specifically target

and efficiently priming ACD of MCF-7 human breast cancer cells with high expression of transferrin re-

ceptor (TfR). Cytotoxic paclitaxel (PTX)-loaded micelle (7pep-M-PTX) was regarded as chemothera-

peutic drug model. We discovered that with superior intracellular uptake in vitro and more tumor

accumulation of micelles in vivo, 7pep-M-RAP exhibited excellent autophagy induction and synergistic

antitumor efficacy with 7pep-M-PTX. Mechanism study further revealed that 7pep-M-RAP and 7pep-M-

PTX used in combination provided enhanced efficacy through induction of both apoptosis- and
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mitochondria-associated autophagic cell death. Together, our findings suggested that the targeted excess

autophagy may provide a rational strategy to improve therapeutic outcome of breast cancer, and simul-

taneous induction of ACD and apoptosis may be a promising anticancer modality.

ª 2019 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cancer is the leading cause of death around the world, and
chemotherapy is the most widely used treatment in clinic1.
However, the efficacy of monotherapy is usually limited in clinic
due to the complexity and refractory of cancer. Whether it is
treated by conventional cytotoxic drugs or molecularly-targeted
therapeutics, the drug resistance, insufficient curative effect and
tumor relapse are still the huge challenges2,3. With the increased
understanding of the mechanisms underlying the compromised
therapeutic efficacy of monotherapy, combination therapy with
two or more therapeutic agents generally acting on multiple
therapeutic targets, or one increasing the sensitivity of tumor cells
to another one, has increasingly become a standard practice in
clinic4,5. In particular, as more and more regulators of signaling
proteins or pathways which play key roles in oncogenic trans-
formation and drug resistance are identified, the combined stra-
tegies of these regulators with the current chemotherapeutics are
being studied extensively for cancer treatment6,7.

Novel combinations of small molecularly targeted agents with
chemotherapy, have gained increasing attention in research that
aims to overcome drug resistance and tumor heterogeneity for
highly effective cancer regimens. Rapamycin (RAP), a mamma-
lian target of rapamycin (mTOR) inhibitors, was developed as a
potential anticancer drug, including lung, cervix, colon and breast
cell carcinomas8. Studies have found that RAP or its derivatives
enhanced the antitumor efficacy of taxane chemotherapeutic
agents (e.g., paclitaxel (PTX)) in many clinical trials9,10 by tar-
geting the mTOR protein, which is centrally involved in angio-
genesis, cell survival, proliferation and metabolism11e14. The
currently reported synergistic anti-tumor mechanism of combined
RAP or its derivatives with PTX mainly involves the anti-
angiogenesis effect of RAP and its direct inhibition of mTOR in
tumor development15,16.

In addition, RAP is the most commonly used agent to induce
autophagy. Recent evidence has indicated that tumor suppression
following RAP treatment is linked to the induction of autophagic
cell death (ACD)17,18. Autophagy is a highly regulated process
that degrades or recycles bulk cytoplasmic constituents through
lysosome-based pathway, resulting in the formation of a double-
membranous structure, which is termed as an autophagosome in
eukaryotic cells. The autophagic process is robustly upregulated in
response to cellular stress, and it is known to be involved in a
multitude of cellular processes including immunity, programmed
cell death, the selective degradation of organelles, tumor, aging
and numerous neurodegenerative conditions, while its precise role
in the development of tumors is ambiguous19,20. Although some
evidence suggested that autophagy promotes cell survival under
nutrient deprivation, a growing body of evidence revealed that
autophagy plays an inhibitory role in the process of tumor for-
mation, suggesting that autophagy may be an excellent mecha-
nism for tumor suppression21. Although the anti-tumor efficacy of
RAP combined with PTX in breast cancer has been verified in
preclinical and clinical trials, the relationship between autophagy
and synergistic effect of this combined strategy is not well un-
derstood, despite the effectiveness of RAP in induction of ACD.

It’s worth noting that the clinical outcome of current combi-
nation therapy based on conventional pharmaceutical preparations
is unsatisfactory, due to the short half-lives of chemotherapeutic
agents and lack of distribution selectivity, leading to severe side
effects and deficient therapeutic efficacy22. Nanotechnology-based
targeted delivery systems provide good opportunity to address the
associated problems and provide superior therapeutic benefits23.
Some antitumor nanomedicines, such as Doxil� (PEGylated
liposomal doxorubicin) and Abraxane� (PTX (PTX) loaded al-
bumin nanoparticles), have been approved by FDA for more than
10 years24. Nanomedicines can selectively deliver cargos to
cancerous cells through passive targeting based on enhanced
permeation and retention (EPR) effect, as well as active mecha-
nisms based on molecular recognition between the overexpressed
receptor/antigen on cancerous cells with the targeting molecules
on the surface of nanocarriers25. Transferrin receptor (TfR) is
overexpressed in various cancer cells, making it an excellent target
for tumor recognition. 7pep (7pep, Histidine-Alanine-Isoleucine-
Tyrosine-Proline-Arginine-Histidine, HAIYPRH) is a peptide
obtained through phage display and has exhibited high affinity to
TfR. Thus, 7pep can serve as an effective ligand for cancer-
targeted drug delivery systems26,27.

Therefore, based on the above background, we developed a
7pep-modified dual-nanomedicines system that loaded RAP and
PTX separately to examine the efficacy and safety in the treatment
of breast cancer, while focusing on the role of RAP-induced
autophagy in the combined anti-tumor efficacy. It is expected that
the dual-nanomedicines administered in combination can actively
accumulate in tumor sites via TfR-mediated mechanism and
achieve favorable anti-tumor effect compared to monotherapy. It
is well known that the nanomedicine has a great influence on
pharmacokinetics, such as drug release, absorption, and distribu-
tion behavior28, but underlying anti-tumor mechanism of co-
administration of nanomedicines has been rarely reported. In
particular, autophagy is a dynamic process that correlates with
cellular status, drug concentration, administration schedule and
sequence, it is necessary to explore the role of autophagy in the
synergic effect of dual-nanomedicines in combination. Firstly, a
functional material with TfR targeting ability was synthesized
through the conjugation of 7pep to PEG-DSPE copolymer, and
then functional nanocarriers were constructed by a solvent evap-
oration method. The active targeting efficacy of nanocarrier, su-
perior autophagy inducibility of 7pep-RAP-M, anti-proliferation
and pro-apoptotic effects of functional nanocarriers used alone or
in combination in a human breast cancer cell line (MCF-7) were
evaluated, followed by the in vivo distribution, antitumor efficacy
and toxicity studies. Especially, the probable mechanisms

http://creativecommons.org/licenses/by-nc-nd/4.0/


Priming autophagic cell death with transferrin receptor-targeted nanomedicine 1063
involved with this strategy of dual-nanomedicines were well
explored.

2. Materials and methods

The materials, methods for cell culture, synthesis of functional
copolymer 7pep-PEG-DSPE, preparation and characterization of
the functional nanocarriers, as well as the determination of
transferrin receptor expression on MCF-7 cells are shown in the
Supporting Information Section 1. Materials and methods.
2.1. Cellular uptake study of single formulations

The cellular uptake of C6-loaded micelles was investigated by
both flow cytometry and confocal microscopy. For the flow
cytometry method, MCF-7 cells were seeded in 12-well plates and
incubated for 24 h at 37 �C. Then cells were treated with various
C6 formulations at a final C6 concentration of 100 ng/mL for
2 h at 37 �C. For receptor competitive experiments, cells were pre-
incubated with excessive anti-CD71 antibody to saturate trans-
ferrin, followed by addition of C6 formulations. Then cells were
trypsinized, washed with cold PBS, and re-suspended in PBS.
Finally, the C6 fluorescence intensity was measured by a flow
cytometer with 10,000 events collected. For confocal microscopy
study, MCF-7 cells were cultured on coverslips for 24 h at 37 �C
prior to experiment. Then cells were treated with various C6
formulations at a final C6 concentration of 100 ng/mL for 2 h.
After washing with PBS for three times, cells were fixed with 4%
paraformaldehyde for 15 min, followed by cell nuclei staining
with Hoechst 33258 for 20 min at 37 �C. The sample was
observed by a Leica TCS SP5 confocal laser scanning microscope
(CLSM, Heidelberg, Germany).
2.2. The cellular uptake study of co-administration

MCF-7 cells were cultured on 12-well plates and incubated for
24 h. Then cells were treated with following various formula-
tions for 2 h at 37 �C, including M-PTX, 7pep-M-PTX, M-PTX
plus M-RAP added simultaneously, 7pep-M-PTX plus 7pep-M-
RAP added simultaneously, M-PTX with M-RAP pretreatment
for 6 h, 7pep-M-PTX with 7pep-M-RAP pretreatment for 6 h,
respectively. The modification density of 7pep was 15%. The
final concentrations of PTX and RAP in micellar solution were
both 10 mmol/L. At the end of treatment, the amount of PTX or
RAP in cells treated with different formulations was quantified
by a HPLC system. The protein content of cells was determined
by a BCA Protein Quantitation Kit according to the user
manual.
2.3. Intracellular distribution of C6-loaded micelles

MCF-7 cells were cultured on coverslips for 24 h at 37 �C prior to
experiment. After incubated with various C6 formulations at a
final C6 concentration of 100 ng/mL for 2 h, cells were treated
with pre-warmed (37 �C) LysoTracker Red-containing medium.
Then, cells were fixed with 4% paraformaldehyde for 15 min and
nuclear was stained with Hoechst 33258. Samples were imaged
and analyzed by CLSM. Quantitative analysis of the colocaliza-
tion efficiency was performed using Pearson’s correlation coeffi-
cient by Image J (NIH, USA).
2.4. In vitro cytotoxicity assay

Sulforhodamine B (SRB) colorimetric assay29 was applied to
investigate the in vitro cytotoxicity of various drugs in single and
combination use against MCF-7 cells. Concretely, MCF-7 cells
were seeded in 96-well plates for 24 h at 37 �C. The cells were
then treated with serial concentrations of free RAP, M-RAP, 7pep-
M-RAP, free PTX, M-PTX, 7pep-M-PTX, free RAP plus free
PTX (referred to as Free Combi group), M-RAP plus M-PTX
(referred to as M-Combi group), 7pep-M-RAP plus 7pep-M-PTX
(referred to as 7pep-M-Combi group) for 48 h. For combination
therapy, RAP formulations were added 12 h before the treatment
of PTX formulations. After incubation, the cells were fixed with
10% cold TCA for 1 h, followed by washing and drying. The fixed
cells were then stained with 0.4% SRB for 30 min, washed by 1%
acetic acid and dried. The bound dye was dissolved in 10 mmol/L
Tris base solution and the absorbance was measured at 540 nm by
a 96-well plate reader. The IC50 values (the drug concentration
inhibiting cells growth by 50%) were calculated by SPSS soft-
ware. The CI50 values (the combination index at 50% inhibition
rate) was calculated by the following Eq. (1):

CI50Z
ðICPTX

50 ÞCombi�
ICPTX

50

�
Single

þ ðICRAP
50 ÞCombi�

ICRAP
50

�
Single

ð1Þ

The index of CI50 was used to assess the synergetic, additive or
antagonistic effect of various PTX used in combination with RAP
formulations30.

2.5. Cell apoptosis analysis by flow cytometry

Cell apoptosis was evaluated by Annexin V-FITC/PI apoptosis
detection kit. Briefly, MCF-7 cells were cultured in 6-well plates
for 24 h, and treated with culture medium (negative control), free
RAP, M-RAP, 7pep-M-RAP, free PTX, M-PTX, 7pep-M-PTX,
Free Combi, M-Combi, 7pep-M-Combi for 24 h. For combination
therapy, RAP formulations were added 12 h before the treatment
of PTX formulations. The final concentrations of RAP and PTX
were 100 and 10 nmol/L, respectively. At the end of treatment,
cells were trypsinized, washed with cold PBS. Then cells were
stained with Annexin V-FITC, followed by propidium iodide (PI).
Finally, the cell apoptosis was analyzed by a flow cytometer with
10,000 events collected.

2.6. The mechanism study on the synergetic effect of combination
therapy

2.6.1. The effect of autophagy inhibitor 3-MA on cytotoxicity
and apoptosis
MCF-7 cells were cultured for 24 h at 37 �C. Then cells were
treated with or without 3-MA for 6 h, followed by 7pep-M-RAP,
7pep-M-PTX, 7pep-M-Combi, respectively. For combination
group, 7pep-M-PTX was added 12 h after 7pep-M-RAP. The final
concentrations of RAP and PTX were 100 nmol/L and 10 nmol/L,
respectively. After the addition of 7pep-M-PTX for 24 h, the cells
were treated with SRB colorimetric assay, or analyzed by annexin
V-FITC/PI apoptosis detection kit.

2.6.2. The inhibition effect of 3-MA on autophagic vesicular
accumulation
The cellular autophagic vesicular accumulation in different
treatment groups was determined by monodansylcadaverine
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(MDC) staining, Cyto-ID� autophagy detection kit, transmission
electron microscopy (TEM), the expression of the autophagy
marker protein LC3B, as well as the LC3-II/LC3-I ratio detected
by Western blot. MCF-7 cells were seeded on coverslips for 24 h
and treated with different RAP or PTX formulation used in single
or combination as described above.

2.6.2.1. MDC labeling. Drugs treated cells were stained with
10 mmol/L MDC at 37 �C for 15 min31. The cellular fluorescence
was observed using fluorescence microscope (Olympus, FV1000,
Tokyo, Japan).

2.6.2.2. Cyto-ID� autophagy detection dye staining. After
treated with drugs for 24 h, cells were stained with Cyto-ID�

autophagy detection dye plus Hoechst 33342 at 37 �C for 30 min.
Stained cells were then photographed with a CLSM, or analyzed
by flow cytometer. The excitation and emission wavelengths for
Cyto-ID dye were 488 and 560 nm, respectively.

2.6.2.3. ELISA analysis and immunofluorescent staining of
LC3B. Briefly, for ELISA analysis, after treated with drugs for
24 h, cells were lysed, centrifuged at 1500�g at 4 �C for 5 min.
Samples containing LC3B were incubated in the wells of micro-
plate pre-processed by antibody for 2 h. After being washed, the
microplate was incubated with HRP-conjugate reagent for
another 1 h. The substrates were added for color development in
the dark for 30 min. The absorbance was measured at 450 nm
and the expression ratio was calculated according to the user
manual. For immunofluorescence staining, after treated with
drugs, cells were fixed, incubated with anti-LC3B monoclonal
antibody overnight at 4 �C, followed by staining with second
antibody (Texas red labeled goat IgG). Negative control cells
were incubated with 5% BSA solution instead of anti-LC3B
antibody. Nuclei were labeled with Hoechst 33258 for 20 min at
37 �C. Finally, cells were observed using a CLSM.

2.6.2.4. Detection of LC3-II/LC3-I by western-blot. This
experiment was carried out according to previous report32. Briefly,
cell lysates were extracted by using sodium dodecyl sulfate-PAGE
and transferred to a PVDF membrane. Then, it was incubated
overnight with primary antibody against LC3B (rabbit, 1:1000)
followed by HRP-conjugated goat anti-rabbit IgG (H þ L). The
target proteins were visualized by chemiluminescence after
adding the developer (ChemiDoc XRS, Bio-Rad, Hercules, CA,
USA). Protein expression was quantified by densitometric
analysis with ImageJ software.

2.6.3. Effect of autophagy on the morphology and function of
mitochondria
2.6.3.1. TEM. The drugs treated cells were harvested and fixed
in 2.5% phosphate-buffered glutaraldehyde for 2 h. Thereafter,
cells were washed with 0.1 mol/L phosphate buffer and fixed with
1% OsO4 buffer for 20 min. Subsequently, cells were washed,
dehydrated by an ascending ethanol gradient series, and finally
embedded in pure acetone. Next, samples were solidified, cut to
ultrathin sections, stained with 3% lead citrate plus uranyl
acetate, and photographed using a TEM.

2.6.3.2. Colocalization of mitochondria with autophagic
vesicles. At the end of dosing period, cells were washed with
PBS, and stained with a mixture of Mitotracker deep Red and
Cyto-ID� autophagy detection dye at 37 �C for 30 min. The
fluorescent images were then captured by a CLSM. Mitochondrial
autophagy was analyzed by colocalization of autophagic vesicles
and mitochondria.

2 .6 .3 .3 . Mi tochondr ia l membrane poten t ia l (MMP,
DJm). After exposed to various formulations with or without
3-MA for 24 h, the cells were harvested, washed with PBS, and
stained with mitochondrial specific fluorescent probe JC-10 at 37 �C
for 15 min. Fluorescence intensity of JC-10 accumulated in
mitochondria was observed by a FAScan flow cytometer and CLSM.

2.6.3.4. Release of cytochrome c. The translocation of cyto-
chrome C from mitochondria to the cytoplasm was examined by
commercial ELISA kit. In brief, at the end of dosing period, cells
were lysed, centrifuged at 3000�g at 4 �C for 20 min. Samples
containing cytochrome c were incubated in the wells of microplate
pre-processed by anti-cytochrome c antibody for 2 h. After being
washed, the microplate was incubated with HRP-conjugate
reagent for another 1 h. The substrates were added for color
development in the dark for 15 min. The absorbance was
measured at 450 nm and the relative release percent was
calculated according to the user manual.

2.6.3.5. Intracellular ATP levels. The intracellular ATP levels
in both control and drugs treated MCF-7 cells were measured by
commercial ATP assay kit according to the manufacturer’s in-
structions Concretely, the treated cells were lysed, and mixed with
luciferase reagent in an opaque black 96-well plate. The ATP-
dependent light emitted by the luciferase catalyzed oxidation of
luciferin was then determined by a Fluoroskan Ascent FL
(Thermo Scientific, MA, USA).

2.6.3.6. Caspase 9 and 3 activities. The activities of caspases 9
and 3 was determined using commercial luminescent assays kits.
Briefly, after incubated with drugs, cells were lysed, centrifuged at
10,000�g at 4 �C for 1 min. Lysates were added into 96-well
plates, and mixed with caspase 9 substrate or caspase 3
substrate, respectively. After mixture was incubated for another
4 h at 37 �C, the activity was measured at 405 nm on a
microplate reader, and the activity ratio was calculated according
to the user’s instruction.

2.7. In vivo tissue distribution of nanocarriers by live imaging

The bio-distribution of 7pep-M-DiR in single use and in combi-
nation with 7pep-M-DiD was investigated in MCF-7 tumor-
bearing female nu/nu nude mice using an in vivo imaging system.
The MCF-7 mice model was established by orthotopical injection
of 4 � 106 MCF-7 cells. For the study of targeted delivery of
7pep-modified nanocarriers in single use to tumor model, when
tumor volume reached about 350 mm3, 200 mL of PBS, free DiR,
M-DiR, 7pep-M-DiR, 7pep-M-DiR with blank 7pep-M pre-
injection for 1 h, was intravenously injected via the tail vein at
a dose of 100 mg/kg, respectively. For the study of the effect of co-
administration on the bio-distribution of nanocarriers, mice were
injected with 7pep-M-DiD, 7pep-M-DiR, 7pep-M-DiD plus 7pep-
M-DiR, 7pep-M-DiD (pre-injected for 24 h) plus 7pep-M-DiR,
respectively. At the predetermined time points, the mice were
anaesthetized by isoflurane and imaged by an in vivo imaging
system (Carestream Health, Fx Pro, USA). The fluorescent images
were taken with an excitation at 748 nm and an emission at
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780 nm for DiR, as well as an excitation at 630 nm and an
emission at 700 nm for DiD. After imaging at the last time point,
the mice were sacrificed, then tumors and major organs were
excised to collect ex vivo fluorescent images.

2.8. In vivo therapeutic efficacy and toxicity studies

The MCF-7 tumor-bearing nude mice model described above was
used to evaluate the therapeutic efficacy and toxicity in vivo.
When the tumor volume reached 30e50 mm3, mice were injected
with different RAP and PTX formulations in single or combina-
tion after randomization, including PBS (control), free RAP, M-
RAP, 7pep-M-RAP, free PTX, M-PTX, 7pep-M-PTX,
Free Combi, M-Combi and 7pep-M-Combi. Both free RAP and
free PTX are prepared with Cremophor EL and ethanol (1:1, v/v).
The dosage of RAP or PTX was both 10 mg/kg. Tumor
volumes and body weights were measured every one day. Tumor
volume was calculated by the following formula: V Z 1/2
� (Length) � (Width)2. Relative body weight was calculated as
follow: Relative body weight Z Body weight/Primary body
weight.

At day 18, blood was collected from the orbital sinus, and
white blood cells (WBC), neutrophils (GRN) and platelets (PLT)
were counted to assess the myelosuppressive toxicity in each
administration group. At day 20, all animals were sacrificed, and
tumors and livers were then dissected. The excised tumors were
weighed and pictured to assess the in vivo antitumor efficacy.
Afterwards, frozen sections made by tumor tissues from each
group were stained with TUNEL in situ cell death detection kit
or treated with TfR antibody (PE labeled-mouse antihuman
CD71 antibody), followed by imaged with CLSM. Meanwhile,
the other tumor tissues from each group were fixed to evaluate
the apoptosis and autophagy of tumor cells by TEM. Lastly,
paraffin section made by excised livers were subjected to H&E
staining, observed by light microscope to evaluate the organ
toxicity.

2.9. Statistical analysis

All quantitative results are reported as mean � standard deviation
of the mean (SD) unless otherwise specified. Statistical signifi-
cance was analyzed using two-tailed Student’s t-test or one-way
analysis of variance (ANOVA) followed by a Tukey-Kramer
multiple comparison test. A P-value less than 0.05 is considered
statistically significant, while P less than 0.01 was considered
highly significant.
Table 1 Characteristics of various drug-loaded micelles.

Formulation Size (nm) PDI

Blank-M 14.66 � 1.23 0.110 � 0.

Blank-7pep-M 14.01 � 1.78 0.143 � 0.

M-RAP 15.31 � 1.11 0.109 � 0.

7pep-M-RAP 15.55 � 1.48 0.150 � 0.

M-PTX 15.91 � 1.94 0.134 � 0.

7pep-M-PTX 16.70 � 1.34 0.104 � 0.

e Not applicable. Data are mean � SD, n Z 3.
3. Results and discussion

3.1. Preparation and characterization of transferrin receptor-
targeted micelles

3.1.1. Synthesis of 7peptide conjugated PEG-DSPE polymer
7pep was conjugated to the distal end of PEG through a nucleo-
philic substitution reaction (Supporting Information Scheme S1).
As shown in Supporting Information Fig. S1, the retention time
for 7pep monitored by RP-HPLC with gradient elution was around
8.5 min. The peak of 7pep almost disappeared after 120 h reaction,
indicating that 7pep had been successfully linked with NHS-PEG-
DSPE. As displayed in Supporting Information Fig. S2, there was
a strong absorption peak of 7pep at around 281 nm in the UV
spectrum of 7pep-PEG-DSPE, while no such peak was observed
for NHS-PEG-DSPE, suggesting that 7pep was successfully
conjugated to NHS-PEG-DSPE. Moreover, the molecular weight
(MW) of final product determined by MALDI-TOF MS was in
accordance with theoretical MW (Supporting Information
Fig. S3).

3.1.2. Characterization of 7pep-M-RAP and 7pep-M-PTX
The physical properties of micelles are listed in Table 1. All types
of nanocarriers are about 15 nm in diameter with PDI less than
0.2, and negatively charged. The TEM images showed that both
7pep-M-RAP and 7pep-M-PTX were spherical in shape and about
15 nm with a narrow distribution, which were consistent with the
results determined by DLS (Fig. 1A and B, Supporting
Information Figs. S4 and S5). The entrapment efficiencies (EEs)
of both RAP and PTX formulations were consistently greater than
90%. There was no obvious difference in physical properties be-
tween modified and non-modified nanocarriers, which was
favorable for their following comparison in vitro and in vivo tests.
Besides, the experiment of dilution stability revealed that drug-
loaded micelles were resistant to about 100 times dilutions
(Supporting Information Table S1).

Fig. 1C displays the XRD patterns of RAP powder, blank
micelles, physical mixture of RAP plus blank micelles, and
lyophilized RAP-loaded micelles, respectively. RAP powder dis-
played a series of distinct sharp peaks, and similar characteristic
peaks of RAP were also observed in the physical mixture of RAP
and blank micelles. While no crystal peaks of RAP were seen in
the profiles of both RAP-loaded micelles and blank micelles.
Similarly, the XRD spectra of PTX-loaded micelles exhibited
showed no diffraction peaks assigned to PTX powder (Supporting
Information Fig. S6), implying that both RAP and PTX might
exist as amorphous or molecular state in their polymeric micelles.
Zeta potential (mV) EE (%)

035 �4.63 � 1.08 e

041 �4.25 � 0.97 e
099 �4.51 � 0.78 94.0 � 4.2

065 �4.28 � 0.31 95.1 � 4.3

066 �4.32 � 0.66 94.2 � 5.4

085 �4.69 � 0.29 90.1 � 4.3



Figure 1 The characteristics of 7pep-modified nanomedicines. (A)

Particle size distribution of 7pep-M-RAP. (B) Morphology of 7pep-M-

RAP by TEM. (C) Powder X-ray diffraction patterns of various RAP

preparations, including RAP powder, blank PMs, physical mixture of

RAP plus blank PMs, and lyophilized RAP-loaded micelles. (D)

In vitro release of RAP and from micelles in 1.0 mol/L sodium sa-

licylate at 37 �C (mean � SD, n Z 3).
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Moreover, the CMCs of PEG-DSPE and 7pep-PEG-DSPE
were 2.425 and 2.567 mg/mL, respectively, which were close to
the previously reported values33, and were low enough to maintain
the micelle state for the materials during the experimental pro-
cesses. The in vitro release of RAP and PTX from micelles
1.0 mol/L sodium salicylate is presented in Fig. 1D and
Supporting Information Fig. S7. No burst release was observed,
and similar kinetics was observed between 7pep-modified and
non-modified micelles.
Figure 2 In vitro 7pep targeting efficiency in MCF-7 cells. (A) The com

MCF-7 cells were incubated with M-C6 or 7pep-M-C6 at a final conc

experiment, excess anti-TfR antibody was added 0.5 h prior to the 7pep-M

with M-C6 or 7pep-M-C6 for 2 h at 37 �C. Green and blue represent the flu

represent 25 mm. (C) CLSM Images of colocalization of lysosomes (red) w

(D) Quantitative colocalization analysis of micelles with lysosomes (mean
3.2. Active targeting effect of 7pep-modified-micelles in vitro

Firstly, the TfR expression in human breast-cancer cell line MCF-7
was confirmed by flow cytometry. Supporting Information Fig. S8
shows the plots of MCF-7 cells after incubation with TfR antibody,
indicating that the TfR was obviously expressed in MCF-7 cells.

In order to investigate the targeting efficiency of 7pep modi-
fication on the micelle internalization, C6-loaded micelles modi-
fied with different densities of 7pep were prepared to trace the
cellular uptake of PMs. As seen in Supporting Information
Fig. S9, the cellular uptake of 7pep-M-C6 was much higher
than that of M-C6, and the amount of its accumulation in MCF-7
cells increased with the modification density of 7pep. Given this,
micelles modified with 15% of 7pep were constructed for further
experiments. The results of receptor competitive experiment
showed in Fig. 2A and Supporting Information Fig. S10 revealed
that the enhanced cellular uptake by 7pep modification was
obviously decreased in the presence of excess antibody, suggest-
ing that the enhanced cellular uptake was probably mediated by
the existence of TfR on MCF-7 cells.

Confocal microscope images (Fig. 2B) further verified the re-
sults from flow cytometry. The intracellular fluorescence intensity
in the 7pep-M-C6 group was greater than that of M-C6, and highly
reduced by saturation of TfR. Intracellular distribution study was
performed to validate the targeting efficiency of 7pep-M-C6.
Fig. 2C and D manifested that 7pep-M-C6 colocalized more with
lysosomes than M-C6 after being incubated with MCF-7
cells for 2 h. The different lysosomal distribution characteristics
between 7pep-M-C6 and M-C6 revealed that the 7pep modifica-
tion facilitated the faster and more internalization of micelles into
cells34. It is worth mentioning that, because of this phenomenon of
receptor saturation, the two active targeting nanomedicines which
petitive cellular uptake of various C6 formulations by flow cytometry.

entration of 100 ng/mL for 2 h at 37 �C. For receptor competitive

-C6. (B) Confocal microscopy images of MCF-7 cells after incubation

orescence of C6 and Hoechst 33258, respectively. The white scale bars

ith C6-loaded micelles (green). The white bar scales represent 10 mm.

� SD, n Z 6). *P < 0.05 vs M-C6.
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separately encapsulated RAP and PTX might have a competitive
inhibitory effect on cellular uptake when administered simulta-
neously. Therefore, we used HPLC method to investigate the
cellular uptake of PTX micelles and RAP-loaded micelles added
at the same time point or at certain intervals, thus determining the
optimal dosing regimen for the combined administration. The
results displayed in Supporting Information Fig. S11 verified our
inferences. Based on this, we suggested that RAP and PTX for-
mulations could be administered at certain intervals in following
experiments, thus avoiding mutual inhibition of endocytosis.

Totally, the above quantitative and qualitative results consis-
tently demonstrated that the 7pep-modified nanocarriers could
increase the delivery to TfR-overexpressing cells via a receptor-
mediated endocytosis mechanism.

3.3. Superior autophagy induction and synergistic chemotherapy
of 7pep-M-RAP

3.3.1. Active autophagy modulation of 7pep-M-RAP
After verified the active targeting efficacy of 7pep-M, we then
studied the autophagy inducing ability of 7pep-M-RAP alone or
combination with 7pep-M-PTX. The autophagic vesicular accu-
mulation in MCF-7 cells was characterized by the detection of
autophagy marker protein LC3B maturation/aggregation, the
ratios of LC3-II to LC3-I expression, MDC, as well as Cyto-ID�

autophagy detection kit. First, we investigated the effect of
different treatments on the maturation/aggregation of LC3B
protein by ELISA, which is produced during autophagosome
formation and indicates the initiation of autophagy. As demon-
strated in Fig. 3A, compared with control and PTX formulation
groups, the quantity of LC3B obviously increased in MCF-7 cells
treated with RAP formulations in single or combination use.
During the formation of autophagosomes, the cytosolic LC3-I
protein is activated by Atg7, and then transferred to Atg3,
becoming a membrane-bound form LC3- II protein which is
located on the autophagosome membranes. Thus, we further
measured the conversion of LC3-I to LC3-II by immunoblot
(Fig. 3B). Compared with control, the ratios of LC3-II to LC3-I
in both 7pep-M-RAP group and combination group increased
obviously (P < 0.05), but there was no significant difference
between these two groups (P > 0.05). Then, the colocalization of
the LC3B-labeled autophagic vesicles and lysosomes was
observed by CLSM to monitor the formation of autolysosomes
which are produced during the last stage of autophagy. The
fluorescent images and semi-quantitative results in Fig. 3C
revealed that both 7pep-M-RAP used alone and in combination
caused aggregation of green labeled LC3B protein and higher
colocalization rate than control and 7pep-M-PTX monotherapy
group. Furthermore, MDC is a tracer for autophagic vacuoles,
and the incorporation of MDC into MCF-7 cells was observed
with fluorescence microscopy. As shown in Supporting
Information Fig. S12, MCF-7 cells treated with 7pep-M-RAP
alone or in combination with 7pep-M-PTX demonstrated a
punctate pattern of MDC-labeled fluorescence. By contrast, cells
in other groups exhibited a diffused distribution of MDC-labeled
fluorescence. Cyto-ID is a novel dye that selectively labels
autophagic vacuoles and monitors autophagic flux in live cells.
As can be seen from Fig. 3D, there is almost no autophagic
vesicle in the control group. In contrast, different RAP formu-
lations used in single or in combination induced a large number
of green spots of autophagic vesicles. Only a small amount of
autophagic vesicles was induced by free PTX alone. This may be
due to the fact that the free drug is highly lipophilic and easily
diffuses into MCF-7 cells through the cell membrane, leading to
strong cytotoxicity, which resulted in adaptive autophagy for
damage caused by chemotherapeutic drug.

In a word, these observations obtained from different methods
consistently proved that 7pep-M-RAP could induce significantly
more accumulation of autophagic vesicles than M-RAP as well as
different PTX formulations. What’s more, combination with PTX
did not hinder the autophagy induction of 7pep-M-RAP.

3.3.2. Satisfactory synergistic chemotherapy with PTX
After verified the autophagy initiation effect of 7pep-M-RAP, we
then investigated the synergy effect with chemotherapy. As
exhibited in Supporting Information Figs. S13 and S14, both RAP
and PTX preparations inhibited cell proliferation in a dose-
dependent manner. Compared with non-modified nanocarriers,
7pep-modified micelles exhibited significantly higher inhibition
and much lower IC50 value (Table 2). These findings suggested
that 7pep modification enhanced the anti-tumor activity in vitro,
which was in accordance with cellular uptake studies.

It is worth mentioning that, when combined free drugs were
administrated simultaneously or free RAP was administered after
PTX, no synergistic anti-tumor effect was observed (data not
shown), while the scheme that free RAP was administered 12 h
prior to PTX showed synergistic effect. This observation indicated
that the suitable administration schedule and sequence are very
crucial for the therapeutic outcome of combination therapy.
Therefore, in conjunction with the results of cell uptake studies,
the follow-up studies were conducted with regimen that RAP
formulations were applied prior to the PTX. Besides, the in vitro
cytotoxicity assay revealed that cell viability rates in the combi-
nation groups with molar ratio of 1:10 for PTX and RAP was
lower than those in groups with concentration ratios of 1:1 or 1:5
(data not shown). The growth inhibition experiment of RAP
monotherapy found that MCF-7 cells are less sensitive to low-dose
RAP but more sensitive to high-dose RAP treatments. Hence, the
concentration ratio of RAP formulations to PTX formulations was
set at 10:1 (mol/mol) to achieve better cytotoxicity. The relative
doseeeffect curve is presented in Fig. 4A. Sequential adminis-
tration of 7pep-M-PTX after 7pep-M-RAP led to greater prolif-
eration suppression of tumor cells than 7pep-M-PTX used in
single. The combination therapy of 7pep-M-RAP and 7pep-M-
PTX achieved better inhibitory effect than combined use of M-
RAP and M-PTX (Supporting Information Fig. S15). Additionally,
the relevant IC50 and CI50 values of two drugs combined are
summarized in Table 2 and Fig. 4B. The IC50 of each nano-
medicine in combination group exhibited lower values compared
with that of single drug group, implying that the co-administration
strategy improved the cytotoxic sensitivity towards MCF-7 cells.
The CI50 values of the three combination groups (CI50 Z 0.362,
0.511 and 0.546 for Free Combi, M-Combi, and 7pep-M-Combi,
respectively) were all below 0.90, further demonstrating the syn-
ergy effect of RAP and PTX in MCF-7 cells.

Annexin V-FITC/PI apoptosis detections were utilized to
further verify the synergy effects of combinational treatments on
MCF-7 cells. Qualitative and quantitative results are displayed in
Fig. 4C and Supporting Information Fig. S16, respectively.
Compared with control group, the blank 7pep-modified micelles
did not induce obvious apoptosis of MCF-7 cell, indicating the
biocompatibility of micellar polymers. Both combination groups
induced a higher proportion of apoptosis than either RAP or PTX
preparations used alone, whereas the combination of 7pep-



Figure 3 Active autophagy modulation of 7pep-M-RAP. (A) Quantitative analysis of cellular LC3B by ELISA assay (mean � SD, n Z 3).
**P < 0.01 vs Control; ,,P < 0.01 vs Free PTX; 66P < 0.01 vs 7pep-M-PTX. (B) Effects of different treatments with nanomedicines on the

ratios of LC3-II to LC3-I. Levels of LC3B proteins expression were measured by western-blot, and the ratios of LC3-II to LC3-I were calculated

by comparing the band densities (mean � SD, n Z 3). *P < 0.05 vs Control. (C) Images and quantitative analysis of colocalization of the LC3B-

labeled autophagic vesicles (green dots) and Lyso-tracker red-labeled lysosomes (red). The white scales represent 10 mm. Yellow-framed inserts

show the scatter plots generated by Image J software (mean � SD, n Z 6). *P < 0.05 vs Control; 66P < 0.01 vs 7pep-M-PTX. (D) Images and

quantitative analysis of autophagic vacuoles specifically labeled by Cyto-ID dye (green). The cell nuclei were stained with Hoechst 33342 (blue).

The white scales represent 10 mm. Each bar on the histogram represents mean fluorescence intensity obtained from 6 randomly selected cells

(mean � SD, n Z 6).
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modified nanocarriers (42.89%) prompted more apoptosis than
non-modified micelles (31.00%). These observations were
consistent with the results of cytotoxicity in vitro. Moreover,
neither RAP formulations used alone induced obvious apoptosis,
manifesting that RAP might not play a role of apoptosis inducer in
the synergy effects of combination groups.
Table 2 IC50 values and CI50 values of RAP and PTX for different

Formulation IC50 of PTX (nmol/L)a

Free drug 7.93 � 0.34

PM monotherapy 16.73 � 0.69

7pep-M monotherapy 9.32 � 0.48

Free Combi 4.86 � 0.21

M-Combi 8.52 � 0.40

7pep-M-Combi 5.08 � 0.35

e Not applicable.
aData are mean � SD, n Z 6.
3.4. Mechanismof the improved therapeutic efficacyof combination
therapy

3.4.1. Autophagy inhibitor 3-MA suppressed the cytotoxicity
and autophagic vesicular accumulation of combination therapy
Then, we explored the underlying mechanism for this synergy
effect of 7pep-M-RAP combined with 7pep-M-PTX for breast
formulations used in single or in combination.

IC50 of RAP (mmol/L)a CI50

48.08 � 4.37 e
64.95 � 4.15 e

55.73 � 4.22 e

0.0286 � 0.0015 0.362

0.0852 � 0.0066 0.511

0.0508 � 0.0058 0.546



Figure 4 Satisfactory synergistic chemotherapy with PTX. (A) Cytotoxicity of 7pep-M-Combi compared with 7pep-M-PTX or 7pep-M-RAP

in single use (mean � SD, n Z 6). *P < 0.05 and **P < 0.01, 7pep-M-PTX vs 7pep-M-Combi; #P < 0.05 and ##P < 0.01, 7pep-M-RAP vs 7pep-

M-Combi. (B) IC50 values of RAP and PTX for different formulations used in single or in combination. (C) In vitro cell apoptosis evaluation of

micelles against MCF-7 cells by flow cytometry. Double parameter dot plots show FITC-fluorescence (FL1-H axis) vs PI-fluorescence (FL2-H

axis). Quadrants: lower left, normal live cells (annexin V�/PI�); lower right, early apoptotic cell (annexin Vþ/PI�); upper right, late apoptotic

or necrotic cells (annexin Vþ/PIþ); and upper left, mechanically injured cells (annexin V�/PIþ).
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cancer. Since 7pep-M-RAP could actively trigger autophagy as
proved above, we assumed that excessive autophagy induced by
high concentrations of RAP would cause damage to intracellular
mitochondria or other organelles, and this effect, together with
apoptosis induced by PTX, plays a role in promoting tumor cell
death. In order to verify the above hypothesis, autophagy inhib-
itor 3-MA was involved to evaluate the relevance between
autophagy and anti-tumor effect. Furthermore, mitochondrial
morphology, mitochondrial membrane potential, cytochrome C
release, intracellular ATP content, and the activities of caspase-9
and 3 were investigated to examine the effect of co-
administration induced autophagy on the morphology and func-
tion of mitochondria.

As depicted in Fig. 5A and B, as well as Supporting
Information Figs. S17 and S18, the cell viability of 7pep-M-
PTX monotherapy, combination group, and combination therapy
plus 3-MAwere 50.53 � 4.04%, 30.67 � 4.61%, 40.54 � 4.13%,
respectively, and the apoptosis proportion in above three treatment
groups were 15.5 � 4.14%, 45.94 � 3.33%, 37.12 � 4.84%,
respectively. The results of SRB cytotoxicity assay and annexin V-
FITC/PI apoptosis analysis consistently demonstrated that the
combination use of 7pep-M-RAP and 7pep-M-PTX enhanced the
chemosensitivity to 7pep-M-PTX in TfR-overexpressing breast
cancer cells, and this synergistic interaction were significantly
suppressed by autophagy inhibitor 3-MA (P < 0.05), suggesting
that 7pep-M-RAP-induced autophagy might play an active role in
enhanced anti-tumor effect.

Cyto-ID� autophagy detection and LC3B protein aggregation
determination were also applied to further confirm whether the
synergism induced by the combination treatment involved the
active autophagy modulation effect of 7pep-M-RAP. Qualitative
and quantitative analysis of Cyto-ID staining further verified that
7pep-M-RAP alone or in combination with 7pep-M-PTX could
induce similar levels of autophagic vesicle accumulation, while
3-MA could effectively inhibit the autophagic vacuoles accumu-
lation (Fig. 5C and D). Moreover, with the addition of 3-MA, the
ratios of LC3-II to LC3-I expression, fluorescence dots of LC3B
aggregation, and the quantity of LC3B measured by ELISA
consistently decreased significantly both in single 7pep-M-RAP
and combination group (Fig. 5E and F, and Supporting Information
Fig. S19).

Therefore, we came to a preliminary conclusion that the
autophagy induced by 7pep-M-RAP played an important role in
the synergistic effect of combination therapy. It is worth noting
that 3-MA could not completely reverse the efficacy of co-
administration, indicating that autophagy is one of the many
mechanisms for the synergy between 7pep-M-RAP and 7pep-M-
PTX. The currently reported synergistic anti-tumor mechanisms of
combined RAP (or its derivatives) with PTX mainly involves the
anti-angiogenesis effect of RAP and its direct inhibition of mTOR
in tumor development11,13,35. It was reported that PTX down-
regulates Akt phosphorylation followed by mTOR activation,
which promotes resistance to chemotherapy and hormone thera-
pies in breast cancer cells, while RAP blocks the phosphoinositide
3-kinase (PI3K)/AKT/mTOR/p70S6K pathway, thus reversing
drug resistance36e38. Besides, the inhibition of mTOR arrests the
cells cycle in G1 phase, while PTX leads to G2/M phase arrest,
this dual role leads to synergy effects15. However, the relationship
between autophagy and synergistic effect of this combined strat-
egy is not well understood. Therefore, our research attempted to
clarify the role of RAP-induced autophagy in the combined anti-
tumor efficacy.



Figure 5 The inhibition effect of autophagy inhibitor 3-MA on cytotoxicity, apoptosis and intracellular autophagic vesicular accumulation. (A)

The effect of 3-MA on the cytotoxicity induced by 7pep-M-PTX in single or in combination with 7pep-M-RAP (mean � SD, nZ 6). 66P< 0.01

vs control without 3-MA; ##P < 0.01 vs 7pep-M-PTX without 3-MA; *P < 0.05 vs 7pep-M-Combi without 3-MA; P̂ < 0.05 vs 7pep-M-PTX

without 3-MA. (B) Quantitative analysis of in vitro cell apoptosis based on flow cytometric plots (mean � SD, n Z 4). Each bar represents the

sum of early apoptotic cells and late apoptotic cells. **P < 0.01 vs 7pep-M-PTX without 3-MA; #P < 0.05 vs 7pep-M-Combi without

3-MA;^̂P < 0.01 vs 7pep-M-PTX without 3-MA. (C) The effect of 3-MA on the Cyto-ID specifically labeled autophagic vesicles detected by flow

cytometry. (D) The inhibition effect of 3-MA on the Cyto-ID dye specifically labeled autophagic compartments. Images showed the colocalization

of the Cyto-ID fluorescence dye (green) and Hoechst 33342 (blue). The white scales represent 25 mm. (E) Levels of LC3-II to LC3-I measured by

western-blot, and the ratios of LC3-II to LC3-I were calculated by comparing the band densities (mean � SD, n Z 3). **P < 0.01 vs Control.
##P < 0.01 vs 7pep-M Combi without 3-MA. (F) The inhibition effect of 3-MA on the LC3B labeled autophagic vesicles. The white scale bars

represent 75 mm.
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3.4.2. Effect of co-administration induced autophagy on the
morphology and function of mitochondria
To further assess the effect of co-administration induced auto-
phagy on intracellular organelles, we examined the morphology
and function of mitochondria, including TEM, co-localization of
mitochondria with autophagic vesicles, change in MMP, release of
cytochrome C, intracellular ATP levels, as well as activities of
caspases 9 and 3.

From TEM images in Fig. 6A and quantitative analysis results
in Supporting Information Fig. S20, apoptotic body was observed
in MCF-7 cells exposed to 7pep-M-PTX alone, confirming the
presence of apoptotic cell death. In contrast, MCF-7 cells treated
with 7pep-M-RAP alone or in combination with 7pep-M-PTX,
contained a number of autophagic vacuoles, with digested mate-
rials or dysfunctional mitochondria that were sequestered into a
double-membrane-bound vesicle and lost their crista. Mitochon-
dria were abnormal in appearance and an increased number of
lysosomes were also observed. Consistent with the results ob-
tained under an electron microscope, the confocal microscopy
revealed that the combination of 7pep-M-RAP and 7pep-M-PTX
resulted in higher co-localization rate of Cyto-ID specifically
labeled-autophagic vesicles with Mitotracker labeled-
mitochondria compared with monotherapy groups (Fig. 6B and
Supporting Information Fig. S21). With the addition of 3-MA,



Figure 6 Effect of co-administration induced autophagy on the morphology and function of mitochondria. (A) TEM micrographs of MCF-

7 cells untreated (control) or treated with 7pep-M-PTX, 7pep-M-PTX, 7pep-M-Combi and 3-MA plus 7pep-M-Combi. Nucleus (yellow letter N),

typical autophagosomes (red frames), damaged mitochondria (yellow frames) and apoptotic body (yellow arrows) are indicated. The yellow scales

represent 1.0 mm. (B) Images and quantitative analysis of colocalization (yellow dots) of Cyto-ID specifically labeled autophagic vesicles (green

dots) and Mitotracker labeled mitochondria (red) in MCF-7 cells treated without or with 3-MA. The white scales represent 25 mm. (C) Decline of

mitochondria membrane potential (Dj) measured by flow cytometry. Live MCF-7 cells were stained with JC-10 after exposed to various for-

mulations. (D) Quantitative analysis of cellular cytochrome C by ELISA assay (mean � SD, nZ 3).^̂P < 0.01 vs Control; **P < 0.01 vs 7pep-M-

PTX without 3-MA; #P < 0.05 vs 7pep-M-Combi without 3-MA. (E) Quantitative analysis of cellular ATP measured by luminometer

(mean � SD, n Z 3). ^̂P < 0.01 vs Control; **P < 0.01 vs 7pep-M-PTX without 3-MA; #P < 0.05 vs 7pep-M-PTX with 3-MA. (F) Activity

of caspase-9 in MCF-7 cells induced by various formulations (mean � SD, n Z 3).^̂P < 0.01 vs Control; **P < 0.01 vs 7pep-M-PTX without

3-MA; #P < 0.05 vs 7pep-M-Combi without 3-MA.
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both the accumulation of autophagic vesicles and co-localization
of mitochondria with autophagic vesicles in combined therapy
group were reduced and the number of mitochondria was
increased. This might be due to the down-regulation of autophagy
by 3-MA and the reduction of mitophagy. Selective degradation of
mitochondria by autophagy is also known as ‘mitophagy’ and is
considered to be promoted by their functional impairment and/or
by MMP. Mitophagy may ensure the removal of damaged and
potentially dangerous mitochondria, while excessive autophagy
may cause damage to the function of organelles39e41. Since
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decline in MMP is a morphological characteristic of mitochon-
drial function recession, we then used JC-10 to detect the changes
in MMP by flow cytometry and confocal analysis. JC-10 is a
cationic lipophilic fluorescent dye. It accumulates in mitochondria
and its intake is proportional to the MMP. As indicated in Fig. 6C
and Supporting Information Fig. S22, the fluorescence intensity of
JC-10 was obviously lower in the cells exposed to 7pep-M-RAP in
combination with 7pep-M-PTX relative to the other groups,
while the fluorescence intensity increased with the pretreatment of
3-MA, suggesting that the decrease of MMP induced by co-
administration might be related to autophagy.

Fig. 6D and F, as well as Supporting Information Fig. S23
present the change in function of mitochondria with different
treatments. It was showed that when compared with monotherapy,
7pep-M-RAP plus 7pep-M-PTX induced increased release of
cytochrome c from mitochondria (Fig. 6D), decreased intracellular
ATP content (Fig. 6E), as well as enhanced activities of caspase-9
and -3 (Fig. 6F and Supporting Information Fig. S23), and these
effects could be partly suppressed by 3-MA. These findings
showed that the mitochondrial morphology and function were
impaired by the combination therapy, and this effect on mito-
chondria might be partially associated with 7pep-M-RAP-induced
autophagy.

Mitochondria are vital organelles for cellular metabolism and
bioenergetics of eukaryotic cells, involving a variety of biological
processes, such as intracellular homeostasis, cell proliferation,
senescence, and death42. Based on the above results, it could be
speculated that during the combination therapy of 7pep-M-RAP
and 7pep-M-PTX, mitophagy occurred in MCF-7 cells, which led
to mitochondrial damage, followed by mitochondrial membrane
permeability transition, oxidative phosphorylation decoupling,
excessive depletion of ATP, and the release of cytochrome c into
cytoplasm after mitochondrial swelling43. After cytochrome c
release, caspase 9 was activated by a series of signaling pathways
that activated downstream cascade enzymes, such as caspase-3,
causing a downstream cascade that eventually triggered
apoptosis44. In short, it was demonstrated that 7pep-M-RAP
enhanced 7pep-M-PTX-induced mitochondria-associated
apoptosis at least partly through autophagy activation, thereby
enhancing the anti-tumor effect of 7pep-M-PTX.

Studies have shown that RAP at a concentration of greater than
100 nmol/L brought on autophagy-related death in drug-resistant
NIH 3T3 cells45, which is similar to our results on MCF-7 cells in
this study. It could be deduced that when 7pep-M-RAP is
administered simultaneously with 7pep-M-PTX, or 7pep-M-RAP
is administered after 7pep-M-PTX, cytotoxic PTX would firstly
cause organelle damage, and then the autophagy induced by RAP
might play a role in protecting MCF7 breast cancer cells from
organelle damage caused by PTX. On the contrary, the pretreat-
ment with 7pep-M-RAP on MCF-7 cells induced a large number
of autophagy, resulting in excessive depletion of key intracellular
processes and rapid accumulation of intracellular autophagic
vesicles, whereas cells could not degrade the contents in time,
leading to abnormal accumulation of autophagosomes and
imbalance of cell functions46,47. During autophagy development,
the non-specific capture of cytoplasmic components led to irre-
versible damage to mitochondria or other organelles. At this time,
the application of cytotoxic chemotherapeutic agents, such as
PTX, aggravated the injury of organelles, which eventually led to
cell death. Under the circumstances, the intracellular balance was
broken, and autophagy no longer played a protective role, but
promoted cell death.
In summary, based on our findings, it can be concluded that a
combined strategy targeting autophagic cell death has great poten-
tial for enhancing the antitumor efficacy of chemotherapeutic
agents. However, in view of the biphasic effect of autophagy, there is
a requirement to establish the appropriate concentration of rapa-
mycin and sequence of administration that is capable of activating
autophagy, inducing mitophagy or promoting tumor cell apoptosis,
so as to provide a new approach to treating malignant tumor.

3.5. Targeted delivery of nanomedicines to MCF-7 tumor-
bearing nu/nu mice

To further investigate the tumor targeting efficacy of 7pep-modified
micelles and optimize the dosage regimen, we applied in vivo fluo-
rescence imaging on MCF-7 tumor-bearing mice models. Fig. 7A
displays the fluorescence distribution of tumor-bearing nude mice at
different time points after the administration of M-DiR or 7pep-M-
DiR. For all groups, the fluorescence intensity in the tumor sites
increased with time. The DiR accumulation of 7pep-M-DiR at the
tumor site was higher than that of M-DiR at all time points.
Compared with 7pep-M-DiR group, the fluorescence intensity of
7pep block group at the tumor site was significantly lower at all time
points, suggesting that 7pep in blank active micelles could
competitively inhibit the distribution in tumors after specifically
binding to TfR. This finding indicated that the in vivo targeting effect
of 7pep-modified micelles was still a receptor-mediated process.
From Fig. 7B, the 7pep-M-DiR group showed higher fluorescent
intensity in excised tumor than M-DiR group, while no distinct
difference was detected in the other main organs.

The bio-distribution of 7pep-M-DiD and 7pep-M-DiR used in
combination was further performed to investigate the effect of
different dosing regimens on the drug distribution in tumor sites.
DiDwas employed as the indicator for RAP loaded in 7pep-M-RAP
and DiR was applied as the indicator for PTX loaded in 7pep-M-
PTX. It has been reported that the two fluorescence probes did not
interfere with each other under their respective excitation/emission
conditions and could be used simultaneously for tissue distribution
studies in combination administration48. As the appropriate
administration sequencing is very crucial for the therapeutic
outcome of combination therapy48, two different dosing regimens
were compared to achieve better distribution characteristics with
dual-nanomedicines (Fig. 7C). As shown in Fig. 7D and F,
when two nanocarriers were administrated simultaneously (referred
to as Combi-simu group), the fluorescence intensity of either DiR or
DiD increased over time until the peak at 24e36 h, then decreased
till the end of experiment. This tendency of signal intense was
similar to that of monotherapy group, indicating that the co-
administration had no effect on the peak time and elimination
rates of nanomedicines compared with single drug treatments.
However, the fluorescence intensity of either DiR or DiD was lower
than that of the monotherapy group at the same time point,
respectively. This phenomenon in Combi-simu group was particu-
larly pronounced. It could be speculated that the two micellar for-
mulations exhibited the similar peak times and the accumulation
process after simultaneous administration, which might lead to
competitive penetration into the tumor tissues. In addition, the 7pep
modified on 7pep-M-DiD and 7pep-M-DiR competitively binds to
TfR in tumor cells, resulting in a competitive uptake of nano-
carriers, which were consistent with the observations of in vitro
cellular uptake. In view of this, we proposed a cross-over design in
which DiD-loaded nanocarriers were injected 24 h prior to the in-
jection of DiR-loaded nanocarriers (referred to as Combi-cros



Figure 7 In vivo targeted delivery of nanomedicines used in single or in combination to MCF-7 tumor-bearing nu/nu mice. (A) In vivo specific

delivery of TfR-targeted nanocarriers used alone. Mice were treated with M-DiR, 7pep-M-DiR, or blank 7pep-M plus 7pep-M-DiR (Referred to as

7pep block group, in which mice were injected with 200 mL of blank 7pep-PMs 1 h before administration of 7pep-M-DiR). (B) Ex vivo fluorescent

images of tumor and major organs. (C) Dosing schemes of 7pep-M-DiD and 7pep-M-DiR for in vivo tissue distribution. MCF-7 tumor bearing

mice were treated with single 7pep-M-DiR, 7pep-M-DiR plus 7pep-M-DiD administrated simultaneously (Referred to as Combi-simu group),

7pep-M-DiR plus 7pep-M-DiD predosed 24 h prior to 7pep-M-DiR (Referred to as Combi-cros group). (D) and (F) In vivo distribution of dual-

nanomedicines administrated simultaneously or at certain intervals. The fluorescent images of DiR and DiD are shown in (D) and (F), respec-

tively. (E) and (G) Ex vivo fluorescent images of tumor and main organs.
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group), aiming to avoid the competitive inhibition effect. As seen in
Fig. 7DeG, the accumulation of either DiR or DiD at the tumor
sites in Combi-cros group was similar to that of the single drug
administration group, which was in line with our expectation.

Based on above findings, it was suggested that the two nano-
medicines should be administered at certain intervals to avoid the
competitive inhibition caused by simultaneous administration
in vivo distribution study.

3.6. The combination therapy against the MCF-7 tumor in nude
mice

Next, the in vivo anti-tumor efficacy of 7pep-M-RAP and 7pep-M-
PTX used in single or in combination were investigated in nude
mice bearing MCF-7 breast cancer. As seen from tumor growth
curves in Supporting Information Figs. S24 and S25, all RAP
preparations used alone had weak tumor growth inhibitory effect,
and there was no significant difference between different RAP
preparations. 7pep-M-PTX monotherapy revealed better anti-
tumor effect than both commercial product of PTX and unmodi-
fied micelles. It could be speculated that this better tumor sup-
pression effect of 7pep-modified polymer micelles might be
contributed to its more accumulation at tumor sites through EPR
effect and TfR-mediated endocytosis as proved above. Mean-
while, the expression level of transferrin receptor in excised tumor
tissues was confirmed by immunofluorescence. As seen in
Supporting Information Fig. S26, obvious red fluorescence was
observed around nuclei, suggesting that TfR was highly expressed
on MCF-7 cells, which was in accordance with in vitro experi-
mental result.



Figure 8 The combination therapy against the MCF-7 tumor in nude mice. (A) Tumor growth curves of mice treated with PBS, 7pep-M-RAP,

7pep-M-PTX, Free Combi, M-Combi or 7pep-M-Combi (mean � SD, n Z 6). Arrows indicate the time for injection. **P < 0.01 vs PBS;
##P < 0.01 vs 7pep-M-RAP; 6P < 0.05 vs 7pep-M-PTX. (B) The photo of excised tumors from different treatment groups. Scale barZ 1 cm. (C)

Confocal images of TUNEL assay for apoptotic cells in tumor tissue sections from different treatment groups. DNA strand breaks were labeled

with Texas red (red), and nuclei were stained with Hoechst 33258 (blue). Apoptotic cells exhibited the co-localization of these two labels. White

scale bars Z 100 mm. (D) TEM pictures of tumor masses with different treatments. Nucleus (yellow N), typical autophagosomes (red frames) and

apoptotic body (yellow arrows) are indicated. Yellow scale bars Z 1.0 mm. (E) Confocal images of LC3B aggregation (red dots) in tumor tissue

sections from different treatment groups by immunofluorescence staining. Yellow scale bars Z 50 mm.
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The all three combined treatment groups exhibited significant
enhanced antitumor effects over either RAP or PTX administrated
alone at all time points. The antitumor efficacy of three combi-
nation groups was found in a descending order as: 7pep-M-
Combi > M-Combi > Free Combi (Fig. 8A). The tumor weight
measured at the end of test and the image of excised tumors
further illustrated the similar observations (Fig. 8B and Supporting
Information Fig. S27). These results are in agreement with the
tendency of in vitro cellular uptake, cytotoxicity, cell apoptosis, as
well as in vivo drug accumulation in tumors.

In order to explore the mechanism of combined administration,
cell apoptosis was detected by TUNEL technique, and the auto-
phagy of tumor cells was examined by TEM and
immunofluorescence. As displayed in Fig. 8C‒E, as well as
Supporting Information Fig. S28, compared with 7pep-M-PTX
monotherapy, 7pep-M-RAP used in single induced less cell
apoptosis but more autophagic vesicles accumulation in tumor
tissue, while the combination of 7pep-M-RAP and 7pep-M-PTX
resulted in not only significantly more apoptosis but also higher
level of autophagic vesicle accumulation. It is known that RAP is
an autophagy inducer, and PTX is an apoptosis inducer that acts
on tubulin. The combination of the two nanomedicines led to an
increase in apoptosis and autophagy. Based on the in vitro find-
ings, it could be speculated that the synergistic effect of 7pep-M-
RAP and 7pep-M-PTX might be partly due to ACD induced by
RAP and apoptosis induced by PTX.



Figure 9 Toxicity studies after intravenous administration. (A) Body weight changes of mice during antitumor efficacy study (mean � SD,

nZ 6). Arrows indicate the time for injection after tumor cells inoculation. *P < 0.05 vs PBS. (B) Effects of different formulations on white blood

cells (WBC) counts at the end of test (mean � SD, nZ 5). *P < 0.05 and **P < 0.01 vs PBS; #P < 0.05 vsM-PTX; 66P < 0.01 vs 7pep-M-PTX;
,P < 0.05 vs 7pep-M-Combi. (C) Optical microscopy images of H&E staining livers after treated with different formulations. Magnification,

200�. Red circles indicate the necrotic area in livers.
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3.7. Toxicity studies after intravenous administration

The changes of body weight, leucocyte, neutrophil and platelet
count in nude mice after administration were also examined to
evaluate the chemotherapy associated toxicity. There was no sig-
nificant body weight loss for all treated animals except that free
PTX group and free drugs combination group showed a decline
trend in body weight (Fig. 9A), indicating the acceptable tolerance
of different nanomedicines, especially the combinational therapies.
As shown in Fig. 9B, as well as Supporting Information Figs. S29
and S30, compared with control group, the combination group of
free PTX and free RAP exhibited a significant decrease in WBC,
GRN and PLT counts, while nanomedicines combination group
only had a minor adverse effect on the blood cells (P > 0.5),
implying reduced hematotoxicity of chemotherapeutic agents due
to the encapsulation in nanocarriers. H&E staining results of
excised livers showed that free PTX, Free Combi and M-Combi
caused obvious liver necrosis, while no apparent liver toxicity was
observed in other groups (Fig. 9C). The safety advantages of
nanomedicines were likely due to the lack of haemolytic Cremo-
phor EL and the modification of 7pep on micelles, resulting in less
non-specific distribution and greater accumulation at tumor sites,
which was in accordance with the tissue distribution results in vivo.

Therefore, combinational therapies using 7pep-M-RAP with
7pep-M-PTX could achieve better anti-tumor efficacy with low
systemic and hematotoxicity.

4. Conclusions

In summary, our study provides proof-of-concept for 7pep-M-RAPas
a novel treatment modality to improve the therapeutic efficacy of
chemotherapeutic nanomedicine. 7pep-M-RAP revealed synergistic
anti-tumor effect with cytotoxic 7pep-M-PTX on MCF-7 breast
cancer. Through ligand‒receptor-mediated active targeting and
inducing massive accumulation of autophagic vesicles, combination
chemotherapy that acted on both ACD and apoptosis provided
enhanced efficacy and reduced toxicity.Combinedwith targetedDDS
(7pep-M-PTX) of chemotherapeutic agent, 7pep-M-RAP brought on
mitochondria-associated apoptosis and direct tumor suppression. To
the best of our knowledge, relevant studies have not reported previ-
ously thatRAP is preparedas a targetingDDS for inducingACD.As a
result, the combinationof autophagy-targetedDDSwith cytotoxicity-
targeted DDS provided superior therapeutic efficacy by increasing
tumor tissue accumulation and enhancing cellular uptake, with low
myelosuppression and systemic toxicity. We speculate that the
combined strategy of targeting autophagic cell death may be a
promising approach for the effective treatment of breast cancer by
modulating autophagy and regulating apoptosis, so as to be extended
to numerous tumor models with several other nanosystems.
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