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Abstract 

Dendrimers are synthetic nanocarriers that comprise a highly branched spherical polymer as new, 
efficient tools for drug delivery. However, the fate of nanocarriers after being internalized into 
cells has seldom been studied. Docetaxel loaded dendritic copolymer H40-poly(D,L-lactide) na-
noparticles, referred to as “DTX-H40-PLA NPs”, were prepared and used as a model to evaluate 
whether the NPs were sequestered by autophagy and fused with lysosomes. Besides being de-
graded through the endolysosomal pathway, the DTX-loaded H40-PLA NPs were also seques-
tered by autophagosomes and degraded through the autolysosomal pathway. DTX-loaded 
H40-PLA NPs may stop exerting beneficial effects after inducing autophagy of human MCF-7 
cancer cells. Co-delivery of autophagy inhibitor such as chloroquine and chemotherapeutic drug 
DTX by dendritic copolymer NPs greatly enhanced cancer cell killing in vitro, and decreased both 
the volume and weight of the tumors in severe combined immunodeficient mice. These findings 
provide valuable evidence for development of nanomedicine such as dendritic copolymer NPs for 
clinical application. 

Key words: Nanomedicine; Endocytosis; Autophagy; Docetaxel; Chloroquine; Dendrimers. 

Introduction 
Nanomedicine refers to the use of nanotechnol-

ogy for diagnosis, monitoring and therapy of various 
diseases [1]. Various nanocarriers for diagnosis and 
treatment based on degradable polymers and 
non-degradable materials (e.g. polymeric nanoparti-
cles, liposomes, micelles, solid lipid nanoparticles, 
carbon nanotubes, gold nanoparticles, silica nanopar-
ticles and dendrimers) have been developed [1-3]. As 

branched, synthetic polymers with layered architec-
tures, dendrimers are highly promising in several 
biomedical and pharmaceutical applications such as 
drug delivery [2-4]. It is characterized by an exten-
sively branched 3D structure that provides a high 
degree of surface versatility and functionality. By 
having unique properties such as uniform size, high 
degree of branching, multivalency, water solubility, 
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well-defined molecular weight and available internal 
cavities, these dendrimers are potentially applicable 
to drug delivery [1-5]. However, the fate of the den-
drimers after being internalized into cells has rarely 
been studied. Moreover, there have been public con-
cerns on the safety issue of dendrimers because the 
intracellular pharmacokinetics of them, i.e. adhesion, 
distribution, metabolism and excretion, is still unclear 
[6].  

Autophagy is a basic cellular catabolic mecha-
nism that involves intercellular degradation of dys-
functional cellular components or foreign invaders 
through the lysosomal machinery in which cytoplas-
mic materials are degraded by being sequestered into 
double membrane vesicles and transported to lyso-
somes [7,8]. Autophagy plays a vital role in cyto-
plasmic renewal, elimination of intercellular aggre-
gate-prone proteins and clearance of pathogens [9]. 
Till now, non-degradable nanoparticles, such as gold, 
silica and TiO2 nanoparticles, have been reported to 
induce oxidative damage and autophagy [10, 11]. In 
our previous study, poly (lactic-co-glycolic acid) 
(PLGA)-based nanoparticles induced autophagy 
during which autophagosomes enwrapped the na-
noparticles and delivered them to lysosomes for deg-
radation. Moreover, polyethylene glycol- and 
D-α-tocopheryl polyethylene glycol 1000 succinate 
(TPGS)-modified PLGA-based nanoparticles are able 
to induce far more autophagosomes than nonmodi-
fied PLGA-based ones [12]. However, whether den-
drimers are sequestered by autophagy and degraded 
through the autophagic pathway remains unknown. 
On the other hand, autophagy suppresses tumor 
suppression by removing damaged orga-
nelles/proteins and limiting cell growth and genomic 
instability [13-14]. Nevertheless, upon tumorigenesis, 
cancer cells confer stress tolerance such as acid envi-
ronment, hypoxia and deficiency of nutrition through 
autophagy, thus maintaining tumor cell survival [14]. 
After being activated in response to a variety of 
chemotherapeutic drugs, autophagy decreases their 
therapeutic effects and resists cell death [15]. There-
fore, chemotherapeutic drugs have been combined 
with autophagy inhibitors such as 3-methyladenine 
(3-MA) and chloroquine (CQ) to enhance tumor cell 
death in vitro and in vivo [16, 17]. Thereby motivated, 
docetaxel (DTX)-loaded nanoparticles made of den-
dritic polymers (H40-PLA) named DTX-loaded 
H40-PLA nanoparticles were employed in this study 
to evaluate whether dendrimers are sequestered by 
autophagy and degraded through the autophagic 
pathway.  

Materials and methods 
Materials  

CQ, 3-MA, stannous octoate (Sn(Oct)2) and 
D,L-lactide (LA) were purchased from Sigma-Aldrich 
(St. Louis, MO). Boltorn® H40 (H40, a dendritic poly-
ester with 64 hydroxyl terminal groups per molecule, 
Mn 2833) was obtained from Perstorp Polyols AB Co., 
Sweden. Docetaxel was from Shanghai Jinhe Bio-tech 
Co., Ltd. (Shanghai, China). Acetonitrile and metha-
nol were purchased from EM Science (HPLC grade, 
Mallinckrodt Baker, USA). All other chemicals of 
highest quality were commercially available. Anti-
bodies against LC3 and LAMP1 were from Cell Sig-
naling Technology, Inc. (Danvers, MA). Antibody 
against β-actin was obtained from Abmart, Inc 
(Shanghai, China). 

Synthesis and characterization of dendritic 
copolymer H40-PLA 

Dendritic copolymer H40-PLA was synthesized 
by the ring opening polymerization (ROP) of LA with 
H40 as the macro-initiator and Sn(Oct)2 as the catalyst. 
LA (4.58 g, 31.77 mmol), H40 (0.50 g, 11.29 mmol of 
hydroxyl groups), and Sn(Oct)2 (0.013 g, 0.1 mol% of 
monomer) were added in a glass tube which was 
connected to a vacuum system. An exhaust-
ing-refilling process with argon was then repeated 
three times. The tube was sealed, heated to 150°C in 
oil bath for 12 h, and then cooled to room tempera-
ture. The crude product was dissolved in tetrahy-
drofuran (THF) and passed through a neutral alumina 
column. Then the mixture was concentrated and pre-
cipitated in cold diethyl ether to generate white 
powders H40-PLA. The final product was collected by 
filtration and dried under vacuum at 40°C for 24 h. 1H 
NMR (Bruker AMX 500) was used to confirm the 
structures of dendritic copolymer H40-PLA which 
dissolved in CDCl3. Molecular weight of the H40-PLA 
was determined by GPC (Waters GPC analysis system 
with RI-G1362A refractive index detector, Waters 
Corp., Milford, MA, USA) with THF as the eluent at 
the flow rate of 1 mL/min. Molecular weight and 
polydispersity index were estimated using standard 
polystyrene samples. 

Plasmid and transfection 
DsRed-Rab5, DsRed-Rab7 and Flag-Rubicon 

plasmids were from Addgene. DsRed-LC3 plasmids 
were prepared in our laboratory. KSHV Flag-vBcl-2 
plasmid was kindly provided by Professor Beth Lev-
ine, University of Texas Southwestern Medical Cen-
ter. All plasmid constructs were confirmed by DNA 
sequencing. Cells were transiently transfected with 
the plasmids using lipofectamine 2000 (Invitrogen, 
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Carlsbad, CA, USA) according to the manufacturer’s 
instructions. 

Formulation of coumarin-6-loaded and 
DTX-loaded H40-PLA nanoparticles 

Coumarin-6-loaded and DTX-loaded H40-PLA 
nanoparticles were prepared by a modified nanopre-
cipitation method [18]. In brief, 10 mg coumarin-6 or 
10 mg DTX powders were dissolved in 8 mL of ace-
tone with 100 mg H40-PLA copolymer by vortexing 
and sonication, respectively. The mixture was drop-
wise added into 100 mL of aqueous solution (includ-
ing 0.03% TPGS) under stirring. The suspension was 
then stirred uncovered overnight to remove acetone 
completely. Then the suspension was centrifuged at 
20,000 rpm for 30 min. The precipitation was then 
washed three times with sterile water. Finally, the 
dispersed solution was lyophilized for 2 days for 
further use.  

Characterization of nanoparticles 
Particle size and zeta potential were measured 

by Malvern Mastersizer 2000 (Zetasizer Nano ZS90, 
Malvern Instruments Ltd., UK). Zeta potential is an 
indicator of the surface charge and colloidal stability 
of particles. Before measurement, freshly prepared 
NPs were appropriately diluted. All measurements 
were carried out at room temperature after 10 min of 
equilibration. The data were the averages of three 
measurements. Surface morphology of the nanoparti-
cles was examined by field emission scanning electron 
microscopy (FESEM, JEOL JSM-6301F, Tokyo, Japan). 
To prepare samples for FESEM, the H40-PLA NPs 
were fixed on a stub by a double-sided sticky tape and 
then coated with platinum layer by JFC-1300 auto-
matic fine platinum coater (JEOL, Tokyo, Japan) for 60 
s. The H40-PLA NPs were further observed by 
transmission electron microscopy (TEM, Tecnai G2 20, 
FEI Company, Hillsboro, Oregon, USA). Sample was 
dropped onto a copper grid coated with a carbon 
membrane. The grid was allowed to dry before char-
acterization. 

Drug loading and drug encapsulation efficiency 
To determine the drug loading content (LC) and 

drug encapsulation efficiency (EE), DTX-H40-PLA 
NPs at a predetermined amount were dissolved in 1 
mL of dichloromethane under vigorous vortexing. 
The solution was transferred to 5 mL of mobile phase 
consisting of deionized water and acetonitrile (50:50, 
v/v). A nitrogen stream was introduced to evaporate 
dichloromethane for about 15 min, and then a clear 
solution was obtained for HPLC analysis (LC 1200, 
Agilent Technologies, Santa Clara, CA, USA). A re-
verse-phase C18 column (150×4.6 mm, 5 μm, C18, Ag-
ilent Technologies, CA, USA) was used at 35°C. The 

flow rate of mobile phase was set at 1 mL/min. The 
column effluent was detected using a UV detector at 
λmax of 227 nm [19]. The measurement was performed 
in triplicate. LC and EE of the DTX-H40-PLA NPs 
were calculated by previously described methods 
[12]. 

Cell culture 
Human breast carcinoma cell line MCF-7 was 

purchased from American Type Culture Collection 
(ATCC, Rockville, MD). MCF-7 cells were cultured in 
Dulbecco’s Modified Eagle’s Medium (DMEM) sup-
plemented with 10% Fetal Bovine Serum (FBS). 

Cellular uptake of coumarin-6-loaded 
H40-PLA NPs 

Coumarin-6 was used as a model fluorescent 
molecule that was formulated in dendritic copolymer 
H40-PLA NPs. Cellular uptake of coumarin-6 loaded 
H40-PLA NPs by MCF-7 cells was detected. 
Non-transfected or DsRed-Rab5 and DsRed-Rab7 
cells were incubated with 100 μg/mL couma-
rin-6-loaded H40-PLA NPs at 37°C for 2 h. For lyso-
some detection, the cells were incubated with 
Lyso-Tracker Red for 1 h. Then the cells were washed 
with PBS three times, fixed by 4% paraformaldehyde 
for 20 min, stained with DAPI for 15 min and washed 
three times with PBS. Confocal microscopy was per-
formed on a FLUO-VIEW laser scanning confocal mi-
croscope (Olympus, FV1000, Olympus Optical, and 
Japan) in the sequential scanning mode using a 60-100 
×objective. 

Autophagy assays  
DsRed-LC3 transfected MCF-7 cells were trans-

fected with 100 μg/mL drug-free H40-PLA NPs, 100 
μg/mL coumarin-6-loaded H40-PLA NPs, 1 μM DTX, 
DTX-H40-PLA NPs (equal to 1 μM DTX), 10 mM 
3-MA or 30 μM CQ for 24 h. And then fixed in 4% 
paraformaldehyde. The cells with fluorescent dots 
representing DsRed-LC3 translocation were counted 
by confocal microscopy as described in 
Hoyer-Hansen’work M [20]. In brief, the percentage 
of cells with DsRed-LC3 translocation into dots (250 
cells/sample, with over five LC3-positive dots) was 
counted in DsRed-LC3 expressing cells. LC3II protein 
level was detected by western blotting using the an-
ti-LC3 antibody. 

Immunoblotting and immunofluorescence 
assays  

Immunoblotting analysis was performed as de-
scribed in Liang C’ work [21]. In brief, cell lysates 
were resolved on 12% SDS-PAGE and analyzed by 
immunoblotting using LC3 antibody, followed by 
enhanced chemiluminescence (ECL) detection 
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(Thermo Scientific). Immunofluorescence assay was 
performed as described in Liang C’ work [22]. The 
frozen sections were incubated in PBS for 15 min to 
remove the embedding medium. The specimens were 
blocked with the buffer containing 3% BSA and 0.5% 
Triton X-100 for 30 minutes. The specimens were 
subsequently, incubated with LC3B primary antibody 
(1:50 in 3% BSA) overnight and then washed three 
times with PBS for 5 min each. They were then incu-
bated with TRITC secondary antibody (KPL) diluted 
in 3% BSA at room temperature in the dark for 1 h. 
Finally, confocal microscopy was performed on a 
FLUO-VIEW laser scanning confocal microscope 
(Olympus, FV1000, Olympus Optical, Japan) in se-
quential scanning mode using a 20×objective. 

In vitro cytotoxicity of H40-PLA NPs 
MCF-7 cells were seeded in 96-well plates at the 

density of 5×103 cells per well in 100 μl of medium 
and incubated overnight. Thereafter the cells were 
co-treated with DTX-H40-PLA NPs at the concentra-
tion equivalent to 0.25-25 μg/mL docetaxel and 30 μM 
CQ. The MCF-7 cells were incubated with these re-
gents for 24, 48 and 72 h. Before harvest, the culture 
media were replaced with fresh ones containing MTT 
(5 mg/mL) and incubated for another 4 h. Absorbance 
was measured at 570 nm.  

In vivo anti-tumor assay with xenograft severe 
combined immunodeficient mice model 

 All animal experiments have been approved by 
the Institutional Animal Care and Use Committee of 
Tsinghua University Shenzhen Graduate School. Fe-
male severe combined immunodeficient (SCID) mice 
were purchased from the Institute of Laboratory 
Animal Sciences, Chinese Academy of Medical Sci-
ence. MCF-7 cells (2×106 cells/mouse) were inocu-
lated subcutaneously to mice at the right axilla. Tu-
mors were measured by vernier caliper and the vol-
ume (V) was calculated as V=d2×D/2, where d and D 
are the shortest and the longest diameters of the tu-
mor in mm respectively [23]. When the tumor volume 
reached around 30 mm3 (designated as the 0 day), 

treatments were performed. The mice were randomly 
divided into four groups (each group has 5 animals, n 
= 5). Saline was used as control. DTX-loaded 
H40-PLA NPs were injected via peritoneal cavity at a 
single dose of 10 mg DTX /kg in PBS, 50 mg/kg CQ in 
PBS and 10 mg DTX /kg in PBS in combination with 
50 mg/kg CQ in PBS on days 0, 2, 4, 6, 8, 10 and 12 
respectively. The mice were sacrificed by cervical de-
capitation 12 days after treatment. The terminal tumor 
weight (mg) was measured to evaluate the antitumor 
activity.  

Statistical methodology 
All results are reported as mean ± S.E.M. of three 

independent experiments. Comparisons were per-
formed using a two-tailed paired Student’s t test (* 
P<0.05, ** P<0.01, *** P<0.001).  

Results and discussion 
Synthesis and characterization of dendritic 
copolymer H40-PLA 

The synthetic route of dendritic copolymer 
H40-PLA is shown in Fig.1A. H40-PLA was synthe-
sized by the ROP of LA using H40 as the mul-
ti-hydroxyl initiator and Sn(Oct)2 as the catalyst under 
an argon atmosphere at 150°C for 12 h. Fig.1B pre-
sents the 1H NMR spectrum of H40-PLA. The charac-
teristic peak signals from initiator H40 and monomer 
LA repeating units were observed: a (δ = 5.18 ppm, 
LA repeating unit: -CHCH3), b (δ = 1.56 ppm, LA re-
peating unit: -CHCH3), c (δ = 4.35 ppm) and d (δ = 
1.47 ppm) were assigned to the terminal methane 
protons (-CHCH3OH) and methyl protons 
(-CHCH3OH) of H40-PLA, respectively. The peaks at 
1.23 ppm and 4.20 ppm corresponded to the protons 
of the methyl and methylene groups of Boltorn® H40. 
As evidenced by the 1H NMR spectrum, H40-PLA 
was of a dendrimer-like structure. The molecular 
weight (Mn) of the copolymer was measured by GPC. 
The Mn and polydispersity index (PDI) evaluating 
from GPC analysis were 2.6×104 and 1.6, respectively. 

 
 

Figure 1. (A) Synthesis scheme of den-
drimer-like copolymer H40-PLA. (B) 
Typical 1H NMR spectra of H40-PLA. 
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Preparation and characterization of NPs 
Drug-free, coumarin-6-loaded and DTX-H40- 

PLA NPs were prepared by a modified nanoprecipi-
tation method (Fig. 2A) [18]. Particle size and surface 
properties of the nanoparticles play a key role in drug 
release, cellular uptake and biodistribution [24,25]. 
Dynamic light scattering was carried out to measure 
the size and size distribution of these H40-PLANPs. 
As shown in Fig. 2B and Table 1, the average hydro-
dynamic size of these H40-PLA NPs were about 100 
nm in diameter, falling within the optimum particle 
size range of 20–200 nm for prolonged circulation, 
accumulation in tumor tissue, enhanced diffusion 
within tissue and uptake by cancer cells [18,24-26]. 
FESEM and TEM images shows that the H40-PLA 
NPs have a nearly spherical shape (Fig. 2C and D).  

Zeta potential of nanoparticles determines their 
stability in suspensions as well as cellular uptake [18, 
24, 26]. Therefore, the zeta potential of these H40-PLA 
NPs was also measured. As shown in Table 1, the zeta 
potentials of the DTX-loaded and drug-free H40-PLA 
NPs are -19.6 and -21.8 mV, respectively. Besides, the 
drug LC and EE of DTX-H40-PLA NPs reached 
around 9.53% and 94.31%, respectively, which were 
conducive to drug delivery. 

Table 1. Characterization of H40-PLA NPs. 

Group Size (nm) PDI ZP (mV) LC (%) EE (%) 
DTX-loaded NPs 107.3±4.6 0.129 -19.6±2.5 9.53 94.31 
Drug-free NPs 98.6±3.8 0.106 -21.8±3.9 0  0 
Size= The diameter of particles, PDI = Polydispersity index, ZP = Zeta potential, LC 
= Loading content, EE = Encapsulation efficiency, n =3. 

 

 

 
Figure 2. Schema of preparation and characterization of the DTX-H40-PLA NPs. (A) Schematic representation of process for preparation of DTX-H40-PLA NPs. (B) DLS size 
distribution of DTX-H40-PLA NPs. (C) FESEM image of the DTX-H40-PLA NPs. Scale bars: 100 nm. (D) TEM image of the DTX-H40-PLA NPs. Scale bars: 100 nm. 

 

Cellular uptake of NPs 
Mammalian cells can absorb nutrients such as 

glucose and amino acid from the external environ-
ment. This process of bulk transport of material into a 
cell is referred to as endocytosis, either being de-
pendent or independent on clathrin [27]. Nanoparti-
cles based on biodegradable polymers such as PLA, 
PLGA and chitosan tend to enter mammalian cells 
through clathrin-dependent endocytosis [28,29]. 
However, the fate of NPs after being internalized into 
the cells has scarcely been studied. To this end, Bol-
torn® H40-PLA was synthesized in our group and 
used as a model dendritic polymer to investigate the 
trafficking within cells, and a green fluorescent dye 
(coumarin-6) was used for tracing. In order to inves-

tigate whether NPs are degraded through the en-
do-lysosomal pathway, DsRed-Rab5 and DsRed-Rab7 
were used to label the early endosome and late en-
dosome respectively for which Rab GTPases Rab5 and 
Rab7 are the most important organelle identity 
markers [30]. The DsRed-Rab5 and DsRed-Rab7 
transfected MCF-7 cells were treated with couma-
rin-6-loaded H40-PLA NPs for 1 h. The NPs were in-
ternalized by the cells efficiently and parceled in a 
number of spherical particles therein (Fig. 3A). In the 
meantime, these coumarin-6-loaded spherical parti-
cles were co-localized with DsRed-Rab5 labeled early 
endosomes and DsRed-Rab7 labeled late endosomes 
(Fig. 3 B and C). Hence, the H40-PLA NPs could be 
efficiently absorbed by mammalian cells. To confirm 
the final destination of the H40-PLANPs, 
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Lyso-Tracker Red probes were used to detect lyso-
somes. As expected, most H40-PLA NPs were 
co-localized with the lysosomes and degraded within 
them (Fig. 3D). In summary, the H40-PLA NPs were 
subjected to efficient uptake by mammalian cells 
through endocytosis and translocation into lysosomes 
for degradation finally.  

Autophagy induced by dendrimer-based NPs 
Autophagy is the process of bulk degradation 

and recycling of long-lived proteins, macromolecular 
aggregates, and damaged intracellular orga-
nelles. Our previous work showed that mammalian 
cells could sequester cytoplasmic PLGA-based nano-
particles and degrade them through the autolysoso-
mal pathway [6, 12]. However, whether the au-
tophagic pathway is involved in the degradation of 
dendritic polymers is still unknown. LC3, an au-

tophagy related gene (the homology gene of Atg8 in 
mammalian cells), has been widely used to detect 
autophagy [31]. When autophagy is initiated, LC3 is 
cut on the C-terminal and produces LC3II protein 
which is then transferred on the autophagosomes. In 
order to detect the formation of autophagosome 
(LC3-positive vesicle), the fluorescent autophagy 
marker DsRed-LC3 was expressed to measure au-
tophagy [31]. To detect whether the H40-PLA NPs 
induce autophagy, DsRed-LC3 transfected MCF-7 
cells were treated with drug-free H40-PLA NPs for 24 
h, in which substantial autophagosomes were in-
duced (Fig. 4A). Meanwhile, the levels of LC3-II pro-
teins also increased (Fig. 4B). Accordingly, the 
H40-PLA NPs that were enwrapped by the autopha-
gosomes could induce autophagy. 

 

 
Figure 3. H40-PLA NPs were uptaken through endocytosis by the cells. Representative images of MCF-7 cells, DsRed-Rab5 transfected MCF-7 cells and DsRed-Rab7 trans-
fected MCF-7 cells were treated with 100 μg/mL coumarin-6-loaded H40-PLA NPs for 2 h. For lysosome detection, the MCF-7 cells were treated with 100 μg/mL couma-
rin-6-loaded H40-PLA NPs for 2 h, and then co-treated with Lyso-Tracker Red probes for 30 min. The above images are the enlarged ones in the white collar on the underside 
images. Scale bars: 10 μm.  
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Figure 4. H40-PLA NPs induced autophagy and were sequestered by the autophagosomes. (A, B) Representative images and quantification of MCF-7 cells with EGFP-LC3 
vesicles (autophagosomes). DsRed-LC3 transfected cells were treated with 100 μg/mL drug-free H40-PLA NPs for 24 h. Scale bars: 10 μm. Data are shown as the mean ± S.E.M. 
*P<0.05, ** P<0.01, *** P<0.001 compared to controls. LC3I/II protein levels were analyzed by western blotting in the MCF-7 cells. (C) DsRed-LC3 cells were co-transfected with 
Flag-Rubicon and Flag-vBcl-2 and then treated with 100 μg/mL drug-free H40-PLA dendrimers for 24 h. Scale bars: 10 μm. Data are shown as the mean ± S.E.M. *P<0.05, ** 
P<0.01, *** P<0.001 compared to controls. 

 
Regulation of dendrimer-based NPs-induced 
autophagy by Class III PI3K complex 

Our previous work showed that Class III PI3K 
complex could regulate the autophagy induced by 
PLGA-based nanoparticles [12]. Thus, we herein 
tested whether it functioned the same under the ac-
tion of H40-PLANPs. Two different Beclin1 proteins 
containing Class III PI3K complex, viz., one including 
Atg14L, Beclin1, hVps34, hVps15 and Bcl-2 family 
members, and the other including Rubicon, UVRAG, 
Beclin1, hVps34 and hVps15, have been identified in 
the cells [32]. Bcl-2 and Rubicon negatively regulate 
the two Class III PI3K complexes respectively [32], so 
the HA-tagged Rubicon and Flag-tagged Kaposi’s 
sarcoma-associated herpes virus Bcl-2 (KSHV vBcl-2) 
transfected MCF-7 cells were treated with the 
drug-free H40-PLA NPs for 24 h to detect the result-
ant regulation of autophagy. Interestingly, overex-
pression of Rubicon and vBcl-2 significantly inhibited 
the formation of autophagosomes induced by the 
dendritic copolymer H40-PLA NPs (Fig. 4C). Thus, 
autophagosomes induced by the H40-PLA NPs could 
also be regulated by Class IIIPI3K complex. 

Degradation pathway of dendritic copolymer 
H40-PLA NPs in MCF-7 cells 

In our previous research, PLGA-based nanopar-

ticles could induce autophagy, and autophagosomes 
degraded the nanoparticles by enwrapping and de-
livering them to lysosome. In other words, autolyso-
somes in the cells managed to capture and degrade 
the PLGA-based nanoparticles [12]. Hence, H40-PLA 
NPs may also be degraded through the autolysosomal 
pathway. To this end, the DsRed-LC3 transfected 
MCF-7 cells were treated with the coumarin-6-loaded 
H40-PLA NPs for 24 h. Subsequently, the H40-PLA 
NPs were sequestered within the autophagosomes 
(Fig. 5A). Moreover, the autophagosomes were then 
translocated to fuse with lysosome for degradation 
(Fig. 5B). These findings demonstrated that the 
H40-PLA NPs could also be degraded through the 
autophagic pathway. 

Enhanced drug delivery by DTX-loaded 
H40-PLA NPs in combination with autophagy 
inhibitors 

In vitro studies 
Autophagy suppresses tumors by removing 

damaged organelles/proteins and limiting cell 
growth and genomic instability [12-14]. Similar to 
other events, autophagy is a double-edged sword. In 
case of tumorigenesis, cancer cells confer stress tol-
erance such as acid environment, hypoxia and defi-
ciency of nutrition by utilizing autophagy, thereby 
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maintaining tumor cell survival [6, 12-14]. The cancer 
cells also activate autophagy in response to various 
chemotherapeutic drugs, which resist cell death and 
decrease the curative effect [15]. Therefore, 
co-delivery of chemotherapeutic drug and autophagy 
inhibitors may exert satisfactory therapeutic effects. In 
this study, after incubating MCF-7 cells with DTX and 
DTX-H40-PLA NPs for 24 h, considerable autopha-
gosomes were induced (Fig. 6A and Fig. 6B), indicat-
ing that the chemotherapeutic drug-loaded NPs in-
duced evident autophagy within the cancer cells. 
When the cells were co-treated with 3-MA, however, 
the induced autophagy was inhibited (Fig. 6A and 
Fig. 6B). On the other hand, when the cells were 
co-treated with CQ, the induced autophagosomes 
significantly accumulated (Fig. 6A and Fig. 6B). Ad-
ditionally, LC3-II proteins also increased when the 
cells were treated with DTX and DTX-loaded 
H40-PLA NPs (Fig. 6C). Furthermore, CQ may ac-
cumulate autophagosomes by inducing lysosomal 
membrane permeabilization (Fig. 6D). In other words, 
inhibited by CQ and 3-MA, autophagy could be in-
duced by DTX-loaded H40-PLANPs.  

Since the DTX-H40-PLA NPs could induce au-
tophagy and be sequestered by the autophagosomes 
into lysosome for degradation, co-delivery of chemo-
therapeutic drug and autophagy inhibitor is eligible 
for efficient drug delivery by nanoparticle formula-
tion. Inhibition of autophagy can rescue the nanopar-
ticles from endosome and lysosome, thus retaining 

the nanoparticles in the cytoplasm releasing the drugs 
[6,12]. Meanwhile, cancer cells can no longer resist 
chemotherapeutic drugs due to inhibited autophagy. 
Thus, chemotherapeutic drugs were combined with 
autophagy inhibitors in this study to promote cancer 
cell death. As shown in Fig. 7, the proliferation rates 
of MCF-7 cells treated with the DTX-H40-PLA NPs 
plummet in a time- and dose-dependent manner, and 
the survival rate of CQ-treated MCF-7 cells decreases 
apparently (Fig. 7). The IC50 values of MCF-7 cells 
incubated with the DTX-H40-PLA NPs and 
DTX-H40-PLA NPs+ CQ for 24, 48 and 72 h are listed 
in Table 2. The IC50 values of the drug formulated in 
the H40-PLA NPs after 24 h of treatment without au-
tophagy inhibitor or with 30 μM CQ were (32.29 ± 
1.41) and (4.55 ± 0.78) μg/mL, respectively, suggest-
ing that inhibition of autophagy by CQ could boost 
the in vitro therapeutic effects of the H40-PLA NPs by 
7.0 fold. The similar results can be also obtained after 
48 h and 72 h of treatment with CQ. (Table 2).  

 

Table 2. IC50 values of DTX formulation in the H40-PLA NPs 
alone or in combination with 30 μM CQ on MCF-7 cells following 
24, 48 and 72 h treatment, respectively (n=6). 

Incubation time (h) IC50 (μg/mL) 
 H40-PLANPs H40-PLA NPs+CQ  
24 32.29 ± 1.41 4.55 ± 0.78  
48 11.39 ± 2.03 0.18 ± 0.07  
72 2.61 ± 0.73 0.03 ± 0.062  

 

 

 
Figure 5. H40-PLA NPs were degraded through auto-lysosome pathway. (A) The H40-PLA NPs were sequestered by the autophagosomes (arrows). DsRed-LC3 transfected 
MCF-7 cells were treated with 100 μg/mL coumarin-6-loaded H40-PLA NPs for 24 h. The above images are the enlarged ones in the white collar on the underside images. Scale 
bars: 10 μm. (B) The autophagosomes fuse with lysosomes (arrows). The above images are the enlarged ones in the white collar on the underside images. DsRed-LC3 transfected 
MCF-7 cells were treated with 100 μg/mL drug-free H40-PLA NPs for 24 h, the lysosomes were detected with LAMP1 antibody. Scale bars: 10 μm. 
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Figure 6. CQ inhibited autophagy induced by DTX-H40-PLA NPs. (A, B) Representative images and quantification of MCF-7 cells with DsRed-LC3 vesicles. The DsRed-LC3 
transfected MCF-7 cells were co-treated with 1 μM DTX and DTX-H40-PLA NPs for 24 h, respectively. Scale bars: 10 μm. Data are shown as the mean ± S.E.M. *P<0.05, ** 
P<0.01, *** P<0.001 compared to controls. (C) LC3I/II protein levels were analyzed by western blotting in the MCF-7 cells treated in (A). (D) MCF-7 cells were treated with 30 
μM CQ for 24 h, the lysosome detected with LAMP1 antibody. Scale bars: 10 μm.  

 

 
Figure 7. Viability of MCF-7 cells co-treated with DTX-H40-PLA NPs (equal to 0.25-25 μg/ml docetaxel) and 30 μM CQ for 24 h, 48 h and 72 h, respectively. 

 
In vivo studies 

In order to investigate the in vivo curative effect 
of chemotherapeutic drug-loaded NPs in combination 
with autophagy inhibitors, a xenograft SCID mice 
model with MCF-7 cells implanted was used. Mice 
were intraperitoneal injected with DTX-H40-PLA NPs 
and CQ every 2 days for six consecutive cycles. Con-

trol mice were injected with normal saline. The tumor 
size of the mice were measured and recorded every 2 
days until the 12th day (Fig. 8A). Tumor growth was 
suppressed when the mice were treated with 
DTX-H40-PLA NPs and CQ, respectively (Fig. 8A-C). 
To confirm whether docetaxel could induce autoph-
agy in vivo and whether CQ could block the fusion of 
autophagosomes with lysosome, immunofluores-
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cence histochemistry assay was carried out to detect 
the distribution of endogenous LC3 protein. As ex-
pected, DTX-H40-PLA NPs induced substantial au-
tophagosomes within the tumor tissue (Fig. 8D). 
However, the autophagosomes accumulated signifi-
cantly when the mice were treated with the 
DTX-H40-PLA NPs in combination with CQ (Fig. 8D).  

When the mice were treated with chemothera-
peutic drugs, autophagy was induced within the 
cancer cells that were then capable of resisting 

chemotherapeutic drug-induced apoptosis. Thus, 
co-treating the mice with autophagy inhibitor such as 
3-MA or CQ managed to inhibit the formation of au-
tophagosomes. In addition, the tumor cells stopped 
surviving owing to the inhibited autophagy that pro-
vided energy and nutrients. Therefore, it is practically 
promising to combine chemotherapeutic 
drugs-loaded NPs with autophagy inhibitors such as 
3-MA and CQ for improve the effect of nanomedicine. 

  

 
Figure 8. Inhibition of autophagy that induced by DTX-H40-PLA NPs by CQ enhances cancer cell killing in vivo. (A) Tumor growth curve of the SCID mice bearing MCF-7 cells 
xenograft after intratumoral injected with saline, DTX-H40-PLA NPs, CQ, and DTX-H40-PLA NPs in combination with CQ. Data are shown as the mean ± S.E.M. *P<0.05, ** 
P<0.01 compared to DTX- H40-PLA NPs group. (B) Morphology of the tumors of each group taken out from the sacrificed mice at the study end point. (C) Tumor weight of each 
group at the study end point. Data are shown as the mean ± S.E.M. *P<0.05, ** P<0.01, *** P<0.001 compared to controls or DTX-H40-PLA NPs group as indicated. (D) LC3 
distribution in the tumor tissues of each group. Autophagosomes are indicated by the arrows. The above images are the enlarged ones in the red collar on the underside images. 
Scale bars: 10 μm.  

 

Conclusions  
DTX-loaded nanoparticles made of dendritic 

polymers (H40-PLA), i.e. DTX-H40-PLA NPs, were 
prepared and used as a model to evaluate whether the 
dendrimer-based NPs were sequestered by autopha-
gy and degraded through the autophagic pathway. 

Besides being degraded through the endolysosomal 
pathway, the nanoparticles of dendritic polymers 
were also sequestered by autophagosomes and fused 
with lysosomes (Fig. 9). In the meantime, 
DTX-H40-PLA NPs, which induced autophagy of the 
cancer cells, may lose the intrinsic advantages. 
DTX-H40-PLA NPs in combination with autophagy 
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inhibitor CQ remarkably promoted death of cancer 
cells in vitro. In summary, combining chemothera-
peutic drugs-loaded dendritic copolymer NPs with 
autophagy inhibitors is practically feasible for cancer 
treatment. 

 

 
Figure 9. Schematic representation of the degradation pathway of H40-PLA NPs 
within cells. 
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