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B I O E N G I N E E R I N G

Development of a pH-responsive polymersome 
inducing endoplasmic reticulum stress and  
autophagy blockade
Funeng Xu1, Xilin Li1, Xuehui Huang1, Jingmei Pan1, Yi Wang2, Shaobing Zhou1*

Autophagy is involved in the occurrence and development of tumors. Here, a pH-responsive polymersome codeliv-
ering hydroxychloroquine (HCQ) and tunicamycin (Tuni) drugs is developed to simultaneously induce endoplas-
mic reticulum (ER) stress and autophagic flux blockade for achieving an antitumor effect and inhibiting tumor 
metastasis. The pH response of poly(-amino ester) and HCQ synergistically deacidifies the lysosomes, thereby 
blocking the fusion of autophagosomes and lysosomes and lastly blocking autophagic flux. The function mechanism 
of regulating autophagy was systematically investigated on orthotopic luciferase gene–transfected, 4T1 tumor–
bearing BALB/c mice through Western blot and immunohistochemistry analyses. The Tuni triggers ER stress to 
regulate the PERK/Akt signaling pathway to increase the autophagic level. The “autophagic stress” generated by 
triggering ER stress–induced autophagy and blocking autophagic flux is effective against tumors. The reduced 
expression of matrix metalloproteinase-2 due to ER stress and reduced focal adhesions turnover due to the block-
ade of autophagic flux synergistically inhibit tumor metastasis.

INTRODUCTION
The important role of autophagy in health and disease has received 
unprecedented attention (1). As an essential and conservative phys-
iological catabolic process, autophagy is responsible for the removal 
of protein aggregates, damaged organelles, and foreign bodies that 
invade cells (2). The autophagy contents are sequestered by double-
membraned compartments (autophagosomes). Subsequently, the 
autophagosomes are fused with lysosomes to form autolysosomes, 
which degrade and circulate to produce nutrients (amino acids, fatty 
acids, and nucleotides) to be supplied to cells, and this dynamic 
process is called autophagic flux (3, 4). The unhindered autophagic 
flux is of great notable for maintaining homeostasis and protect-
ing cells from attacks (5). The autophagic level is characterized by 
the amount of autophagy markers (e.g., autophagosomes and auto
lysosomes) and autophagy protein markers [e.g., LC3 (microtubule-
associated protein-1 light chain-3)]. The upstream initiation or 
downstream blocking of autophagic flux will lead to the increase in 
autophagy markers (6). Malignant tumors are at a relatively high 
autophagic level compared with normal tissues to satisfy their meta
bolic demands, evasion, and resistance and allow tumor growth, 
survival, and malignancy (7). The involvement of autophagy in the 
occurrence and development of tumors suggests the reliable pros-
pect of autophagy manipulation as an interventional means for tumor 
therapy (8). Autophagic flux blockade can disrupt the metabolism 
cycle of cancer cells, thereby reducing their fitness (9). Hydroxy-
chloroquine (HCQ) and chloroquine (CQ) are the only clinically 
available autophagic blocking agents and they have been proven to 
be effective adjuvants for chemotherapeutics to increase their anti-
tumor effects (10). HCQ/CQ, as a lysosomal alkalizing agent, can 
diffuse into lysosomes, causing the lysosomal pH to rise and dys-
function so that the lysosomes no longer fuse with the autophago-

some, thereby blocking autophagic flux (11). However, the use of 
HCQ/CQ as a monotherapy strategy to block autophagic flux dis-
plays limited antitumor activity in clinical treatment (12). However, 
when HCQ is combined with autophagic stimulus, it can significantly 
increase its antitumor effect and reduce its dosage (13).

Aberrant endoplasmic reticulum (ER) status triggers autophagy 
stimulation (14). The ER acts as a reservoir of calcium ions in cells 
and is responsible for the correct folding and secretion of proteins 
(15). The accumulation and aggregation of misfolded proteins cause 
ER stress, triggering unfolded protein response (UPR) to signifi-
cantly increase the autophagic level to restore homeostasis (16). As 
an ER stress initiator, tunicamycin (Tuni) blocks N-glycosylation and 
causes ER stress–induced autophagy to increase the autophagic level 
through PERK [protein kinase RNA–like ER kinase]/Akt (protein 
kinase B)/mTOR (mammalian target of rapamycin) signaling path-
ways, which are also closely related to matrix metalloproteinase-2 
(MMP-2) expression (17).

Therefore, the combined application of the autophagic flux blocker 
HCQ and the ER stress initiator Tuni could cause cancer cells to 
have a special “autophagic stress,” which can severely disrupt cell 
homeostasis and cause cell death, resulting in a better therapeutic 
effect for tumor treatment. However, for a systemic administration 
of HCQ and Tuni, challenges such as poor hydrophilicity, poor bio-
distribution profile, low tumor accumulation, and tumor acid micro-
environment prevent the drugs from penetrating the cell membranes, 
further affecting the application of free drugs in vivo (18). Moreover, 
high-dose HCQ in clinical application can only produce a moderate 
blockage of autophagic flux due to its poor efficacy, thus producing 
capricious therapeutic effects (19). Thus, the drug nanocarrier is con-
sidered to solve the above problems (20), as it has the following features: 
co-encapsulating hydrophilic and hydrophobic drugs, accumulating 
in tumor tissues through an enhanced permeability and retention (EPR) 
effect (21), entering the cells through the lysosomal pathway, and 
stimulating drug release with environment-responsive signals (22).

In addition, metastatic tumors undergo local migration and in-
vasion in the early stage of tumor metastasis, and the migration 
speed depends on the focal adhesions (FAs) turnover (23). FAs are 
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transmembrane multiprotein complexes containing integrins, paxillin, 
talin, zyxin, etc. Both cell-cell and cell–extracellular matrix (ECM) 
adhesions form a stable connection via FAs (24). The decomposi-
tion of FAs at the cell rear by autophagy is critical for the forward 
movement and successful migration/invasion of tumor cells (25). In 
addition, MMPs are also an important factor in the selective regula-
tion of tumor microenvironment to promote tumor metastasis, and 
are considered to be an inducer of epithelial-mesenchymal transi-
tion (26). The ER stress induced by Tuni regulates the PERK/Akt 
signaling pathway and down-regulates the expression of MMP-2 (27). 
Both the inhibition of the FAs turnover and the down-regulation of 
the expression of MMP-2 will reduce tumor metastasis.

Accordingly, in this study, we develop a pH-responsive polymer-
some for codelivering HCQ and Tuni drugs to simultaneously induce 
ER stress and block autophagic flux for achieving the antitumor effect 
and inhibiting tumor metastasis. A dual drug–loaded, pH-responsive 
polymersome, Tuni/HCQ@CS-PAE, was designed to achieve this 
objective. The amphiphilic polymer chondroitin sulfate (CS)–poly(-
amino ester) was used to fabricate this polymersome, and hydro-
philic HCQ and hydrophobic Tuni were loaded into the inner cavity 
and outer shell, respectively. Poly(-amino esters) with acid-stimulated 
responses are a class of highly biocompatible polymers and are be-
lieved to satisfy the performance of drug delivery (28). Repeated ter-
tiary amine groups on the poly(-amino esters) are protonated by 
acid stimulation, thereby converting the hydrophobicity of the seg-
ment, resulting in the dissociation of the nanostructure and drug 
release (29). Simultaneously, the protonation process produces a sim-
ilar HCQ effect to deacidify the lysosomes, swelling and rupturing 
the lysosomes, which can help the drugs to escape from the lyso-
somes and block the autophagic flux together with HCQ (30). Poly-
mersomes with both a hydrophilic inner cavity and a hydrophobic 
shell are considered promising drug delivery platforms (31). In this 
work, the hydrophilic CS component can mask the surface positive 
charges of poly(-amino ester), prolonging the blood circulation 
time of the polymersomes. These polymersomes reached tumor tis-
sues through the EPR effect, overcoming the nonselective distribu-
tion of the Tuni and HCQ drugs in vivo, increasing intratumoral 
accumulation, entering cells by endocytosis, and remaining in the 
lysosomes. Because of the pH response of poly(-amino ester), the 
polymersomes dissociated and produced a similar alkalization ef-
fect in lysosomes with HCQ, destroying and rapidly escaping the 
lysosomes, releasing the drugs Tuni and HCQ. Under the dual ac-
tion of poly(-amino ester) and HCQ, the lysosomes in the tumor 
cells were destroyed, resulting in the blockade of autophagic flux. 
Moreover, the released Tuni triggered ER stress, further regulating 
the PERK/Akt signaling pathway to enhance the autophagic level 
and down-regulate the MMP-2 expression. The tumor cells were 
simultaneously attacked by both the inducement of autophagy due 
to the ER stress and the blockade of autophagic flux due to lysosomal 
destruction, resulting in a special autophagic stress, which seriously 
damaged the cell homeostasis and caused cell death.

RESULTS AND DISCUSSION
Synthesis and characterization of the polymersomes
The synthetic routes of CS-poly(-amino ester) are shown in fig. S1. 
The chemical structures of the block copolymers were confirmed 
using Fourier transform infrared spectra and nuclear magnetic res-
onance (NMR) spectra (figs. S2 to S4). The number-average molec-

ular weight of CS-poly(-amino ester) was obtained as 8044 g/mol 
through gel permeation chromatography. The dual drug–loaded 
Tuni/HCQ@CS-PAE polymersome was prepared by dialysis. The 
encapsulation efficiency (EE) and encapsulation content (EC) of 
Tuni were 38.5 and 10.5%, while those of HCQ were 56.1 and 11.2%, 
respectively. The morphologies of the Tuni/HCQ@CS-PAE poly
mersomes were characterized using transmission electron micros-
copy (TEM). Apparent vesicle structures with a size of ~180 nm can 
be observed in Fig. 1A, and the shell thickness of the vesicle in the 
enlarged image is ~30 nm. The average hydrodynamic size of the 
Tuni/HCQ@CS-PAE polymersomes was 230.0 ± 9.3 nm, as mea-
sured using dynamic light scattering (DLS), with a polydispersity 
index of 0.156. The  potential was −17.2 mV (Fig. 1B), and the neg-
ative charge indicated that it is suitable for drug carriers because it 
cannot be prematurely cleared in the blood circulation (32). The in-
vestigation of stability suggested that the polymersomes showed no 
significant changes (P > 0.05) in particle size when they were placed 
in phosphate-buffered saline (PBS) buffer and 10% fetal bovine se-
rum (FBS) for 48 hours at 37°C (fig. S5), indicating their potential 
for application in vivo. The pH response of the Tuni/HCQ@CS-PAE 
polymersomes was evaluated in a lysosomal acidic environment, and 
the CS-poly(-amino ester) was assayed to determine its pKa (where 
Ka is the acid dissociation constant) via acid-base titration. The re-
sults showed that CS-poly(-amino ester) had a pKa value of 5.4 
(Fig. 1C), which was close to the lysosomal acidity (pH = ~5.0) (33). 
The TEM image obtained after the Tuni/HCQ@CS-PAE polymersomes 
were stored at pH 5.0 for 4 hours showed that the polymersome 
structure disappeared (Fig. 1D), indicating that the pH response of 
CS-poly(-amino ester) successfully caused the dissociation of the 
polymersomes. The 1H-NMR spectrum of CS-poly(-amino ester) 
in deuterium chloride at pH 5.0 (fig. S6) showed that the peak of 
poly(-amino ester) could be observed, indicating that it was hy-
drophilic at pH 5.0. DLS was further used to detect the pH response 
of the Tuni/HCQ@CS-PAE polymersomes. As shown in Fig. 1E, af-
ter the polymersomes were stored under the three acidic conditions 
of pH 7.4, pH 6.8, and pH 5.0 for 4 hours, the particle size distribu-
tion demonstrated that the polymersomes at both pH 7.4 and pH 
6.8 (tumor ECM acidity) were stable; whereas at pH 5.0, the poly
mersome structure was destroyed, which is consistent with the TEM 
results. At pH 5.0, the  potential of the Tuni/HCQ@CS-PAE poly-
mersomes significantly shifted from −17.2 to −2.08 mV (Fig. 1F), 
indicating that the protonation of CS-poly(-amino ester) resulted 
in the capture of strong positive charges. The pH response of the 
polymersomes imparts them the ability to release drugs on-demand. 
As shown in Fig. 1 (G and H), the release of HCQ and Tuni at pH 
6.8 was not significantly different (P > 0.05) from that at pH 7.4, 
suggesting that the polymersomes were stable in the tumor ECM 
and would not be released in advance. However, the 24-hour releases 
of HCQ and Tuni at pH 5.0 (lysosomal acidity) were 86.5 and 76.6%, 
respectively, which were 7.52 and 6.66 times the releases at pH 7.4, 
respectively. This result indicates that the Tuni/HCQ@CS-PAE poly-
mersomes can rapidly release drugs in acidic lysosomes.

In vitro endocytic pathway
Before applying the polymersomes to cells and animals, both mouse 
breast cancer cells (4T1) and human umbilical vein endothelial cells 
(HUVECs) were used to evaluate the cytocompatibility of the poly-
mersome delivery system. The blank material CS-PAE polymersomes 
exhibited good cytocompatibility at a concentration of 20 to 400 g/ml 
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(cell viability over 85%, Alamar Blue assay; fig. S7, A and B). Only a 
small amount of red spots (representing dead cells) was observed in 
the fluorescence image of cells, with a polymersome concentration 
of up to 400 g/ml (live-dead cell staining; fig. S7C), also confirm-
ing the low cytotoxicity of the polymersomes.

The endocytic pathway of polymersomes was further examined 
in vitro. Fluorescein isothiocyanate (FITC)–labeled (green) polymer-
somes were cocultured with adherent 4T1 cells, and the locations of 
the polymersomes in the cells and lysosomes labeled by LysoTracker 
Red DND-99 (red) were observed using fluorescence microscopy at 
1 hour (fig. S8A) and 4 hours (fig. S8C), respectively. A large amount 
of yellow fluorescence in the cells was observed at 1 hour, which was 
the result of the overlap between green fluorescence and red fluo-
rescence, suggesting that the polymersomes were in the lysosomes. 
At 4 hours, the yellow fluorescent signal decreased and the separated 
green and red fluorescent signals increased, indicating that the poly-
mersomes were separated from the lysosomes. The figures (fig. S8, 
B and D) show the corresponding fluorescence intensity profiles of 
the white arrow regions in fig. S8 (A and C) obtained using ImagePro 
Plus, respectively. It can be observed that there was a large overlap 
between the two fluorescent signals at 1 hour, and their Pearson’s 
correlation coefficient was calculated to be 0.88, indicating that the 
polymersomes and the lysosomes were strongly colocalized at 1 hour. 
At 4 hours, the Pearson’s correlation coefficient was reduced to 0.04 
according to fig. S8D, indicating that the polymersomes successfully 
escaped from the lysosomes. This result indicates that the polymersomes 

were endocytosed into the cells by the lysosomal pathway and could 
successfully escape the lysosomes at 4 hours in vitro.

Deacidification of lysosomes
The damage to the lysosomes by poly(-amino ester) and HCQ was 
marked by an increase in the lysosomal pH value. The LysoSensor 
Green-189 can monitor the acidity of the lysosomes, and its fluorescence 
reaches the highest value in normal lysosomes and decreases with 
increasing pH value. As shown in fig. S8E, it was observed via fluo-
rescence microscopy that the green fluorescence in the HCQ, blank 
material CS-PAE polymersomes, and Tuni/HCQ@CS-PAE treatment 
groups was weakened to varying degrees. The results of the fluorescence-
activated cell sorter (FACS) can be more intuitively observed (fig. S8F), 
and Tuni did not cause a change in the acidity of the lysosomes com-
pared with that of untreated cells (control). Both the HCQ drug and 
CS-PAE polymersome had an alkalization ability for lysosomes, but 
HCQ performed better. This can be ascribed to the fact that CS-PAE 
polymersomes can only destroy lysosomes involved in endocytosis. 
The Tuni/HCQ@CS-PAE treatment group performed the best, and 
the median fluorescence intensity was only 14.3% of the control group, 
suggesting that the double action of HCQ and the polymersomes 
caused an increase in the intracellular lysosomal pH.

Autophagic level analysis
The relationship between various treatments and autophagy was 
further examined in vitro. Acridine orange (AO) is an acid-sensitive 

Fig. 1. Characterizations of Tuni/HCQ@CS-PAE polymersomes. (A) TEM images of the Tuni/HCQ@CS-PAE polymersomes at pH 7.4. (B) Measurement results of the 
Tuni/HCQ@CS-PAE polymersomes by the Malvern laser particle size analyzer at pH 7.4. (C) Acid-base titration curve of CS-poly(-amino ester). (D) TEM images of Tuni/
HCQ@CS-PAE at pH 5.0. (E) Hydrodynamic particle size distribution of the Tuni/HCQ@CS-PAE polymersomes at pH 7.4, pH 6.8, and pH 5.0. (F)  potential of the Tuni/HCQ@
CS-PAE polymersomes at pH 7.4, pH 6.8, and pH 5.0. (G) Release profiles of HCQ from the Tuni/HCQ@CS-PAE polymersomes. (H) Release profiles of Tuni from the Tuni/
HCQ@CS-PAE polymersomes.
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dye that stains the acidic organelles, including autophagosomes and 
autolysosomes in the cells red, whereas the DNA and cytoplasm in 
cells are green. Accordingly, the ratio of red to green signals can be 
used to evaluate the autophagic level (34). As shown in Fig. 2A, the 
number of red spots (observed via fluorescence microscopy) is pos-
itively correlated with the autophagic level. The red/green ratio cal-
culated using FACS determines the autophagic level in each treatment 
group (Fig. 2B). The red/green ratios of the treatment groups increased 
compared with those of the untreated cells (control). The red/green 

ratio of the Tuni/HCQ@CS-PAE treatment group was approximately 
68.0% higher than that of the Tuni/HCQ treatment group and was 
1.91 and 2.21 times those of Tuni@CS-PAE and HCQ@CS-PAE, re-
spectively. The red/green ratios of Tuni@CS-PAE and HCQ@CS-PAE 
also increased by 83.3 and 58.3%, respectively, compared with that 
of the blank material CS-PAE polymersomes. The red/green ratio of 
the CS-PAE polymersomes treatment group was also significantly 
increased by 71.4% compared with that of the control group. The re-
sults suggest that both Tuni and HCQ can cause an accumulation of 

Fig. 2. Intracellular autophagic levels and autophagic flux analysis. (A) Fluorescence images and (B) FACS analysis of AO-stained 4T1 cells after incubation with dif-
ferent treatments for 24 hours; ***P < 0.001. (C) Fluorescence images of mCherry-GFP-LC3 4T1 cells after incubation with different treatments for 48 hours. (D) Quantifica-
tion of the number of LC3 puncta per cell (autophagosomes, yellow puncta; autolysosomes, red puncta). (E) TEM images of cells treated with saline or Tuni/HCQ@CS-PAE 
polymersomes (N, nucleus; green arrow, autophagosomes; red arrow, autolysosomes).
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acidic organelles, in addition to CS-PAE polymersomes. Unfortunately, 
the AO cannot distinguish whether the acidic organelles are auto-
phagosomes or autolysosomes.

To track the autophagic flux, mCherry–green fluorescent protein 
(GFP)–LC3 adenovirus–transfected cells were used. When autophagy 
occurs, a recognized autophagy marker, LC3, aggregates in both the 
inner and outer membranes of the autophagosomes. The LC3 in the 
transfected cells simultaneously expresses red fluorescence (mCherry) 
and green fluorescence (GFP). Thus, it will be observed in the form 
of yellow puncta in the autophagosomes. When the autophagosomes 
and lysosomes eventually fuse to form the autolysosomes, GFP is 
quenched by lysosomal acidity and only exhibits red puncta. Thus, 
the yellow and red puncta represent the autophagosomes and autoly-
sosomes in the autophagic flux, respectively (Fig. 2C). The LC3 
puncta statistic is shown in Fig. 2D. Comparing the LC3 puncta dis-
tribution of the Tuni@CS-PAE treatment group with that of the 
HCQ@CS-PAE treatment group, the former has more red puncta, 
indicating that the autophagic flux had entered the final stage, and 
the autolysosome had been formed. The large yellow puncta of the 
latter indicate that the autophagic flux mainly remained in the auto-
phagosome stage, suggesting that HCQ@CS-PAE destroyed the ly-
sosomes and prevented the autophagosomes from merging with the 
lysosomes. In contrast to CS-PAE polymersomes, Tuni@CS-PAE 
increased the autophagosome puncta and autolysosome puncta, in-
dicating that it effectively increased the autophagic level in the cells. 
Compared with CS-PAE polymersomes, HCQ@CS-PAE showed a 
significant increase in the autophagosomes, but there was a decrease 
in the autolysosomes, which proved that HCQ@CS-PAE has a stronger 
ability to destroy the lysosomes and block the autophagic flux at the 

autophagosome stage. The autophagic level of the Tuni/HCQ@CS-PAE 
treatment group was greatly improved compared with that of Tuni/
HCQ, whereas the number of autolysosomes was reduced. This result 
indicated that the dual drug–loaded, pH-responsive polymersomes 
could increase the autophagic level and block the autophagic flux 
more evidently than free drugs.

From the TEM images (Fig. 2E), it can be observed that abun-
dant autophagosomes (green arrows) and a few autolysosomes (red 
arrows) accumulated in the Tuni/HCQ@CS-PAE treatment group, 
in contrast to the control group (saline treatment). The increase in 
the autophagosomes and autolysosomes showed that the autophagic 
level of the Tuni/HCQ@CS-PAE treatment group was significantly 
enhanced. Furthermore, the amount of autophagosomes was sig-
nificantly more than the amount of autolysosomes, indicating that 
the autophagic flux was blocked during the fusion process of the 
autophagosomes and the lysosomes.

Inhibiting tumor metastasis in vitro
The ability of the polymersomes to resist tumor metastasis was ex-
amined. A wound-healing assay (Fig. 3A) and the transwell invasion 
assay (Fig. 3B) were used to assess the cell migration and invasion in 
each group of treatments in vitro. The migration area (calculated by 
ImageJ) in the wound-healing assay is shown in Fig. 3C. The migra-
tion area of the Tuni/HCQ@CS-PAE treatment group is only 21.1% 
(P < 0.001) and 38.4% (P < 0.001) of those of Tuni@CS-PAE and 
HCQ@CS-PAE, respectively. Matrigel matrix (simulated ECM) was 
coated in the transwell upper chamber as an in vitro test tool for cell 
invasion. As shown in Fig. 3D, the number of cells (crystal violet 
staining) that arrived at the back of the polycarbonate membrane 

Fig. 3. In vitro antimetastasis evaluation. (A) Typical images of wound-healing assay. (B) Cell invasion with the transwell assay (bottom). (C) Migration area of the 
wound-healing assay. (D) Number of invaded cells by the transwell assay. All data are represented as the means ± SD from three independent experiments; ***P < 0.001.
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was counted as a quantitative index of invasive ability. The number 
of invasive cells in the Tuni/HCQ@CS-PAE treatment group was 
only 6.7% of that in the untreated group, 8.7% of that in the Tuni@
CS-PAE treatment group, and 19.3% of that in the HCQ@CS-PAE 
treatment group. The above results show that the drug delivery 
system can effectively inhibit cell migration and invasion in vitro. 
Furthermore, Tuni@CS-PAE has a certain effect in inhibiting cell 
migration and invasion, but this effect is weaker than that of HCQ@
CS-PAE.

Antitumor effect
The in vitro cell viability of different treatment groups was firstly 
investigated. As shown in fig. S9A, the decrease in cell viability was 
positively correlated with increased autophagic level and autophagic 
flux blockade. On the basis of the concentration of fig. S9B, the me-
dian effect plots (fig. S9, C and D) of Tuni/HCQ and Tuni/HCQ@
CS-PAE can be calculated to obtain their half maximal inhibitory 
concentration (IC50) values. According to the calculation method in 
the Supplementary Materials, the IC50 value of the Tuni/HCQ@CS-
PAE treatment group is 8.2 M, which is 27.7% lower than that of 
the Tuni/HCQ treatment group.

The antitumor effect of the pH-responsive polymersome codeliver-
ing HCQ and Tuni drugs was further evaluated using the orthotopic 
luciferase gene–transfected 4T1 (4T1-Luc) tumor–bearing BALB/c 
mice. The treatment schedule is shown in Fig. 4A. After 7 days of 
orthotopic 4T1-Luc tumor implantation, the mice were randomly 
divided into six groups, and the drugs or drug-loaded polymersomes 
were administered intravenously at 0, 3, 6, and 9 days. The IVIS 
imaging system was used to monitor the bioluminescence signals of 
the tumors at days 0 and 30 (Fig. 4B). Ex vivo tumors were photo-
graphed on day 30 (Fig. 4C), and tumor volume was measured once 
in 3 days (Fig. 4D) and ex vivo tumors weighed on day 30 (Fig. 4E). 
Tumor growth inhibition (TGI; Fig. 4F) was calculated by tumor 
weight. The results indicated that three of the 4T1 tumors in the 
Tuni/HCQ@CS-PAE treatment group had successfully ablated, and 
the tumor weight was only 9.6% (P < 0.001) and 4.6% (P < 0.001) of 
those treated with Tuni@CS-PAE and HCQ@CS-PAE, respectively, 
whereas the TGI was as high as 97.5%. This proves that Tuni/HCQ@
CS-PAE has an excellent antitumor effect. The body weight of the 
mice was monitored every 3 days (Fig. 4G), and it showed no dif-
ference in each treatment group on day 30 (P > 0.05), indicating 
the safety of the polymersome delivery system and the potential 
for application in vivo. Hematoxylin and eosin (H&E) staining of 
the main organs (heart, liver, spleen, and kidney) (fig. S10) also 
revealed no significant morphological changes in all the treatment 
groups.

H&E staining, terminal deoxynucleotidyl transferase–mediated 
deoxyuridine triphosphate nick end labeling (TUNEL), and im-
munohistochemical (IHC) analyses (Ki67) were used to character-
ize the antitumor effects further (Fig. 4H). The H&E staining 
sections of the Tuni/HCQ@CS-PAE treatment group showed nu-
clear shrinkage and fragmentation, and the cell contour disappeared. 
Its TUNEL-positive signal (characterized apoptosis, brown) was 
the largest, and its Ki67-positive signal (characterized proliferation, 
brown) was the smallest. These results suggest that the lysosomal 
pH-responsive polymersomes entrapped with Tuni and HCQ can 
achieve excellent antitumor effects in tumor-bearing mouse mod-
els, demonstrating the success of autophagy regulation in antitumor 
applications.

Inhibiting tumor metastasis in vivo
The mouse 4T1 tumor is a metastatic tumor, corresponding mainly 
to lung and bone metastasis (35). The lung of the mouse was excised 
on day 30, and the lung metastasis of the tumor was observed using 
the bioluminescence images (Fig. 5A). There was no bioluminescence 
signal in the Tuni/HCQ@CS-PAE treatment group, indicating that 
there was no lung metastasis. Moreover, the pulmonary nodules are 
visualized using a Bouin’s fixative in Fig. 5B, which also supports 
this conclusion. The table summarizes the number of metastasis nodes 
(NOMN) (Fig. 5C), and the lung nodules are categorized by diameter: 
less than 0.5 mm, 0.5 to 1 mm, 1 to 2 mm, and greater than 2 mm, 
weighted 1 to 4 in turn. Because of the effective treatment of ortho
topic tumors and the effective regulation of autophagy, Tuni/HCQ@
CS-PAE has an excellent antimetastatic ability. The results of NOMN 
are shown in Fig. 5D. The average NOMN of the HCQ@CS-PAE 
treatment group was 52.89% that of the Tuni@CS-PAE treatment 
group and 22.49% that of the CS-PAE polymersomes treatment 
group. This indicates that both HCQ@CS-PAE and Tuni@CS-PAE 
can inhibit tumor metastasis to a certain extent, but the former per-
formed better than the latter, which is also consistent with the re-
sults of in vitro antimetastasis evaluation. The H&E staining of the 
lungs can also demonstrate the antimetastatic effect (Fig. 5E). The 
red circle framed the foreign tissues of the lungs, and the foreign 
tissues were observed to be tumor tissues by comparison with 
the H&E staining of the tumors. No tumor tissue was observed in the 
H&E sections of the Tuni/HCQ@CS-PAE treatment group, and the 
area of the tumor tissue was significantly reduced in the Tuni@CS-PAE 
and HCQ@CS-PAE treatment groups compared with that in the 
saline group, which is consistent with the lung metastasis results of 
Fig. 5 (A and B).

Intrinsic signal pathways analysis
The dual drug–loaded, pH-responsive polymersomes (Tuni/HCQ@
CS-PAE) have made breakthroughs in the antitumor effect and me-
tastasis inhibition effects in tumor-bearing mice. Western blot (WB) 
and IHC were further used to explore the mechanism of action of 
Tuni/HCQ@CS-PAE. ER stress and autophagy are closely related 
(Fig. 6A). It has been reported that the ER stress enhances the auto-
phagic level by negatively regulating the Akt/mTOR pathway (36). 
In addition, the expression of MMP-2 is down-regulated by the 
down-regulation of Akt expression. Therefore, it can be concluded 
that the Tuni/HCQ@CS-PAE polymersome has two important 
functions in vivo: increasing autophagic levels and decreasing the 
MMP-2 expression and blocking the autophagic flow at the auto-
phagosome stage by preventing the fusion of the autophagosomes 
and the lysosomes.

Under normal physiological conditions, GRP78/BiP (78-kDa glucose- 
regulated protein/immunoglobulin heavy chain–binding protein) 
acts as an ER chaperone and binds to ER receptors, which is in an 
inactive state. However, under ER stress, GRP78/BiP dissociates from 
ER receptors to activate and trigger UPR (37). The dissociation of 
GRP78/BiP from PERK (ER transmembrane receptor) triggers ki-
nase dimerization and autophosphorylation to generate activated 
PERK (p-PERK) (38). Therefore, the expression of GRP78/BiP and 
p-PERK can be used as an indicator of ER stress. The expression of 
GRP78/BiP and p-PERK of the Tuni/HCQ@CS-PAE treatment group 
was significantly increased by 59.7% (P < 0.001) and 87.0% (P < 0.001), 
respectively, compared with that of the control group (Fig. 6, B and C). 
It indicated that Tuni/HCQ@CS-PAE can strongly trigger ER stress. 
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The expressions of GRP78/BiP and p-PERK of the Tuni/HCQ treatment 
group were only 71.7% (P < 0.001) and 70.9% (P < 0.001), respectively, 
of that of the Tuni/HCQ@CS-PAE treatment group, suggesting that 
the polymersome system is more efficient than the free drugs at the 
same dose. The occurrence of ER stress triggered a series of downstream 
signaling pathways. The expressions of p-Akt and p-mTOR proteins 

in the Tuni/HCQ@CS-PAE treatment group were reduced by 80.0% 
(P < 0.001) and 67.2% (P < 0.001), respectively, compared to the con-
trol group, suggesting that the increase in the upstream event down-
regulates Akt and mTOR activity. The expression of MMP-2 was 
significantly decreased in the Tuni/HCQ@CS-PAE and Tuni@CS-
PAE treatment groups, which were only 32.8 and 41.0% of that of 

Fig. 4. In vivo antitumor effect. (A) Treatment schedule for 4T1 breast tumor in BALB/c mice. (B) Bioluminescence images of 4T1-Luc tumor–bearing BALB/c mice were 
taken on days 0 and 30 after various treatments. (C) Photographs of the tumors removed from the mice in the different treatment groups at the end of the experiment. 
(D) Tumor volume growth curves of the different treatment groups. (E) Weight of isolated tumors in the different treatment groups. (F) Tumor growth inhibition (TGI) 
after the different treatments. (G) Body weight changes of mice in the different treatment groups. (H) Hematoxylin and eosin (H&E) staining and immunohistochemical 
(IHC) analysis of tumor sections after the different treatments. All statistical data are presented as means ± SD. (n = 5; #P > 0.05; ***P < 0.001). [Photo credit for (B), (C), and 
(H): Funeng Xu, Southwest Jiaotong University].
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the control group, respectively, which was consistent with the trend 
of p-Akt expression.

When the autophagy occurs, LC3-I, which is in the cytoplasm of 
cells, is modified and processed to form LC3-II and expressed on the 
autophagosome membrane. The expression of p62 (sequestosome-1) 
as an autophagy substrate can characterize the smoothness of the 
autophagic flux. When the autophagic level is increased and the auto-
phagic flux is smooth, the expression of LC3-II is increased and the 
expression of p62 is decreased; however, when the autophagy level 
is increased and the autophagic flux is blocked, the expression of both 
LC3-II and p62 is increased (39, 40). As shown in Fig. 6 (D and E), 
the expression of LC3-II and p62 was up-regulated in all the treat-
ment groups compared with that in the control group, suggesting 

that the autophagic level of each treatment group was increased, and 
the autophagic flux was blocked to some extent. The highest expres-
sion of LC3-II was observed for Tuni/HCQ@CS-PAE and Tuni@
CS-PAE, which was consistent with the results of down-regulation 
of p-mTOR. The expression of LC3-II of HCQ@CS-PAE was also 
significantly improved, indicating that, when autophagic flux was 
blocked by lysosomal destruction, the overall autophagic level of 
the cells also increased, and the autophagic flux mainly remained in the 
autophagosome stage. The expression of p62 was the highest in the 
Tuni/HCQ@CS-PAE and HCQ@CS-PAE treatment groups, i.e., 4.67 
(P < 0.001) and 4.13 (P < 0.001) times that of the control group, re-
spectively, suggesting that substrate degradation in the autophago-
somes was largely blocked.

Fig. 5. In vivo antitumor metastasis. (A) Bioluminescence images of tumor lung metastases in each treatment group in vitro. (B) Photographs of lung tissues; tumor 
metastasis was visualized by Bouin’s fixative, and metastatic nodules were white (represented by red arrows). (C and D) Counting the number of lung metastasis nodules, 
measurement of the diameter of metastatic tumors, and performing classification and counting. Number of metastasis nodes (NOMN) = I × 1 + II × 2 + III × 3 + IV × 4 (ac-
cording to the diameter of the lung nodules for class 4: I < 0.5 mm, 0.5 mm ≤ II < 1 mm, 1 mm ≤ III ≤ 2 mm, and IV > 2 mm). (E) H&E staining of lung tissue after the various 
treatments. The red circle marks the metastatic tumor tissue. [Photo credit for (A), (B), and (E): Funeng Xu, Southwest Jiaotong University].
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Talin-1 and paxillin are the constituent proteins of the FAs. The 
turnover of FAs is the basis of cell movement. The blockade of the 
autophagic flux leads to the failure of FAs degradation, which re-
duces the ability of cell movement. As shown in Fig. 6F, the IHC 
sections of Tuni/HCQ@CS-PAE and HCQ@CS-PAE showed the 
largest amounts of talin-1 and paxillin, indicating that the blockade 
of autophagic flux can significantly prevent FAs turnover. In the 
IHC section analysis of MMP-2, the expression of MMP-2 of the 

Tuni/HCQ@CS-PAE and Tuni@CS-PAE treatment groups was sig-
nificantly inhibited, and the results were also consistent with the WB 
test in Fig. 6B, indicating that the MMP-2 expression was closely 
related to the ER stress induced by Tuni. It is suggested that based 
on the results of in vitro and in vivo antimetastasis experiments, it 
is known that HCQ@CS-PAE has stronger antimetastatic ability 
than Tuni@CS-PAE, also suggesting that the reduction in FAs turn-
over by autophagy affects tumor metastasis more than the decrease 

Fig. 6. Intrinsic signal pathways analysis. (A) Schematic diagram of Tuni causing ER stress, promoting autophagy, and reducing MMP-2 expression via signaling path-
ways in vivo. (B) WB analysis of key proteins of ER stress and downstream pathway protein of 4T1 tumor in BALB/c mice. (C) Relative expression level of key proteins in (B); 
***P < 0.001 compared with control. (D) Expression of LC3 and p62 lanes of 4T1 tumor in BALB/c mice via WB. (E) Quantification of the ratio of LC3-II to glyceraldehyde- 
3-phosphate dehydrogenase (GAPDH) and p62 to GAPDH expression using ImageJ software. (F) IHC pictures of talin-1, paxillin, and MMP-2 in 4T1 tumor–bearing 
BALB/c mice.
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in the MMP-2 expression. Thus, Tuni/HCQ@CS-PAE achieved a 
considerable tumor-metastasis inhibition effect under the combined 
effect of down-regulation of MMP-2 expression and inhibition of 
FAs turnover.

CONCLUSIONS
In summary, we presented a proof of concept for a pH-responsive 
polymersome codelivering HCQ and Tuni drugs, which had the ca-
pability of simultaneously inducing ER stress and blocking autophagy 
for combating malignant tumors and inhibiting tumor metastasis. 
The pH-responsive function of poly(-amino ester) of the polymer-
somes resulted in a dissociation of the polymersomes, leading to the 
rapid release of the loaded HCQ and Tuni. The combination of the 
pH response of the polymersomes and the released HCQ action al-
kalized and damaged the lysosomes to block the autophagic flux. 
Simultaneously, the released Tuni triggered ER stress and further 
regulated the PERK/Akt signaling pathway, resulting in an increased 
autophagic level. The in vivo antitumor effect on orthotopic 4T1-
Luc tumor–bearing BALB/c mice demonstrated that ~60.0% of the 
tumors were completely cured, and an extremely high TGI of 97.5% 
was achieved. Furthermore, the tumor metastasis was successfully 
inhibited with the polymersome and the NOMN is 0. The function 
mechanism investigation through both WB and IHC analyses indicated 
that the excellent antitumor effect was ascribed to a special autophagic 
stress, which resulted from the fact that the tumor cells were simul-
taneously attacked by the autophagy induction due to ER stress and 
the blockade of autophagic flux; the inhibition of tumor metastasis 
was mainly due to both the reduced expression of MMP-2 due to ER 
stress and the reduced FAs turnover due to the blockade of autophagic 
flux. Therefore, we believe that this dual drug–loaded, pH-responsive 
polymersome has considerable potential to be developed as nano-
medicine for treating tumors and inhibiting tumor metastasis.

MATERIALS AND METHODS
Synthesis of acetylated CS
CS was acetylated to increase its solubility in dimethyl sulfoxide 
(DMSO). Briefly, CS (1.0 g) was added to a round-bottom flask con-
taining formamide (50.0 ml). The system was heated to 80°C to pro-
mote dissolution and then cooled to room temperature. Pyridine 
(557.0 l) and acetic anhydride (500.0 l) were added to the round-
bottom flask and magnetically stirred at room temperature for 
12 hours. The reaction solution was dialyzed and lyophilized to ob-
tain acetylated CS (Ac-CS; 0.91 g), which was stored for later use.

Synthesis of Had-Ac-CS
Ac-CS (0.41 g), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
hydrochloride (0.16 g), and N-hydroxysuccinimide (0.04 g) were 
dissolved in reverse osmosis (RO) water. Triethylamine (0.08 g) was 
added to this mixture, and magnetic stirring was performed to activate 
the carboxyl group in an ice bath. Subsequently, 1,6-hexanediamine 
(0.63 g) was added, and the mixture was stirred at room temperature 
for 24 hours. The product Had-Ac-CS (0.49 g) was obtained via 
the dialysis and lyophilization of the reaction solution.

Synthesis of CS-poly(-amino ester)
CS-poly(-amino ester) was prepared via the Michael addition reaction. 
Had-Ac-CS (0.37 g), Hexane-1,6-dioldiacrylate (HDDA) (0.5 g), and 

3-dibutylamino-1-propylamine (DBPA) (0.37 g) were dissolved in 
15 ml of DMSO, and the round-bottom flask was purged with N2. The 
mixture was stirred at 50°C for 5 days. CS-poly(-amino ester) (1.1 g) 
was obtained via the dialysis and lyophilization of the reaction solution.

Polymersome formation
Dialysis was used to prepare the dual drug–loaded polymersomes. 
First, 20.0 mg of CS-poly(-amino ester) and 7.0 mg of Tuni were 
codissolved in a beaker containing 5.0 ml of DMSO. Then, 5.0 ml of 
RO water containing 5.1 mg of HCQ was added dropwise under high-
speed stirring, and the system was continuously stirred for 20 min. 
The system was transferred to a dialysis bag (molecular weight cut-
off, 3500) for 48 hours and then lyophilized for the next experiment. 
EE and EC were calculated by Eqs. 1 and 2, respectively

	​ EE(%) = ​ 
Weight of the drug in polymersomes

   ─────────────────────   Weight of the drug in feed  ​ × 100​	 (1)

	​ EC(%) = ​ 
Weight of the drug in polymersomes

   ───────────────────────   Weight of drug-loaded polymersomes ​ × 100​	 (2)

Acid-base titration
CS-poly(-amino ester) was placed in deionized water, and HCl 
solution was added until it was completely dissolved. Then, 1 to 5 l 
of 0.1 M NaOH solution was added dropwise, and the pH was mea-
sured after each addition. The pKa of the polymer is the pH at which 
it is half ionized.

Polymersomes pH sensitivity determination
The pH response of polymersomes was characterized by DLS, TEM, 
and 1H-NMR, respectively. The polymersomes were placed at pH 
5.0, pH 6.8, and pH 7.4, respectively. After 4 hours, DLS was used to 
measure the particle size distribution and  potential. Samples at pH 
5.0 were also used for TEM and 1H-NMR detection.

In vitro release profile
The release of Tuni and HCQ in Tuni/HCQ@CS-PAE was investi-
gated under three acidity conditions of pH 7.4, pH 6.8, and pH 5.0 at 
37°C. The release solution was taken 1 ml each time at the planned 
time point, and the same volume of fresh medium was added. The 
release solution was treated and analyzed by high-performance liquid 
chromatography.

Stability of Tuni/HCQ@CS-PAE polymersomes
Size changes of Tuni/HCQ@CS-PAE polymersomes after incubation 
in PBS or in cell culture medium [containing 10% FBS (v/v)] were 
monitored by DLS. The polymersome concentration was 1 mg ml−1, 
and the experimental conditions were 37°C.

Cytocompatibility assay
Alamar Blue assay and live-dead staining were used to determine 
the cytocompatibility of blank polymersomes. In Alamar Blue assay 
detection, 1 × 104 cells per well of 4T1 and HUVECs were seeded in 
48-well plates. After 24 hours of culture, polymersomes with 20 to 
400 g/ml were added to each well. After 48 hours, the culture me-
dium was removed, and 300 l of Alamar Blue solution [10% Alamar 
Blue, 80% media 199 (Gibco), and 10% FBS, (v/v)] was added for a 
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further 3-hour incubation. They were then transferred to 96-well plates 
and detected by automated microplate spectrophotometer. For live-dead 
staining, 2 × 104 cells per well of 4T1 and HUVECs were seeded in 
24-well plates. The cells were stained by 2 mM calcein acetoxymeth-
ylester for 10 min and propidium iodide for 5 min after 48 hours 
incubation, with different concentrations of polymersomes. Live cells 
were stained green, and dead cells were stained red when visualized 
by fluorescence microscopy.

In vitro cellular uptake
4T1 cells were cultured in confocal dishes for 12 hours in Dulbecco’s 
modified Eagle’s medium with 10% FBS. FITC-labeled polymer-
somes were added to two sets of confocal dishes, and then the me-
dium was discarded at 1 and 4 hours, respectively. Cells were washed 
three times with PBS before staining, and then lysosomes were la-
beled with the LysoTracker Red DND-99. The fluorescence signal 
was observed by fluorescence microscopy.

Lysosome acidity detection
Adherent 4T1 cells were treated with saline, Tuni, HCQ, CS-
PAE, and Tuni/HCQ@CS-PAE for 12 hours, and stained with 
the acid-sensitive dye LysoSensor Green-189. The fluorescence 
intensity of each group was measured by fluorescence microscope 
and FACS.

AO staining
The adherent 4T1 cells were treated with saline, CS-PAE, Tuni/HCQ, 
Tuni@CS-PAE, HCQ@CS-PAE, and Tuni/HCQ@CS-PAE, respec-
tively. After 24 hours, the cells were stained with AO (1 l) for 15 min 
and detected by fluorescence microscopy and FACS, respectively.

mCherry-GFP-LC3 adenovirus transfection
4T1 cells were inoculated with 5 × 105 per well in confocal dishes 
before infection. The density of cells before virus transfection reached 
50%, and the amount of virus mother liquor added to the plate was 
plaque-forming units = cell number × multiplicity of infection (MOI). 
MOI was 20, 24 hours after infection; 2 ml of fresh medium was 
added to each well to replace the virus-containing medium.

Bio-TEM
4T1 cells were seeded in culture flasks at a density of 1 × 106 cells/ml 
for 18 hours. Then, saline and Tuni/HCQ@CS-PAE were added 
for 48 hours, respectively. Cells were digested, collected by cen-
trifugation, and then fixed overnight in 2.5% glutaraldehyde. Sam-
ples were prepared according to TEM standard procedures and 
photographed.

In vitro cytotoxicity
Alamar Blue assay was used to assess the in vitro cytotoxicity. 4T1 
cells were seeded in 48-well plates at a density of 2 × 104 cells per 
well. After the cells were cultured for 24 hours, various preparations 
were added to the well plates for 48 hours. After the incubation, 300 l 
of Alamar Blue solution was added for further 3 hours, and then the 
Alamar Blue solution was transferred to a 96-well plate, and the ab-
sorbance was measured with an automated microplate spectropho-
tometer. The median effect plot was a straight line fit with X = log(D) 
versus Y = log[fa/(1 − fa)] (41). The theoretical IC50 value is the drug 
concentration corresponding to the x axis intercept of the median 
effect plot.

Wound-healing assay
4T1 cells were seeded in six-well plates. When the cell conflu-
ence reached 100%, scratches were made with a 200-l pipette 
tip, and cells were washed three times with PBS to remove the 
delineated cells. The treatments were added to each group. Var-
ious therapeutic agents were added to the treated six-well plates 
and cultured for 36 hours in serum-free medium. The entire pro-
cess was monitored with a microscope, and the healing area was 
calculated by ImageJ.

Transwell invasion assay
One hundred microliters of the diluted Matrigel was added vertically 
in the center of the transwell upper chamber and incubated at 37°C 
for 4 hours to form a gel. Six hundred microliters of 10% serum me-
dium was added to the lower chamber, and 100 l of the cell suspen-
sion was added to the upper chamber, and incubation was continued 
for 24 hours. The transwell chamber was removed, fixed in methanol 
for 30 min, stained with 0.1% crystal violet for 20 min, and the un-
injured cells in the upper layer were gently wiped off with a cotton 
swab, and the count was observed with a microscope.

In vivo antitumor activity
4T1-Luc cells were injected into the mouse mammary fat pad to es-
tablish an orthotopic breast cancer model. The animal experiments 
were approved by the Institutional Animal Care and Use Committee 
of Sichuan University and carried out in compliance with its guide-
lines. When the tumor volume of the mouse reached approximately 
35 mm3, it was defined as 0 day of treatment, and the mice were 
randomly divided into six groups of five mice each. Each group was 
administered through the tail vein at 0, 3, 6, and 9 days of treatment 
[Tuni (7.5 mg/kg)]. Tumor volumes were calculated using the fol-
lowing equation: V = 0.5 × A × B2 (A refers to tumor length, and B 
refers to the tumor width). TGI was calculated using the following 
equation: TGI (%) = 100 × (mean tumor weight of saline group − 
mean tumor weight of experimental group)/mean tumor weight of 
saline group.

Histological and IHC analyses
4T1 tumor–bearing BALB/c mice were sacrificed, and the heart, liver, 
spleen, lung, kidney, and tumor tissues were excised, fixed with 10% 
formalin, dehydrated with gradient ethanol, and embedded in par-
affin block. After denitrification with xylene, 4-m-thick tissue sec-
tions were stained with H&E, or for TUNEL detection, or for IHC 
staining with rabbit anti–Ki-67 polyclonal antibody and lastly ob-
served with an optical microscope.

Signal pathway investigation
The potential association of ER stress with autophagy and antimeta
static mechanisms were analyzed by WB and immunohistochemis-
try. BIP/GRP78, PERK, Akt, mTOR, LC3, and p62 were used for 
WB analysis to explore the ER stress–autophagy signaling pathway 
based on relative expression levels. MMP-2, talin, and paxillin were 
used as indicators of antimetastasis to analyze changes in their ex-
pression through WB and immunohistochemistry.

Statistical analysis
SPSS software was used for the statistical data analysis. Data were 
presented as means ± SD. One-way analysis of variance (ANOVA) 
was performed to determine statistical significance of the data. The 
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differences were considered significant for #P > 0.05, *P < 0.05, 
**P < 0.01, and ***P < 0.001.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/31/eabb8725/DC1

View/request a protocol for this paper from Bio-protocol.
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