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Oxygen-Evolving Manganese Ferrite Nanovesicles for 
Hypoxia-Responsive Drug Delivery and Enhanced Cancer 
Chemoimmunotherapy

Kuikun Yang, Guocan Yu, Rui Tian, Zijian Zhou, Hongzhang Deng,* Ling Li, 
Zhen Yang, Guofeng Zhang, Dahai Liu, Jianwen Wei, Ludan Yue, Ruibing Wang,* 
and Xiaoyuan Chen*

Immunological tolerance induced by the hypoxic tumor microenvironment 
has been a major challenge for current immune checkpoint blockade 
therapies. Here, a hypoxia-responsive drug delivery nanoplatform is 
reported to promote chemoimmunotherapy of cancer by overcoming the 
hypoxia-induced immunological tolerance of tumors. The nanovesicles 
are assembled from manganese ferrite nanoparticles (MFNs) grafted 
with hypoxia-responsive amphiphilic polymers as the membrane, with 
doxorubicin hydrochloride (Dox) loaded in the aqueous cavities. Under 
hypoxic conditions in tumors, the nanovesicles can rapidly dissociate 
into individual MFNs to release Dox and induce decomposition of tumor 
endogenous H2O2 for tumor hypoxia relief. As a result, the Dox-loaded 
nanovesicles display remarkable suppression of primary tumor growth 
in combination with αPD-L1-mediated checkpoint blockade therapy. 
Furthermore, the modulation of the hypoxic tumor microenvironment 
facilitates a long-lasting immunological memory effect to prevent 
tumor recurrence and metastasis. Therefore, this hypoxia-responsive 
nanoplatform presents a potential strategy for both local tumor treatment 
and long-term protection against tumor recurrence.
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1. Introduction

Immune checkpoint blockade (ICB) 
therapy has emerged as a promising thera-
peutic strategy for various types of cancer 
by modulating the immunosuppressive 
tumor microenvironment (TME).[1,2] In par-
ticular, monoclonal antibodies that target 
cytotoxic T lymphocyte associated protein 
4 (CTLA-4), programmed-cell-death protein 
1 (PD1) or its ligand, programmed death 
ligand 1 (PD-L1) have received tremendous 
attention and have recently been approved 
by the U.S. Food and Drug Administration 
for clinical tumor therapy.[3,4] However, ICB 
therapy still suffers from a low immune 
response rate and limited therapeutic effi-
cacy due to the immunological tolerance 
of tumors.[5,6] Therefore, combination of 
ICB with other therapeutic modalities has 
been investigated to strengthen the effects 
of immunotherapy.[7–9]

Recent studies have revealed that 
chemotherapy could elicit an antitumor 

immune response by inducing immunogenic tumor cell death 
(ICD) and releasing tumor-associated antigens.[10,11] The ICD-
induced immunogenicity promotes intratumoral infiltration of 
cytotoxic T lymphocytes (CTLs) and thus enhances tumor sen-
sitivity toward immunotherapy. Despite the notable potential of 
synergistic chemoimmunotherapy, several challenges remain 
before their clinical translation. For instance, the non-specific 
distribution of chemotherapeutic agents in vivo could poten-
tially lead to severe side effects and failure to trigger an immu-
nogenic response. The hypoxic TME is another critical limita-
tion for chemoimmunotherapy.[12–14] The hypoxic TME induces 
the recruitment of regulatory T cells (Treg), an important class 
of immunosuppressive cells, into the tumor and compromises 
the immune attack of tumor cells by CTLs. Many efforts have 
been undertaken to relieve hypoxia in tumors and improve 
the efficacy of immunotherapy.[15–17] For example, hyperbaric 
oxygen therapy was applied to overcome hypoxia and promote 
immunotherapy by introducing O2 to the patients in a pressur-
ized chamber.[18] However, this approach could lead to the over-
production of ROS in normal tissues and result in severe side 
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effects including barotrauma and hyperoxic seizures. Although 
delivery vehicles loaded with perfluorocarbon, MnO2 or cata-
lase have been used to selectively relieve cancer hypoxia and 
improve immunotherapy efficacy, many concerns including 
poor biocompatibility, stability, nonspecific O2 release and tran-
sitory O2 generation effects still hinder clinical translation of 
these nanomaterials.[19–21]

To address the challenges of synergistic chemoimmuno-
therapy, here we report the design of hypoxia-sensitive nano-
vesicles to specifically deliver doxorubicin (Dox) and generate 
O2 in tumors in order to combat their immunological toler-
ance. The vesicles are composed of a layer of polyethylene 
glycol-b-poly(6-(2-nitroimidazol-1-yl)hexyl methacrylate) (PEO-
b-PNIHM)-tethered manganese ferrite nanoparticles (MFNs), 
and loaded with Dox in their aqueous cavities (Figure  1A). 
After intravenous (i.v.) injection, the Dox-loaded MFN vesicles 
(Dox-MVs) could passively accumulate at the tumor site by the 
enhanced permeability and retention (EPR) effect, followed 
by internalization into the tumor cells through endocytosis 
(Figure  1B). Thereafter, the hydrophobic 2-nitroimidazoles on 
the PEO-b-PNIHM could be converted to hydrophilic 2-ami-
noimidazoles via a series of selective bioreductions under the 
hypoxic TME.[22,23] As a result, the vesicles dissociate rapidly 
and release Dox specifically in the tumor to induce chemo-
therapy and subsequent antitumor immune response. The dis-
sociated Dox-MVs could also release MFNs, which serve both as 
a contrast agent for T2-weighted magnetic resonance imaging 
(MRI) and an efficient catalyst for converting endogenous 
H2O2 in the tumor to O2. By this means, the tumor-specific 
production of O2 could significantly relieve tumor hypoxia and 
reverse the immunosuppressive TME, thereby promoting anti-
tumor immune attacks induced by chemotherapy. Compared 
with conventional O2 generators such as catalase, MnO2, and 
Pt nanoparticles, the MFNs-based strategy could produce O2 
specifically in hypoxic tumor tissues, thus leading to enhanced 
therapeutic efficacy and reduced side effects. With further com-
bination with anti-PD-L1 (αPD-L1) checkpoint blockade, the 
hypoxia-responsive Dox-MVs demonstrate a remarkable syner-
gistic effect to inhibit tumor growth and prevent tumor recur-
rence and metastasis, providing a promising nanoplatform to 
improve the efficacy of chemoimmunotherapy.

2. Results

Hydrophobic MFNs with a diameter of 11.6  ± 0.6  nm were 
synthesized by a thermal decomposition method reported 
previously (Figures S1–S3, Supporting Information).[24] 
6-(2-Nitroimidazol-1-yl)hexyl methacrylate (NIHM) was synthe-
sized and polymerized via RAFT polymerization (Figures S4–S7,  
Supporting Information). The resultant thiol terminated 
PNIHM48-b-PEO45 (15.5 kg mol−1) was grafted onto the surface 
of MFNs via the thiol–ene click reaction to obtain amphiphilic 
building blocks (Figure S8, Supporting Information).[25] The 
self-assembly of block copolymer-tethered MFNs (BCP-MFNs) 
into MFNs vesicles (MVs) was triggered by a solvent exchange 
method. Dox-MVs were fabricated by assembling MFNs in an 
aqueous solution of Dox instead of ultrapure water. Scanning 
and transmission electron microscopy (SEM/TEM) images 

illustrate the formation of well-defined vesicles with uniform 
size distributions (Figure  1C,D). The MVs are composed of 
a monolayer of highly densely packed MFNs in the vesicular 
membrane as evidenced by the high-angle annular dark-field 
scanning TEM and the EDS element mapping (Figure  1E,F). 
The size of MVs could be directly controlled from 120.9 ± 14.0 to 
275.8 ± 23.9 nm by varying the graft density of BCPs on MFNs 
from 0.03 to 0.09 chains nm−2 (Figure  1G,H; Figure S9, Sup-
porting Information). This can be attributed to the modulation 
of the physical properties of the colloidal building blocks by 
tuning the density of BCPs on MFNs. The hydrophobic MFNs 
became more amphiphilic with a higher graft density of BCPs. 
As a result, the assemblies composed of BCP-MFNs exhibited 
larger diameters as the hydrophilic PEO expanded to maximize 
contact with water, similar to the expansion of polymersomes 
with a higher hydrophilic volume fraction of BCPs.[26,27] To 
maximize the tumor accumulation of the vehicles via the EPR 
effect, MVs with a size of 120.9  ± 14.0  nm were obtained and 
employed for the following studies.[28,29]

MVs were stable for over 30 days in a physiologically rele-
vant environment, such as in phosphate-buffered saline (PBS) 
supplemented with 10% fetal bovine serum (Figure S10, Sup-
porting Information). To evaluate the hypoxia-responsiveness 
of MVs in vitro, the vesicles were incubated with PBS buffer 
containing NADH and nitroreductases to mimic the hypoxic 
TME. The corresponding morphology and size changes of MVs 
were clearly observed by TEM and DLS analysis (Figure  1I,J). 
MVs swelled slightly after 30  min incubation and dissociated 
completely within 2 h, which can be attributed to the amphi-
philicity change of BCPs in the assemblies. The hydrophobic 
2-nitroimidazole groups on the side-chains of BCPs were rap-
idly reduced to hydrophilic 2-aminoimidazoles under hypoxic 
conditions, resulting in the conversion of the colloidal BCP-
MFNs from amphiphilic building blocks to more hydrophilic 
nanoparticles (Figure S11, Supporting Information). Therefore, 
MVs dissociated rapidly as a result of the weakened hydro-
phobic-hydrophobic interactions. The hypoxia-induced dissocia-
tion of the vesicles was further verified by the release of Dox 
from Dox-MVs in both normoxic and hypoxic environments 
(Figure 1K). A small amount of Dox release (<9%) was observed 
from Dox-MVs after incubation under normoxic conditions for 
5 h. In contrast, over 95% of Dox was released from Dox-MVs 
within 5 h in a hypoxic environment, indicating the hypoxia-
induced dissociation of Dox-MVs and subsequent release of 
Dox from the vesicles.

To evaluate the catalytic effect of the assemblies, MVs were 
pretreated in the hypoxic environment for 2 h to induce disas-
sembly of the vesicles, followed by incubation with a H2O2 solu-
tion at an endogenous concentration (100 × 10−6 m). Intact MVs 
were also incubated with H2O2 as a control. The time-dependent 
consumption of H2O2 and production of O2 were measured by 
using a peroxide assay kit and an oxygen probe, respectively. The 
dissociated MVs initiated the decomposition of H2O2 and gen-
eration of O2 readily after addition into the 100 × 10−6 m H2O2 
solution (Figure  1L,M; Figure S12, Supporting Information). 
More than 60% of H2O2 was consumed after incubation with 
dissociated MVs for 60 min. However, no significant change in 
H2O2 or O2 level was observed for intact MVs, indicating that 
the dissociation of vesicles is a prerequisite for efficient catalytic 
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Figure 1. Synthesis and characterizations of vesicles composed of BCP-tethered manganese ferrite nanoparticles.A) Fabrication of Dox-MVs via 
cooperative assembly of BCP-grafted MFNs and B) utilization of Dox-MVs for hypoxia-responsive release of Dox and O2 in tumors. C) Representa-
tive TEM, D) SEM, E) high-angle annular dark-field scanning TEM images, and F) EDS element mapping of monolayered MVs self-assembled from 
BCP-MFNs. The white arrows in (C–E) indicates the hollow vesicular assemblies with occasionally broken membranes. G) TEM images of MVs with 
various sizes and H) hydrodynamic diameters of MVs as a function of graft density of BCPs on MFNs. I) TEM images of MVs after incubation with 
NADH and nitroreductases for various time durations and J) the corresponding hydrodynamic diameters of MVs after incubation under hypoxic 
conditions. K) In vitro release of Dox from Dox-MVs after normoxia and hypoxia incubation, respectively. L) Degradation of H2O2 and M) genera-
tion of O2 after incubating MVs and dissociated MVs with 100 × 10−6 m H2O2, respectively. N) Repetitive catalytic capability of dissociated MVs with 
repetitive addition of H2O2.
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decomposition of H2O2 and production of O2. As MVs remain 
intact in a normoxic environment, the hydrophobic membrane 
significantly limits the accessibility of H2O2 to MFNs, leading to 
a low catalytic activity of the vesicles. When MVs were incubated 
under hypoxic conditions, the vesicles dissociated into hydro-
philic nanoparticles, enabling sufficient contact between H2O2 

and the nanoparticles. As a result, H2O2 was decomposed rap-
idly and a significant amount of O2 was produced. Furthermore, 
the dissociated MVs showed continuous generation of O2 after 
repetitive addition of H2O2, indicating the long term catalytic 
activity of the dissociated vesicles to continuously overcome and 
reverse the hypoxic TME (Figure 1N).

Figure 2. Cellular uptake, hypoxia-triggered dissociation and cytotoxicity of Dox-MVs in vitro. A) CLSM images showing the levels of intracellular H2O2 
in cells treated with PBS or MVs under normoxic or hypoxic conditions. B) Immunofluorescence staining showing the expression of HIF-1α in 4T1 cells 
after incubation with PBS or MVs under normoxic and hypoxic conditions, respectively. C) TEM images of MVs treated 4T1 cells under normoxic and 
hypoxic conditions, respectively. D) In vitro cytotoxicity of MVs, Dox and Dox-MVs against 4T1 cells incubated under normoxic and hypoxic conditions, 
respectively (n = 5). Data are presented as means ± S.D.
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To further demonstrate the catalytic activity of MVs at the cel-
lular level, the intracellular H2O2 concentration was assessed 
using a fluorescent peroxide assay kit (Figure  2A). Compared 
with the control groups treated with PBS, strong yellow fluo-
rescence was observed in 4T1 cells after incubation with 
100 × 10−6 m H2O2. The strong fluorescence indicating a high 
intracellular H2O2 level remained in cells treated with MVs and 
H2O2 under normoxic conditions. Conversely, the intracellular 
fluorescence intensity decreased dramatically after incuba-
tion of 4T1 cells with MVs and subsequently with H2O2 under 
hypoxic conditions, confirming that the hypoxia-responsive dis-
sociation of MVs may initiate decomposition of intracellular 
H2O2. The capability of MVs to alleviate hypoxia was also inves-
tigated. As hypoxia-inducible factor 1-α (HIF-1α) protein is typi-
cally upregulated under hypoxic conditions, the expression of 
HIF-1α in 4T1 tumor cells was evaluated to reveal the degree 
of hypoxia (Figure  2B).[30–32] In contrast to the low expression 
of HIF-1α in 4T1 cells under normoxic conditions, a strong 
green fluorescence was observed in tumor cells incubated 
under hypoxic conditions, indicating overexpression of HIF-1α 
induced by the hypoxic TME. However, a significant reduction 
in HIF-1α fluorescence intensity was observed in cells treated 
with MVs under hypoxic conditions, indicating a dramatic alle-
viation of hypoxia by MVs via O2 generation. Western blot anal-
ysis further confirmed that MVs effectively overcame hypoxia 
in tumor cells, as evidenced by the significantly reduced signal 
intensity of HIF-1α after incubation with MVs under hypoxic 
conditions (Figure S13, Supporting Information).

The hypoxia responsiveness of MVs was investigated in vitro 
by incubating 4T1 cells with the vesicles for 48 h under hypoxic 
conditions, followed by TEM observation to monitor the mor-
phological changes of the vesicles (Figure  2C). In contrast to 
the intact spherical vesicles in cells under normoxic incuba-
tion, disintegrated vesicles were found in cells incubated under 
hypoxic conditions, confirming the hypoxia-induced dissocia-
tion of MVs.

To evaluate the chemotherapeutic effect of Dox-MVs, the cyto-
toxicity of free Dox, MVs and Dox-MVs on 4T1 cells in normoxic 
and hypoxic environments was evaluated via 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays.[33] No 
significant toxicity was found for cells treated with MVs at any 
studied concentrations (1.56–400 µg mL−1), indicating the excel-
lent biocompatibility of the vesicles (Figure  2D). As expected, 
Dox exhibited a dose-dependent cytotoxicity against the tumor 
cells in both normoxic and hypoxic environments. As for 4T1 
cells incubated with Dox-MVs, no obvious toxicity was observed 
for cells incubated under normoxic conditions. However, Dox-
MVs exhibited a toxicity comparable to that of free Dox under 
hypoxic conditions, indicating the hypoxia-induced dissociation 
of Dox-MVs and subsequent release of Dox in tumor cells. To 
investigate the Dox-MVs induced ICD, the exposure of calreti-
culin (CALR) on the cell surface was evaluated as a distinct bio-
marker of ICD. Compared with Dox-MVs treated cells under 
normoxic conditions, Dox-MVs treated cells exhibited signifi-
cantly higher expression of CALR under hypoxic incubation, 
indicating the hypoxia-triggered release of Dox and subsequent 
Dox-induced ICD (Figure S14, Supporting Information).

The biodistribution of Dox-MVs was evaluated in 4T1 tumor 
bearing Balb/c mice. MFNs were labeled with IR780 and 

assembled into vesicles following the same procedure for fab-
rication of Dox-MVs (Figures S15 and S16, Supporting Informa-
tion). The tumor-bearing mice were intravenously injected with 
IR780-labeled Dox-MVs and imaged at different time intervals 
(Figure 3A). The distribution of MVs in vivo was also evaluated 
for comparison (Figure S17, Supporting Information). The vesi-
cles started to accumulate in tumors at 4 h postinjection and 
reached maximum accumulation at 24 h after i.v. administra-
tion as a result of the EPR effect (Figure  3B). The mice were 
sacrificed at 48 h postinjection and the tumors as well as major 
organs were collected for ex vivo imaging and quantitative 
analysis (Figure S18, Supporting Information). Strong fluores-
cence of Dox-MVs was observed in the tumor, liver and kidney 
of all mice, but was barely found in the heart, spleen, and lung, 
indicating the reticuloendothelial system-mediated clearance 
of Dox-MVs and renal clearance of dissociated MFNs, respec-
tively. The accumulation of Dox-MVs in the tumor was also 
confirmed by T2-weighted MR imaging (Figure 3C; Figure S19, 
Supporting Information). The mice injected with Dox-MVs 
exhibited obvious contrast in the tumor area at 24 h postinjec-
tion, compared with mice injected with PBS, confirming that 
intravenously injected Dox-MVs were effectively delivered into 
the tumor and could be used as contrast agents for imaging-
guided tumor therapy.

Encouraged by the efficient catalytic activity and prolonged 
retention of Dox-MVs in tumors, we further evaluated the oxy-
genation status of the tumor after i.v. injection of the vesicles. 
Photoacoustic (PA) imaging was performed at different time 
points to evaluate the tumor vascular saturated O2 levels (sO2) 
based on the differential absorption of oxygenated and deoxy-
genated hemoglobin at two excitation wavelengths of 850 and 
750  nm, respectively (Figure  3D).[34] Compared with the PBS 
and Dox treated groups, a higher level of PA signal at 850 nm 
appeared in the tumor of MVs or Dox-MVs treated mice at 4 h 
postinjection. The sO2 inside the tumor increased from 2.7  ± 
0.7% to 17.5 ± 4.5% at 24 h after i.v. administration of Dox-MVs, 
which was 11.5- and 13.1-fold higher than that of the PBS and 
Dox treated groups, respectively (Figure  3E; Figure S20, Sup-
porting Information). Notably, Dox-MVs treated mice exhibited 
increased levels of sO2 even at 48 h postinjection, indicating 
the extended alleviation of tumor hypoxia by Dox-MVs. To fur-
ther confirm the relieved tumor hypoxia by Dox-MVs, tumor 
sections were collected for immunofluorescence staining of 
HIF-1α at 24 h postinjection (Figure 3F). Compared with PBS 
and Dox treated groups, remarkably decreased HIF-1α signals 
were observed for mice treated with Dox-MVs. The semi-quan-
titative statistical analysis of HIF-1α positive areas confirmed 
the downregulated expression of HIF-1α in the tumor after 
i.v. administration of Dox-MVs, indicating the efficient tumor 
hypoxia alleviation owing to the catalytic activity of the dissoci-
ated vesicles (Figure 3G).

Hypoxic TME is associated with immunological tolerance 
of tumors. Therefore, the extended relief of tumor hypoxia by 
Dox-MVs is anticipated to reverse the immune-suppressive 
TME and favor efficient tumor chemoimmunotherapy. The 
efficacy of Dox-MVs, in combination with PD-L1 checkpoint 
blockade, on tumor inhibition was evaluated with 4T1 tumor-
bearing Balb/c mice. Non-catalytic BCP-tethered gold nanopar-
ticles were assembled into Dox-loaded gold vesicles (Dox-GVs) 
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as an inert control to Dox-MVs (Figures S21–25, Supporting 
Information). Balb/c mice bearing 4T1 tumors were randomly 
divided into ten groups (five mice in each group) and were 
intravenously injected with 1) PBS, 2) PBS+αPD-L1, 3) MVs, 
4) MVs+αPD-L1, 5) free Dox, 6) free Dox+αPD-L1, 7) Dox-GVs, 
8) Dox-GVs+αPD-L1, 9) Dox-MVs, and 10) Dox-MVs+αPD-L1 

(equivalent Dox dose of 1 mg kg−1, equivalent αPD-L1 dose of 
5 mg kg−1), respectively. The tumor sizes were closely monitored 
every two days (Figure 4A). It was found that the mice treated 
with PBS buffer or PBS plus αPD-L1 had rapid tumor growth 
(Figure 4B,C). A minor delay in tumor growth was observed in 
the mice treated with MVs or MVs plus αPD-L1, likely owing 

Figure 3. Biodistribution and hypoxia relief of Dox-MVs in 4T1 tumor-bearing mice. A) In vivo fluorescence images of 4T1 tumor-bearing Balb/c mice at 
different time points after intravenous injection of IR780 labeled Dox-MVs. B) Biodistribution of IR780 labeled Dox-MVs measured at 24 h post intrave-
nous injection (n = 3). C) In vivo T2-weighted MR images of tumor-bearing mice at different time points before and after intravenous injection of PBS 
and Dox-MVs respectively. D) Representative PA images of 4T1 tumors on mice at various time points before/after intravenous injection of PBS, Dox 
and Dox-MVs and E) the corresponding quantification of the oxyhemoglobin saturation in tumors calculated from (D) (n = 3). F) Immunofluorescence 
staining micrographs of tumor sections displaying HIF-1α expression in the tumor after treatment with PBS, Dox and Dox-MVs, respectively. G) HIF-
1α positive areas as recorded from >10 micrographs for each group using the ImageJ software. Data are presented as means ± S.D. (***p < 0.001, 
**p < 0.01).
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Figure 4. Dox-MVs-mediated synergistic chemoimmunotherapy in 4T1 tumor-bearing mice. A) Schematic illustration of the treatment protocol of Dox-
MV-based chemotherapy and subsequent αPD-L1 combination therapy. B,C) Evolvement of tumor volumes and D) survival curves of 4T1 tumor-bearing 
Balb/c mice with different treatments. E) H&E staining of tumor sections collected from mice post various treatments. F) Body weight variation of 
4T1 tumor-bearing Balb/c mice after various treatments. G) Proportions of tumor-infiltrating CD8+ T cells (Gated on CD3+) and H) the ratio of CD8+ 
T cells to regulatory T cells of mice post various treatments. I) TNF-α and J) IFN-γ levels in the sera of mice determined on the third day post various 
treatments (on Day 8). Data are presented as means ± S.D. (n = 5, ***p < 0.001, **p < 0.01, *p < 0.05).
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to the limited tumor-inhibitory effect of immunotherapy on the 
established tumors (≈100 mm3). For tumor-bearing mice treated 
with free Dox or Dox plus αPD-L1, the tumor growth was par-
tially delayed in early days but a rapid growth was observed 
later on. This could be ascribed to the poor tumor specificity 
and insufficient tumor retention of free Dox at such low doses. 
Thanks to the tumor specific release of Dox, both Dox-GVs and 
Dox-MVs exhibited more significant inhibition of tumor growth 
and the antitumor effect was further enhanced upon combining 
Dox-GVs with PD-L1 blockade. However, the tumor growth was 
still not efficiently restrained at later time points. In contrast, 
Dox-MVs in combination with αPD-L1 showed the most sig-
nificant suppression of tumor growth, suggesting that Dox-
MVs could significantly promote the chemoimmunotherapy of 
tumors by catalytically supplying oxygen and relieving tumor 
hypoxia. Notably, 4T1 tumor-bearing mice treated with Dox-
MVs plus αPD-L1 survived for over 30 days without a single 
death, whereas the other groups of mice showed shortened life 
spans of about 14–28 days (Figure 4D). In addition, both H&E 
and TUNEL staining of tumor tissue sections revealed that 
Dox-MVs plus αPD-L1 induced more significant apoptosis and 
necrosis of tumor cells in comparison with all the other groups, 
indicating the critical role of tumor-specific Dox delivery as well 
as tumor hypoxia alleviation for effective tumor chemoimmu-
notherapy (Figure 4E; Figure S26, Supporting Information). A 
negligible loss of body weight was observed for all groups of 
mice during the therapeutic period, indicating the biosafety of 
the delivery vehicles (Figure 4F). Moreover, H&E-stained images 
of major organs suggested no obvious histological abnormality 
in any of the groups, confirming the absence of obvious tox-
icity of our treatment (Figure S27, Supporting Information). In 
addition, the liver function biomarkers including alanine ami-
notransferase (ALT), aspartate aminotransferase (AST), alkaline 
phosphatase (ALP), and renal function biomarkers including 
blood urea nitrogen (BUN), creatinine (CREA), uric acid (UA) 
presented no significant difference compared with those of the 
control group 30 days after the i.v. injection of Dox-MVs, sug-
gesting no significant long-term liver and renal function injury 
from the vesicles (Figure S28, Supporting Information).

It has been reported that the hypoxic TME impedes effective 
tumor immunotherapy. In particular, high infiltration of Treg 
in tumors induced by hypoxia has been found to correlate with 
poor clinical prognosis of cancer patients.[35,36] To investigate 
whether tumor hypoxia alleviation by our vesicles could pro-
mote immunotherapy efficacy, the tumors were collected after 
various treatments and the populations of different sub-groups 
of T-cells were analyzed by immunofluorescence staining and 
flow cytometry. It was found that the percentages of CD8+ CTLs 
in tumors increased significantly after i.v. administration of Dox 
or Dox-loaded vesicles, and αPD-L1 treatment further enhanced 
CTL infiltration in tumors (Figure  4G; Figures S29–S32, Sup-
porting Information). This can be attributed to the stimulated 
antitumor immune responses caused by Dox-induced immuno-
genic tumor cell death. Notably, tumors treated with Dox-MVs 
plus αPD-L1 exhibited the highest level of CTL infiltration com-
pared to those treated with free Dox or Dox-GVs plus αPD-L1, 
suggesting that the enhanced efficacy of immunotherapy was a 
result of tumor hypoxia relief. Moreover, it was also found that 

mice treated with Dox-MVs plus αPD-L1 exhibited a moderate 
reduction in the population of immunosuppressive Treg within 
tumors when compared with other groups, implying that tumor 
hypoxia relief by Dox-MVs could effectively abrogate the activity 
of Tregs recruited into tumors (Figures S33 and S34, Supporting 
Information). As a result, tumors treated with Dox-MVs plus 
αPD-L1 showed the highest CD8+ CTLs to Treg ratios, indi-
cating the strongest antitumor immune response in this group, 
which corroborated well with the highest tumor inhibition effi-
cacy and survival rate (Figure 4H). An increased expression of 
tumor necrosis factor alpha (TNF-α) and interferon gamma 
(IFN-γ) was found in the sera of mice injected with Dox-MVs 
plus αPD-L1, as compared with the other groups, further con-
firming that the combination of tumor hypoxia alleviation with 
PD-L1 checkpoint blockade contributed to the most significant 
anti-tumor immunity (Figure 4I,J).

The immune memory effect is crucial for long term preven-
tion of tumor recurrence and distant metastasis.[37,38] To eval-
uate the immunological memory induced by Dox-MVs, Balb/c 
mice were subcutaneously rechallenged with 4T1 cells 28 days 
after the surgical resection of the primary 4T1 tumors to detect 
tumor recurrence (Figure 5A). For the mice treated with PBS, 
MVs, Dox or Dox-GVs plus αPD-L1, their reinoculated tumors 
all grew up quickly, resulting in the death of those mice within 
26 days post-tumor rechallenge (Figure  5B,C). In contrast, 
synergistic chemoimmunotherapy by Dox-MVs plus αPD-L1 
significantly suppressed reinoculated tumor progression and 
improved the survival rate of mice. The mechanism behind 
this strong long-term immune memory effect of Dox-MVs 
plus αPD-L1 treatment was investigated by collecting and ana-
lyzing the spleens of mice from different groups one day before 
inoculation of the secondary tumor. The proportion of effector 
memory T cells (TEM, CD3+CD8+CD62L-CD44+) crucial for 
immune memory protection was evaluated using flow cytom-
etry (Figure S35, Supporting Information). In comparison with 
other groups, the frequency of TEM significantly increased in the 
spleens of mice receiving Dox-MVs plus αPD-L1 (Figure  5D). 
In addition, the concentrations of TNF-α and IFN-γ in the sera 
of mice were remarkably higher in mice treated with Dox-MVs 
plus αPD-L1 than those of the other groups, indicating the suc-
cessful reactivation of strong antitumor immune responses 
by Dox-MVs plus αPD-L1 to effectively prevent recurrence of 
tumors (Figure 5E,F).

To further investigate the induction of immunological 
memory by Dox-MVs plus αPD-L1, a lung metastasis tumor 
model was established by intravenously injecting 4T1 tumor 
cells into Balb/c mice. Lung metastasis inhibition was evalu-
ated by collecting lungs from all groups of mice 14 days postin-
jection of tumor cells and counting the lung metastasis nodules 
(Figure 5G,H). The gross appearance of lung nodules revealed 
that Dox-MVs plus αPD-L1 could efficiently prevent lung 
metastasis when compared with the control groups. The com-
bined treatment of Dox-MVs plus αPD-L1 substantially reduced 
the number of lung nodules to 1.6 ± 1.1 per lung whereas mice 
treated with PBS plus αPD-L1, MVs plus αPD-L1, Dox plus 
αPD-L1 and Dox-GVs plus αPD-L1 displayed lung metastasis 
with 22.2 ± 4.4, 11.2 ± 3.4, 8.4 ± 2.0, and 5.2 ± 2.5 nodules per 
lung respectively.
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Figure 5. Long-term immune memory effects induced by Dox-MV-mediated chemoimmunotherapy. A) Schematic illustration of the treatment pro-
tocol with Dox-MV-based chemotherapy and subsequent αPD-L1 combination therapy to inhibit cancer relapse. B) Evolvement of secondary 4T1 
tumor volumes after elimination of the primary tumor and C) survival curves of Balb/c mice with different treatments. D) Proportions of effector 
memory T cells (TEM) in the mice spleens analyzed by flow cytometry (gated on CD8+) one day before rechallenging mice with secondary tumors (on 
Day 39). E,F) Cytokine levels in the sera from mice isolated 7 days after mice were rechallenged with secondary tumors (on Day 47). G) Representative 
photographs showing the gross appearance of tumor nodules in the lungs of mice with different treatments. H) Number of lung nodules measured 
14 days post i.v. injection of 4T1 tumor cells. I) Schematic illustration of the mechanism of Dox-MV-based chemoimmunotherapy to achieve systemic 
immune responses. 1) Hypoxia-responsive release of Dox for targeted tumor chemotherapy. 2) Hypoxia-triggered dissociation of Dox-MVs enables in 
situ oxygen generation and persistent hypoxia relief in tumor tissues. 3) Checkpoint blockade induces strong antitumor immune responses and the 
Dox-MV-mediated hypoxia relief could further promote antitumor immunities to 4) suppress primary tumor growth and 5) prevent tumor recurrence 
and metastasis. Data are presented as means ± S.D. (n = 5, ***p < 0.001, **p < 0.01, *p < 0.05).
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3. Discussion

In the current study, we have developed multifunctional 
Dox-MVs for combined chemoimmunotherapy of cancer 
(Figure  5I). The nanovesicles were assembled from hypoxia 
responsive BCPs-tethered MFNs with Dox loaded inside the 
hollow cavities of vesicles as therapeutic cargoes, while MFNs 
could act as both a contrast agent for MRI and a catalyst to gen-
erate oxygen and relieve tumor hypoxia. Both Dox and MFNs 
were rapidly released in the hypoxic TME, where the former 
inhibits tumor growth by inducing tumor cell apoptosis and 
the latter promotes oxygen production in tumors to modulate 
the immune-suppressive environment and favor antitumor 
immune responses. In combination with immune checkpoint 
blockade by αPD-L1, the hypoxia-responsive Dox-MVs could 
boost strong systemic antitumor immune responses as well as 
immunological memory to effectively suppress primary tumor 
growth and prevent tumor metastasis and recurrence.

Compared with other reported strategies to promote immu-
notherapy by reversing the hypoxic TME, our strategy of Dox-
MVs plus αPD-L1 based chemoimmunotherapy offers distinct 
advantages. First, Dox-MVs could passively accumulate in 
tumors via the EPR effect and dissociate into individual MFNs 
in response to the hypoxic TME. Subsequently, the dissociated 
nanoparticles could convert endogenous H2O2 in the tumor 
to O2 to achieve tumor specific hypoxia relief. Therefore the 
immune response could be significantly boosted by modu-
lating the immune-suppressive TME and avoiding nonspecific 
O2 generation. Second, MFNs demonstrated sustained catalytic 
ability after hypoxia-induced dissociation of Dox-MVs, indi-
cating the potential for continuous O2 generation and tumor 
hypoxia relief for promoting immunotherapy efficacy. Finally, 
various therapeutic agents could be loaded inside the hollow 
cavities of the vesicles and released specifically at the tumor site 
due to the hypoxia-triggered dissociation of the delivery vehi-
cles. As a result, highly effective inhibition of tumor growth 
could be realized by the rational combination of chemotherapy 
and anti-PD-L1 checkpoint blockade immunotherapy.

4. Conclusion

In summary, a hypoxia-responsive nanocarrier was developed 
for tumor-targeted delivery of Dox and oxygen. The sustained 
and tumor-specific hypoxia relief could modulate the immune-
suppressive TME and facilitate effective inhibition of tumor 
growth, recurrence and metastasis when combined with anti-
PD-L1 checkpoint blockade. With inherent biocompatibility, Dox-
MVs may find tremendous potential in clinical translation to 
combat cancer, especially advanced metastatic cancer by synergis-
tically combining chemotherapy with immunotherapy. Moreover, 
the long-term immunological memory induced by Dox-MVs ena-
bles potential application of the delivery platform in prevention 
of tumor recurrence after surgery or radiotherapy strategies.
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