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Abstract 

Hypoxia is a characteristic feature of solid tumors and an important causation of resistance to 
chemotherapy and photodynamic therapy (PDT). It is challenging to develop efficient functional 
nanomaterials for tumor oxygenation and therapeutic applications.  
Methods: Through disulfide reconfiguration to hybridize hemoglobin and albumin, tumor-targeted 
hybrid protein oxygen carriers (HPOCs) were fabricated, serving as nanomedicines for precise 
tumor oxygenation and simultaneous enhancement of hypoxia-dampened chemotherapy and 
photodynamic therapy. Based on encapsulation of doxorubicin (DOX) and chlorin e6 (Ce6) into 
HPOCs to form ODC-HPOCs, the mechanism and therapeutic efficacy of oxygen-enhanced 
chemo-PDT was investigated in vitro and in vivo. 
Results: The precise oxygen preservation and release of the HPOC guaranteed sufficient tumor 
oxygenation, which is able to break hypoxia-induced chemoresistance by downregulating the 
expressions of hypoxia-inducible factor-1α (HIF-1α), multidrug resistance 1 (MDR1) and 
P-glycoprotein (P-gp), resulting in minimized cellular efflux of chemodrug. Moreover, the oxygen 
supply is fully exploited for upgrading the generation of reactive oxygen species (ROS) during the 
photodynamic process. As a result, only a single-dose treatment of the HPOCs-based chemo-PDT 
exhibited superior tumor suppression. The combination therapy was guided by in vivo 
fluorescence/photoacoustic imaging with nanoparticle tracking and oxygen monitoring.  
Conclusion: This well-defined HPOC as a versatile nanosystem is expected to pave a new way for 
breaking multiple hypoxia-induced therapeutic resistances to achieve highly effective treatment of 
solid tumors. 

Key words: hybrid protein nanoparticle, targeted oxygen carrier, tumor hypoxia, chemotherapy, photodynamic 
therapy 

Introduction 
Cancer nanotheranostics—nanomedicines with 

integrated diagnostic and therapeutic functions— 
have received tremendous attention in recent years, 
especially for tumor-targeted drug delivery and 
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modulation of tumor microenvironment, as well as 
precise imaging-guided therapy [1-4]. However, the 
success of anticancer therapy is usually limited by the 
complex tumor microenvironment and induced 
therapeutic resistances. Hypoxic microenvironments 
are typically scattered in the central region of solid 
tumors, owing to the insufficient oxygen supply of 
abnormal tumor vasculature and high oxygen 
consumption of tumor cells with vigorous metabolism 
[5]. Effects of hypoxia on tumor biology include 
tumor angiogenesis, vasculogenesis, invasiveness and 
metastasis, as well as resistance to therapies through 
multiple mechanisms [6-9]. In chemotherapy, hypoxic 
cells are resistant to most anticancer drugs, which 
require oxygen to increase the cytotoxicity of the 
DNA lesions [10]. Moreover, hypoxia regulates the 
gene/protein expressions involved in drug resistance 
and induces poor drug delivery [11-13]. Beyond that, 
hypoxia is the major barrier of photodynamic therapy 
(PDT) that converts oxygen into cytotoxic reactive 
oxygen species (ROS) in the presence of light and 
photosensitizer, in which the hypoxic tumor fails to 
provide photosensitizers with an adequate oxygen 
source and sustained oxygen supply [14-16]. Lately, 
by ingenious combinations of chemotherapy and 
photodynamic therapy, chemophototherapy is 
emerging as a potential treatment option for solid 
tumors. It is valuable for improving drug 
bioavailability and the photodynamic reaction to 
achieve superior efficacy [17, 18]. 

Considering the critical roles of hypoxia in 
resistance to tumor therapy, tumor-driven 
oxygenation might be the best validated strategy to 
achieve highly efficient therapies. For instance, 
hyperbaric oxygen chambers have been clinically 
utilized to force more oxygen into the blood and the 
tumor when patients undergo cancer therapies 
[19-22]. However, even with high oxygen tension, 
hyperbaric oxygen treatment provides insufficient 
local oxygenation of tumors with poor vascular 
architecture and limited blood supply, and induces 
oxygen toxicity to the lung and central nervous 
system [23, 24]. Recently, a variety of oxygen 
generators (MnO2, CaO2, etc.) [25, 26] and oxygen 
carriers (perfluorocarbon, hemoglobin (Hb), etc.) [27, 
28] have been explored for overcoming tumor 
hypoxia, which showed promising therapeutic 
outcomes. Among these oxygen carriers, Hb is an 
iron-rich protein in red blood cells that delivers 
oxygen to tissues. It can reversibly bind four oxygen 
molecules to form oxygenated Hb (HbO2). 
Unfortunately, the free blood-circulating Hb is not an 
excellent oxygen donor due to its short circulation 
time, potential side effects and poor stability, 
resulting in low-efficiency oxygen delivery to tumor 

regions [29, 30]. Thus, it remains challenging to design 
a Hb-based nanoplatform with minimized side-effects 
as well as improved stability and specificity of tumor 
oxygenation.  

To construct a Hb-based nanoplatform for 
tumor-targeted oxygen delivery, human serum 
albumin (HSA), the most abundant plasma protein 
showing complete biocompatibility, non-toxicity and 
low immunogenicity, as well as in vivo stability and 
stimuli-responsive properties, was chosen as a 
building block for fabricating a protein-based hybrid 
nanoparticle as an oxygen carrier and nanodelivery 
system [31, 32]. More importantly, HSA has been 
proved to have an active tumor-targeting ability, 
which was mediated by 60-kDa glycoprotein 
(gp60)/caveolae endothelial transcytosis and binding 
to SPARC (secreted protein, acidic and rich in 
cysteine) [33]. Nevertheless, considering that the large 
quantity of endogenous HSA in blood circulation may 
saturate most HSA-binding proteins, it is necessary to 
evaluate the practical tumor targeting effect when 
HSA-based nanomedicine is implemented in vivo [34].  

Herein, an engineered hybrid protein oxygen 
carrier (HPOC) was developed through a 
disulfide-bond reconfiguration strategy to integrate 
the advantages of two natural proteins, oxygen- 
carrying Hb and tumor-targeting HSA. The resulting 
HPOC is capable of loading oxygen, chemodrug 
(doxorubicin, DOX) and photosensitizer (chlorin e6, 
Ce6), forming ODC-HPOC to actualize chemotherapy 
and PDT, which are simultaneously enhanced with 
sufficient oxygen supply in different ways. On one 
hand, the targeted oxygen supply would modulate 
the hypoxic tumor microenvironment by altering the 
hypoxia-induced gene/protein expressions associated 
with drug resistance, consequently enhancing the 
chemotherapy. On the other hand, the laser-triggered 
PDT takes advantage of the tumor-targeted oxygen 
supply to efficiently generate ROS and enhance PDT. 
For in vivo imaging, the near-infrared (NIR) 
fluorescence of Ce6 was utilized to trace ODC-HPOC, 
and the photoacoustic response of ODC-HPOC could 
be imaged in real time to map the HbO2/Hb 
distribution for monitoring tumor oxygenation. This 
versatile nanoplatform with tumor-targeted delivery 
of oxygen and drugs could break tumor 
hypoxia-induced multiple therapeutic resistances and 
achieve efficient combination therapy outcomes.  

Methods 
Materials 

Bovine hemoglobin (Hb), human serum albumin 
(HSA) and glutathione (GSH) were obtained from 
Hefei Bomei Biotechnology (China). Chlorin e6 (Ce6) 
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and doxorubicin (DOX) were purchased from J&K 
Scientific Ltd. (China). 2’,7’-dichlorofluorescin 
diacetate (DCFH-DA) was purchased from 
Sigma-Aldrich (USA). Hypoxyprobe kit was bought 
from Hypoxyprobe, Inc. (USA). Singlet oxygen sensor 
green (SOSG), 4',6-Diamidino-2-Phenylindole (DAPI) 
were bought from Thermo Fisher Scientific (USA). 
Anti-P-gp antibody, and goat anti-rabbit polyclonal 
immunoglobulin G Alexa Fluor® 488-conjugated 
secondary antibody were purchased from Abcam 
(USA). Goat anti-rabbit secondary antibody and Alex 
488-conjugated goat anti-mouse secondary antibody 
were purchased from KPL (USA). Hypoxyprobe-1 
Plus kit was bought from Hypoxyprobe Inc. (USA). 
Phospho-Histone H2A.X (Ser139) (20E3) Rabbit mAb 
was pruchased from Cell Signaling Technology 
(USA). Fetal bovine serum, dulbecco's modified eagle 
medium (DMEM), phosphate buffered saline (PBS) 
and penicillin-streptomycin were purchased from 
Gibco Life Technologies (USA). 3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfop
henyl)-2H-tetrazolium (MTS) was bought from 
Promega (USA). All other chemicals used in this 
study were of analytical reagent grade and used 
without further purification. Superpure water (18.25 
MΩ cm, 25 °C) was used to prepare all solutions. 
BALB/c athymic nude mice were maintained under 
aseptic conditions in a small animal isolator. All food, 
water, bedding and cages were autoclaved before use. 

Formulation of the ODC-HPOCs 
20 mg HSA was reduced with 6.7 mg GSH in 2 

mL deionized water at 37 °C for 1 h, then the solution 
was dialyzed (membrane cutoff MW: 3 kDa) for 12 h 
to remove excess GSH. 3.6 mg Hb, 0.2 mg DOX and 
0.2 mg Ce6 were added in the reduced HSA solution 
at pH 8.5 and mixed well. Then, 3 mL ethanol was 
added into the solution to precipitate the 
ODC-HPOCs. The suspension was kept under 
thorough stirring at room temperature for 30 min to 
form disulfide bonds. After that, the suspension was 
dialyzed (membrane cutoff MW: 100 kDa) with 
deionized water at 4 °C for 24 h to remove ethanol, 
free DOX, Ce6 and Hb. The concentration of DOX and 
Ce6 were determined by UV/vis absorption 
spectroscopy and fluorescence spcetroscopy. Fresh 
ODC-HPOCs were isolated from the aqueous 
suspension medium by Beckman OptimaTM 
MAX-XP Ultracentrifuge (38430×g, 30 min) (Beckman, 
USA). The non-entrapped DOX and Ce6 in the 
supernatant were quantified to calculate the 
encapsulation efficiency (EE) and loading efficiency 
(LE) using the formula: EE (%) = (weight of loaded 
drug)/(weight of initially added drug)×100; LE (%) = 
(weight of loaded drug)/(total weight of NPs)×100 

[28]. The same procedures were used to prepare 
C-HSA in the absence of Hb and DOX, as well as to 
prepare OC-HPOC in the absence of DOX. The 
ODC-HPOC was deoxygenated by pure argon stream 
for storage, and was oxygenated by pure oxygen 
stream before experiments. For oxygenation or 
deoxygenation operations, pure oxygen or argon gas 
ran through the nanoparticle solutions filled in an 
airtight cell for 1 h, followed by monitoring the 
absorption spectra to confirm the oxy- or deoxy- state 
[35]. 

Characterization of the ODC-HPOCs 
The number of free sulfhydryl of HSA, reduced 

HSA and ODC-HPOCs was determined using the 
Ellman's method [36]. Size distribution of 
nanoparticles was acquired by dynamic light 
scattering (DLS) using a Malvern Zetasizer (Nano ZS, 
Malvern, USA) at 25 °C. The morphology and 
structure were obtained through transmission 
electron microscopy (F20, TECHNI, USA). Size 
exclusion chromatography (SEC) was performed on a 
protein purification system (AKTAprime plus, GE, 
USA) using PBS as the mobile phase. The eluent was 
monitored at 280 nm. To investigate the drug release 
profile, 1 mL of ODC-HPOCs was transfered into a 
dialysis bag (MW: 3500), which was submerged into 2 
L of PBS at 37 °C. The dialysate was collected to 
determine DOX/Ce6 content by fluorescence 
spectrometry. The O2-releasing properties of HbO2 
and ODC-HPOCs were obtained by measuring the 
concentration of oxygen in solutions using a dissolved 
oxygen detector (Mettler Toledo, Switzerland). 
Briefly, HbO2 or ODC-HPOCs (containing 4 mg mL-1 
Hb) was prepared under pH 7.4 at 25 °C. 1 mL of the 
samples were oxygenated to dissolved oxygen 
concentration of 35 mg L-1, while the 10 mL PBS (pH 
7.4) was deoxygenated (< 1 mg L-1). Then the two 
solutions were mixed and sealed, and the 
concentration of dissolved oxygen was recorded. For 
measuring oxygen release in oxygen-enriched 
solution, the 10 mL PBS was also oxygenated (35 mg 
L-1). The oxygen equilibrium curves of ODC-HPOCs 
and HbO2 were determined automatically by a 
Hemox-Analyzer (TSC Scientific Corporation, USA). 

Cell culture 
The human breast cell line MCF-7 was cultured 

in DMEM supplemented with 10% (v/v) fetal bovine 
serum, 1% (v/v) penicillin, and 1% (v/v) 
streptomycin. For normoxic and hypoxic cell types, 
cells were incubated in a humidified incubator (37 °C, 
5% CO2) in normal (21% O2) and hypoxic (2.5 % O2) 
conditions, respectively. 
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In vitro cell uptake 
For in vitro studies, 104 MCF-7 cells were seeded 

on a glass-bottomed culture dish. For quantitative 
measurement, MCF-7, LO2 and 293T cells were 
seeded in 12-well plates under normoxic conditions 
(21% O2). The density of various cells was consistent 
before experiments. After 12 h incubation, DOX+Ce6, 
DC-HPOCs or ODC-HPOCs (all the groups contained 
10 μg mL-1 DOX and 10 μg mL-1 Ce6) was incubated 
with cells for 2 h at 37 °C. Then cells were washed 
three times by PBS, and then fixed with 4% 
formaldehyde solution (1 mL) for 20 min. The nucleus 
dye DAPI was used as a positive control to stain 
nuclei. Images of cells were acquired using a TCS SP5 
laser confocal microscope (Leica, Germany). For 
quantitative measurement, after ODC-HPOCs 
incubation, cells were washed thrice with phosphate 
buffered saline (PBS) and then digested by trypsin 
and harvested by centrifugation. The fluorescence 
histograms of Ce6 were recorded by flow cytometry 
(Becton Dickinson, San Jose, CA, USA). 

Quantitative real-time polymerase chain 
reaction (PCR) analysis for HIF-1α and MDR1, 
and western blot assay for P-gp  

According to reference, MCF-7 cells (105 cells per 
well) were seeded in cell culture flasks (75 cm2) and 
cultured for 48 h in normoxia or hypoxia [38]. Then, 
one group of hypoxic cells was incubated with 
ODC-HPOCs (all groups contained 10 μg mL-1 DOX 
and 10 μg mL-1 Ce6). After 2 h incubation, total RNA 
was isolated using Trizol reagent (Life Technologies, 
USA), followed by reverse transcription to synthesize 
cDNA using a cDNA RT kit (Toyobo, Japan), 
according to the manufacturer’s instructions. 
QRT-PCR was then performed by using Thunder Bird 
SYBR qPCR mix (Toyobo, Japan) with glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) as an 
endogenous control for normalization. The primers 
for HIF-1α gene were 5’-CCACAGGACAGTACAGG 
ATG-3’ (forward) and 5’-TCAAGTCGTGCTGAATA 
ATACC’ (reverse). The primers for MDR1 gene were 
5’-GAGGAAGACATGACCAGGTATGC-3’ (forward) 
and 5’-GTGTTAAGCTCCCCAACATCG-3’ (reverse). 
For western blot assay, cells were lysed on ice by 
RIPA buffer for 30 min and then total protein 
concentration in cell lysates was quantified by a BCA 
protein assay kit (Thermo Fisher, USA). Equal amount 
of protein was electrophoresed in 10% SDS-PAGE gel 
and then transferred onto a polyvinylidene fluoride 
(PVDF) membrane. For immunoblotting, the 
membrane was incubated overnight with anti-P-gp 
antibody, followed by incubation with goat 
anti-rabbit secondary antibody for 1 h, and then 
visualized with enhanced chemiluminescence system 

(Bio-Rad, USA). For measurement of HIF-1α, MDR1 
and P-gp in vivo, mice were intravenously injected 
with DOX+Ce6 or ODC-HPOCs (both DOX and Ce6 
dose were 2.5 mg kg-1), and tumor cells were collected 
and analyzed with the same procedure. 

In vitro reactive oxygen species (ROS) 
detection  

For in vitro detection of ROS generation, MCF-7 
cells were incubated with DCFH-DA (10 µM) along 
with Ce6, C-HPOCs or OC-HPOCs (contained 10 μg 
mL-1 Ce6) for 2 h, according to the manufacturer’s 
suggested protocol. After 100 mW cm-2 660 nm laser 
irradiation for 2 min, cells were washed with PBS trice 
and nuclei were stained with DAPI. Finally, cells were 
then observed under a TCS SP5 laser confocal 
microscope or analyzed using flow cytometry. 

In vitro chemotherapy and PDT evaluation  
The MCF-7 cells were seeded into 96-well plates 

(104 per well) in 150 μL of medium overnight. For 
treatment under hypoxic condition, MCF-7 cell 
culture was conducted in a hypoxic incubator, and the 
O2 concentration was set under 2.5%. The medium 
was replaced by the medium with DOX+Ce6, 
DC-HPOCs or ODC-HPOCs at a series of 
concentrations. After 2 h incubation, the plate was 
placed on a 37 °C Labnet AccublockTM digital dry 
bath. For the laser-treated group, the 96-well plate 
was exposed to 100 mW cm-2 660 nm laser for 2 min. 
Before the cells were taken out of the incubator for 
laser irradiation, the plates were sealed to avoid gas 
exchange to outer environment. The cells were 
incubated for another 24 h and the cell viability was 
investigated by MTS assay. 

Animals and tumor model  
Female BALB/c nude mice (4-6 weeks old) were 

purchased from Vital River Laboratory Animal 
Technology Co. Ltd. (China). Animals received care in 
accordance with the Guidance Suggestions for the 
Care and Use of Laboratory Animals. All the animals 
received care complying with the guidelines in the 
Guide for the Care and Use of Laboratory Animals, 
and the procedures for animal experiments were 
approved by the Institutional Ethical Committee of 
Animal Experimentation of Shenzhen Institutes of 
Advanced Technology (Chinese Academy of 
Sciences). The methods were carried out strictly in 
accordance with governmental and international 
guidelines on animal experimentation. All efforts 
were made to minimize the number of animals and 
suffering during experiments according to the request 
of Biosafety and Animal Ethics. MCF-7 cells (1×106) 
were administered by subcutaneous injection into the 
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flank region of the mice. Tumor volume was 
calculated as (tumor length)×(tumor width)2/2. 

In vivo FL/PA imaging and biodistribution 
analysis  

The nude mice were randomly divided into 
three groups (three per group). Mice were 
intravenously injected with free DOX+Ce6 or 
ODC-HPOCs (the doses of DOX and Ce6 were both 
2.5 mg kg-1). Images and fluorescence (FL) 
semiquantitative analysis of Ce6 were taken at 0, 2, 6, 
and 24 h after injection using the IVIS spectrum 
imaging system (Xenogen, USA) with a 640 nm 
excitation wavelength and a 680 nm filter to collect the 
FL signals of Ce6. For DOX ex vivo imaging, mice were 
sacrificed at 24 h post-injection. The organs including 
heart, liver, spleen, lung, kidneys and tumor were 
collected for DOX imaging and semiquantitative 
biodistribution analysis with a 500 nm excitation 
wavelength and a 600 nm filter. For in vivo 
photoacoustic (PA) imaging, the ODC-HPOCs (DOX 
and Ce6 dose were both 2.5 mg kg-1)-injected mice 
were monitored using a multi-spectral optoacoustic 
tomography (MSOT) system (Endra Nexus 128, USA) 
at 750 and 850 nm. FL spectrometry was used for in 
vivo quantification of DOX [39] and Ce6 [40]. To 
extract DOX and Ce6, the major organs and tumors of 
BALB/c mice/nude mice were homogenized in 5 mL 
of dimethyl sulfoxide (DMSO), and centrifuged at 
7493×g for 15 min. The DOX/Ce6 content of each 
sample was determined by FL spectrometry. To detect 
the pO2 of liver, kidney and tumor, an optical pO2 
measurement device (OxyLite, Oxford Optronix, UK) 
was used by embedding the fiber sensor into the 
tissue at 1 mm depth. 

Immunohistochemistry 
Tumor-bearing mice were intravenously injected 

with DOX+Ce6 and ODC-HPOCs (the doses of DOX 
and Ce6 were both 2.5 mg kg-1). After 5 h, the mice 
were intravenously injected with pimonidazole 
hydrochloride (60 mg kg-1) (Hypoxyprobe-1 Plus kit), 
which was reductively activated in hypoxic cells and 
forms stable adducts with sulfhydryl groups in 
proteins, peptides, and amino acids. The tumors were 
dissected 1 h later and sliced by frozen sectioning. For 
the detection of pimonidazole, tumor sections were 
incubated with mouse antipimonidazole primary 
antibody (dilution 1:200, Hypoxyprobe-1 Plus kit) and 
then Alex 488-conjugated goat anti-mouse secondary 
antibody (dilution 1:200, KPL, USA) following the 
vendor's instructions. Cell nuclei were stained with 
DAPI (dilution 1:1000). The images were taken with a 
TCS SP5 laser confocal microscope. 

For detection of singlet oxygen, the mice were 
intraperitoneally injected with singlet oxygen sensor 
green (SOSG, 50 μM) at 5.5 h after injection of C-HSA 
or OC-HPOCs (the dose of Ce6 was 2.5 mg kg-1), and 
0.5 h later mice were irradiated with 660 nm laser for 
20 min. Then, the tumors of the mice were extracted 
and cryosectioned onto slides. The fluorescence of 
activated SOSG in tumor was observed using a TCS 
SP5 laser confocal microscope (Ex/Em = 488/525nm). 
For γH2AX-marked DNA damage investigation, mice 
were intravenously injected with ODC-HPOCs (or 
PBS as control). After 6 h, the tumors of mice were 
exposed to 660 nm laser for 20 min, and the tumors 
were extracted and cryosectioned onto slides 24 h 
later. The cryosections were then mounted onto 
Superfrost Plus glass slides (Fisher Scientific, TX, 
USA) and fixed as a previous reference described [41]. 
To investigate DNA damage, tumor sections were 
incubated with Phospho-Histone H2A.X (Ser139) 
(1:200, Cell signaling technology, USA) at room 
temperature for 2 h. The sections were then washed 
and incubated with goat anti-rabbit polyclonal 
immunoglobulin G Alexa Fluor® 488-conjugated 
secondary antibody (1:1000, Abcam, USA) for another 
1 h. The fluorescence images of tumor sections were 
recorded using a confocal laser scanning microscope. 

In vivo chemotherapy and PDT 
The mice (six per group) were intravenously 

injected with PBS, free DOX+Ce6 (the doses of DOX 
and Ce6 were both 2.5 mg kg-1), and ODC-HPOCs (the 
doses of DOX and Ce6 were both 2.5 mg kg-1), 
respectively. For laser treatment groups, the tumors of 
mice were irradiated at 6 h post-injection by the 660 
nm laser for 20 min. Tumor volumes of the mice were 
recorded. To further detect the therapeutic effect in 
vivo, excised tumors at 24 h after treatment were 
stained with hematoxylin and eosin. On day 15, the 
hearts, liver, spleen, lung and kidneys were collected 
for biosafety analysis via H&E staining. The hearts 
were also homogenated for cardiac function (cTnI) 
evaluation according to the manufacturer’s 
instruction (JianCheng Biotech, China).  

Statistical analysis 
Data are reported as mean ± SD. The differences 

among groups were determined using one-way 
ANOVA analysis and Student’s t-test; (*) P < 0.05, (**) 
P < 0.01, (***) P < 0.001 

Results 
Preparation of HPOCs and ODC-HPOCs 

The process of fabricating hybrid protein oxygen 
carriers (HPOCs) and oxygen, DOX and Ce6 
co-loaded HPOCs (ODC-HPOCs) are shown in Figure 
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1A. HSA molecule is composed of 1 sulfhydryl group 
(Cys-34) and 17 pairs of disulfide bonds [42]. GSH 
was used as a reductive agent to cleave the 17 
disulfide bonds (S-S) of HSA, producing free 
sulfhydryl groups (-SH). Hb possesses two sulfhydryl 
group (-SH) from Cys-93(β) residues in the central 
cavity, which enabled us to make a disulfide bridge in 
the proteins through intermolecular conjugations [43]. 
The Hb and reduced HSA were hybridized by 
disulfide conjugations (S-S) to form HPOCs, with a 1:6 
(Hb:HSA) molar ratio, which was quantified by the 
absorption spectra. During the disulfide bonds 
rebuilding process, therapeutic drugs (DOX and Ce6) 
were encapsulated into the HPOCs, forming the 
DC-HPOCs. After oxygenation, DC-HPOCs 
entrapped the oxygen to form ODC-HPOCs and were 
applied to the oxygen-enhanced chemotherapy and 
PDT. The EE of DOX and Ce6 in the ODC-HPOCs 
were 93.1±3.4% and 97.2±4.5%, respectively. The LE of 

DOX and Ce6 in the ODC-HPOCs were 0.78±0.03% 
and 0.81±0.04%, respectively.  

Characterization of the ODC-HPOCs 
Transmission electron microscopy (TEM) 

demonstrated that the ODC-HPOCs were 
well-defined, with a typical spherical shape with good 
monodispersity. And, DLS analysis showed that the 
mean diameter of the ODC-HPOCs was 30 nm, while 
the mean diameter of free Hb and HSA molecules 
were approximately 7 nm (Figure 1B and Figure S1). 
The SEC of ODC-HPOCs confirmed a peak with short 
elution time (17.2 min) as compared to free Hb (34.1 
min) or HSA (33.8 min) (Figure 1C), demonstrating 
that the molecules of Hb and HSA were hybridized to 
form a larger protein nanoparticle. Tested with 
Ellman's method, the free sulfhydryl groups in each 
Hb, HSA and reduced HSA were 1.26, 0.58 and 10.13 
[36]. The number decreased to 1.53 after the Hb/HSA 

 

 
Figure 1. Preparation and characterization of the ODC-HPOCs. (A) Schematic illustration of the fabrication of the ODC-HPOCs. GSH as reductive agent cleaved the 
disulfide bonds of HSA to produce sulfhydryl groups, and the reduced HSA was hybridized with Hb by rebuilding the disulfide bonds to form the DOX and Ce6 loaded hybrid 
protein oxygen carriers (DC-HPOCs), which was further oxygenated to form ODC-HPOCs. (B) TEM images of ODC-HPOCs. (C) Weight analysis of ODC-HPOCs by size 
exclusion chromatography (SEC). The decreased elution time of HbO2/HSA indicated the formation of hybrid protein. (D) Oxygen release profile of ODC-HPOCs and HbO2 
by measuring dissolved oxygen in deoxygenated (red line) and oxygenated (black line) PBS solutions. (E) Oxygen equilibrium curves of ODC-HPOCs and free HbO2. Blue/red 
regions indicate venous/arterial blood circumstances. 
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hybridization where the disulfide-bond reconfigured 
to form a stable hybrid protein nanoparticle. UV-Vis 
absorption spectroscopy of ODC-HPOCs showed the 
characteristic absorption peaks of HSA (280 nm), Hb 
(405 nm), DOX (490 nm) and Ce6 (640 nm) (Figure 
S2). We have tested the release profiles of Ce6 and 
DOX from ODC-HPOCs in physiological condition. 
44.6%, 66.6% and 86.0% of DOX was released from 
ODC-HPOCs at 6 h, 12 h and 48 h. Ce6 showed a 
slower release profile, with 32.5%, 45.3% and 67.7% 
release at 6 h, 12 h and 48 h (Figure S3). In order to 
describe the mechanism of DOX/Ce6 release from the 
ODC-HPOCs, three classical models (first-order, 
Higuchi and Ritger-Peppas models) were applied. 
Simulated equations and correlation coefficients were 
calculated. The correlation coefficients clearly indicate 
that both DOX and Ce6 release from the ODC-HPOCs 
can be best described using first-order models 
(correlation coefficients > 0.96), which was developed 
to explain drug release from albumin-based particles 
(Table S1) [37]. The pO2 in tumor was detected by an 
optical pO2 measurement device (OxyLite, Oxford 
Optronix, UK), indicating that the pO2 of the central 
region of tumor is ~0.52 mm Hg (0.89 mg L-1 dissolved 
O2). Then, deoxygenated phosphate buffered saline 
(PBS) (dissolved O2 < 1 mg L-1) was prepared to 
simulate tumor hypoxia, and the oxygen release 
profile of ODC-HPOC was measured by detecting the 
increasing curve of dissolved O2 concentration in the 
deoxygenated PBS. Compared to HbO2, ODC-HPOC 
released a larger amount of oxygen in deoxygenated 
PBS, suggesting its upgraded oxygen carrying ability 
than free Hb (Figure 1D). Otherwise, both 
ODC-HPOCs and HbO2 barely released oxygen in 
oxygenated PBS (35 mg L-1 dissolved O2). With 
protein hybridization, the oxygen carrying ability of 
HPOCs was better preserved with protection of the 
nanosystem. In addition, we tested the oxygen 
equilibrium curves of HbO2 and ODC-HPOCs by 
measuring their oxygen saturation over different pO2 
from 0 to 125 mm Hg. As the result in Figure 1E 
indicates, ODC-HPOCs under hypoxic condition (pO2 

< 20 mm Hg) maintained lower saturation (lower 
oxygen affinity) than HbO2. Therefore, in the oxygen 
release experiment (Figure 1D), ODC-HPOC more 
easily released its carried oxygen in deoxygenated 
PBS than free HbO2. Moreover, the high oxygen 
affinity may ensure the ODC-HPOCs retain oxygen 
before arriving at the hypoxic tumor region [44]. 

ODC-HPOCs for overcoming hypoxia-induced 
chemoresistance and enhancing PDT in vitro 

We then tested the tumor-targeting ability of 
ODC-HPOC in vitro by studying its cellular uptake. 
The MCF-7 breast cancer cells were incubated with 

DC-HPOCs (deoxygenated to eliminate oxygen 
loading), ODC-HPOCs or DOX+Ce6 under 2.5% O2 to 
simulate the hypoxic tumor microenvironment, and 
then were observed through fluorescence confocal 
microscopy. With comparison to the free DOX+Ce6, 
the intracellular Ce6 fluorescence of DC-HPOCs and 
ODC-HPOCs was greatly enhanced, which confirmed 
the active targeting ability of the HPOCs (Figure 2A). 
For further analyzing the active targeting ability of the 
ODC-HPOCs, we quantitatively measured the cellular 
uptake of Ce6 by flow cytometry after MCF-7 (human 
breast cancer cells), LO2 (human hepatic cells) and 
293T (human embryonic kidney cells) were incubated 
with ODC-HPOCs. The result revealed that the Ce6 
uptake of MCF-7 cells was significantly more than 
that of the LO2 and 293T cells (Figure S4). Moreover, 
the DOX fluorescence of the ODC-HPOCs groups 
were significantly higher than those of DC-HPOCs, 
while the Ce6 uptake efficiency was identical. As 
suggested in previous reports, tumor chemoresistance 
is correlated with upregulated HIF-1α, which 
activates the expressions of MDR1 and P-gp, and 
mediates the efflux of chemodrugs (such as DOX and 
cisplatin [45, 46], while Ce6 is not included [47]) from 
cancer cells. Therefore, we investigated the oxygen 
interference on hypoxia-induced chemoresistance by 
measuring the expressions of HIF-1α, MDR1 and P-gp 
in MCF-7 cancer cells. In the hypoxic cells, the HIF-1α 
expression was 7-fold higher than that in normoxic 
cells, and the difference of MDR 1 expression between 
hypoxic and normoxic cells was even higher 
(19.5-fold). However, when hypoxic cells were 
incubated with ODC-HPOCs, both the expressions of 
HIF-1α and MDR1 were downregulated to a similar 
level as in normoxic cells (Figure 2B-C). Western 
blotting analysis revealed that the expression of P-gp 
was downregulated to 57% of that of the hypoxic 
group after 2 h incubation with ODC-HPOCs, and 
continuously downregulated to 48% at 6 h. At 24 h, 
the P-gp profile was barely detectable (Figure 2D and 
Figure S5). At 24 h post the chemotherapy in vitro, 
there was no obvious killing effect on cell viability of 
the free DOX+Ce6 (98.7%) and DC-HPOCs (92.1%) 
groups at the highest concentration (0.80 μg mL-1 

DOX, 0.85 μg mL-1 Ce6). However, the ODC-HPOCs- 
treated group exhibited the lowest cell viability (7.5%) 
(Figure 2E). The results indicated that the HPOCs 
enhanced cellular uptake by tumor targeting and 
reduced efflux by oxygen interference, resulting in 
high intracellular DOX accumulation. 

The oxygen in ODC-HPOCs not only played a 
critical role in breaking hypoxia-induced chemo-
resistance, but also served as a source of ROS 
generation in laser-triggered PDT. To further study 
whether the sufficient oxygen supply acted on PDT 
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simultaneously, intracellular ROS generation was 
measured after PDT using confocal microscopy. 
Because ROS generation was included in 
DOX-induced cytotoxicity [48], free Ce6, C-HPOCs 
(Ce6-loaded HPOCs without DOX) and OC-HPOCs 
(O2/Ce6-loaded HPOCs without DOX) were set as the 
experimental groups. After laser irradiation, 
intracellular ROS generation between Ce6 and 
C-HPOCs groups had no significant differences, while 
the ROS generation amount of OC-HPOCs was 17.5 
times more than that of C-HPOCs and 58.1 times more 
than that of free Ce6, due to the targeted accumulation 
of intracellular Ce6 and the sufficient oxygen supply 
(Figure S6).  

We further investigated the in vitro 
chemo-photodynamic combination therapy with the 

ODC-HPOCs plus 660 nm laser. Compared to the 
DOX+Ce6+laser (57.7%) and DC-HPOCs+laser 
(53.4%) groups, the cell viability decreased to 2.5% in 
the ODC-HPOCs+laser group at the highest 
concentration (0.80 μg mL-1 DOX, 0.85 μg mL-1 Ce6) 
(Figure 2F). Overall, the active targeting of the 
ODC-HPOCs improved intracellular accumulation of 
DOX/Ce6, and then the released oxygen inhibited 
DOX efflux by downregulating the expressions of 
HIF-1α, MDR1 and P-gp. The PDT was also enhanced 
by oxygen supply with massive ROS generation. The 
hybrid protein oxygen carriers in overcoming 
hypoxia-induced chemoresistance and enhancing 
PDT obtained a highly efficient combination killing 
effect (Figure 2G).  

 
Figure 2. HPOCs for breaking hypoxia-induced chemoresistance and enhancing PDT by sufficient oxygen supply in vitro. (A) Cellular uptake of DOX+Ce6, 
DC-HPOCs and ODC-HPOCs in hypoxic condition (2.5% O2). (B-D) MCF-7 cells were incubated with ODC-HPOCs in normoxic and hypoxic culture conditions. The mRNA 
levels of HIF-1α (B) and MDR1 (C) gene were determined by QRT-PCR and normalized to the expression of GAPDH. The protein levels of P-gp were determined by western 
blotting with GAPDH as a loading control (D). Statistical P-values: ***P < 0.001. (E) Cell viability of MCF-7 cells treated with DOX+Ce6, DC-HPOCs and ODC-HPOCs without 
laser irradiation. (F) Cell viability of MCF-7 cells treated with DOX+Ce6, DC-HPOCs and ODC-HPOCs with laser irradiation. (G) Schematic diagram of the O2-enhanced 
chemotherapy and PDT with tumor-targeted ODC-HPOCs. The active targeting of ODC-HPOCs increased the cellular uptake of oxygen, DOX and Ce6, and then the released 
oxygen inhibited DOX efflux for highly effective chemotherapy by downregulating the expressions of HIF-1α, MDR1 and P-gp, and provided sufficient oxygen to boost ROS 
generation in laser-triggered PDT. 
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Figure 3. In vivo targeting and O2 interference after intravenous injection of ODC-HPOCs. (A) Time-lapse Ce6 fluorescence images of nude mice after intravenous 
administration of DOX+Ce6 and ODC-HPOCs. (B) Quantified analysis of Ce6 FL intensity around the tumor at indicated time points. (C) Representative photoacoustic images 
of HbO2 (λ = 850 nm) and Hb (λ = 750 nm) in tumor after intravenous injection of ODC-HPOCs. 

 

Tumor-targeted accumulation and oxygen 
delivery of ODC-HPOCs 

Inspired by the above results, an in vivo 
investigation was performed to illustrate targeted 
drugs/oxygen delivery of ODC-HPOCs. The 
biodistribution of ODC-HPOCs was examined with 
an in vivo imaging system by measuring Ce6 
fluorescence with emission in the NIR region. As a 
comparison, mice were injected with free DOX+Ce6. 
The signal of free Ce6 vanished within 6 h, which was 
related to its fast clearance from circulation. After the 
injection of ODC-HPOCs, the fluorescence of Ce6 
distributed widely throughout the mouse body at 2 h, 
and remained relatively strong at the tumor site for 6 
h, which demonstrated that ODC-HPOC was able to 
target to and accumulate in the tumor. Strong 
fluorescence signals from kidneys and urocyst of the 
mice indicated rapid renal excretion of ODC-HPOCs 
with small sizes [2] (Figure 3A-B). Meanwhile, 
DOX/Ce6 in major organs and tumor of mice was 
separately extracted and quantified. After 24 h 
post-injection, there was about 5% ID/g Ce6 and DOX 
accumulated in the tumor, which was obviously 

higher than the Ce6 and DOX accumulated in normal 
tissues (Figure S7). The higher DOX accumulation 
than Ce6 in the heart may be due to the propensity of 
cardiac muscle to accumulate DOX [49]. Benefiting 
from the transcytosis of HSA in vascular endothelial 
cells, which is mediated by gp60 activation [33], the 
ODC-HPOCs could intelligently pass through the 
vessels and diffuse in the tumor. Subsequently, the 
enhanced permeability and retention (EPR) effect 
enables extravasation of the ODC-HPOCs into the 
tumor interstitial space [50]. Moreover, the 
ODC-HPOCs with small size have more advantages 
for deep tumor penetration (far away from tumor 
blood vessels) than larger ones because of their 
reduced diffusional hindrance [51]. Apparently, 
ODC-HPOCs are efficient in tumor-targeted oxygen 
delivery, while natural red blood cells of larger size 
fail to deeply penetrate the tumor interstitium [52]. To 
further visualize the real-time tumor penetration and 
oxygenation of ODC-HPOCs, photoacoustic imaging 
was used to measure HbO2 at 850 nm and Hb at 750 
nm. As shown in Figure 3C and Figure S8A, there 
were no obvious changes within 24 h after mice were 
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intravenously injected with PBS. However, after 
ODC-HPOCs were injected, about 25% more HbO2 
signal was detected at 2 h and was extravasated from 
the vessels and dispersed in the surrounding tissue. 
The amount of HbO2 was maintained at a high level 
for at least 6 h, suggesting that ODC-HPOCs 
modulated tumor hypoxia by donating bound oxygen 
deep in the tumor. In addition, the Hb signal in the 
ODC-HPOCs-injected tumor was slightly reduced at 2 
h and 6 h, and presented in the whole tumor at 24 h 
(Figure 3C and Figure S8B). Due to the targeted 
oxygen delivery of the ODC-HPOCs, the hypoxic 
condition of MCF-7 solid tumor was modulated to an 
oxygen-enriched condition for a long time. Therefore, 
the hypoxia-induced chemoresistance and low 
photodynamic efficiency could be ameliorated. In 
addition, an optical pO2 measurement device was 
used to detect the pO2 of liver and kidney (where 
there was a relatively high accumulation of 
nanoparticles) after intravenous injection of 
ODC-HPOCs. As shown in Figure S9, the injection of 
ODC-HPOCs did not affect the pO2 of liver (~30 mm 
Hg) and kidney (~40 mm Hg) at all timepoints. As 
indicated in Figure 1D, at a pO2 of 30-50 mm Hg, the 
ODC-HPOCs remained saturated with captured O2; 
thus, the nonspecific oxygen release to normal tissues 
could be negligible. 

Oxygen-enhanced chemo-PDT of 
ODC-HPOCs in vivo at a single dose 

To investigate the oxygen-interfered DOX 
accumulation in tumor, semiquantitative fluorescence 
measurement was carried out based on ex vivo 
imaging of major organs and tumors collected from 
mice at 24 h post-injection [53]. As shown in Figure 
4A, DOX was mainly located in liver, kidney and 
tumors for the ODC-HPOCs group. In the tumor, the 
DOX fluorescence intensity of the ODC-HPOCs group 
was 4.5-fold stronger than that of the DOX+Ce6 group 
(Figure S10). The tumors were further sliced into 
sections and stained with hypoxyprobe (green) for 
mapping the distribution of hypoxia. The result 
indicated that tumor hypoxia presented about 150 μm 
beneath the tumor margin, and the DOX signals rarely 
presented in hypoxic regions. Compared to that of the 
free DOX group, the area of hypoxia in the 
ODC-HPOCs group was dramatically decreased and 
scattered, which offered proof of the hypoxia 
attenuation by targeted oxygen supply. Moreover, the 
hypoxia-reduced tumor region was occupied by DOX 
(Figure 4B). Moreover, we performed statistical 
analysis of the whole tumor images for measuring the 
fluorescence of hypoxia/DOX quantitatively. The 
results indicated that, with ODC-HPOCs injection, the 
tumor hypoxia was significantly attenuated and DOX 

accumulation was improved (Figure 4C). The Ce6 
fluorescence signals had less significant difference 
between the DOX+Ce6 and ODC-HPOCs groups, due 
to the independence of Ce6 in P-gp-mediated efflux 
(Figure S11). The results demonstrated that the 
intratumoral DOX accumulation, with targeted DOX 
delivery and oxygen-interfered inhibition of cellular 
DOX efflux, could be superior to conventional 
chemotherapy. The HIF-1α and MDR1 (genes) 
expressions in vivo were measured by quantitative 
real-time PCR analysis, and P-gp (protein) expression 
was measured by western blotting analysis. 
Compared to the treatment with free DOX+Ce6 
injection, the ODC-HPOCs injection with sufficient 
oxygen delivery downregulated 90% of the HIF-1α 
expression and 88% of MDR1 expression (Figure 
4D-E). The expression of P-gp, which mediates efflux 
of DOX, was downregulated by 83% in the 
ODC-HPOCs-injected group, compared to the free 
DOX+Ce6-injected group (Figure 4F and Figure S12). 

Meanwhile, the targeted delivered Ce6 in 
ODC-HPOCs could take advantage of the sufficient 
tumor oxygenation for PDT in vivo. SOSG was used to 
measure singlet oxygen in tumor after the laser 
irradiation. To avoid DOX-induced ROS generation 
[47], C-HSA (Ce6-loaded HSA nanoparticles) and 
OC-HPOCs (O2/Ce6-loaded HPOCs without DOX) 
was employed to investigate the in vivo PDT effect. 
After laser irradiation, strong SOSG fluorescence was 
observed in the tumor treated with OC-HPOCs, while 
the C-HSA failed to generate enough singlet oxygen, 
not to mention free Ce6 (Figure 4G). The differences 
between OC-HPOCs and C-HSA reflected the vital 
role of sufficient oxygen supply for PDT in hypoxic 
tumor. To evaluate the synergistic efficacy of 
chemo-PDT, DNA damage in tumor cells was 
measured using a fluorescent marker (γH2AX). DNA 
damage was observed in the ODC-HPOCs group, 
suggesting the considerable therapeutic effect of the 
oxygen-interfered chemotherapy. When the elevated 
chemotherapy and PDT were joined together 
(ODC-HPOCs+laser), the DNA damage of tumor cells 
was enhanced, which was indicated by the increased 
green fluorescence (Figure 4H). 

The in vivo antitumor efficacy of ODC-HPOCs- 
based combination chemo-PDT was evaluated by 
using MCF-7 tumor-bearing nude mice. In this 
experiment, mice were treated with a single dose in 
five groups: PBS, DOX+Ce6 (chemotherapy), 
DOX+Ce6+laser (chemotherapy+PDT), ODC-HPOCs 
(enhanced chemotherapy) and ODC-HPOCs+laser 
(co-enhanced chemo-PDT). The tumor growth curves 
are shown in Figure 4I. A remarkable tumor growth 
inhibition was observed in the ODC-HPOCs group, 
which improved the tumor inhibition rate to 89.5% in 
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comparison to the DOX+Ce6 (46.0%) and 
DOX+Ce6+laser (48.9%) groups at day 15. Also, 
compared to literature reports of chemotherapy with 
3 injections [54], or 8-fold DOX content in 
nanoparticles at one dose [55], chemotherapy of 
ODC-HPOCs, which was undertaken with a single 
injection at rather low DOX concentration, also 
exhibited highly efficient tumor inhibition due to the 
targeted oxygen supply to break down chemoresis-
tance. However, after treatment with ODC-HPOCs 
without laser, tumor relapse showing a slight increase 
in tumor volume was observed from day 9 to day 15. 
The efficacy of ODC-HPOCs+laser was even more 
potent than the enhanced chemotherapy alone, 
demonstrating the efficacy of the co-enhanced 
chemo-PDT. Lately, it was reported that oxygen- 

enhanced chemo-PDT effectively modulates the 
immuno-suppresive tumor microenvironment, which 
might be the fundamental mechanism for achieving 
potent therapeutic outcomes [56]. DC-HSA 
(DOX/Ce6-loaded HSA nanoparticles) was set as the 
control nanoparticle for showing the comparison in 
chemotherapy and chemo-phototherapy without 
oxygen supplying (Figure S13). The HSA 
nanoparticle-based chemotherapy (DC-HSA) or 
chemo-PDT (DC-HSA+laser) exhibited more 
intensive tumor inhibition than free DOX+Ce6 and 
DOX+Ce6+laser, which was attributed to the 
tumor-targeted drug delivery by HSA nanoparticles. 
Nevertheless, without sufficient oxygen supply, the 
DC-HSA failed to kill all the tumor cells and showed 
tumor recurrence.  

 

 
Figure 4. Combined chemo-PDT of ODC-HPOCs by dampening chemoresistance and enhancing PDT at a single dose. (A) DOX accumulation in major 
organs and tumor. (B) Hypoxia mapping and DOX distribution in tumor at 24 h after intravenous injection of ODC-HPOCs. Hypoxic regions are circled by white dots, and white 
dashed lines indicate the distance from the interior tumor region. Scale bar, 50 μm. (C) Quantitative measurement of total fluorescence intensity of hypoxia and DOX in whole 
tumor tissue fluorescence images (n=7). (D-F) Two days after treatment with DOX+Ce6 and ODC-HPOCs, tumors were harvested. The mRNA levels of HIF-1α (D) and 
MDR1gene (E) were determined by QRT-PCR and normalized to the expression of GAPDH. The protein levels of P-gp were determined by western blotting (F). (G) Singlet 
oxygen measurement in vivo after administration of C-HSA and OC-HPOCs with laser irradiation at 6 h. (H) DNA damage (γH2AX as marker) in tumor tissue at 24 h after the 
enhanced chemotherapy (ODC-HPOCs without laser) and the combined chemo-PDT (ODC-HPOCs+laser). (I) Tumor growth curves of different groups after treatments. 
Statistical P-values: *P < 0.05, **P < 0.01. (J) Biosafety evaluation by H&E staining of the major organs at the end of the experiment. Scal bar, 200 μm. 
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We also evaluated the biosafety of ODC-HPOCs 
at day 15 after treatments. Compared with the PBS 
group, hematoxylin and eosin (H&E) staining of the 
major organs showed that no apparent histological 
changes were found from ODC-HPOCs+ 
laser, which indicated the great biocompatibility and 
biosafety of ODC-HPOCs (Figure 4J). Further, the 
biosafety of ODC-HPOCs was evaluated by heart, 
liver and kidney function index (heart function index: 
cardiac troponin I (cTnI); liver function index: 
aspartate aminotransferase (AST), alanine amino-
transferase (ALT); kidney function index: creatinine 
(CRE), blood urea nitrogen (BUN)) of the mice in the 
PBS and ODC-HPOCs groups by blood biochemistry 
tests [57]. Conformably, there was no difference in 
concentration of all those markers between the PBS 
and ODC-HPOCs groups (Figure S14). These results 
presented the co-enhanced antitumor efficacy of 
chemotherapy and PDT based on ODC-HPOCs 
without toxicity to normal tissue. 

Conclusion 
In summary, we utilized disulfide bond 

reconfiguration technology to fabricate well-defined 
hybrid protein oxygen carriers with loading of 
chemodrug and photosensitizer (ODC-HPOCs), 
serving as a universal nanoplatform for overcoming 
tumor hypoxia-induced chemoresistance as well as 
low photodynamic efficiency. A single dose of 
ODC-HPOCs plus laser achieved oxygen-enhanced 
chemo-PDT with potent tumor suppression, which 
could be contributed to a series of advantages: (i) The 
tumor-targeted ODC-HPOCs with small sizes 
allowed outstanding performance in tumor 
accumulation of O2, DOX and Ce6. (ii) The high 
oxygen affinity of our oxygen carriers allowed oxygen 
preservation during circulation, and oxygen release in 
the hypoxic tumor, resulting in precise and sufficient 
tumor oxygenation. (iii) The drastic alteration of 
tumor hypoxia broke the hypoxia-induced 
chemoresistance through inhibiting the expressions of 
HIF-1α, MDR1 and P-gp; meanwhile, the abundant 
oxygen enhanced the ROS generation in PDT, and the 
enhanced chemo-PDT managed to offer a single-dose 
treatment with minimized dosage of DOX and Ce6. 
(iv) Real-time dual-modal fluorescence/photoacou-
stic imaging mapped and monitored the drug 
accumulation and tumor oxygenation, resulting in 
imaging-guided therapy. (v) The ODC-HPOC was 
composed of biosafe and biocompatible materials 
without side effects to normal tissues, offering a 
potential for clinical translation. Overall, this work 
provides new insight into the design of 
tumor-targeted oxygen nanocarriers to achieve more 
precise and effective therapy in hypoxic tumors, and 

might be valuable for additional therapies involving 
hypoxia modulation (radiotherapy, immunotherapy, 
etc.).  
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