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Abstract Hypoxia is a serious impediment to current treatments of many malignant tumors. Catalase,

an antioxidant enzyme, is capable of decomposing endogenous hydrogen peroxide (H2O2) into oxygen

for tumor reoxygenation, but suffered from in vivo instability and limited delivery to deep interior hyp-

oxic regions in tumor. Herein, a deep-penetrated nanocatalase-loading DiIC18 (5, DiD) and soravtansine

(Cat@PDS) were provided by coating catalase nanoparticles with PEGylated phospholipids membrane,

stimulating the structure and function of erythrocytes to relieve tumor hypoxia for enhanced chemo-

photodynamic therapy. After intravenous administration, Cat@PDS preferentially accumulated at tumor

sites, flexibly penetrated into the interior regions of tumor mass and remarkably relieved the hypoxic sta-

tus in tumor. Notably, the Cat@PDS þ laser treatment produced striking inhibition of tumor growth and

resulted in a 97.2% suppression of lung metastasis. Thus, the phospholipids membrane-coated nanocata-

lase system represents an encouraging nanoplatform to relieve tumor hypoxia and synergize the chemo-

photodynamic cancer therapy.
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1. Introduction

Tumor hypoxia, characterized by reduced oxygen (O2) levels in
tumor, is one of the major hallmarks of malignant solid tumors1e4.
Hypoxia is usually originated from the fast oxygen consumption
by wild proliferation of cancer cells and inadequate oxygen supply
from the disordered tumor vasculature3,5. Of note, the aberrant
metabolism of cancer cells produced large amount of hydrogen
peroxide (H2O2) in tumor regions with the concentration ranging
from w50 to 100 mmol/L6. Upon hypoxic status, cancer cells
would undergo genomic alternations to survive in hypoxic mi-
croenvironments, and upregulate versatile transcription factors to
promote their malignant progression and metastasis2,7e10. More-
over, hypoxia can make cancer cells more resistant to many cur-
rent therapeutic modalities, such as chemotherapy, radiotherapy
and photodynamic therapy (PDT), etc, thereby leading to poor
clinical prognosis4,11e13. Especially for PDT, the therapeutic ef-
fects are achieved by converting oxygen into cytotoxic singlet
oxygen (1O2) upon light irradiation by using versatile photosen-
sitizers (PS), wherein the oxygen in tumor regions presents an
essential helper component to fuel the PDT efficacy14e19. Unar-
guably, how to relieve the unfavorable tumor hypoxia and improve
the local oxygen levels in tumor is highly desired for effective
cancer therapy.

Considering the high concentration of H2O2 in tumor regions
(w50e100 mmol/L), in situ decomposing H2O2 into oxygen can
be an intriguing strategy to relieve the tumor hypoxia and increase
the oxygen levels in tumor20e23. Specially, catalase (CAT) is a
heme-containing homotetrameric enzyme that is practically pre-
sent in mammalian erythrocytes and has high enzyme activities
upon their circulation in blood24,25. The catalase in erythrocytes is
capable of converting dangerous H2O2 into water and oxygen to
protect them from damage by endogenous H2O2

26, thereby hold-
ing great potential for tumor oxygenation to enhance the antitumor
outcomes. However, the delivery of catalase to tumor sites are
suffering from the in vivo instability due to the presence of
numerous physiological proteases, rapid deactivation of enzyme
activities and poor half-life in blood circulation. Although catalase
can be encapsulated into porous inorganic nanomaterials, poly-
meric nanoparticles or albumin nanoparticles for tumor targeted
delivery20,21,27e31, the relative enzymatic activities is often
decreased within a few hours and their application still remains a
great challenge.

Another obstacle is that the hypoxic regions are heteroge-
neously distributed in tumor and often located at approximately
100 mm away from a functional blood vessel, the distance beyond
the range of oxygen diffusion32,33. Although nanoparticles can
specifically accumulate at tumor sites, they are usually restricted
around the tumor vessels and unable to penetrate into deep interior
hypoxic regions34e37. Compelling evidence reveals that the poor
penetration of nanoparticles in solid tumors is a main cause of
their inadequate therapeutic efficacy34,38,39. Thereby, the nano-
particles of catalase should be rationally designed to keep the
vigorous activity and facilitate their permeation into deep hypoxic
regions to decompose endogenous H2O2 for tumor oxygenation to
enhance the antitumor efficacy.

Inspired by the core-membrane structure of erythrocytes with
high catalase activities and their long circulating capability in
blood, we herein developed a deep penetrated nanocatalase
system by coating catalase nanoparticles with PEGylated phos-
pholipids membrane to relieve tumor hypoxia for enhanced
chemo-photodynamic therapy (Scheme 1). The hydrophobic
photodynamic agent of DiD and cytotoxic soravtansine were
embedded in the phospholipid membrane of 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (DSPE-PEG), and then camouflaged onto the
surface of catalase nanoparticles to developed the nanocatalase
system of DiD and soravtansine (Cat@PDS). The outer phos-
pholipid membrane in Cat@PDS was used to protect catalase
from degradation by physiological proteases and ensure their
high enzymatic activity. Upon their preferential accumulation at
tumor sites, Cat@PDS would penetrate into deep interior hyp-
oxia regions and decompose excessive H2O2 into oxygen to
relieve the hypoxic status and boost the combinational chemo-
photodynamic therapy.
2. Methods

2.1. Materials

Bovine liver catalase (CAT) was purchased from Sigma (New
York, USA); DSPE-PEG was supplied by Shanghai Advanced
Vehicle Technology Pharmaceutical Ltd. (Shanghai, China). Sor-
avtansine was purchased from Bright Gene Bo Rui Medicine
(Suzhou, China). DiD, Annexin V-FITC/PI apoptosis kit and
singlet oxygen sensor green (SOSG) were offered by Dalian
Meilun Biotechnology Co., Ltd. (Dalian, China).

The murine 4T1 breast cancer cells were supplied by Cell
Bank of Shanghai, Chinese Academy of Science (CAS, Shanghai,
China). The cancer cells were cultured in RPMI1640 media sup-
plemented with 10% fetal bovine serum (FBS, Gibco, Auckland,
New Zealand) and 100 U/mL of penicillin G sodium salt, and
100 mg/mL of streptomycin sulfate (Meilun, Dalian, China) at
37 �C in a humidified incubator containing 5% CO2.

Female nude mice (18e22 g) were provided by Shanghai
Experimental Animal Center, CAS (Shanghai, China). The ani-
mals were acclimatized in the animal care facility for 3e5 days
prior to the experiments. All the in vivo experiment protocols were
approved by the Institutional Animal Care and Use Committee
(IACUC) of Shanghai Institute of Materia Medical (SIMM), CAS,
China.

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


Scheme 1 Schematic illustration of phospholipid membrane coated nanocatalase system (Cat@PDS) to relieve tumor hypoxia for enhanced

chemo-photodynamic therapy. Cat@PDS was prepared by coating catalase nanoparticles with phospholipid membrane to keep the high enzymatic

activity and facilitate their accumulation at tumor sites. Moreover, Cat@PDS could penetrate into the deep hypoxic regions of tumor mass and

decompose endogenous H2O2 into oxygen, thereby relieving tumor hypoxic status for enhanced chemo-photodynamic therapy.
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2.2. Preparation and characterization of Cat@PDS

Cat@PDS is prepared in two steps: (1) dissolving catalase in
phosphate buffer saline (PBS, pH 7.4) at 37 �C and squeezing
through polycarbonate membrane with the pore size of 400 and
200 nm successively (LiposoFast-Basic, Avestin, Ottawa, Canada)
to form the bare catalase nanoparticles; (2) DSPE-PEG, sor-
avtansine and DiD (60: 0.05: 0.2, w/w) were dissolved in
dichloromethane, and then evaporated into dryness to form a
uniform thin film in a round flask. The film was incubated with the
bare catalase nanoparticles at 37 �C for 4 h, and then extruded
through the polycarbonate membrane (0.2 mm) to obtain the
Cat@PDS for further measurements. The terminal concentration
of DiD was 200 mg/mL and that of soravtansine was 50 mg/mL.

Because of the interference of DiD on the particle size mea-
surements, only DSPE-PEG was used to fabricate the counterpart
Cat@P to optimize the phospholipid/catalase ratio in Cat@PDS
formulation. The phospholipid/catalase ratio (w/w) was designed
at 1.5, 2.25 and 3 to prepare Cat@P and then measured by dy-
namic light scattering (DLS) analysis on a Nano ZS90 instrument
(Malvern, Worcestershire, UK) to record the mean diameter and
PDI values. The phospholipid/catalase ratio was optimized as 3 for
further measurements.

The morphology of Cat@PDS was determined by trans-
mission electron microscopy (120KV TEM, FEI Talos L120C,
Thermo Fisher, Waltham, MA, USA). The absorption profiles of
DiD, catalase nanoparticles and Cat@PDS at 0.4 mg/mL DiD or
0.4 mg/mL catalase were monitored using the ultraviolet-visible
spectrophotometer (UV-2450 SHIMADZU, Kyoto, Japan) to
detect the impact of Cat@PDS on the maximal absorption of
photodynamic agent of DiD. Then, the production of singlet
oxygen from Cat@PDS, free DiD and PBS was measured using
the probe of SOSG to evaluate the photodynamic activity. These
samples were mixed with SOSG at 2 mg/mL DiD and 10 mmol/L
SOSG, and then exposed to 655 nm laser at 1.0 W/cm2 for
12 min. At certain time intervals, samples were collected and
analyzed on a microplate reader (Ex/Em 504/525 nm, Enspire,
PerkineElmer, Singapore). All examinations were performed in
triplicate.
To determine the encapsulation efficiency (EE) of soravtansine
or DiD in Cat@PDS, Cat@PDS was filtered through a 0.22 mm
membrane to remove the unentrapped active agents of sor-
avtansine or DiD. The amount of soravtansine in the filtration was
determined by a high performance liquid chromatography (HPLC)
method on Agilent 1200 system (Agilent, Palo Alto, CA, USA)
under the following condition: column, Agilent SD-C18 RRHD
(1.8 mm, 100 mm � 2.1 mm); column temperature, 40 �C; mobile
phase, methanol-water with 0.1% trifluoroacetic acid (80:20, v/v);
flow rate, 0.25 mL/min; detection wavelength was 245 nm.
Meanwhile, the amount of DiD in the filtration was monitored
using a fluorescence analysis on a microplate reader (Enspire,
PerkinElmer, Singapore).

Then, the release profiles of soravtansine or DiD from
Cat@PDS were measured in the mimicked physiological fluids of
PBS (pH 5.5), PBS (pH 7.4) and 100% FBS. In brief, Cat@PDS
was diluted with PBS (pH 5.5), PBS (pH 7.4) and 100% FBS for
10 times and then incubated at 37 �C for 12 h. At predetermined
time points, samples were collected and the amount of sor-
avtansine or DiD were respectively quantified by HPLC method or
fluorescence analysis as aforementioned above.

Importantly, the enzymatic activity of catalase in Cat@PDS is
the essential prerequisite for converting H2O2 into oxygen for
tumor oxygenation. To detect the ability of Cat@PDS on pro-
tecting the activity of catalase, bare catalase nanoparticles and
Cat@PDS were respectively incubated in PBS (pH 7.4) at 37 �C
for 48 h. At predetermined time intervals, samples were collected
and the biological activity of catalase were determined using the
catalase assay kit according to the manufacturer’s protocols
(Nanjing jiancheng bioengineering institute, Nanjing, China).

2.3. Cellular uptake and in vitro therapeutic efficacy of Cat@PDS

The cellular uptake of free DiD and Cat@PDS was measured in
murine 4T1 cancer cells under laser confocal scanning microscope
(LCSM, Leica TCS-SP8 STED, Wetzlar, Germany), which
depicted as red signals in the captured images. In brief, the 4T1
cells were seeded into a 24-well plate with a sterile round glass
coverslip at a density of 2 � 105 cells per well and incubated
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overnight. Free DiD and Cat@PDS were added to each well at
0.2 mg/mL of DiD and incubated for further 6 h. Then, cells were
fixed with 4% paraformaldehyde and stained with 40,6-diamino-2-
phenyl indole (DAPI, Beyotime, Shanghai, China) for observation
under LCSM. Meanwhile, the uptake of free DiD and Cat@PDS
in 4T1 cancer cells were quantified by flow cytometry (BD LSR
Fortessa 18-color laser, San Jose, CA, USA). Cells without any
treatments were used as negative control. All the experiments
were performed in triplicate.

Then, to evaluate the photodynamic activity of Cat@PDS in
4T1 cancer cells, cells were seeded to 24-well plate with a round
coverslip in each well at a density of 2 � 105 cells/well and
incubated overnight. Free DiD and Cat@PDS were added to each
well at 0.2 mg/mL of DiD and incubated at 37 �C for 4 h. Then,
cells were replaced with fresh culture media and incubated with
the singlet oxygen probe of 2,7-dichlorodi-hydrofluorescein
diacetate (DCFH-DA, Thermo Fisher, Wilmington, DE, USA)
for 30 min. Afterwards, cells were exposed to 655 nm laser at
1.0 W/cm2 for 2 min. Cells were counterstained with DAPI for
visualization under LCSM to detect the production of reactive
oxygen species (ROS, green fluorescence signals). Meanwhile,
the production of ROS in 4T1 cells was quantified by flow cy-
tometer analysis (BD LSR Fortessa 18-color laser, San Jose, CA,
USA).

The impact of Cat@PDS mediated chemo-photodynamic
therapy on cell apoptosis were determined in 4T1 cancer cells
by flow cytometry (FACSCalibur system, BD). Cells were seeded
into a 24-well plate at 2 � 105 cells per well and cultured over-
night. To examine the impact of laser irradiation power density,
Cat@PDS was added to each well at 25 ng/mL soravtansine and
100 ng/mL of DiD and incubated for 4 h. Then, the pretreated
cells were irradiated with 655 nm with a power of 0.4, 0.7 and
1.0 W/cm2 for 2 min, and then stained with the cell apoptosis
assay kit. The percentage of cell apoptosis at early and late stages
of apoptosis were monitored by flow cytometry (FACSCalibur
system, BD). The PBS-treated cells without laser irradiation were
performed as negative control. Then, to verify the synergistic ef-
fects of Cat@PDS-mediated combination therapy, Cat@PDS,
Cat@PD and Cat@P were added to each well at 40 ng/mL of DiD
and 100 ng/mL of DiD, or comparable to 10 and 25 ng/mL sor-
avtansine, respectively, and then incubated for 4 h. Afterward, the
pretreated cells were exposed to 655 nm laser at a power density
of 0.7 W/cm2 for 1 min. Two hours later, samples were collected
and the percentage of apoptotic cells was quantified by the flow
cytometer analysis.

2.4. In vivo tumor accumulation and intratumoral permeation of
Cat@PDS

The specific tumor accumulation and intratumoral permeation of
Cat@PDS were measured in 4T1-induced tumor bearing mice,
which was developed by subcutaneous injection of 4T1 cells to the
secondary mammary glands at 1 � 106 cells per mouse. When the
tumor volume reached 100 mm3, mice were respectively injected
with free DiD or Cat@PDS at 1.0 mg/kg of DiD via tail vein. At
predetermined time points, mice were anaesthetized with iso-
flurane-O2 and the red fluorescence signals were recorded using
the in vivo imaging system (IVIS Spectrum, PerkinElmer, Wal-
tham, MA, USA). Then, at 2, 12 and 24 h of injection, mice were
autopsied and the major organs including heart, liver, spleen, lung,
kidney and tumor tissues from each treatment were collected and
imaged under the in vivo imaging system. Meanwhile, the
fluorescence intensity from each organ were analyzed for quan-
tification (n Z 3). At 12 h of injection of free DiD or Cat@PDS at
4.0 mg/kg of DiD via tail vein, mice were autopsied and the major
organs were collected. Thereafter, these tissues were respectively
accurately weighed, homogenized with dimethyl sulfoxide (1:3,
w/w) and centrifuged at 3000�g for 5 min (Thermo Fisher Sci-
entific, Osterode, Germany) to collect the supernatant. The fluo-
rescence intensity of DiD from these supernatant was quantified
using the microplate reader (Enspire, PerkineElmer, Singapore).

Then, the intratumoral permeation of Cat@PDS were deter-
mined using LCSM detection. The tumor tissues were collected at
12 h after injection of free DiD or Cat@PDS (1.0 mg/kg of DiD),
embedded in tissue optimal cutting temperature (OCT) compound
for cryostat section at 10 mm (Leica CM1950, Wetzlar, Germany).
The sections were fixed with 4% paraformaldehyde for 15 min and
counterstained with DAPI for visualization under LCSM. The
fluorescence signals of the whole tumor sections, at interior re-
gions and outer edges of tumor mass were collected to record the
distribution profiles of Cat@PDS in tumor, wherein Cat@PDS
was shown as red fluorescence signals and the nuclei were denoted
as blue signals. Thereafter, the intratumoral distribution of red
fluorescence signals from free DiD and Cat@PDS were analyzed
using the Image J software (National Institutes of Health,
Bethesda, MD, USA).

2.5. In vivo efficacy of Cat@PDS on relieving tumor hypoxia

The efficacy of Cat@PDS on relieving hypoxic status in tumor
were measured in 4T1-induced tumor model as described above.
At first, the oxygen level in tumor was monitored using photo-
acoustic imaging analysis (Vevo LAZR, VisualSonic FUJIFILM,
Toronto, Canada). At 4 and 12 h after injection of Cat@PDS at
1.0 mg/kg of DiD via tail vein, mice were anaesthetized and the
signals of oxyhemoglobin were recorded to characterize the ox-
ygen levels in tumor (blue signals). Meanwhile, at 12 h after in-
jection of PBS control or Cat@PDS, the tumor tissues were
collected and the catalase activity in tumor were determined using
the catalase assay kit according to the manufacturer’s protocols
(Nanjing jiancheng bioengineering institute, Nanjing, China).

To detect the impact of Cat@PDS treatment on HIF-1a
expression, a surrogate marker of tumor hypoxia, the tumor
bearing mice were intravenously administered with free DiD and
Cat@PDS at 1.0 mg/kg of DiD at Days 1, 3 and 5, following with
laser irradiation (1.0 W/cm2) at 12 h after the injection. Then, the
tumor tissues from each treatment were collected, embedded in
paraffin and sectioned (RM2235, Leica, Wetzlar, Germany) for
further detections. The sections were respectively incubated with
primary antibody of anti-HIF-1a (GTX127309, GeneTex, 1:500,
Alton Pkwy Irvine, CA, USA) and secondary antibody of Alexa
Fluor 488-labeled goat-anti-rabbit IgG (H þ L, Jackson, 111-545-
003, 1:400, West Grove, PA, USA). Afterward, the sections were
counterstained with DAPI for visualization under fluorescence
microscope (Leica DM68, Wetzlar, Germany). The expression of
HIF-1a was denoted as green signals in the captured images.

Encouraged by the increased oxygen level and reduced HIF-1a
expression in tumor, the production of singlet oxygen in
Cat@PDS treated tumor was detected using the ROS probe of
DCFH-DA (Thermo Fisher scientific). Twelve hours after injec-
tion of free DiD or Cat@PDS, 25 mL of DCFH-DA (10 mmol/L)
was intratumorally injected to the tumor sites. Thirty minutes
later, the tumor tissues from free DiD and Cat@PDS treated group
were exposed to 655 nm laser at 1.0 W/cm2 for 5 min. Then, the
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tumor tissues were collected, embedded in OCT and sectioned at
10 mm (Leica 1950, Wetzlar, Germany). These sections were fixed
with 4% paraformaldehyde and counterstained with DAPI for
LCSM detections, wherein the production of singlet oxygen was
presented as green signals.

2.6. In vivo therapeutic effect of Cat@PDS-mediated chemo-
photodynamic therapy on tumor growth and lung metastasis

The therapeutic effects of Cat@PDS-mediated chemo-photody-
namic therapy on tumor growth and lung metastasis was measured
in 4T1-induced tumor model as described above. When the tumor
volume reached 100 mm3, mice were respectively treated with
PBS control, Cat@P, Cat@PD þ laser, Cat@PDS and
Cat@PDS þ laser by intravenous injection (DiD:1.0 mg/kg, DM4:
0.25 mg/kg, n Z 5). In laser-treated group, the tumor tissues were
exposed to 655 nm laser irradiation at 1.0 W/cm2 for 5 min at 12 h
after injection. The treatments were implemented every 3 days
(Days 1, 3 and 6) up to three times in total. The tumor volume was
monitored using a digital caliper and the body weights were
documented. When the tumor volume in PBS group was over
1500 mm3 at day 18 after the first treatment, the experiments were
discontinued. The tumor growth index was calculated by
comparing the tumor volume at the end point to that at the
beginning time of treatments. At the end, mice were autopsied and
the tumor tissues from each treatment were collected and weighed
to calculate the inhibitory rate on tumor growth. Moreover, the
lungs from each treatment were collected and photographed. The
number of visualized metastatic nodules in lungs from each
treatment was recorded to evaluate the therapeutic effects on
suppressing lung metastasis. Histological examinations of the
lungs from each group were implemented to detect the incidence
of metastatic lesions. In addition, histological examinations of
other major organs of heart, liver, spleen and kidney were also
performed by H&E staining method to evaluate the biosafety of
each treatment.

2.7. Statistical analysis

Data were presented as mean � standard deviation (SD). Student’s
two-tailed t-test was used to analyze the difference between two
groups while analysis of variance (ANOVA) was utilized for
multiple comparisons. Statistical difference was considered as
P < 0.05 and very significance as P < 0.01.

3. Results and discussion

3.1. Preparation and characterization of Cat@PDS

Initially, Cat@PDS was fabricated in two steps: (1) squeezing the
catalase suspension in PBS (pH 7.4) through polycarbonate mem-
brane with the pore size of 400 and 200 nm successively to obtain
the bare catalase nanoparticles; (2) coating catalase nanoparticles
with the lipid membrane of DSPE-PEG, DiD and soravtansine to
develop the Cat@PDS. The particle size distribution of nano-
particles was measured by DLS analysis. Although bare catalase
nanoparticles were nano-sized particles with a mean diameter of
97.14 � 30.49 nm, they tended to aggregate into larger particles
with a wide size distribution after their storage in PBS (pH 7.4,
Supporting Information Fig. S1). Due to the interference of DiD on
DLS analysis, the blank formulation of Cat@P was used for
optimizing the phospholipids/catalase ratio in the formulation. By
measuring the mean diameter, polydispersivity index (PDI) and
their variations with time, the phospholipids/catalase ratio in
Cat@P was optimized at 3:1 (w/w, Supporting InformationFigs.
S2�S3). At the optimized phospholipid/catalase ratio, Cat@P dis-
played a hydrodynamic Z-average size of 162.4 nm with a PDI
value of 0.21. When they were incubated in PBS at pH 7.4 for 24 h,
the mean diameter and the PDI values were barely changed, sug-
gesting their good stability in the mimicked physiological fluids
(Fig. 1A). Meanwhile, the morphology of Cat@PDS was visualized
under transmission electron microscope (TEM), which showed
Cat@PDS was nanometer-sized particles (Fig. 1B). The good sta-
bility of Cat@PDS in PBS (pH 7.4) could be largely ascribed to the
core�membrane structure and the coated phospholipid membrane
in Cat@PDS.

Both DiD and soravtansine were loaded in the outer phos-
pholipid membrane of Cat@PDS due to the hydrophobic in-
teractions, which was determined by HPLC and fluorescence
analysis. The measured results indicated that the cytotoxic sor-
avtansine was loaded in Cat@PDS with an encapsulation effi-
ciency (EE) value of 98.15 � 1.15% and drug loading (DL)
capacity of 0.061 � 0.001%, while the photodynamic agent of
DiD was loaded in Cat@PDS with a EE value of 97.45 � 0.90%
and DL value of 0.243 � 0.002%, respectively, suggesting their
high entrapments in the Cat@PDS system. When they were
incubated in mimicked physiological fluids of PBS (pH 5.5), PBS
(pH 7.4) and 100% FBS, the cumulative release of soravtansine
was less 15% in these mimicked physiological fluids at 12 h of
incubation (Fig. 1C). Concurrently, the cumulative release of DiD
was less than 20% in PBS at pH 5.5 and 7.4, but slightly increased
to 21.7% in FBS (Fig. 1D). These experimental data suggested
that about 80% of therapeutic DiD or soravtansine could remain
inside the Cat@PDS system upon their incubation in the
mimicked physiological fluids, which would be favorable for
in vivo delivery and specific tumor accumulation.

In the absorption profiles, both free DiD and Cat@PDS showed
maximum absorption at 655 nm, but the bare catalase nano-
particles showed negligible absorption at this wavelength
(Fig. 1E). The high absorption of Cat@PDS at 655 nm could be
beneficial for producing cytotoxic 1O2 upon 655 nm laser irradi-
ation to exert the photodynamic therapy. Accordingly, we exam-
ined the photodynamic activity of Cat@PDS and free DiD upon
their exposure to 655 nm laser using a ROS probe of SOSG
(Supporting Information Fig. S4). The 1O2 production in
Cat@PDS was generally increased with the irradiation time and
more efficient versus free DiD, which would be conducive to
exerting the pharmacological activities.

Of note, the catalase activity in Cat@PDS is an essential
prerequisite for decomposing endogenous H2O2 and relieving
tumor hypoxia. The catalase activity of catalase nanoparticles and
Cat@PDS were measured using a catalase assay kit. The bare
catalase nanoparticles and Cat@PDS were respectively incubated
in PBS (pH 7.4) at 37 �C and the catalase activity were monitored
at certain time intervals. Upon their incubation in PBS (pH 7.4) for
48 h, the relative catalase activity in Cat@PDS was barely
changed, but that in catalase nanoparticles was dramatically
reduced to only 51.2 � 5.0% (Fig. 1F). These data suggested the
catalase in Cat@PDS showed a high enzymatic activity, which
could be mainly ascribed to the coating of phospholipid mem-
brane in Cat@PDS. The high catalase activity in Cat@PDS would
be favorable to decompose excessive endogenous H2O2 for tumor
reoxygenation.



Figure 1 Characterization of Cat@PDS. (A) Variation of mean diameter and PDI values of Cat@P upon their incubation in PBS (pH 7.4) for

24 h. Data are mean � SD (n Z 3); (B) Typical TEM images of Cat@PDS, scale bar Z 200 nm; (C) Cumulative release profiles of soravtansine

from Cat@PDS in mimicked physiological fluids of PBS (pH 5.5), PBS (pH 7.4) and FBS. Data are mean � SD (n Z 3); (D) Cumulative release

profiles of DiD from Cat@PDS in PBS (pH 5.5), PBS (pH 7.4) and FBS. Data are mean � SD (n Z 3); (E) The absorption profiles of Cat@PDS,

catalase and free DiD within the wavelength of 300e800 nm; (F) Relative catalase activity of catalase nanoparticles and Cat@PDS upon their

incubation in PBS (pH 7.4) for 48 h. Data are mean � SD (n Z 3).
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3.2. In vitro evaluation of Cat@PDS in 4T1 cancer cells

The cellular uptake of Cat@PDS and free DiD was measured in
4T1 breast cancer cells by LCSM and further quantified by flow
cytometer analysis (Fig. 2). In the captured images, the red signals
of DiD from Cat@PDS were extensively detected inside the 4T1
cancer cells with the fluorescence intensity much stronger than
that from free DiD group (Fig. 2A). The flow cytometry analysis
results showed the mean fluorescence intensity from Cat@PDS
was remarkably enhanced by 8.8-fold and 5.2-fold versus free
DiD treatment at 4 and 12 h of incubation, respectively (Fig. 2B).
The higher uptake of Cat@PDS over free DiD could be resulted
from the efficient incorporation of DiD into the nanometer-sized
particle system of Cat@PDS.

Then, the production of ROS was determined using the DCFH-
DA probe, which would present as green fluorescence signals
under LCSM upon their interactions with ROS. When the
Cat@PDS pretreated cells were exposed to 655 nm laser at
1.0 W/cm2 for 2 min, a large amount of green signals was readily
detected with the intensity higher than free DiD treatment
(Fig. 2C). Meanwhile, the flow cytometer analysis showed the
mean fluorescence intensity from Cat@PDS treated cells were
enhanced by 4.3- and 6.3-fold versus that from free DiD group at
4 and 12 h of incubation, respectively (Fig. 2D). The efficient ROS
production from Cat@PDS-treated group over free DiD could be
mainly ascribed to the improved uptake in 4T1 cancer cells.

Afterwards, the therapeutic effects of Cat@PDS-mediated
combination therapy were evaluated by apoptosis of 4T1 cancer
cells using flow cytometry analysis (Fig. 2E). To detect the impact
of laser irradiation power density, the Cat@PDS-treated cells were
exposed to 655 nm laser at 0.4, 0.7 and 1.0 W/cm2 and the per-
centage of apoptotic cells were monitored by flow cytometry
(Supporting Information Fig. S5). Cell apoptosis was considerably
detected in these samples and the apoptosis percentage was
increasing with the power of laser irradiation, which could reach
at 58.53% at 0.7 W/cm2. Then, to verify the superiority of
Cat@PDS mediated combination therapy, cells were respectively
treated with Cat@PDS, Cat@PD and Cat@P at 40 ng/mL of DiD
(comparable to 10 ng/mL soravtansine) and 100 ng/mL of DiD
(comparable to 25 ng/mL soravtansine) at 0.7 W/cm2, respec-
tively. The percentage of apoptotic cells in Cat@PDS mediated
combination therapy (Cat@PDS þ laser) was 6.19- and 9.60-fold
higher than counterpart Cat@PD þ laser group and un-irradiated
Cat@PDS group at 40 ng/mL of DiD (comparable to 10 ng/mL
soravtansine), which effectively confirmed the superiority of
Cat@PDS þ laser over other counterpart formulations (Fig. 2E).
The superior effectiveness of Cat@PDS mediated combination
therapy was also validated at 100 ng/mL of DiD (comparable to



Figure 2 The in vitro evaluation of Cat@PDS in 4T1 cancer cells. (A) Cellular uptake of free DiD and Cat@PDS in 4T1 cells by LCSM

measurements, scale bar Z 20 mm; (B) Quantified cellular uptake of free DiD and Cat@PDS in 4T1 cells by flow cytometer analysis. Data are

mean � SD (n Z 3), **P < 0.01; (C) Production of singlet oxygen in free DiD and Cat@PDS treated 4T1 cells upon their exposure to 655 nm

laser, which was denoted as green signals under LCSM, scale bar Z 20 mm; (D) The quantified production of singlet oxygen in free DiD and

Cat@PDS treated 4T1 cells by flow cytometer analysis. Data are mean � SD (n Z 3), **P < 0.01; (E) The percentage of cell apoptosis in

Cat@PDS mediated combination therapy at 40 ng/mL and 100 ng/mL of DiD. Data are mean � SD (n Z 3), **P < 0.01.
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Figure 3 The in vivo tumor targeting and intratumoral permeation of Cat@PDS in 4T1-induced tumor bearing mice. (A) The in vivo imaging of

Cat@PDS in 4T1 tumor model; (B) The ex vivo imaging of Cat@PDS in major organs at different time points after injection; (C) The semi-

quantitative analysis of free DiD and Cat@PDS in the major organs at 12 h after injection. Data are mean � SD (n Z 3), **P < 0.01; (D)

The quantified distribution of DiD in the major organs from free DiD and Cat@PDS treated groups at 12 h after injection. Data are mean � SD

(n Z 3), **P < 0.01; (E) The intratumoral permeation of Cat@PDS in the tumor mass under LCSM, which was denoted as red signals in the

captured images, scale bar Z 1 mm; (F) Image analysis of intratumoral permeation of Cat@PDS in the white rectangle by Image J software.
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25 ng/mL soravtansine, Fig. 2E). These data confirmed the effi-
cient cellular uptake of Cat@PDS in 4T1 cancer cells and robust
ROS production upon laser irradiation, thereby resulting in
noticeable therapeutic effects.

3.3. Specific tumor accumulation and intratumoral permeation
of Cat@PDS

Next, the specific tumor accumulation and their intratumoral
penetration of Cat@PDS were determined in 4T1-induced tumor
bearing mice, which was developed by injecting 4T1 cancer cells
to the secondary mammary pads at 1 � 106 cells per mouse. The
preferential tumor accumulation and their deep permeation into
hypoxic regions of tumor mass are the essential prerequisites for
relieving hypoxic status in tumor40e42. The in vivo imaging results
showed that the red signals of DiD from Cat@PDS could be
readily detected at the tumor sites at 4 h after injection and remain
at a high level thereafter (Fig. 3A). At 2, 12 and 24 h after in-
jection, mice were autopsied and the major organs were collected
for imaging using the in vivo imaging system. The captured im-
ages showed that the fluorescence signals of Cat@PDS was highly
detected at tumor sites, and the intensity was evidently stronger
than that from free DiD group (Fig. 3B). Particularly in tumor
sites, the semi-quantitative analysis showed that the fluorescence
intensity from Cat@PDS was tremendously improved by 23.65-,
25.62- and 17.5-fold over that of free DiD group at 2, 12 and 24 h
of injection, respectively (Fig. 3C and Supporting Information
Fig. S6). Moreover, the quantified results indicated that the dis-
tribution of Cat@PDS in tumor was remarkably improved 54.1-
fold over free DiD (Fig. 3D). The different value between them
could be resulted from the variance of detection techniques and
data presentations. Encouraged by the high tumor accumulation of
Cat@PDS, we further evaluated their intratumoral permeation
capacity using LCSM. In the transverse profiles of the whole
tumor mass, the red fluorescence signals of Cat@PDS were het-
erogeneously but ubiquitously distributed in tumor mass with high
intensity, wherever in the exterior regions or deep interior areas
(Fig. 3E), which was further confirmed by imaging analysis
(Fig. 3F). Concurrently, the deeper penetration of Cat@PDS over
free DiD was further confirmed with strong red fluoresce signals
in exterior and interior regions of tumor mass (Fig. 4). We have
recently confirmed the limited intratumoral penetration of lipo-
somal formulation in 4T1 induced tumor model35,36. The
considerable tumor accumulation and intratumoral permeation of
Cat@PDS could be resulted from the endogenous properties of
catalase, the nanometric size and the erythrocyte-inspired core-
membrane structure. The efficient and specific accumulation of
Cat@PDS at tumor sites as well as their flexible permeation in
tumor tissues would provide an opportunity to relieve the hypoxic
status in tumor and exert the therapeutic effects for cancer therapy.



Figure 4 The intratumoral permeation of free DiD and Cat@PDS at exterior and interior regions of tumor mass at 12 h after injection under

LCSM, wherein DiD was denoted as red fluorescence signals in the captured images, scale bar Z 100 mm.
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3.4. In vivo efficacy of Cat@PDS on relieving tumor hypoxia

Most importantly, relieving tumor hypoxic status is strikingly
needed to ameliorate the therapeutic effects1,41. We assessed the
ability of Cat@PDS on increasing tumor oxygen level and
relieving tumor hypoxia in 4T1 induced tumor model (Fig. 5).
Figure 5 The efficacy of Cat@PDS on relieving hypoxic status in tum

which was determined by photoacoustic imaging at 4 h and 12 h after in

catalase activity in tumor from Cat@PDS treated group. Data are mean �
Cat@PDS treated group, which was denoted as green signals in the captu

tumor from Cat@PDS treated group, which was denoted as green signal

1.0 W/cm2 for 5 min for the measurements, scale bar Z 100 mm.
The oxygen level in tumor tissues were monitored by photo-
acoustic imaging, which would present as blue signals in the
captured images. As shown in Fig. 5A, the blue signals of oxygen
could be detected 4 h after injection of Cat@PDS and reach at a
high level at 12 h of injection, suggesting the superior efficiency
of Cat@PDS in increasing tumor oxygenation and their ability to
or. (A) The increased oxygen level in tumor by Cat@PDS treatment,

jection and denoted as blue signals in the captured images; (B) The

SD (n Z 3), **P < 0.01; (C) The HIF-1a expression in tumor from

red images, scale bar Z 100 mm. (D) Production of singlet oxygen in

s under LCSM. The tumor tissues were exposed to 655 nm laser at



Figure 6 The in vivo therapeutic effects of Cat@PDS on tumor growth and lung metastasis of breast cancer in 4T1 induced tumor model. (A)

Tumor growth profiles from each treatment. Data are mean � SD (n Z 5); (B) The tumor growth index of each treatment at the end time point.

Data are mean � SD (n Z 5), **P < 0.01; (C) The relative tumor weight from each treatment, which was used to characterize the tumor

inhibitory effects. Data are mean � SD (nZ 5), **P < 0.01; (D) The typical photograph of tumor tissues from each treatment; (E) The number of

visualized metastatic nodules in lung from each treatment. Data are mean � SD (nZ 5), **P < 0.01; (F) The inhibitory rate of each treatment on

suppressing lung metastasis of breast cancer, which was compared to the PBS control. Data are mean � SD (n Z 5), *P < 0.05, **P < 0.01; (G)

Typical photograph of lung tissues from each treatment at the end time point, which was denoted as blue arrows; (H) The H&E examinations of

lung tissues from each treatment, wherein the metastatic lesion was presented as cell clusters with darkly stained nuclei, scale bar Z 200 mm.
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relieve tumor hypoxia. Meanwhile, the catalase activity in tumor
from Cat@PDS treated group was evidently improved by 2.17-
fold versus the control group (Fig. 5B). The increase of oxygen
levels in tumor could be mainly attributed to the efficient tumor
accumulation, flexible intratumoral permeation and vigorous
catalase activity of Cat@PDS. Then, the expression of hypoxia
induced factor (HIF)-1a, a surrogate marker of tumor
hypoxia43,44, was measured by immunofluorescence assay to
evaluate the performance of Cat@PDS on relieving tumor hyp-
oxic status. As shown in Fig. 5C, the expression of HIF-1a (green
signals in the captured images) could be extensively detected
with strong intensity in free DiD treated group, but rarely
detected in Cat@PDS treated group, suggesting the effectiveness
of Cat@PDS in reducing the hypoxic status in tumor. Consid-
ering the increased oxygen levels and reduced hypoxic status in
tumor by Cat@PDS treatment, we then measured the production
of cytotoxic 1O2 upon 655 nm laser irradiation, which was
detected using the characteristic probe of DCFH-DA (Fig. 5D).
The green signals of 1O2 could be obviously detected in
Cat@PDS treated group with high intensity but poorly observed
in free DiD group. These data suggested that the Cat@PDS
treatment could distinctly enhance the oxygen levels and reduce
the hypoxic status, leading to dramatic production of cytotoxic
1O2 for antitumor therapy.

3.5. In vivo therapeutic efficacy of Cat@PDS on tumor growth
and lung metastasis

Finally, the efficacy of Cat@PDS mediated chemo-photodynamic
therapy on tumor growth and metastasis were investigated in 4T1
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induced metastatic breast cancer model. The tumor bearing mice
were respectively treated with PBS control, Cat@P,
Cat@PD þ laser, Cat@PDS and Cat@PDS þ laser at 1.0 mg/kg
of DiD and/or 0.25 mg/kg of soravtansine. For laser irradiated
group, the tumor tissues were exposed to 655 nm laser at
1.0 W/cm2 for 5 min at 12 h of injection. The body weights of
tumor bearing mice from each group were not significantly
changed during each treatment (Supporting Information Fig. S7).
The tumor growth index (TGI) that defined as the ratio of tumor
volume at end time point comparing to that at the beginning time
point of drug administration was used to characterize the inhibi-
tory effects on tumor growth. As shown in the tumor growth
profiles, the Cat@PDS þ laser treatment showed remarkable
suppression of tumor growth with a TGI value of only 1.9 � 0.4,
which was considerably lower than that of other groups (Fig. 6A
and B). Compared to the negative control, the Cat@PDS þ laser
treatment produced an 82.9% inhibition of tumor growth. Notably,
the tumor volume in Cat@PDS þ laser treated group was only
44.8% of Cat@PDS group and 22.2% of Cat@PD þ laser group,
suggesting the superior synergistic effect of Cat@PDS þ laser
over the counterpart treatments of Cat@PDS and
Cat@PD þ laser. The synergistic combination efficacy in
Cat@PDS þ laser versus the Cat@PDS and Cat@PD þ laser was
also confirmed by measuring tumor weight from each treatment
(Fig. 6C and D).

Lung is one of the most frequent organs of breast cancer
metastasis45,46. The effect of Cat@PDS þ laser on suppressing the
incidence of lung metastasis was also determined. At the end time
point, the number of visualized metastatic lesions in each lung was
counted to assess the anti-metastasis efficacy. As shown in Fig. 6E
and G, the lung metastatic lesions were rarely visualized in
Cat@PDS þ laser group but obviously detected in other groups.
The average number of lung metastasis was only 0.80 � 0.84 in
Cat@PDS þ laser group, which was tremendously lower than that
of other groups (Fig. 6E). Compared to the PBS control, the
Cat@PDS þ laser treatment resulted in a 97.2% inhibition of lung
metastasis, which was much higher than that of other treatments
(Fig. 6F). Moreover, the average number of lung metastasis in
Cat@PDS þ laser group was only 22.2% of Cat@PDS and 5.8%
of Cat@PD þ laser treatment, validating the superiority of the
synergistic Cat@PDS þ laser treatment versus the counterpart
Cat@PDS and Cat@PD þ laser therapy. The incidence of lung
metastasis was also measured by hematoxylin and eosin (H&E)
assay of the lung from each treatment (Fig. 6H). The metastatic
lesions were barely detected in Cat@PDS þ laser group but
obviously observed in lungs from other treatments. The biosafety
of each treatment was confirmed by H&E examinations of the
major organs of heart, liver, kidney and spleen after multiple
dosing (Supporting Information Fig. S8). Collectively, these data
indicated that the Cat@PDS þ laser treatment produced efficient
inhibitory effects on tumor growth and metastasis, confirming the
superior effectiveness of Cat@PDS mediated combinational
chemo-photodynamic therapy.
4. Conclusions

In summary, we successively developed a phospholipid
membrane-coated nanocatalase system of Cat@PDS with notice-
able tumor accumulation and deep intratumoral permeation
capability. The Cat@PDS treatment considerably increased the
oxygen levels in tumor, reduced the expression of HIF-1a and
produced profuse ROS upon laser irradiation. In 4T1-induced
tumor model, the Cat@PDS þ laser combination treatment
resulted in remarkable inhibition of tumor growth and produced a
97.2% suppression of lung metastasis. Thus, the phospholipids
membrane-coated nanocatalase system represents a generalizable
and convenient nanoplatform to relieve tumor hypoxia and syn-
ergize the combinational chemo-photodynamic therapy.
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