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Photodynamic therapy (PDT) has become an attractive tumor treatment modality because of
its noninvasive feature and low side e®ects. However, extreme hypoxia inside solid tumors
severely impedes PDT therapeutic outcome. To overcome this obstacle, various strategies have
been developed recently. Among them, in situ oxygen generation, which relies on the decom-
position of tumor endogenous H2O2, and oxygen delivery tactic using high oxygen loading
capacity of hemoglobin or per°uorocarbons, have been widely studied. The in situ oxygen
generation strategy has high speci¯city to tumors, but its oxygen-generating e±ciency is lim-
ited by the intrinsically low tumor H2O2 level. In contrast, the oxygen delivery approach holds
advantage of high oxygen loading e±ciency, nevertheless lacks tumor speci¯city. In this work,
we prepared a nanoemulsion system containing H2O2-responsive catalase, highly e±cient ox-
ygen carrier per°uoropolyether (PFPE), and a near-infrared (NIR) light activatable photo-
sensitizer IR780, to combine the high tumor speci¯city of the in situ oxygen generation strategy
and the high e±ciency of the oxygen delivery strategy. This concisely prepared nanoplatform
exhibited enhanced and H2O2-controllable production of singlet oxygen under light excitation,
satisfactory cytocompatibility, and ability to kill cancer cells under NIR light excitation. This
highlights the potential of this novel nanoplatform for highly e±cient and selective NIR light
mediated PDT against hypoxic tumors. This research provides new insight into the design of
intelligent nanoplatform for relieving tumor hypoxia and enhancing the oxygen-dependent
PDT e®ects in hypoxic tumors.
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1. Introduction

Photodynamic therapy (PDT) has become a pow-
erful tool to treat tumors, owing to its noninva-
siveness, high anatomical precision, and low side
e®ects. In a typical PDT process, photosensitizers
are exposed to light and convert oxygen to cytotoxic
reactive oxygen species (ROS), resulting in de-
struction of tumor cells.1 Nonetheless, the thera-
peutic e±cacy of PDT is severely limited by the
hypoxic microenvironment in solid tumors.2 Hyp-
oxia is an important hallmark of solid tumors that
has drawn increasing attention. The intrinsic hyp-
oxia results from rapid proliferation of tumor cells
and abnormal structure of tumor vessels.3,4 More-
over, the hypoxia is exacerbated during the PDT
process, as plenty of oxygen is consumed.5 Partic-
ularly, it has been widely recognized that tumor
hypoxia not only impairs the e±ciency of PDT, but
also promotes proliferation, angiogenesis, and me-
tastasis of tumors.6 Therefore, it is urgent to de-
velop strategies to overcome this obstacle.

To address tumor hypoxia, a lot of pioneering
e®orts have been devoted. Till date, two pathways
to overcome tumor hypoxia have been highlighted.
One is oxygen-independent PDT, and the other is
tumor oxygenation. The oxygen-independent PDT
utilizes methods such as type I PDT and Fenton
reaction to generate ROS in absence of oxygen.7,8

Although e®ective, oxygen-independent PDT
does not truly change the tumor hypoxic micro-
environment, leaving hypoxia-related issues such
as inadequate blood supply and drug-resistant
gene expression unresolved.9,10 In contrast, tumor
oxygenation has drawn intensive attention
because of its ability to alter tumor hypoxic
microenvironment.

Nowadays, typical tumor oxygenation approa-
ches include (1) in situ oxygen generation and (2)
oxygen delivery. Elevated H2O2 level is another
feature of the tumor microenvironment compared
with normal tissues.11,12 One of the most widely
studied in situ oxygen generation strategies is deg-
radation of exogenous MnO2 which could be accel-
erated by the H2O2 in the tumor site.13 The acidity
of the tumor microenvironment induces degrada-
tion of MnO2, which forms Mn2þ, water, and oxy-
gen. This degradation is accelerated by the H2O2

rich in tumor tissues.14 However, the toxicity of
Mn2þ generated after the decomposition is a safety
concern.15 An alternative method is catalysis of

tumor endogenous H2O2 decomposition using cata-
lase.16 In living organisms, catalase is an important
enzyme which can protect cells from oxidative
damage through catalyzing the decomposition of
H2O2 into water and oxygen. As a biological cata-
lyst, the catalytic e±ciency of catalase is higher
than that of inorganic catalysts such as MnO2 and
Fe2O3.

17–19 The in situ oxygen generation strategies
hold the advantage of high tumor speci¯city.20

Nevertheless, the oxygen-generating e±ciency of
these approaches is low, due to the small amount of
H2O2 available in tumors.21,22

On the other hand, oxygen delivery tactics rely
typically on oxygen transportation by hemoglobin
or per°uorocarbon-based carriers.23 Hemoglobin-
based nanomaterials have been shown to relieve
tumor hypoxia and boost the e±ciency of PDT.24

Nevertheless, free hemoglobin in circulation may
cause side e®ects such as kidney tubule damage.25

Meanwhile, the insu±cient oxygen loading capacity
of hemoglobin impedes its application. In contrast,
per°uorocarbon-based oxygen carriers have excel-
lent biocompatibility and robust oxygen loading
capacity.26 At 25�C under 1 atm, per°uorocarbons
can carry approximately twice amount of oxygen as
blood can.22 In addition, it was reported that per-
°uorocarbon could reserve ROS and enormously
extend its lifetime.10 However, the oxygen delivery
strategy has inferior tumor selectivity compared
with in situ oxygen generation tactic.

In this research, we introduce an oxygen-
enriching strategy that combines the high tumor
selectivity of in situ oxygen generation tactic and
the high ROS generation e±ciency of oxygen de-
livery approach. We designed and prepared a
nanoemulsion system including H2O2-responsive
catalase, high oxygen loading e±ciency carrier
PFPE, and a near-infrared (NIR) photosensitizer
IR780, which was termed as CIPN, in abbreviation
for catalase@IR780-PFPE/water nanoemulsion
(Fig. 1). This nanoplatform o®ers the opportunity
for highly selective and e±cient NIR light acti-
vated PDT for hypoxic tumors. Moreover, to avoid
the catalase activity loss, toxicity, and tediousness
caused by routine chemical synthetic preparation
approach, we created the nanoplatform using a
mild, toxic reagent-free, and simple phase inver-
sion composition (PIC) method, which may facili-
tate the industrilization and clinical translation
of PDT.
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2. Materials and Methods

2.1. Materials

Catalase powder was obtained from Merck (Kenil-
worth, US). 95% IR780 iodide was provided by
Bailingwei (Beijing, China). PFPE (Fluorolinkr

MD700) was bought from Solvay (Brussels, Bel-
gium). Pluronic (Mn 2900) and dimethyl sulfoxide
(DMSO) were purchased from Aladdin (Shanghai,
China). 1,3-diphenylisobenzofuran (DPBF) was
bought from TCI (Tokyo, Japan). Cell counting kit-
8 (CCK-8) was provided by Dojindo Laboratories
(Kumamoto, Japan). 30% H2O2 was obtained from
Xilong Scienti¯c, Shantou, China. Double distilled
water was used throughout the experiments.

2.2. Preparation of CIPN

The CIPN preparation was carried out using PIC
method at 25�C without exposure to light. First,
0.01 g IR780, 0.7 g Pluronic 2900 and 0.3 g PFPE
were bath sonicated for 10min and then mixed for
1.5 h at 1250 rmin�1. Afterwards, 9mL of 0.02%
catalase solution was added dropwise (120 drops per
minute) to the mixture under stirring at
1250 rmin�1. Then, the stirring was continued for
0.5 h. In the end, the liquid was ¯ltered with a
0.45�m syringe ¯lter (Millipore, Bedford, US). For
comparison, IR780-PFPE/water nanoemulsion
(IPN) was prepared as CIPN except that catalase
was absent. PFPE/water nanoemulsion (PN) was
prepared as CIPN except that catalase and IR780
were absent.

2.3. Characterization of CIPN

The droplet size distributions of nanoemulsions
were determined using a dynamic light scattering
instrument (Nano Brook 90 Plus Zeta, Brookhaven
Instruments, Holtsville, US) at 25�C. Prior to
measurements, the nanoemulsions were diluted 10
times with water. The refractive index employed
was 1.33. The zeta potential measurements were
performed using a Nano Brook 90 Plus Zeta
(Brookhaven Instruments, Holtsville, US) at 25�C.
The morphology of the nanoemulsion droplets was
detected with a transmission electron microscope
(TEM) JEM-1230 (Nippon Tekno, Osaka, Japan).
A drop of CIPN was placed onto a copper grid and
dried prior to examination with TEM. The ab-
sorption spectra were recorded on a UV1780 spec-
trophotometer (Shimadzu, Shanghai, China) at
25�C. To investigate the physiological stability, the
CIPNs were diluted 30 times with RPMI 1640 cul-
ture medium, and stored at 25�C or 37�C. The
mean droplet diameters of the CIPNs were mea-
sured at predetermined time points.

2.4. Photodynamic e±cacy

The singlet oxygen (1O2) production was
measured using a speci¯c 1O2 probe DPBF. Five
treatment groups were set, including (1) Water,
(2) H2O2, (3) IPNþH2O2, (4) CIPNþWater, and
(5) CIPNþH2O2. IPN or CIPN was diluted with
100mmol L�1 H2O2 or water to the same IR780
concentration (indicated by the absorbance at

Fig. 1. Schematic illustration of the preparation method of the nanoplatform and the enhanced NIR light activatable PDT for
hypoxic tumors.
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780 nm) to obtain the IPNþH2O2, CIPNþWater,
or CIPNþH2O2 group samples. Then, 50�L
freshly prepared DPBF (1mgmL�1) in DMSO was
added to 3mL water, H2O2 (100mmol L�1), or the
as-prepared samples and mixed together. After-
wards, the samples were irradiated with NIR laser
(808 nm, 2Wcm�2) generated from an MDL-III-
808-2.5W laser device (Changchun New Industries
Optoelectronics Technology Co., Ltd., Changchun,
China) for 10 s. The absorbances at 410 nm prior to
and past irradiation were measured using a UV1780
spectrophotometer (Shimadzu, Shanghai, China)
and normalized.27 All operations were carried out in
a dark room without light exposure.

2.5. Cell culture

OVCAR-3 cells (ovarian cancer cells) were provided
by American Type Culture Collection (ATCC,
Manassas, US). The cells were cultivated in RPMI
1640 medium supplemented with 10% fetal bovine
serum and 1% streptomycin/penicillin at 37�C in a
humidi¯ed atmosphere with 5% CO2.

2.6. Cytocompatibility assay

OVCAR-3 cells were seeded in 96-well plates at a
density of 1:5� 104 cells per well and allowed to
grow at 37�C, 5% CO2 for 24 h. CIPNs were diluted
to a series of concentrations by serum-free medium.
Then, the cells were incubated with di®erent con-
centrations of CIPNs at 37�C, 5% CO2 for 24 h.
Cells incubated with serum-free medium were used
as control. Subsequently, the liquids in the plates
were withdrawn, and the mixed solution consisting
of CCK-8 (10�L) and serum-free medium (90�L)
was added into each well. Afterwards, the cells were
incubated at 37�C for 1 h, and the absorbance in-
tensity at 450 nm was detected with a Microplate
Reader (RT-6100, Rayto Life and Analytical Sci-
ences, Shenzhen, China) after shaking for 2min,
using 630 nm as reference wavelength.

2.7. In vitro PDT

OVCAR-3 cells were seeded in 96-well plates at a
density of 1:5� 104 cells/well and incubated at
37�C, 5% CO2 for 24 h. Afterwards, the cells were
incubated with CIPNs (800�gmL�1, diluted with
serum-free medium) at 37�C for 10 h. Afterwards,

the CIPN dispersions were changed for serum-
free medium, and the cells were irradiated with
NIR laser (808 nm, 1Wcm�2) generated from an
MDL-III-808-2.5W laser device (Changchun New
Industries Optoelectronics Technology Co., Ltd.,
Changchun, China) for 9min. Afterwards, the cells
were incubated at 37�C for 24 h. Then, the cells
were incubated with 10% CCK-8 for 1 h, and the
absorbance intensity at 450 nm was measured with
a Microplate Reader (RT-6100, Rayto Life and
Analytical Sciences, Shenzhen, China) after shaking
for 2min, using 630 nm as reference wavelength.

2.8. Statistical analysis

All experiments were performed in triplicate. The
data were presented as mean� standard deviation,
and were statistically analyzed with SPSS 16.0
software. One-way analysis of variance (ANOVA)
followed by Levene's Test for equality of variances
as well as Bonferroni multiple comparison test were
utilized for the comparison of mean values. A value
of p < 0:05 was considered as signi¯cant.

3. Results and Discussion

3.1. Preparation of CIPN

The CIPN was prepared using PIC method (Fig. 1).
It contains nanodroplets composed of PFPE and
IR780 as core, and Pluronic and catalase as shell
(Fig. 1). Nanoemulsions are transparent or trans-
lucent, and kinetically stable colloidal systems
having droplet size that ranges from 10 nm to
500 nm.28 Nanoemulsions can be formed using a
variety of approaches which are usually categorized
as either high-energy methods or low-energy meth-
ods.29 High-energy methods utilize the intensive
disruptive forces provided by mechanical devices
including sonicators, micro°uidizers, and high
pressure valve homogenizers to generate small dro-
plets. They involve temperature elevation during
the preparation process, which may elicit loss of
catalase activity and IR780 (which is easily de-
graded) decomposition. In contrast, low-energy
methods including phase inversion temperature
(PIT) method and PIC method rely on the sponta-
neous formation of tiny droplets when the solution or
environmental conditions (e.g., composition or
temperature) are changed.30 They hold advantages
including prevention of catalase destruction and
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IR780 decomposition, low cost, low energy con-
sumption, ease in formation, and suitability for in-
dustrialization as no expensive equipment is
required. In particular, PIC is a very attractive
approach because its entire procedure is carried out
at room temperature.31 The PIC method holds ad-
vantage over routine chemical synthetic methods in
terms of prevention of catalase activity loss, since
catalase activity impairment is a common phe-
nomenon in chemical synthetic approaches and it
has been reported that 79% of catalase activity was
lost after chemical synthesis.32,33 For example, the
side chains of catalase were chemically grafted to
the chemotherapeutic drug cis-aconitic anhydride-
linked doxorubicin, and the catalase activity was
decreased after chemical conjugation.18 It is possible
that the chemical conjugation compromised the
folding of the peptide chain and consequently
in°uenced the enzymatic activity, since the forma-
tion of the enzyme active center requires the correct
folding of the peptide chain.

3.2. Characterization of CIPN

IR780, a NIR photodynamic agent, has been in-
tensively studied for PDT owing to its appealing

features including °uorescence imaging ability,
speci¯c mitochondria-targeting capability, and
preferential accumulation in multiple tumor cells.34

However, the biomedical application of IR780 is
hampered by its extremely low aqueous solubility,
which weakens the therapeutic e±cacy. Herein, we
encapsulated IR780 into the nanoemulsion system
CIPN. The CIPN exhibited a homogeneous ap-
pearance (Fig. 2(a) inset), which indicated the im-
provement of aqueous solubility. As revealed by
dynamic light scattering measurements, the droplet
diameter of the CIPN is 192:5� 3:83 nm, with
polydispersity 0:20� 0:07 (Fig. 2(a)). This droplet
size is in favor of the preferential accumulation of
IR780 in tumor sites, since it has been reported
that nanoparticles with the size of 10–400 nm
can accumulate in tumor tissue at levels 70 times
higher than in normal tissue owing to the enhanced
permeability and retention (EPR) e®ect.35,36

The polydispersity values indicate the relatively
narrow size distribution. The zeta potential was
2:03� 1:41mV (Fig. 2(b)). The TEM image
revealed the spherical morphology of the CIPN, and
veri¯ed the droplet size results obtained from dy-
namic light scattering measurements (Fig. 2(c)).
Consistent with the green color of the CIPNs

Fig. 2. Characterization of CIPN. (a) Diameter and polydispersity. Inset: Appearance. (b) Zeta potential. (c) Transmission
electron microscopy image. (d) Absorbance spectra of diluted PN and CIPN. PN, PFPE/water nanoemulsion. CIPN, catala-
se@IR780-PFPE/water nanoemulsion.
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(Fig. 2(a) inset), the absorption spectrum of CIPN
presented strong absorption around 780 nm, while
PN showed no absorption (Fig. 2(d)). This suggests
the successful encapsulation of IR780 into the
nanoemulsion system. The encapsulation of IR780
into the nanodroplets with an average diameter of
less than 200 nm has the potential to achieve sus-
tained drug release in physiological conditions, since
it has been reported that polymeric nanoparticles37

and liposomes20 with similar particle size
(> 200 nm) showed sustained drug release. The
sustained release may decrease the drug adminis-
tration frequency and reduce drug side e®ects.

Stability of nanomaterials in physiological solu-
tions is essential for their biomedical application.
The CIPNs showed neither precipitation nor °uc-
tuations in the mean droplet diameters (p > 0:05)
after being incubated in cell culture medium for up
to 48 h at both 25�C and 37�C (Fig. 3), indicating
their satisfactory stability in a physiological envi-
ronment. Particularly, it was observed that after
storage at 4�C for 15 months, the IPN showed ob-
vious precipitation, while the CIPN retained its
homogeneous appearance (Fig. S1). This suggests
that the catalase coated the droplets and conse-
quently increased the stability. To further elucidate
the function of catalase in the nanodroplet forma-
tion, we investigated the IR780 encapsulation e±-
ciency and loading capacity of IPN and CIPN. The
CIPN showed improved encapsulation e±ciency
(2.4 fold) and loading capacity (2.3 fold) in com-
parison with IPN (Table 1). This suggests that
catalase facilitated the IR780 encapsulation into the
nanoemulsion system. The reason for this phenom-
enon may be that catalase, as a kind of protein, has

both hydrophobic amino acids and hydrophilic
amino acids, and may facilitate the assembly of
nanodroplets.

3.3. Photodynamic e±cacy in aqueous
solution

To evaluate the ability of the CIPN to decompose
tumor endogenic H2O2 and improve PDT e±ciency,
the 1O2 production of the CIPN and IPN with the
same IR780 concentration was quanti¯ed using a
speci¯c 1O2 probe DPBF. As soon as the CIPN was
added into the H2O2 solution, numerous oxygen
bubbles were generated. Even after minutes, a lot of
oxygen bubbles could be seen (Fig. 4 inset). In
contrast, the IPN showed no oxygen generation
when it was mixed with H2O2 solution. This sug-
gests that the CIPN could generate oxygen e±-
ciently in response to tumor endogenous H2O2

owing to the strong enzymatic activity of catalase.
Consistently, the CIPN produced remarkably
higher level of 1O2 than the IPN under excitation by
NIR light (Fig. 4), suggesting the ability of CIPNs
to boost PDT e±ciency and thereby improve ther-
apeutic outcomes via augmenting oxygen supply in
the presence of H2O2. In particular, in the absence
of H2O2, the CIPN could not generate oxygen or
change the 1O2 e±ciency in comparison with the
IPN (Fig. 4). This highlights the high tumor selec-
tivity of the CIPN, which facilitates the prevention
of damage to adjacent healthy tissues. Apart from
the EPR e®ect rendered by the nano-range size of
the CIPN, the tumor speci¯city can be further en-
hanced by the presence of catalase.35 Similarly,
liposomes co-loading catalase and photosensitizer
were reported to improve ROS generation and PDT
e±ciency via additional oxygen supply.20 It has also
been reported that catalase-loaded nanoformulation
improved ROS generation under hypoxic experi-
mental conditions.18

3.4. Cytocompatibility

Good cytocompatibility of a nanoformulation in
darkness facilitates the tumor targeting e®ect of
PDT, since in this way, the tissue area that exhibits
toxic e®ects would be only the light-illuminated
region. To evaluate the cytocompatibility of the
CIPNs, CCK-8 assay was used to assess the viabil-
ities of OVCAR-3 cells incubated with di®erent

Fig. 3. Mean droplet diameters of the CIPNs during storage
at 37�C or 25�C for up to 48 h. CIPN, catalase@IR780-PFPE/
water nanoemulsion.
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concentrations (25–800�gmL�1) of CIPNs without
exposure to light for 24 h. No toxicity was detected
even at the concentration as high as 800�gmL�1

(Fig. 5). This suggests the satisfactory biocompati-
bility of CIPN.

3.5. In vitro PDT

To evaluate the ability of the CIPN to kill cancer
cells in response to light stimulation, we measured
the viabilities of OVCAR-3 cells incubated with
culture medium or CIPN with and without 808 nm
laser irradiation using CCK-8 cell viability assay.
As shown in Fig. 6, cells treated without CIPN and
with NIR irradiation showed little viability alter-
ation (p > 0:05), which suggested that the light ir-
radiation density and dose used in the test could not
generate damage to the cells. In contrast, under the
same NIR irradiation condition, cells incubated
with CIPNs presented a sharp decrease of cell via-
bility to � 39%. This demonstrates the CIPNs
could e±ciently kill cancer cells in response to light
irradiation. Moreover, cells incubated with CIPNs
in dark showed no cell viability change, demon-
strating that the cell destruction was a combination
e®ect of CIPNs and NIR light. In a word, the results
suggest that the CIPN may be an e±cient NIR-
activatable nanoformulation for cancer therapy.
Nevertheless, further studies under hypoxic experi-
mental condition remain to be explored to fully
demonstrate the potential of the CIPN to serve as a
highly e±cient cancer photo-therapeutic.

4. Conclusion

We rationally designed a nanoplatform CIPN,
which could combine the merits of in situ oxygen
generation strategy and oxygen delivery strategy to
relieve tumor hypoxia and boost the therapeutic
e±ciency of NIR light-mediated PDT. This con-
cisely prepared CIPN contains catalase that could

Table 1. Encapsulation e±ciency and loading capacity of PN
and CIPN.

Encapsulation e±ciency (%) Loading capacity (%)

CIPN 6:57� 0:75 0:07� 0:006
PN 2:69� 0:53 0:03� 0:005

Fig. 4. The production of 1O2 from IPN or CIPN having the
same IR780 concentration in the presence or absence of H2O2

under NIR light irradiation. The inset is a photo of the mixture
of IPN and H2O2 solution (left), CIPN and H2O2 solution
(middle), and CIPN and water (right). *indicates a signi¯cant
di®erence in comparison with the IPNþH2O2 group (signi¯-
cance level ¼ 0:05, n ¼ 3). 1O2, singlet oxygen. IPN, IR780-
PFPE/water nanoemulsion. CIPN, catalase@IR780-PFPE/
water nanoemulsion.

Fig. 5. Viabilities of OVCAR-3 cells after incubation with
di®erent concentrations of CIPNs for 24 h in dark. The con-
centration was calculated as the weight of the entire nano-
droplet including pluronic and PFPE divided by total volume.
CIPN, catalase@IR780-PFPE/water nanoemulsion.

Fig. 6. Cell viabilities of OVCAR-3 cells treated with culture
medium or CIPNs with/without NIR light irradiation. *indi-
cates signi¯cant di®erence compared with the MediumþNIR
group (p < 0:05, n ¼ 3). CIPN denotes catalase@IR780-PFPE/
water nanoemulsion. NIR denotes near-infrared.
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decompose tumor endogenous H2O2 to generate
oxygen, PFPE with superior oxygen loading ca-
pacity, and a NIR photosensitizer IR780. It pre-
sented augmented and H2O2-controllable
generation of 1O2 under light irradiation, excellent
cytocompatibility, and ability to kill cancer cells in
response to NIR light stimulation. Integrating the
high tumor speci¯city of in situ oxygen generation
strategy and high e±ciency of oxygen delivery
strategy, the CIPN provides opportunity for the
design of nanomedicine for e±cient and selective
NIR light-triggered hypoxic tumor therapy.
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