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Introduction

Photodynamic therapy (PDT), as a minimally invasive approach cells and abnormal vasculogenesis.

Chinese Chemical Society

Reactive oxygen species-responsive theranostic
nanoparticles for enhanced hypoxic tumor
photodynamic therapy via synchronous HIF-1a
inhibition and ATP depletiont

Caiyan Zhao,#*® Yunhao Li,i° Leihou Shao,?® Xuan Wang,® Jiangin Lu,® Xianlei Li,?
Long Chen,?® Xinyue Cui,®® Wang Sheng, {2 * Xiongwei Deng*® and Yan Wu {2 **¢

A major impediment in photodynamic therapy (PDT) against hypoxic tumors is that the O,-dependent
PDT is seriously limited by the intrinsic hypoxic feature. Hypoxia-inducible factor-1 alpha (HIF-1a) is a
key transcription factor in tumor development and especially accumulates in hypoxic tumors and has
been recognized as a novel therapeutic target. Herein, we developed small molecule HIF-1a inhibitor
Doxy and IR780 photosensitizer co-incorporated methoxy poly(ethylene glycol)-b-poly-(propylene
sulfide) (MPEGsg-b-PPSys5) nanoparticles (NPs/ID) as an ROS-responsive theranostic system designed to
enhance PDT efficiency by combining the benefits of anti-HIF-1a therapy and ATP depletion. NPs/ID
with reinforced phototherapy response in hypoxic tumors displayed enhanced photocytotoxicity
compared to NPs/| that only exhibited the PDT effect. On the other hand, NPs/ID have the capacity to
reduce the supply of intracellular ATP and destabilize the intracellular redox homeostasis for enough
ROS generation by suppressing the HIF-1a expression, thereby facilitating the therapeutic efficiency of
PDT. Significantly, NPs/ID displayed effective tumor targeting and NIR imaging ability and an improved in vivo
efficacy in a xenograft MDA-MB-231 mouse tumor model compared with bare PDT. These findings
demonstrate that the ROS-responsive theranostic NPs/ID with special anti-HIF-1a and ATP depletion behavior
represent an attractive approach for overcoming the problems of PDT in hypoxic tumors.

O,-dependent PDT is seriously limited by the hypoxic feature
of the tumor sites caused by the rapid progression of tumor
10712 1 addition, PDT may

for precise ablation of tumors via the cytotoxic reactive oxygen aggravate tumor hypoxia through direct oxygen consumption or

species (ROS) generated from surrounding molecular oxygen
(0,) by light activation of a photosensitizer (PS), has emerged as
an attractive treatment modality used in clinical practice.'”
At this point, O, is an essential component in PDT processes.
Tumor hypoxia has been found to promote tumor progression
and metastasis, and could decrease therapeutic efficiency
including chemotherapy and radiotherapy.®® In particular,
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indirect vascular damage.”*™"® Consequently, there are bad

outcomes that tumor hypoxia would inhibit the therapeutic
effects of PDT and in turn PDT would promote cancer hypoxia
as a result of a vicious cycle.

Hypoxia-inducible factor-1o (HIF-1a) is a key transcription
factor during hypoxia.'® It activates the transcription of genes
that are involved in crucial aspects of cancer biology, including
angiogenesis, cell proliferation, metastasis and glucose meta-
bolism."”"*® HIF-1a-dependent induction of glycolytic genes
is considered particularly critical for metabolic adaptation of
cells to hypoxia, which involves shifting glucose metabolites
from the metabolism through the tricarboxylic acid cycle (TCA)
in mitochondria to anaerobic glycolysis, thus increasing ATP
production for compensating the hypoxic cellular energy
demands.'® Meanwhile, the metabolic intermediates attenuate
hypoxic ROS generation and rescue the cells from hypoxia-
induced apoptosis.*® In addition, HIF-1a could activate the
transcription of several metabolic enzymes serving to decrease
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the production of oxidants and increase the production of anti-
oxidants to maintain the cellular redox homeostasis. Recent
studies have demonstrated that the glycolytic enzyme (e.g:,
fructose-biphosphatase aldolase A) activity is positively corre-
lated with hypoxia inducible factor-la expression levels in
various cancer cells and could be proposed as a new target
for the inhibition of HIF-1a activity.>">” Doxycycline hyclate
(Doxy), a well-known traditional antibiotic drug with broad-
spectrum, has the potential to decrease the HIF-1a activity by
inducing glycolytic enzyme down-expression or altering cellular
metabolism.>®?

As an attractive heterogeneity point, cancer cells have ten
times higher ROS concentration than normal cells.>*” Thus,
ROS-responsive nanoparticles have been designed and employed
to increase the drug selectivity in cancer cells, thus increasing
therapeutic efficacy and decreasing side effects.*®**' Herein, we
aimed to explore using ROS-responsive nanoparticles to co-deliver
a small molecule HIF-1a inhibitor Doxy and the photosensitizer
IR780 for enhanced PDT efficiency. As shown in Scheme 1, the
developed ROS-responsive nanoparticles (NPs/ID) were self-
assembled from amphipathic methoxy poly(ethylene glycol)-b-
poly-(propylene sulfide) (mPEGs;(-b-PPS,5) block copolymer, in
which hydrophilic Doxy and hydrophobic IR780 were simulta-
neously co-incorporated. The mPEG;,-b-PPS, 5-based NPs showed
good biocompatibility both in vitro and in vivo. Meanwhile, the
PEG component in the NPs could receive improved stability and
NPs/ID could accumulate in the tumor site and image the
tumor effectively through EPR-based passive targeting ability.
After entering cancer cells, the NPs/ID was irradiated with a
near-infrared (NIR) laser, which would induce a remarkable
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Scheme 1 Schematic illustration of NPs/ID preparation and mechanism
of anti-HIF-1a for enhanced PDT against hypoxic tumor. (A) Synthesis
route of methoxy poly (ethylene glycol)-b-poly(propylene sulfide)
(MPEGsg-b-PPS45) copolymer. (B) Schematic of ROS-responsive NPs/ID
for enhanced PDT and relative mechanisms.
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increase in the ROS level. Subsequently, the generated ROS
would trigger the disassembly of the NPs/ID, leading to enhanced
Doxy release. Furthermore, released Doxy would simultaneously
inhibit the HIF-1a activity and decrease ATP production in cancer
cells, which enhances the therapeutic efficiency by synergizing
starvation therapy with PDT. Most surprisingly, Doxy had the
capacity to destabilize the cellular redox homeostasis through
inhibiting the HIF-1o. activity for improved ROS generation,
significantly facilitating the therapeutic efficiency of PDT.

Results and discussion

We firstly synthesized the amphiphilic mPEG;-b-PPS,5 copolymer
according to previous reports with some modifications
(Scheme 1A).** As shown in Fig. S1 (ESIt), the typical '"H NMR
spectra results of mPEGs;y-b-PPS,s were confirmed. The IR780 and
Doxy co-incorporated mPEGs,-b-PPS,5 NPs (NPs/ID) were obtained
through the double emulsion technique (w/o/w) method, where
hydrophobic IR780 was incorporated in the Oil layer position and
hydrophilic Doxy was in the core position (Scheme 1B). As shown
in Table S1 (ESIT), as the concentration of mPEGsy-b-PPS,s
increased, the size and EE% increased as well. The high EE%
might result in more effective drug delivery, while the NPs with a
larger size were susceptible to elimination through the reticulo-
endothelial system (RES). When PVA and pluronic F68 with a ratio
of 7:3 was used, a smaller size was obtained and this ratio was
chosen in our following studies. The average hydrodynamic
diameter of the NPs/ID; (the IR780 and Doxy with a ratio of
1:2) in aqueous solution was determined as 225.6 & 4.6 nm by
dynamic light scattering (DLS) (Fig. 1A). From the transmission
electron microscope (TEM) images, the NPs were typical spherical
core-shell shape with the size consistent with the DLS measure-
ment (Fig. 1A). It also showed that no significant change of
NPs/ID; was observed for up to 7 days (Fig. 1B), indicating the
good stability of the NPs. The UV-vis absorption spectrum of NPs/I
(NPs only loaded with IR780), NPs/ID;, or NPs/ID, (the IR780 and
Doxy with a ratio of 1:5) in aqueous solution displayed the same
maximum absorption at about 800 nm (Fig. S2, ESIf). The
photostability of organic dyes played a fundamental role in
biomedical applications. So we measured the fluorescence
spectra of free IR780, NPs/I, and NPs/ID, storage for different
times. As shown in Fig. S3 (ESIt), the fluorescence intensity (FI)
of NPs/I and NPs/ID; only exhibited a slight reduction after
storage for 5 days, demonstrated that these nanoparticles had
excellent photostability.

Next, singlet oxygen sensor green (SOSG) was used to detect
'0, generation, whose fluorescence was quenched in its original
state, but its fluorescence could be recovered once it had been
oxidized by 'O,. As shown in Fig. 1C, the fluorescence intensity of
SOSG in NPs/I, NPs/ID; or NPs/ID, solution increased consistently
upon NIR light irradiation under normal oxygen conditions (NC),
indicating that 'O, was efficiently produced. In comparison, the FI
in all groups turned relatively weak under hypoxic conditions
(HC), indicating that the HC environment with a reduced oxygen
content would inhibit the ROS generation greatly.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 1 Characterization of nanoparticles. (A) Size distribution of NPs/ID;
measured by DLS. The inset shows the TEM image of NPs/ID;. Scale bar:
100 nm. (B) Particle size changes during 7 days measured by DLS.
(C) In vitro *O, generation of NPs/I, NPs/ID; and NPs/ID, under NIR laser
irradiation (808 nm laser, 2 W cm™2) under normal conditions (NC)
or hypoxic conditions (HC) for a continuous time. (D) Size distribution of
NPs/ID; at 4 h after NIR laser irradiation (808 nm laser, 2 W cm™2). The
inset showed the relative TEM image. Scale bar: 100 nm. (E) In vitro
accumulative release of Doxy from NPs/ID; under different conditions.
(F) Pulsatile release profile of NPs/ID; both in the dark and under NIR laser
irradiation.

Then, the ROS-responsive behaviour of NPs/ID was investigated
(Fig. 1D). After NIR light irradiation within 2 min and incubation
for another 4 h, the size distribution and the corresponding
morphology of the NPs/ID, changed greatly. The DLS results
indicated that the NPs/ID; obviously swelled and dissociated
after NIR light irradiation. The TEM observation also showed
that the spherical core-shell structure of NPs/ID, collapsed and
became irregular. These phenomena implied the disassembly
of the NPs. Under oxidative conditions, the PPS component
could degrade to the polysulfoxide and finally became hydro-
philic polysulfone, thus altering its original hydrophobicity and
acting as an ROS-responsive system. Subsequently, the ROS-
triggered release behaviour of Doxy from NPs/ID; was investi-
gated. After incubation in PBS solution for 48 h, approximately
57% or 62% of Doxy could be released for the NPs/ID, treated
with laser treatment both at pH 7.4 or pH 5.4, whereas only
19% of Doxy was released for the NPs/ID,; at pH 7.4 without
laser treatment (Fig. 1E). Moreover, the Doxy from NPs/ID;
presented a pulsatile release pattern when it was alternatively
exposed to NIR light or kept in the dark every 2 min for several
cycles (Fig. 1F). These results demonstrated the ROS-responsive

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019

View Article Online

Research Article

Laser %

Irradiation e Y < IR780

Fig. 2 Intracellular distribution of NPs/ID; observed by CLSM. The endo-
somes and lysosomes were stained by LysoTracker Green, and the nuclei
were stained by Hoechst 33342. (The left group was without NIR laser
irradiation; right was with NIR laser irradiation (808 nm, 2 W cm™2).)

behaviour of NPs/ID and the ROS-triggered release of Doxy from
NPs/ID under laser treatment.

We next evaluated the cellular uptake and Doxy release
behaviour of NPs/ID in MDA-MB-231 cells. As shown in Fig. 2,
for the cells without laser irradiation treatment, the fluorescence
of IR780 (red) was mainly co-localized with endo/lysosomes
stained by LysoTracker (green). In contrast, after the 808 nm
laser irradiation, obvious fluorescence could also be observed
inside both the cell cytoplasm and nucleus, suggesting that the
produced ROS via the PDT effect could induce the disassembly
of NPs/ID and facilitate endosomal escape and drug release.
Subsequently, the 3-[4,5-dimethyl-thiazol-2-yl]-2,5-diphenyl-tetra-
zolium bromide (MTT) assay was used to investigate the cyto-
toxicity of blank NPs against normal 3T3 cells or HUVEC cells to
avoid the toxicity caused by drug carriers. As shown in Fig. S4
(ESIY), the cell survival rate was greater than 80% even after
treatment with drug-free NPs at a high concentration of
500 pug mL™', demonstrating that the prepared NPs had pre-
ferable biocompatibility. To assess the potential enhanced PDT
efficiency of Doxy in NPs/ID under a hypoxia environment,
the MDA-MB-231 cells were pre-treated with CoCl, (100 mM)
to induce hypoxia. Then, the cells were incubated with NPs/I,
NPs/I + Doxy; and NPs/I + Doxy, (IR780, 0-10 ug mL ") for 24 h
and the cell cytotoxicity was evaluated by MTT assay (Fig. S5,
ESIY). The cells incubated with NPs/I under normoxia conditions
were used as a control. As expected, the NPs/I-treated cells exhi-
bited effective cytotoxicity in normoxia conditions under laser
irradiation and exhibited a concentration and laser power depen-
dent manner, whereas relatively weak toxicity was observed under
hypoxic conditions. In contrast, the combination of Doxy and
NPs/I showed significant cytotoxicity in hypoxia to the cancer cells.
Compared to NPs/I, the NPs/I + Doxy; and NPs/I + Doxy, were more
toxic in hypoxia. Furthermore, the cells were incubated with NPs/I,
NPs/ID;, NPs/ID,, Doxy;, or Doxy, in hypoxia (IR780, 5 pg mL ")
(Fig. 3A and B). The cells treated with only NIR light or different NP
formulations without laser irradiation did not show a significant
decrease of viability, also implying the negligible toxicity of all NPs.
However, the cells treated with NPs/I, NPs/ID; and NPs/ID, in
combination with NIR irradiation showed obvious cytotoxic
effects. In addition, the cytotoxicity increased along with the Doxy
concentration and incubation time.

Consistent with the above MTT results, nearly no cell death
was observed for the untreated group or Doxy treatment groups
with the fluorescence live/dead cell staining assay (Fig. 3C).

Mater. Chem. Front., 2019, 3, 1793-1799 | 1795
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Fig. 3 (A and B) In vitro cytotoxicity of MDA-MB-231 cells treated for 24 h
or 48 h with NIR, NPs/I, NPs/IDs, NPs/ID,, NPs/I + NIR laser, NPs/ID; + NIR
laser, NPs/ID, + NIR laser, Doxy;, or Doxy,. (C) Fluorescent images of
MDA-MB-231 cells with a Live-Dead Cell Staining Kit staining after various
treatments. The NIR laser was 808 nm, 1 W cm™2. Scale bar: 100 pm.

After being treated with NPs/I and laser irradiation, some dead
cells with red fluorescence were observed. In contrast, the
NPs/ID; induced more efficient cell death under the same
irradiation conditions. And the number of dead cells increased
after being treated with NPs/ID, as the concentration of the
Doxy increased. Furthermore, an Annexin V-FITC/PI apoptosis
assay was performed by flow cytometry. As shown in Fig. 4A, the
quantitative results verified the improved cell apoptotic efficacy
of both cells treated with NPs/ID; and NPs/ID, under hypoxia
conditions. In particular, the NPs/ID, treatment showed the
highest apoptotic ratio of 62.05% (the early apoptotic ratio of
40.14%, the late apoptotic ratio of 21.91%). These conclusions
suggested that the Doxy could enhanced IR780-mediated PDT
cytotoxicity under hypoxia conditions.

The Western-blot analysis was then performed to detect the
expression of HIF-1a in the hypoxic cells treated with Doxy;,
Doxy, and NPs/I, NPs/ID;, and NPs/ID, plus irradiation.
As expected, an up-regulated level of HIF-1a could be detected
in hypoxic MDA-MB-231 cells. With Doxy,, Doxy,, NPs/ID;, or
NPs/ID, treatment, the expression of HIF-1a in hypoxic cells
was effectively inhibited and the level of HIF-1o gradually
decreased with increasing concentration of the Doxy. However,
the NPs/I did not cause the down-regulation of the HIF-1a
expression (Fig. 4B). It was supposed that the introduction of
Doxy into NPs/ID could effectively down-regulate the expression
level of HIF-1a in hypoxic tumor cells. Next, we continued to
explore if the released Doxy from NPs/ID could influence the
ATP production in hypoxic MDA-MB-231 cells after down-
regulating the expression of HIF-1o. As shown in Fig. 4C,
compared with the untreated group, there was 18.76, 34.25,
22.69, and 27.58% reduction of the ATP level in cells after being
treated with Doxy;, Doxy,, NPs/ID; and NPs/ID, for 24 h,
respectively. After being treated for 48 h, more serious reduction
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Fig. 4 (A) Flow cytometry analysis of MDA-MB-231 cell apoptosis after
treatment with various formulation for 24 h. (B) Western-blot analysis.
(C) ATP content in MDA-MB-231 cells detected by ATPlite Assay Kit.
(D) ROS generation in MDA-MB-231 cells after treatment with different
formulations.

of the intracellular ATP level was detected. In contrast, the NPs/I
treatment had almost no influence on the intracellular ATP level.
These results demonstrated that the Doxy not only could down-
regulate HIF-1a expression, but also could inhibit the cellular ATP
production and disturb the cancer cell energy supply, which
was complementary to the PDT against hypoxic tumor cells. As a
result, the cancer cells were more sensitive to the damage induced
by PDT.

In addition, we utilized the 2’,7-dichlorodihydrofluorescein
diacetate (DCFH-DA) probe to evaluate the ROS generation
under NIR irradiation in hypoxic cancer cells. Surprisingly,
the results showed that the Doxy induced the enhancement
of the ROS level in cells with slight DCF fluorescence observa-
tion, and the DCF fluorescence became brighter as the Doxy
concentration increased. For the cells treated with NPs/I plus
irradiation, the DCF fluorescence looked relatively weaker than
that treated with NPs/ID under the same irradiation conditions
(Fig. 4D). Furthermore, qualitative analysis showed that the
generated ROS level in cells treated with NPs/ID; or NPs/ID, is
increased about 33.44% or 45.29% of that in cells with incuba-
tion of NPs/I, respectively. After extending the incubation time
to 6 h, the NPs/ID-treated cells showed stronger fluorescence
intensity. The NPs/ID;-treated cells improved approximately

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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1.8 times in fluorescence intensity and the NPs/ID, improved
approximately 1.9 times as compared with NPs/I (Fig. S6, ESIT).

Subsequently, NIR fluorescence imaging-guided whole-body
biodistribution of NPs/ID was evaluated in tumor-bearing nude
mice by intravenous injection of NPs/ID;. As shown in Fig. 5A,
enhanced fluorescence could be observed at the tumor site
relative to other normal regions for NPs/ID;-treated mice from
3 h to 24 h post injection, whereas weak fluorescence was found
for naked IR780-treated mice throughout the whole body. The
ex vivo fluorescent imaging on major organs also demonstrated
that the NPs/ID; were predominantly accumulated in the tumor
site (Fig. S7, ESIf). These results demonstrated that NIR
fluorescence of NPs/ID; could also be used to image the tumor
effectively. Next, we evaluated the anti-HIF-1a activity in vivo.
According to Fig. 5B, bright green fluorescence could be
observed in the untreated group, indicating the high expres-
sion of HIF-1a. While reduced HIF-1a immunofluorescence
was displayed after treatment with Doxy,;, Doxy,, NPs/ID, or
NPs/ID,, illustrating that Doxy and Doxy containing NPs could
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Fig. 5 (A) In vivo fluorescence images of mice at 3, 5, 8, 12, and 24 h after
intravenous injection of free IR780 or NPs/ID;. (B) Immunofluorescence
staining images of tumors treated with various formulations. The hypoxic
section was visualized by HIF-1a staining (green), and the cell nuclei were
stained with DAPI (blue). Scale bar: 50 pm. (C) HIF-1a expression of tumors
detected by Western-blot. (D and E) ATP content and ROS generation in
tumors after treatment with various formulations.
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decrease the expression of HIF-1a. Western-blot assays were
in accordance with the above result (Fig. 5C). In addition,
consistent with the results at a cellular level, the ATP levels in
the groups treated with Doxy or NPs/ID were significantly
down-regulated, but slightly up-regulated after treatment with
NPs/I (Fig. 5D). Compared with the untreated group, the ROS
level increased about 1.57 times in the NPs/I treatment group,
while the ROS level increased about 2.38 times for NPs/ID;
treatment and 2.88 times for NPs/ID, treatment, respectively
(Fig. 5E). These results further confirmed that the ROS gene-
ration was in negative correlation with the HIF-1a expression
and the level of ATP.

Finally, the in vivo antitumor efficacy of NPs/ID was studied
in an MDA-MB-231 xenograft mouse model. As illustrated
in Fig. 6A, the free Doxy, NPs/ID,, or NPs/ID, exhibited only
moderate anticancer activity and NPs/I plus laser irradiation
displayed a certain tumor growth suppression. Of note, the
tumor was remarkably suppressed after treatment with NPs/ID;,
or NPs/ID, plus laser irradiation due to the combination of PDT
with the metabolism disturbances and the therapeutic efficacy
exhibited Doxy does-reliable improvement. In addition, the body
weights of NPs/ID-treated mice exhibited a similar manner to that
of the control group (Fig. 6B). The corresponding tumor weight
(Fig. 6C) and tumor photograph (Fig. 6D) from sacrificed mice
at 15 days post-injection also demonstrated the higher thera-
peutic efficacy of NPs/ID formulations. Furthermore, severe
tissue necrosis was observed from tumor sections by hemat-
oxylin and eosin (H&E) staining in the NPs/ID, and laser treat-
ment group (Fig. 6E). These results strongly suggested the
excellent anticancer efficacy of NPs/ID. No significant physio-
logical morphology changes were observed in the main organs
after treatment with various drug formulations compared to the
control group, suggesting the good biocompatibility of NPs/ID
for biological applications (Fig. S8, ESIt).
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Fig. 6 (A) Tumor growth curves in mice treated with various formulations.
(B) Mouse body weight changes of different groups over the course of the
treatments. (C) The tumor weight of different groups calculated at time of
sacrifice. (D) Representative images of the tumors of different groups at
time of sacrifice. (E) Representative H&E sections of tumor tissue of
different groups. The values are expressed as mean + SD, (n = 5).
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Conclusions

In conclusion, small molecule HIF-1o. inhibitor Doxy and
photosensitizer IR780 co-incorporated NPs/ID as an ROS-
responsive system was successfully developed to enhance PDT
sensitization in hypoxic tumors by combining the benefits of
anti-HIF-1o0 and ATP depletion strategies. NPs/ID with rein-
forced phototherapy response in hypoxic tumors displayed
enhanced photocytotoxicity compared to NPs/I that only exhi-
bited the PDT effect. NPs/ID have the capacity to reduce the
supply of intracellular ATP and destabilize the intracellular
redox homeostasis for enough ROS generation by suppressing
the HIF-1o expression, thereby facilitating the therapeutic
efficiency of PDT. In addition, NIR fluorescence of NPs/ID;
could be used to image the tumour effectively. Collectively, the
established NPs/ID nanoparticles had a great potential to be
used as an ROS-responsive theranostic platform with excellent
biocompatibility for inhibition of HIF-1a expression and ATP
level and enhanced PDT strategy against hypoxic tumors.
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