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culum-targeting activatable
nanophotosensitizers for hypoxia relief and
enhanced photodynamic therapy†

Shanchao Diao,‡ Xiaowen He,‡ Ying Wu, Likun Yin, Yuxin Huang, Wen Zhou, *
Chen Xie * and Quli Fan *

Photodynamic therapy (PDT) is a promising cancer therapeutic modality. However, the specific targeting

capability of conventional photosensitizers is relatively low, which significantly suppresses the efficacy of

PDT. In this study, an endoplasmic reticulum (ER)-targeting nanophotosensitizer (TPPa-Y NP) was

designed and prepared for enhanced PDT. TPPa-Y NPs are prepared by encapsulating an ER-targeting

pheophorbide-a (TPPa) and a hypoxia inducible factor 1a (HIF-1a) inhibitor (YC-1) with a hydrogen

peroxide (H2O2)-responsive amphiphilic copolymer (PEG-PMPAP). After internalization into tumor cells,

TPPa-Y NPs may rapidly dissociate and release both TPPa and YC-1. TPPa can target ER, which leads to

an enhancement in its fluorescence signal and PDT efficacy. On the other hand, YC-1 may effectively

inhibit the overexpressed HIF-1a and alleviate tumor hypoxia, which can further enhance the PDT

efficacy of TPPa. Both in vitro and in vivo studies demonstrate that TPPa-Y NPs have a better anticancer

effect than the nanoparticles without YC-1 (TPPa NPs). Therefore, this study provides a smart

nanophotosensitizer, which is able to target ER and alleviate hypoxia for PDT efficacy enhancement.
Introduction

Photodynamic therapy (PDT) has been developed as a prom-
ising therapeutic modality against a variety of cancers.1 The
procedure of PDT involves the excitation of photosensitizers
with light and the transfer of excited energy or electrons into
oxygen or biomolecules to generate highly toxic reactive oxygen
species (ROS) or radicals for cancer therapy.2,3 The key compo-
nent for PDT is a photosensitizer, whose structure determines
the efficiency of ROS generation and excitation wavelength.4,5

Photosensitizers can be roughly divided into organic small-
molecular, macromolecular and inorganic nanoparticular
photosensitizers.6 Among them, small-molecular photosensi-
tizers, such as porphyrin, cyanine, and boron-dipyrromethene
(BODIPY), garnered attention due to their high ROS genera-
tion and biosafety, and some of them have been approved for
clinical application.7–11 However, most small-molecular photo-
sensitizers are hydrophobic, which causes them to aggregate
under physiological conditions and greatly quenches their
photodynamic effect.12–14
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As different subcellular organelles have different functions,
organelle targeting has shown great potential in cancer thera-
nostics, which can greatly improve the specicity of treat-
ment.15,16 Among all organelles, the endoplasmic reticulum (ER)
is the largest organelle in eukaryotic cells and has been
demonstrated to play an important role in cells. ER is involved
in multiple metabolic processes, such as signaling functions,
sensing and biosynthesis.17,18 In addition, ER is the most
important organelle for protein folding, synthesis and modi-
cation, ensuring the proteomic function of cells.19 It has been
proved that damage to ER function may lead to accumulation of
unfolded proteins, causing further ER stress, and ER stress can
directly cause tumor cell death.20,21 Recently, several studies
have shown that PDT can cause severe ER stress, indicating that
targeting ER is an effective approach for enhancing PDT
efficacy.22–26

Although PDT has shown great potential in cancer therapy,
the hypoxic environment of a solid tumor signicantly
suppresses its efficacy, as oxygen is one component in PDT.27,28

A variety of Type I photosensitizers, which have low reliance on
oxygen, have been developed to overcome this problem.29

However, the design principles of Type I photosensitizers are
still being explored.30–32 Within a solid tumor, hypoxia inducible
factor 1a (HIF-1a) is overexpressed due to hypoxia.33 In addi-
tion, the PDT process will rapidly consume oxygen, aggravating
tumor hypoxia, leading to the further upregulation of HIF-1a.34

The overexpressed HIF-1a may cause cancer metastasis and
signicantly reduce the efficacy of PDT.35 Studies have
Chem. Sci., 2025, 16, 10909–10917 | 10909
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Scheme 1 (a) Schematic illustration of the preparation of TPPa-Y NPs. (b) The process of TPPa-Y NP-mediated hypoxia alleviation and enhanced
PDT.
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demonstrated that inhibiting the expression of HIF-1a can
suppress metastasis and alleviate tumor hypoxia, thus
improving the efficacy of PDT.36 Such a strategy has shown great
potential in cancer therapy.

In this study, we designed an ER-targeting H2O2-activatable
nanophotosensitizer (TPPa-Y NP) for hypoxia alleviation and
enhancing PDT efficacy. TPPa-Y NPs are prepared by using an
amphiphilic H2O2-responsive copolymer PEG-PMPAP to
encapsulate the ER-targeting photosensitizer TPPa and HIF-1a
inhibitor YC-1 via nanoprecipitation (Scheme 1a). Upon treat-
ment with H2O2, the phenylboronic ester moiety of PEG-PMPAP
would be cleaved, making the hydrophobic part of PEG-PMPAP
hydrophilic, leading to the rapid release of TPPa and YC-1. Aer
internalization into tumor cells, TPPa-Y NPs may simulta-
neously release TPPa and YC-1. Owing to the ER-targeting
moiety, the released TPPa could target ER, and both its
10910 | Chem. Sci., 2025, 16, 10909–10917
uorescence signal and photodynamic efficiency would be
improved. Conversely, YC-1 may inhibit overexpressed HIF-1a
and alleviate hypoxia, enhancing PDT efficacy.37 Thus, TPPa-Y
NPs are smart nanophotosensitizers for uorescence imaging-
guided enhanced PDT.
Results and discussion
Synthesis, preparation and characterization of TPPa-Y NPs

To prepare TPPa-Y NPs, PEG-PMPAP and TPPa were synthesized
rst (Scheme S1†). PEG-PMPAP was synthesized via reversible
addition fragmentation chain transfer (RAFT) polymerization.
(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methanol
was reacted with methacryloyl chloride to give compound 1 as
a monomer with an H2O2-responsive phenylboronic ester. Then,
PEG-RAFT (Mn = 10 000 g mol−1) was used as the chain transfer
© 2025 The Author(s). Published by the Royal Society of Chemistry
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agent (CTA) for RAFT polymerization of compound 1 under the
initiation of 2,20-azobis(2-methylpropionitrile) (AIBN) to give
PEG-PMPAP. The proton nuclear magnetic resonance (1H NMR)
spectra indicated the successful synthesis of compound 1 and
PEG-PMPAP (Fig. S1 and S2†). For the spectrum of PEG-PMPAP,
the resonance peaks from PEG and phenylboronic ester could all
be observed. The degree of polymerization of PEG-PMPAP was
estimated as 11 by calculating the ratio of peak integration at
3.55 ppm and 7.32 ppm, which were ascribed to the peaks of PEG
and phenyl moieties, respectively (Fig. S2†). TPPa was synthe-
sized by reacting commercially available pheophorbide-a (PPa)
with a widely used ER-targeting moiety N-(2-aminoethyl)-4-
methyl-benzenesulfonamide via an amidation reaction. Both
1H NMR and matrix-assisted laser desorption ionization-time of
ight (MALDI-TOF) mass spectrometry demonstrated the
synthesis of TPPa (Fig. S3 and S4†). Both TPPa and PPa had
similar absorption and emission spectra, showing that the
modication had no inuence on the optical properties of PPa
(Fig. S5†). These results indicated the successful synthesis of
PEG-PMPAP and TPPa.

TPPa-Y NPs were then prepared via nanoprecipitation using
PEG-PMPAP, TPPa, and YC-1. Dynamic light scattering (DLS)
results indicated that the hydrodynamic size of TPPa-Y NPs was
mainly distributed in the range of 60–85 nm. Transmission
electron microscopy (TEM) images showed that TPPa-Y NPs had
a spherical morphology with a diameter of around 50–70 nm
Fig. 1 Characterization of TPPa-Y NPs. (a) Hydrodynamic size distributio
H2O2. The scale bars represent 300 nm. Absorption (b) and emission (c) s
YC-1 under different concentrations of H2O2. (e) Normalized absorptio
irradiation with different powers. (f) Normalized absorption changes of T
bars represent standard deviations of three separate measurements.

© 2025 The Author(s). Published by the Royal Society of Chemistry
(Fig. 1a). As the TEM images showed the nanoparticles in a dry
state, the nanoparticle size estimated from the TEM images was
smaller than the DLS result. TPPa-Y NPs showed good stability
in either PBS or FBS environments, and their average hydrody-
namic size remained almost the same even aer storage for 28
days (Fig. S6†). The zeta potential of the TPPa-Y NPs was
determined as−16.5± 1.58 mV, and the value remained almost
the same aer a 7 day-storage, conrming the good stability of
TPPa-Y NPs (Fig. S7†). In contrast, the hydrodynamic size of the
TPPa-Y NPs increased signicantly upon treatment with H2O2,
which could be attributed to the cleavage of the phenylboronic
ester moiety and the aggregation of TPPa and YC-1 aer nano-
particle dissociation (Fig. 1a). TPPa-Y NPs showed intense
absorption in the range 650–750 nm. Compared with the
absorption of TPPa in THF, the absorption of TPPa-Y NPs
exhibited an obvious red-shi, indicating that TPPa may form J-
aggregates within nanoparticles (Fig. 1b). In addition, aer
treatment with H2O2, the absorption spectrum was further red-
shied, which could be ascribed to the enhanced aggregation of
TPPa aer treatment. However, the red-shi was diminished
when bovine serum albumin (BSA) was added with H2O2. This
phenomenon indicated that BSA could stabilize the released
TPPa and prevent its aggregation. The uorescence of TPPa-Y
NPs was in the near-infrared (NIR) region and the maximum
emission was nearly 700 nm. Aer adding H2O2, the uores-
cence intensity decreased slightly, showing that the
n and TEM image (inset) of TPPa-Y NPs before and after treatment with
pectra of TPPa-Y NPs under different treatments. (d) Release profile of
n changes of DPBF incubated with TPPa-Y NPs under 635 nm laser
PPa-Y NPs and Ce6 under 635 nm laser irradiation over time. The error

Chem. Sci., 2025, 16, 10909–10917 | 10911
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uorescence signal would be quenched aer aggregation. In
contrast, such intensity increased 2-fold with the addition of
BSA, indicating that the dispersion of TPPa may enhance its
uorescence intensity (Fig. 1c).

The drug release prole of TPPa-Y NPs was studied by high-
performance liquid chromatography (HPLC). Without H2O2

treatment, almost no YC-1 could be released aer 48 h. With
the increase in H2O2 concentration, the release percentage of
YC-1 gradually increased in an obvious H2O2-dependent
manner. Under 10 mMH2O2, up to 70% of YC-1 was released at
the time point of 48 h (Fig. 1d). Under 635 nm laser irradiation,
the absorption of TPPa-Y NP-incubated 1,3-diphenylisobenzo-
furan (DPBF) decreased rapidly, with the rate of decrease
increasing with an increase in laser power (Fig. 1e and S8†).
This result showed that TPPa-Y NPs had satisfactory ability for
generating ROS under laser irradiation. To study the ROS
species further, SOSG and DHR-123 were used as indicators.
The results showed that the main ROS species generated from
the TPPa-Y NPs was singlet oxygen (1O2) (Fig. S9†). In addition,
the absorption of TPPa-Y NPs exhibited almost no decrease
under continuous 635 nm laser irradiation for 30 min, while
the absorption of chlorin e6 (Ce6) decreased by 90% aer the
same irradiation, indicating the excellent photostability of
TPPa-Y NPs (Fig. 1f). TPPa-Y NPs also showed high photo-
stability upon treatment with H2O2 and BSA, indicating that
TPPa was able to conduct long-term PDT in a dispersed state
(Fig. S10†).
Fig. 2 Cell studies. (a) Confocal fluorescence images of PPa NPs or
TPPa NP-treated 4T1 cells. The red fluorescence signal indicates the
location of PPa, while the green fluorescence signal indicates the
location of ER-tracker green. (b) Viability of 4T1 cells treated with
different concentrations of PPa NPs or TPPa NPs under 635 nm laser
irradiation. Viability of 4T1 cells treatedwith different concentrations of
TPPa NPs or TPPa-Y NPs under normoxia (c) or hypoxia (d) condition in
the presence of 635 nm laser irradiation. (e) Viability of NIH-3T3 cells
treated with different concentrations of TPPa-Y NPs. The error bars
represent standard deviations of three separate measurements.
In vitro cellular studies

Aer conrming the capability of drug release and 1O2 gener-
ation, the behavior of nanoparticles within cells was studied.
The ER-targeting ability of TPPa was rst evaluated by confocal
uorescence imaging. Two kinds of nanoparticles, TPPa NPs
and PPa NPs, were prepared using PEG-PMPAP to encapsulate
TPPa and PPa, respectively. Aer incubation with TPPa NPs for
3 h, 4T1 cells exhibited an obvious red uorescence signal, and
such a signal was highly consistent with the green uorescence
signal from ER-tracker green, which indicated the location of
ER (Pearson's R value 0.83). In contrast, the PPa NP-incubated
cells showed a much weaker red uorescence signal and
a lower Pearson's R value (0.57) (Fig. 2a).

This phenomenon indicated that TPPa NPs could be inter-
nalized into 4T1 cells and that TPPamay target ER. PPa NPsmay
also be internalized into cells, but showed no obvious ER-
targeting capability. In addition, the much higher red uores-
cence signal observed in TPPa NP-incubated cells compared to
PPa NP-incubated cells indicates that targeting ER could greatly
enhance the uorescence signal of TPPa. Based on previous
literature, the benzenesulfonamide moiety could target an ER-
overexpressed sulfonamide receptor.38,39 Such targeting caused
the aggregated TPPa to be effectively dispersed, enhancing the
uorescence of TPPa. Under 635 nm laser irradiation, both
TPPa NPs and PPa NsP could kill 4T1 cells. However, the cyto-
toxicity of TPPa NPs was higher than that of PPa NPs at each
concentration. The cell viability under the highest concentra-
tion (64 mg mL−1) for TPPa NPs was much lower than for PPa
10912 | Chem. Sci., 2025, 16, 10909–10917
NPs (10% vs. 20%), showing that TPPa NPs had better in vitro
PDT efficacy than PPa NPs (Fig. 2b).

As TPPa NPs had better anticancer effect than PPa NPs, the
effect of YC-1 on cellular behavior was further studied. TPPa-Y
NPs were able to be internalized into 4T1 cells, as conrmed
by ow cytometry analysis (Fig. S11†). Under normoxia, TPPa-Y
NPs had cytotoxicity against 4T1 cells similar to TPPa NPs under
635 nm laser irradiation indicating that YC-1 had no obvious
inuence on cytotoxicity under these conditions (Fig. 2c). Under
hypoxia, the cytotoxicity of TPPa NPs with laser irradiation was
much lower than that under normoxic conditions, and the
viability of the cells was even higher than 60% at a concentra-
tion of 64 mg mL−1. In contrast, TPPa-Y NPs still showed certain
cytotoxicity under hypoxia, and the cell viability dropped to less
than 40% at a concentration of 64 mg mL−1 (Fig. 2d). The live/
dead assay and apoptosis ow cytometry analysis also
conrmed these results (Fig. S12†). It was reasonable that the
PDT efficacy was less effective under hypoxia than that under
normoxia. The reason for the better PDT efficacy for TPPa-Y NPs
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Confocal fluorescence images of 4T1 cells stained with DAPI (blue) and HIF-1a antibody (green) under different treatments. (b)
Confocal fluorescence images of DCFH-DA-incubated 4T1 cells under different treatments.
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than for TPPa NPs could be attributed to the inhibition of HIF-
1a and alleviation of hypoxia by YC-1. Without laser irradiation,
the viability of TPPa-Y NP-incubated NIH-3T3 cells was almost
100% at all concentrations, indicating the good cytocompati-
bility of TPPa-Y NPs (Fig. 2e).

To study the mechanism of the superior in vitro anticancer
efficacy of TPPa-Y NPs, the HIF-1a expression and ROS level
within the cells were estimated by confocal uorescence
imaging. Aer incubation with TPPa NPs or TPPa-Y NPs, 4T1
cells were treated with HIF-1a antibodies to label HIF-1a within
cells. For the 4T1 cells incubated with TPPa NPs, obvious green
uorescence was observed within the cells, and the intensity
was similar to that of the control group. In contrast, TPPa-Y NP-
incubated cells had a much lower intensity of green
Fig. 4 In vivo tumor imaging. (a) In vivo fluorescence images of 4T1 tumo
Fluorescence intensities of the tumor region as a function of post-injec
organs including tumor. H: heart, Li: liver, Sp: spleen, Lu: lung, Ki: kidney
three separate measurements (n = 3).

© 2025 The Author(s). Published by the Royal Society of Chemistry
uorescence than control cells (Fig. 3a). Such results demon-
strated that TPPa-Y NPs are able to signicantly suppress the
expression of HIF-1a within 4T1 cells, while TPPa NPs may not,
probably due to the encapsulated YC-1 within TPPa-Y NPs. A
ROS indicator, 20-70-dichlorodihydrouorescein diacetate
(DCFH-DA), was used to detect the intracellular ROS level. For
the TPPa-Y NP-incubated cells without laser irradiation, almost
no green uorescence signal was detected, indicating low ROS
levels within 4T1 cells. Under normoxia, both TPPa NPs and
TPPa-Y NP-incubated cells showed an obvious green uores-
cence signal, and their intensities were almost the same. In
contrast, the green uorescence signal within TPPa NP-
incubated cells was much weaker than that of TPPa-Y NP-
incubated cells under hypoxia aer irradiation (Fig. 3b). Such
r bearing mice i.v. injected with TPPa-Y NPs at different time points. (b)
tion time. Ex vivo fluorescence images (c) and intensities (d) of major
, In: intestine, T: tumor. The error bars represent standard deviations of

Chem. Sci., 2025, 16, 10909–10917 | 10913
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a phenomenon showed that TPPa NPs could generate ROS only
under normoxia, while TPPa-Y NPs may also retain their ROS
generating-ability under hypoxia, which could be ascribed to
the inhibition of HIF-1a expression and hypoxia relief by YC-1
within TPPa-Y NPs.

In vivo tumor imaging and anti-tumor effects

Aer conrming the in vitro anticancer effect of TPPa-Y NPs,
TPPa-Y NPs were applied for in vivo uorescence imaging. The
mice were inoculated with 4T1 cells to establish a tumor-
bearing mouse model. Before i.v. injection of TPPa-Y NPs, the
mice showed almost no uorescence signal, indicating the low
background signal of NIR uorescence imaging. Aer i.v.
Fig. 5 In vivo anticancer study. (a) Schematic illustration of in vivo PD
a function of treatment time. Tumor weight (c) and images (d) of mice a
imaging of HIF-1a for tumor tissue collected frommice under different tr
TPPa-Y NPs + Laser. The error bars represent standard deviations of five

10914 | Chem. Sci., 2025, 16, 10909–10917
injection of TPPa-Y NPs, the uorescence signal gradually
increased in the liver and abdomen region of mice, indicating
that TPPa-Y NPs were metabolized mainly via a hepatobiliary
metabolic pathway. Aer 6 h of injection, the tumor region
displayed an obvious uorescence signal, showing that TPPa-Y
NPs may accumulate into the tumor and had a good imaging
effect (Fig. 4a). Furthermore, 24 h aer injection, the uores-
cence signal in the liver region decreased rapidly, indicating
that TPPa-Y NPs undergo a relatively fast metabolic process. The
rapid clearance of TPPa-Y NPs from the liver meant the tumor
had a high signal-to-background ratio. The quantitative result
indicated that the highest uorescence intensity in the tumor
region was detected at t = 6 h aer injection. At such time, the
T process. (b) Tumor volume of mice under different treatments as
fter treatment for 21 days. (e) H&E staining and immunofluorescence
eatments. 1: PBS, 2: PBS + Laser, 3: TPPa-Y NPs, 4: TPPa NPs + Laser, 5:
separate measurements (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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uorescence intensity of the tumor was 4.8-fold higher than
that observed before injection. At t = 72 h aer injection, the
tumor uorescence intensity was still 75% of the maximum
intensity, demonstrating that TPPa-Y NPs had long-term tumor
retention (Fig. 4b). Aer injection for 72 h, the mice were
sacriced, and the major organs were collected for uorescence
imaging. The intestine had the highest uorescence intensity
among all the organs (Fig. 4c). This phenomenon was also
found in our previous PPa-related works,40,41 which showed that
TPPa-Y NPs could be rapidly cleared out of the body via hep-
atobiliary metabolism. Besides the intestine, the tumor had the
highest uorescence intensity, and its intensity was even higher
than that of the liver, proving the good tumor targeting capa-
bility of TPPa-Y NPs (Fig. 4d). These results demonstrated that
TPPa-Y NPs could effectively accumulate into the tumor and
NIR uorescence tumor imaging could be carried out.

The in vivo anticancer efficacy of TPPa-Y NPs was then eval-
uated. Mice were inoculated with 4T1 cells, and aer 6 days, the
tumor volume reached 50–100 mm3. The mice were randomly
divided into ve groups with ve mice in each group, and mice
in each group received different treatments. For the groups with
635 nm laser irradiation, the irradiation was conducted once
24 h aer injection. The tumor growth was monitored until day
21 (Fig. 5a). For PBS and PBS + Laser groups, the tumor volume
rapidly increased. The tumor growth of the TPPa-Y NPs group
was also fast, showing no signicant difference from the PBS or
PBS + Laser group, indicating that TPPa-Y NPs without laser
irradiation had almost no tumor inhibition capability. For the
TPPa NPs group, the tumor growth was greatly inhibited, and
the inhibition rate could reach 86.6%, demonstrating the effi-
cacy of PDTmediated by TPPa NPs. Among all the groups, TPPa-
Y NPs + Laser showed the highest tumor inhibition rate (96.3%)
(Fig. 5b). The higher inhibition rate for TPPa-Y NPs + Laser than
TPPa NPs + Laser was attributed to the loaded YC-1, which may
enhance PDT efficacy. At t = 21 days, the mice were sacriced,
and the tumors from each mouse were collected. Tumors from
TPPa-Y NPs + Laser groups had the lowest weight and smallest
volume among all the groups, further conrming the best
anticancer efficacy of TPPa-Y NP-mediated PDT (Fig. 5c and d).
During treatment, the body weight of mice in each group
remained steady, indicating that none of the treatments had
obvious side effects for mice (Fig. S13†).

The in vivo anticancer efficacy and biosafety of the treat-
ments were then studied at the cellular level. Hematoxylin and
eosin (H&E) staining of tumor tissues from each group indi-
cated that both TPPa NPs + Laser and TPPa-Y NPs + Laser
groups had a large amount of dead tumor cells, while the other
three groups did not show such effects. This phenomenon
demonstrated the efficacy of TPPa NPs and TPPa-Y NP-mediated
PDT. Immunouorescence staining was conducted to evaluate
the HIF-1a expression level in the tumor tissue. The tumor
tissues collected from PBS, PBS + Laser, and TPPa NPs + Laser
groups showed a strong green uorescence signal, indicating
a high HIF-1a level in the tissue. In contrast, the green uo-
rescence signal of tissues from both TPPa-Y NPs and TPPa-Y
NPs + Laser groups were much weaker. These results
conrmed that TPPa-Y NPs could effectively suppress the
© 2025 The Author(s). Published by the Royal Society of Chemistry
expression of HIF-1a in the tumor, thus achieving better in vivo
PDT efficacy for TPPa-Y NPs (Fig. 5e). Aer treatment, the major
organs of mice from each group were collected for H&E stain-
ing, and the results showed that none of the treatments caused
obvious damage to the organs of mice (Fig. S14†). In addition,
biochemical analysis of blood from TPPa-Y NP-injected mice
conrmed the good in vivo biosafety of TPPa-Y NPs (Fig. S15†).
These results proved that TPPa-Y NPs had superior in vivo PDT
efficacy and high biosafety.

Conclusions

In summary, we designed an ER-targeting nanophotosensitizer
(TPPa-Y NP) for hypoxia relief and enhanced PDT. TPPa-Y NPs
were composed of a benzenesulfonamide-modied photosen-
sitizer (TPPa), an HIF-1a inhibitor, and an H2O2-responsive
amphiphilic copolymer (PEG-PMPAP). TPPa-Y NPs had uniform
size and stable nanostructure, and showed satisfactory 1O2

generation yield with high photostability. Upon the addition of
H2O2, TPPa-Y NPs may rapidly release encapsulated TPPa and
YC-1, and the release percentage of YC-1 could reach 70%
within 48 h. TPPa-Y NPs may be internalized into 4T1 cells, and
the released TPPa could effectively target ER with the turning-on
of its uorescence signal. In addition, the targeting of ER could
enhance the PDT efficacy of the nanophotosensitizer. Due to the
presence of YC-1, TPPa-Y NPs demonstrated effective PDT effi-
cacy and HIF-1a inhibition rate under hypoxia, while TPPa NPs
showed no such effect. TPPa-Y NPs were able to accumulate into
the tumor site via passive targeting and light the tumor up by
NIR uorescence imaging. Owing to the PDT and HIF-1a
inhibiting effect, TPPa-Y NPs exhibited a high in vivo tumor
growth inhibition rate (96.3%), and could greatly inhibit the
expression of HIF-1a within a solid tumor.

Overall, our study designed an ER-targeting activatable
nanoplatform for enhanced PDT. By using a photosensitizer
with longer absorption and emission wavelengths, ER-targeting
nanophotosensitizers with the capability of deep tumor thera-
nostics could be developed. Furthermore, other types of stimuli-
responsive nanophotosensitizers could also be designed based
on the formulation of TPPa-Y NPs to achieve better anticancer
efficacy. Based on previous literature, photosensitizers with ER-
targeting ability could improve the efficiency of immunogenic
cell death for immunotherapy.42,43 Thus, the ER-targeting acti-
vatable nanoplatform may also be utilized for photo-
immunotherapy in our future work.

Data availability

The data supporting this article have been included as part of
the ESI.†

Author contributions

Shanchao Diao: conceptualization, methodology, writing –

original dra. Xiaowen He: conceptualization, data curation,
formal analysis. Ying Wu: investigation. Likun Yin: investiga-
tion. Yuxin Huang: investigation, validation. Wen Zhou: writing
Chem. Sci., 2025, 16, 10909–10917 | 10915

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc00534e


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 7

/2
8/

20
25

 1
:0

4:
05

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
– review & editing. Chen Xie: conceptualization, supervision.
Quli Fan: supervision, methodology.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was supported by the National Natural Science
Foundation of China (No. 22174070, 22205115 and 52373142),
the Natural Science Foundation of Jiangsu Province (No.
BK20230060), Key Program of the National Natural Science
Foundation of China (U24A2077), the Project of State Key
Laboratory of Organic Electronics and Information Displays,
Nanjing University of Posts and Telecommunications (No.
GZR2022010012 and GZR2023010022), Basic Research Program
of Jiangsu (BK20243057), Jiangsu Provincial Postgraduate
Research Innovation Program (KYCX25_1185), Jiangsu Key
Laboratory of Smart Biomaterials and Theranostic Technology,
and the Synergetic Innovation Center for Organic Electronics
and Information Displays. All the experiments on mice were
carried out in accordance with the guidelines of the Laboratory
Animal Center of Jiangsu KeyGEN Biotech Corp., Ltd and
approved by the Animal Ethics Committee of Simcere BioTech
Corp., Ltd.
Notes and references

1 T. C. Pham, V. N. Nguyen, Y. Choi, S. Lee and J. Yoon, Chem.
Rev., 2021, 121, 13454–13619.

2 J. L. Xie, Y. W. Wang, W. Choi, P. Jangili, Y. Q. Ge, Y. Xu,
J. L. Kang, L. P. Liu, B. Zhang, Z. J. Xie, J. He, N. Xie,
G. H. Nie, H. Zhang and J. S. Kim, Chem. Soc. Rev., 2021,
50, 9152–9201.

3 H. C. Zhang, M. H. Cui, D. S. Tang, B. Wang, G. H. Liang,
C. Xu and H. H. Xiao, Adv. Mater., 2024, 36, 2310298.

4 X. Y. Ni, W. H. Shi, Y. X. Liu, L. K. Yin, Z. X. Guo, W. Zhou and
Q. L. Fan, Small, 2022, 18, 2200152.

5 X. Z. Zhao, J. P. Liu, J. L. Fan, H. Chao and X. J. Peng, Chem.
Soc. Rev., 2021, 50, 4185–4219.

6 C. Xie, W. Zhou, Z. L. Zeng, Q. L. Fan and K. Y. Pu, Chem. Sci.,
2020, 11, 10553–10570.

7 M. Li, W. Sun, R. S. Tian, J. F. Cao, Y. Tian, B. Gurram,
J. L. Fan and X. J. Peng, Biomaterials, 2021, 269, 120532.

8 X. J. Lin, F. Chen, X. J. Yu, H. Wang, H. Y. Qiu, Y. Li, S. C. Yin
and P. J. Stang, Proc. Natl. Acad. Sci. U. S. A., 2022, 119,
e2203994119.

9 X. Liu, W. Zhan, G. Gao, Q. Jiang, X. Zhang, H. Zhang, X. Sun,
W. Han, F. G. Wu and G. Liang, J. Am. Chem. Soc., 2023, 145,
7918–7930.

10 M. Qian, K. Wang, P. Yang, Y. Liu, M. Li, C. Zhang and H. Qi,
Chem. Biomed. Imaging, 2024, 2, 808–816.

11 C. Walsh, M. A. Rajora, L. Ding, S. Nakamura, H. Endisha,
J. Rockel, J. Chen, M. Kapoor and G. Zheng, Chem. Biomed.
Imaging, 2023, 1, 66–80.
10916 | Chem. Sci., 2025, 16, 10909–10917
12 F. W. Zhang, Q. Q. Ni, O. Jacobson, S. Y. Cheng, A. Liao,
Z. T. Wang, Z. M. He, G. C. Yu, J. B. Song, Y. Ma, G. Niu,
L. J. Zhang, G. Z. Zhu and X. Y. Chen, Angew. Chem., Int.
Ed., 2018, 57, 7066–7070.

13 G. C. Yu, S. Yu, M. L. Saha, J. Zhou, T. R. Cook, B. C. Yung,
J. Chen, Z. W. Mao, F. W. Zhang, Z. J. Zhou, Y. J. Liu,
L. Shao, S. Wang, C. Y. Gao, F. H. Huang, P. J. Stang and
X. Y. Chen, Nat. Commun., 2018, 9, 4335.

14 Q. Yu, J. Li, Y. Yu, M. Yan, D. Xu and S. Yin, Coord. Chem.
Rev., 2024, 518, 216056.

15 Z. Li, J. H. Zou and X. Y. Chen, Adv. Mater., 2023, 35,
2209529.

16 L. Pan, J. Liu and J. Shi, Chem. Soc. Rev., 2018, 47, 6930–6946.
17 A. S. Joshi, H. Zhang andW. A. Prinz, Nat. Cell Biol., 2017, 19,

876–882.
18 Y.-S. Lai, G. Stefano, S. Zemelis-Durfee, C. Ruberti,

L. Gibbons and F. Brandizzi, Nat. Commun., 2018, 9, 3918.
19 K. R. Bhattarai, T. A. Riaz, H.-R. Kim and H.-J. Chae, Exp.

Mol. Med., 2021, 53, 151–167.
20 G. Huang, J. Zang, L. He, H. Zhu, J. Huang, Z. Yuan, T. Chen

and A. Xu, ACS Nano, 2022, 16, 431–452.
21 X. Liu, S. Viswanadhapalli, S. Kumar, T.-K. Lee, A. Moore,

S. Ma, L. Chen, M. Hsieh, M. Li, G. R. Sareddy, K. Parra,
E. B. Blatt, T. C. Reese, Y. Zhao, A. Chang, H. Yan, Z. Xu,
U. P. Pratap, Z. Liu, C. M. Roggero, Z. Tan,
S. T. Weintraub, Y. Peng, R. R. Tekmal, C. L. Arteaga,
J. Lippincott-Schwartz, R. K. Vadlamudi, J.-M. Ahn and
G. V. Raj, Nat. Cancer, 2022, 3, 866–884.

22 W. Li, J. Yang, L. Luo, M. Jiang, B. Qin, H. Yin, C. Zhu,
X. Yuan, J. Zhang, Z. Luo, Y. Du, Q. Li, Y. Lou, Y. Qiu and
J. You, Nat. Commun., 2019, 10, 3349.

23 X. H. Zhang, J. Wan, F. H. Mo, D. S. Tang, H. H. Xiao, Z. H. Li,
J. P. Jia and T. Liu, Adv. Sci., 2022, 9, 2201819.

24 H. Zhang, Y. Liu, Y. Cao, P. Z. Song, W. Y. Li, Z. J. Lv,
S. Y. Song, Y. H. Wang and H. J. Zhang, Adv. Funct. Mater.,
2023, 33, 2307175.

25 K. Wei, Y. X. Wu, X. Zheng, G. P. Ma, C. D. Ji and M. Z. Yin,
Adv. Funct. Mater., 2023, 33, 2307175.

26 J. Q. Li, J. Dai, Z. Y. Zhuang, Z. J. Meng, J. J. Hu, X. D. Lou,
F. Xia, Z. J. Zhao and B. Z. Tang, Biomaterials, 2022, 291,
2305187.

27 W. Huang, L. Zhang, J. Sun, Y. Sun, L. Gong, S. Ge, Y. Zheng,
W. Gao and X. Wei, J. Am. Chem. Soc., 2024, 146, 7543–7554.

28 Y. X. Chen, Y. X. Ma, K. X. Shi, H. Chen, X. Han, C. X. Wei,
Y. Lyu, Y. K. Huang, R. H. Yu, Y. Song, Q. X. Song,
J. Y. Jiang, J. F. Feng, Y. Y. Lin, J. Chen, H. Z. Chen,
G. Zheng, X. L. Gao and G. Jiang, Adv. Mater., 2024, 36,
2307454.

29 M. Zhao, Y. Y. Zhang, J. Miao, H. Zhou, Y. Jiang, Y. Zhang,
M. Q. Miao, W. Chen, W. Xing, Q. Li and Q. Q. Miao, Adv.
Mater., 2024, 36, 2305243.

30 J. W. Tian, B. W. Li, F. Zhang, Z. Yao, W. T. Song, Y. F. Tang,
Y. Ping and B. Liu, Angew. Chem., Int. Ed., 2023, 62,
e202307288.

31 T. Xiong, Y. C. Chen, Q. Peng, S. Lu, S. R. Long, M. L. Li,
H. Wang, S. Lu, X. Q. Chen, J. L. Fan, L. Wang and
X. J. Peng, Adv. Mater., 2024, 36, 2309711.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc00534e


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 7

/2
8/

20
25

 1
:0

4:
05

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
32 J. H. Zhuang, G. B. Qi, Y. C. Feng, M. Wu, H. Zhang,
D. D. Wang, X. H. Zhang, K. C. Chong, B. W. Li, S. T. Liu,
J. W. Tian, Y. Shan, D. Mao and B. Liu, Nat. Commun.,
2024, 15, 4943.

33 X. Yao, S. Lu, C. Feng, R. Suo, H. Li, Y. Zhang, Q. Chen, J. Lu,
B. Wu and J. Guo, Biomaterials, 2022, 289, 121801.

34 Y. Yang, X. Liang, Q. Saiding, J. Lin, J. Li, W.Wang, P. Huang,
L. Huang, W. Zeng, J. Huang, H. Chen, W. Tao and X. Zeng,
Mater. Today, 2024, 80, 1–22.

35 X. Deng, Z. Shao and Y. Zhao, Adv. Sci., 2021, 8, 2002504.
36 Y. Deng, P. Song, X. Chen, Y. Huang, L. Hong, Q. Jin and J. Ji,

ACS Nano, 2020, 14, 9711–9727.
37 Y. Wang, J. Huo, S. Li, R. Huang, D. Fan, H. Cheng, B. Wan,

Y. Du, H. He and G. Zhang, ACS Appl. Mater. Interfaces, 2022,
14, 10092–10101.
© 2025 The Author(s). Published by the Royal Society of Chemistry
38 S. Zeng, Y. Wang, C. Chen, H. Kim, X. S. Liu, M. J. Jiang,
Y. C. Yu, Y. S. Kafuti, Q. X. Chen, J. Y. Wang, X. J. Peng,
H. D. Li and J. Yoon, An ER-targeted, Angew. Chem., Int.
Ed., 2024, 63, e202316487.

39 X. J. Song, X. M. Wang, Y. Wang, Y. Q. Hao, C. C. Li, L. Chai,
H. X. Ren, J. B. Chen, W. Hu and T. D. James, Anal. Chem.,
2024, 96, 18132–18140.

40 S. Diao, Y. Liu, Z. Guo, Z. Xu, J. Shen, W. Zhou, C. Xie and
Q. Fan, Adv. Healthcare Mater., 2023, 12, 2301732.

41 L. Yin, X. Zhang, S. Diao, Y. Liu, X. Gu, W. Zhou, C. Xie and
Q. Fan, ChemNanoMat, 2024, 10, e202300384.

42 W. Li, J. Yang, L. Luo, M. Jiang, B. Qin, H. Yin, C. Zhu,
X. Yuan, J. Zhang, Z. Luo, Y. Du, Q. Li, Y. Lou, Y. Qiu and
J. You, Nat. Commun., 2019, 10, 3349.

43 H. Deng, Z. Zhou, W. Yang, L. Lin, S. Wang, G. Niu, J. Song
and X. Chen, Nano Lett., 2020, 20, 1928–1933.
Chem. Sci., 2025, 16, 10909–10917 | 10917

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc00534e

	Endoplasmic reticulum-targeting activatable nanophotosensitizers for hypoxia relief and enhanced photodynamic therapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc00534e
	Endoplasmic reticulum-targeting activatable nanophotosensitizers for hypoxia relief and enhanced photodynamic therapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc00534e
	Endoplasmic reticulum-targeting activatable nanophotosensitizers for hypoxia relief and enhanced photodynamic therapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc00534e
	Endoplasmic reticulum-targeting activatable nanophotosensitizers for hypoxia relief and enhanced photodynamic therapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc00534e
	Endoplasmic reticulum-targeting activatable nanophotosensitizers for hypoxia relief and enhanced photodynamic therapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc00534e
	Endoplasmic reticulum-targeting activatable nanophotosensitizers for hypoxia relief and enhanced photodynamic therapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc00534e

	Endoplasmic reticulum-targeting activatable nanophotosensitizers for hypoxia relief and enhanced photodynamic therapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc00534e
	Endoplasmic reticulum-targeting activatable nanophotosensitizers for hypoxia relief and enhanced photodynamic therapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc00534e
	Endoplasmic reticulum-targeting activatable nanophotosensitizers for hypoxia relief and enhanced photodynamic therapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc00534e
	Endoplasmic reticulum-targeting activatable nanophotosensitizers for hypoxia relief and enhanced photodynamic therapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc00534e
	Endoplasmic reticulum-targeting activatable nanophotosensitizers for hypoxia relief and enhanced photodynamic therapyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc00534e


