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The clinical application of photodynamic therapy (PDT) has some limitations including poor tumor
targeting properties, a high reductive tumor microenvironment, and inefficient activation of single cell
death machinery. We herein report pH-sensitive polymeric nanomodulators (NBS-PDMC NPs) for
ferroptosis-enhanced photodynamic therapy. NBS-PDMC NPs were constructed using a positively
charged type-| photosensitizer (NBS) coordinated with a demethylcantharidin (DMC)-decorated block
copolymer via electrostatic interactions. NBS-PDMC NPs had a negative surface charge, which ensures
their high stability in bloodstream circulation, while exposure to lysosomal acidic environments reverses
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Accepted 6th June 2024 irradiation, NBS generated ROS to induce cell damage; in the meantime, DMC inhibited the expression
of the GPX4 protein in tumor cells and promoted ferroptosis of tumor cells. This polymer design

concept provides some novel insights into smart drug delivery and combinational action to amplify the
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Introduction

Photodynamic therapy (PDT) is an effective therapeutic mod-
ality for various cancer types, wherein photosensitizers (PSs) are
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administered to generate reactive oxygen species (ROS) under
specific irradiation, destroying the tumor.' Compared with
traditional therapies, PDT demonstrates the advantages of
less trauma, low toxicity, and high temporal and spatial
selectivities.*”® Despite having already reached clinical trials,
there are still several issues to be focussed on including hypoxic
and reductive tumor microenvironments (TMEs) and the
poor tumor enrichment effect of small-molecule PSs in the
implementation of tumor photodynamic therapy.””® Firstly, the
hypoxic tumor microenvironment is an important reason for
the limited PDT efficacy because of the oxygen requirement of
the therapeutic process.” In addition, tumor cells have strong
antioxidant defense systems, including antioxidant enzymes
that produce antioxidant proteins and substances.'®'" Among
others, glutathione peroxidase 4 (GPX4), an antioxidant enzyme
with reduced glutathione as a cofactor, is an important pro-
tectant against ferroptosis, which could eliminate oxidized
phospholipids in cell membranes.">"* The PDT efficiency is
inherently weakened because the reductive TME can scavenge
therapeutically generated ROS."*™'® Therefore, the limitations
might be overcome through the development of high-
performance PDT agents that effectively produce ROS and
deplete GPX4 simultaneously.

The hypoxic microenvironment of solid tumors significantly
impedes ROS production through the type-II PDT process.'”"*
In contrast, the O,*” generated by type-I PDT can generate a
hydroxyl radical with higher cytotoxicity through intracellular
superoxide dismutase and Fe*"-mediated cascade catalytic
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reactions to enhance the PDT effect, while at the same
time releasing oxygen, which can realize partial recycling of
oxygen.'>>* Therefore, type-I PDT could lead to effective ROS
generation and powerful PDT in solid tumors. To enhance the
water solubility and tumor-targeting capabilities of small mole-
cule photosensitizers, researchers have developed polymeric
nanoparticles with superior biocompatibility and drug-loading
capacity.”*?° The polymeric nanoparticle formulation of photo-
sensitizers demonstrates an extended period of circulation in
the bloodstream, potentially enabling their delivery to tumors
through the mechanism of enhanced permeability and reten-
tion (EPR).”’° Furthermore, polymer delivery systems that
exhibit responsiveness to specific stimuli can be designed to
precisely release agents that modulate tumor microenvironments,
downregulate specific protein expression, mitigate undesirable
side effects, and improve the efficacy of photodynamic therapy.
Herein, we report novel pH-sensitive polymeric nanomo-
dulators (NBS-PDMC NPs) for multi-therapeutic agent delivery
and enhanced photodynamic therapy (Scheme 1). In this poly-
mer, the hydrophilic segment is polyethylene glycol (PEG) while
the hydrophobic segment is polycarbonate decorated with
demethylcantharidin (DMC). The DMC is an inhibitor of ser-
ine/threonine protein phosphatase 2A (PP2A) and GPX4 expres-
sion, which have great potential to achieve reductive TME
regulation and enhance PDT effects.>’>® Importantly, the
positively charged Nile blue with S-substitution (NBS), as the
type-I photosensitizer, was coordinated with the amphiphilic
block copolymer to form NBS-PDMC NPs via electrostatic
interactions. Since NBS-PDMC NPs have a negative surface
charge, it ensures their high stability in bloodstream circula-
tion. Furthermore, the nanoparticles could be hydrolyzed
under acid conditions, reversing their surface charge to positive
and achieving optimal tumor penetration and the release of
NBS and DMC. Under near-infrared (NIR) photoirradiation,
NBS generated ROS to induce photodynamic damage in tumor
cells. In the meantime, DMC inhibited the expression of the
GPX4 protein to increase the LPO level, reversing the tumor
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Scheme 1 Schematic illustration of the design of NBS-PDMC NPs and
the mechanism of ferroptosis-enhanced photodynamic therapy.
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suppressive microenvironment, and finally promoting ferrop-
tosis in tumor cells. Such a combinational action amplified the
antitumor effect of the NBS; therefore, the NBS-PDMC NPs
could inhibit and ablate the tumors in mice more effectively
than single PDT treatment. The polymeric nanomodulators
provide a novel platform to facilitate tumor-specific drug deliv-
ery and enhanced photodynamic therapy.

Results and discussion

Preparation and characterization of NBS-PDMC NPs

NBS-PDMC NPs were prepared via (i) the construction of DMC-
functionalized PEGylated-polycarbonate (MPEG-b-PDMC) and
(ii) the coordination of NBS to MPEG-b-PDMC (Scheme S1,
ESIYt). Firstly, the Boc-containing carbonate monomer (TMC-
Boc) was synthesized via transesterification with 6-(Boc-amino)-
1-hexanol and TMPIC. Using MPEG as the macroinitiator,
MPEG-b-PTMC-Boc was synthesized by ring-opening polymer-
ization (ROP) of TMC-Boc.>* After deprotection with TFA, the
proton peak corresponding to the tert-butyl unit of the Boc
group (1.43 ppm) completely disappeared, indicating that free
amine groups were activated (Fig. S7, ESIt). Finally, the pH-
responsive polymer was obtained through a one-step ring-
opening reaction between the amine group and norcanthari-
din. As control, MPEG-b-PTMC was reacted with succinic
anhydride (SA) to form MPEG-b-PSA. The NBS was also synthe-
sized based on previously reported methods."”*® All target
compounds and intermediates underwent comprehensive
characterization through mass spectrometry (MS) and nuclear
magnetic resonance (NMR) spectroscopy (Fig. S1-S12, ESIf).
Using the 'H NMR spectrum, the calculated molecular weight
of MPEG-b-PDMC was 12 kg mol ', and the drug loading
content of DMC was 23.1% (Fig. S8, ESIt). The high-content
DMC in MPEG-b-PDMC is expected to enhance therapeutic
efficiency. The carboxyl groups in the side chain make the
MPEG-b-PDMC negatively charged. Therefore, the positively
charged NBS and MPEG-b-PDMC could be assembled into
NBS-PDMC NPs through electrostatic interactions.***® To opti-
mize the nanoparticle formulation, NBS-PDMC NPs with dif-
ferent polymer-to-NBS weight ratios were evaluated. When this
ratio was 10, the particle size and the morphology of NBS-
PDMC NPs were relatively uniform. The control nanoparticles
(NBS-PSA NPs) were also prepared using similar processes.
The dynamic light scattering (DLS) measurements revealed
that the hydrodynamic diameter of the NBS-PDMC NPs was
160 nm (Fig. 1a). The NBS-PDMC NPs exhibited spherical
morphologies under TEM observation (Fig. 1b). Moreover, the
size of nanoparticles did not change after a week in PBS,
confirming the excellent colloidal stability of NBS-PDMC NPs
(Fig. S13, ESIt). The nanoparticles also showed good stability
in blood circulation since their zeta potentials were around
—10.8 mV (Fig. 1c). To investigate the pH response of NBS-
PDMC NPs, we measured the zeta potential under physiological
conditions (pH 7.4) and acidic phosphate buffers (pH 5.4). After
8 h of incubation at pH 7.4, NBS-PDMC NPs retained zeta

This journal is © The Royal Society of Chemistry 2024
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Fig.1 (a) The diameter of NBS-PDMC NPs measured with DLS. (b)
Transmission electron microscopy (TEM) image of NBS-PDMC NPs. (c)
The changes in the zeta potential over time under different conditions.
(d) The MS of the reaction model after 12 h incubation at pH 7.4. (e) The MS
of the reaction model after 12 h incubation at pH 5.4. (f) UV-vis absorption
spectrum of NBS-PDMC NPs. (g) The fluorescence spectrum of NBS-
PDMC NPs. (h) The absorption spectral changes of ABDA with NBS-PDMC
NPs for 'O, detection under light irradiation (660 nm, 10 mW cm™2, 5 min).
(i) The fluorescence spectral changes of DHE with NBS-PDMC NPs for
0,*~ detection under light irradiation (660 nm, 10 mW cm™~2, 6 min).
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potential almost unchanged at —7.6 mV. In contrast, the zeta
potential increased and transformed into positively charged
within 4 h and finally became +3.5 mV after 8 h at pH 5.4
(Fig. 1c). The acid-triggered hydrolysis of B-carboxylic acid
amides in MPEG-b-PDMC was tracked using '"H NMR spectra
at pH 5.4, in which the CH,NHCO peak at ¢ 2.99 ppm gradually
decreased and the CH,NH, peak at § 2.84 ppm increased,
indicating the hydrolysis of the amide linker and release of
DMC (Fig. S14, ESIt). Subsequently, we also investigated the
structural changes of the carbonate block copolymer at pH 5.4
using 'H NMR spectra recorded at different times. The polymer
did not change, indicating that the carbonate bonds had good
stability under acidic conditions (Fig. S15, ESIt), which is in
agreement with the results from previous studies.’” At the same
time, we developed a hydrolysis model of DMC-linked propyl-
amine.?® The mass peak of this model moved from 226.03 to
184.95 after 12 h at pH 5.4 (Fig. 1d and e). However, there were
no changes in the mass peak of the control SA-linked propyla-
mine (Fig. S16, ESIt). These results suggest that the hydrolysis
of amide bonds resulted in protonation of the remaining
amines on the surface of NBS-PDMC NPs and the release of
DMC under acidic conditions (Fig. 1d and e).

The NBS-PDMC NPs had an absorption peak at 660 nm and
an emission peak at 710 nm (Fig. 1f and g), which lies in the
“therapeutic window” (600-900 nm), suggesting their great
potential for application in in vivo diagnosis and PDT.*°
The generation of ROS by NBS-PDMC NPs under 660 nm light
irradiation was monitored using 9, 10-anthracenyl-bis-
(methylene) dimalonic acid (ABDA) and dihydroethidium (DHE)
as indicators. Along with the irradiation time, the absorption of
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ABDA decreased slowly, and the DHE fluorescent probe at 510 nm
displayed remarkable fluorescence enhancement (Fig. 1h and i),
indicating that NBS-PDMC NPs had good ability to produce O,*~
as effective type-I nanophotosensitizers.

Cellular uptake and cytotoxicity of NBS-PDMC NPs

The uptake of NBS-PDMC NPs by MCF-7 cells was analyzed
using CLSM. With the extension of the incubation time, the
intracellular red fluorescence gradually enhanced, and became
strongest after 12 h of incubation (Fig. 2a), indicating that
nanoparticles were efficiently internalized by the tumor cells.
To track the subcellular distribution of nanoparticles, MCF-7
cells were incubated with NBS-PDMC NPs for some time and
then co-incubated with commercial organelle positioning dyes
after PBS cleaning. According to the fluorescence cross-section
analysis and Pearson’s coefficient for subcellular localization
imaging, the Pearson’s coefficient of the nanoparticles over-
lapped with that of the lysosomal Tracker (Pearson’s coefficient =
0.919), which is much higher than those of the Mito Tracker in
mitochondria (Pearson’s coefficient = 0.572), the ER Tracker in the
endoplasmic reticulum (Pearson’s coefficient = 0.504), and
Hoechst in the nucleus (Pearson’s coefficient = 0.206) (Fig. 2b),
indicating that the nanoparticles mainly enter the lysosomes. The
NBS-PDMC NPs entering into cells via nanoparticle-mediated
endocytosis end up in lysosomes, which would be activated to
release therapeutic agents by the lysosomal acidic environment.
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Fig. 2 Cellular uptake and localization of NBS-PDMC NPs. (a) The inter-
nalization of NBS-PDMC NPs to MCF-7 cells. Scale bar: 20 um. (b)
Subcellular localization imaging of NBS-PDMC NPs. Scale bar: 20 pm.
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Next, the in vitro antitumor potency of NBS-PDMC NPs
against different cell lines (4T1, MCF-7, and HepG2 cells) was
investigated through the MTT assay (Fig. 3a and Fig. S17, ESIT).
Under dark conditions, no significant cytotoxicity was observed
after treatment with NBS-PDMC NPs, as the cell viability of 4T1
cells remained at about 80% even at nanoparticle concentra-
tions as high as 40 pg mL™", indicating that NBS-PDMC NPs
show excellent biological safety. Furthermore, the cell viability
cultured with NBS-PDMC NPs was significantly reduced in a
concentration-dependent manner under light irradiation
(660 nm, 10 mW cm™>, 4 min). Under light irradiation, the
NBS-PDMC NPs demonstrated half-maximal inhibitory concen-
trations (ICs,) of 19.08 and 18.97 pg mL™" on 4T1 and MCF-7
cells, respectively, which had better inhibition than single PDT
(Table S1, ESIt). However, the effect was not particularly
obvious for the human liver cancer (HepG2) cells with intrinsic
drug resistance (Fig. S17, ESIT). MPEG-b-PDMC shows synergis-
tic effects with NBS against breast cancer cells, as the calculated
CI values of NBS-PDMC NPs under light irradiation were 0.83
and 0.81 (Fa = 0.5) against 4T1 and MCF-7, suggesting that NBS-
PDMC NPs had great potential in breast cancer treatment.

Furthermore, the acridine orange (AO) was used to demon-
strate that NBS-PDMC NPs caused lysosome destruction. As can
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be seen from fluorescence images, the lysosome integrity was
severely diminished after being treated with NBS-PDMC NPs
and 660 nm light irradiation (Fig. 3b). There was also signifi-
cant shrinkage of the nucleus volume. Furthermore, the cyto-
toxicity of NBS-PDMC NPs was visually evaluated through live
and dead cell staining. There was only green fluorescence in all
sole groups, demonstrating that NBS-PDMC NPs and 660 nm
light irradiation did not cause notable cytotoxicity. Nonethe-
less, the presence of red fluorescence in MCF-7 cells treated
with NBS-PDMC NPs and 660 nm light irradiation indicated the
complete eradication of the tumor cells (Fig. 3¢ and d). Thus,
the combination of consecutive pH-triggered drug release and
enhanced PDT demonstrated a significantly improved thera-
peutic effect.

The mechanism of cell death caused by NBS-PDMC NPs

Initially, we examined the production of ROS in cells of NBS-
PDMC NPs to determine the mechanism of cell death. 2/,7’-
Dichlorodihydrofluorescein diacetate (DCFH-DA) is a commer-
cially available fluorescent probe to detect intracellular ROS.
DHE is a commonly used fluorescence detection probe to detect
intracellular O,°*~. From cell staining images and fluorescence
quantification of DCFH-DA and DHE, it could be seen that both
NBS-PDMC NPs under 660 nm light irradiation showed signifi-
cantly enhanced fluorescence in different degrees compared
with other groups (Fig. 4a and c), suggesting that the NBS-
PDMC NPs could efficiently produce cytotoxic ROS for PDT. The
GSH level was determined using the cellular glutathione detec-
tion assay kit. The results proved that GSH in the cells treated
with NBS-PDMC NPs and light irradiation was significantly
lower than that in the control group because of the massive
production of ROS (Fig. S18, ESI¥).

Among the factors that cause cellular oxidative stress, lipid
peroxidation is an important regulator of cell fate, and wide-
spread lipid peroxidation occurs through a mode known as
ferroptosis. C11 BODIPY 581/591 was used as a lipid peroxidation
(LPO) probe to observe the level of intracellular LPO and ferrop-
tosis, which could be evaluated by the change of green fluores-
cence. Compared with other groups, in cells treated with NBS-
PDMC NPs and light irradiation, the green fluorescence channel
was significantly enhanced (Fig. 4b and c), indicating that sig-
nificant lipid peroxidation occurred. The inactivation of GPX4
could result in the accumulation of lipid peroxides, which was a
crucial indication of ferroptosis. To investigate the inhibition of
GPX4, the western blotting experiment revealed the intracellular
GPX4 protein expression in cancer cells between different groups.
Compared with the NBS-PSA NP group, GPX4 protein expression
was significantly down-regulated in both the PDMC NP group and
the NBS-PDMC NP group (Fig. 4d and e), indicating that down-
regulation of GPX4 was an important cause of intracellular LPO
outbreak, which induced ferroptosis in cancer cells, thus amplify-
ing the antitumor effect.

In vivo evaluation of the antitumor effect of NBS-PDMC NPs

At the cellular level, NBS-PDMC NPs showed excellent thera-
peutic efficacy, prompting us to investigate their antitumor

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) CLSM analysis of intracellular ROS in MCF-7 cells with DCFH-
DA and DHE. Scale bar: 20 pm. (b) Lipid peroxidation analysis by CLSM
images of C11-BODIPY-stained MCF-7 cells. Scale bar: 20 um. (c) Quanti-
fied fluorescence intensity of DCF, DHE, and C11-BODIPY. (d) NBS-PDMC
NPs induced GPX4 downregulation measured by western blotting.
(e) Relative GPX4 expression in different groups. *p < 0.05; **p < 0.01;
***p < 0.001

effect in vivo. Before the antitumor experiment, fluorescence
imaging was used to determine the optimal time point for
phototherapy. After injection of NBS-PDMC NPs into tumor-
bearing mice, the fluorescence of tumor sites was enhanced
with time and reached the highest point at 12 h after injection,
and then the fluorescence gradually weakened and disappeared
at 36 h (Fig. 5a and b), indicating that light irradiation 12 h
after injection could be the optimal timing. Moreover, the mice
were sacrificed 12 h later and the major organs were imaged,
indicating that the nanoparticles were mainly distributed in the
tumor (Fig. S19, ESIT). Thus, NBS-PDMC NPs could accumulate
at the tumor site, which would be beneficial to achieve good
tumor suppression performance.

The in vivo antitumor activity was further investigated by
intravenously injecting NBS-PDMC NPs into tumor-bearing
mice and then irradiating under 660 nm light (150 mW cm 2,
10 min). Seven parallel experiments were set up at the same
time conducted as follows: (1) injection of phosphate-buffered
saline (PBS), (2) injection of PBS and light treatment, (3) injec-
tion of NBS-PSA NPs, (4) injection of NBS-PSA NPs and light
treatment, (5) injection of PDMC NPs and light treatment,

This journal is © The Royal Society of Chemistry 2024
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(6) injection of NBS-PDMC NPs, and (7) injection of NBS-
PDMC NPs and light treatment. To evaluate their antitumor
performance, the tumor volumes were recorded every two days.
Within 14 days, the tumor volume of both PBS groups and all
dark treatment groups increased rapidly. Among them, the
PDMC NP group and the NBS-PDMC NP group with dark
treatment showed a little bit of tumor inhibition ability due
to the presence of DMC. Due to inefficient activation of single
cell death machinery, the tumor volume of the NBS-PSA NP
group showed obvious rebound after certain inhibition effects.
In stark contrast to all the other groups, the tumor volume had
been effectively suppressed in the NBS-PDMC NPs + light group
(Fig. 5e and Fig. S20, ESI{). Furthermore, the LPO and GPX4
levels were determined in vivo. Compared with the control
group, LPO was significantly up-regulated and GPX4 was
down-regulated in the NBS-PDMC NPs + light group (Fig. S21
and S22, ESIT). The tumor inhibition rate could reach 88.56%
in the NBS-PDMC NPs + light group, suggesting that the
ferroptosis-enhanced PDT inhibited tumor growth efficiently
(Fig. 5c and Fig. S23, S24, ESIt). Following the two weeks of
treatment, tumor tissues were collected for hematoxylin and
eosin (H&E) staining to further evaluate the antitumor activity.
In the NBS-PDMC NPs + light group, significant tumor cell
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nuclear ablation was observed by H&E staining (Fig. 5f). Together,
these findings confirmed that NBS-PDMC NPs had excellent tumor
accumulation and enhanced antitumor activity.

Since the nanomedicine would be used in vivo, the biosafety
assessment of the NBS-PDMC NPs was critical. Based on our
design, the use of aliphatic polycarbonates, which were mainly
degraded into carbon dioxide and water, for drug delivery
would have good biosafety. The biosafety was investigated by
monitoring body weights, blood routine examinations, and
evaluating the H&E staining of the main organs of mice. There
was no significant change in the body weight in all groups
during treatment (Fig. 5d). Moreover, from HE staining of
the major organs, the treated groups showed no signs of
hemorrhage, inflammatory cell infiltration, or changes in the
physiological morphology (Fig. S25, ESIT). The main indicators
of blood routine were also within the safe range (Fig. 26, ESIT).
These results together proved the excellent biosafety of the
NBS-PDMC NPs in vivo.

Conclusions

In summary, we constructed pH-sensitive NBS-PDMC NPs for
GPX4-inhibited and ferroptosis-enhanced photodynamic therapy.
The nanosized drug delivery strategies enhanced cellular
uptake and tumor accumulation of NBS. The presence of a
negative charge on the surface of NBS-PDMC NPs facilitated the
stability of blood circulation, while the subsequent charge
reversal promoted enhanced tumor penetration and the release
of DMC and NBS. Under NIR light irradiation, ROS produced by
nanoparticles could induce LPO and eliminate tumor cells.
Meanwhile, inhibition of GPX4 by DMC increased the level of
LPO in cells, inducing ferroptosis in cancer cells and synergis-
tically enhancing the PDT effect. Compared with the single
treatment mode, these above experiments showed that the
GPX4-inhibited photodynamic synergistic treatment mode has
better inhibition and ablation ability for tumors in mice.
Moreover, the NBS-PDMC NPs demonstrated high biocom-
patibility and biological safety. This design of polymeric nano-
modulators opened up a new window for constructing smart
delivery platforms with excellent antitumor efficacy and
biosafety.

Experimental section

Synthesis of the TMC-Boc monomer

In a round-bottom flask, TMPIC (1.00 g, 5.74 mmol), 6-(Boc-
amino)-1-hexanol (1.87 g, 8.61 mmol), and CsF (18 mg, 0.11 mmol)
were added. Subsequently, 25 mL of acetone was added under
argon and further vortexed for 24 h at 20 °C. Filtration removed
the insoluble substances in the reaction system, which were then
concentrated and treated with column chromatography (dichloro-
methane/ethyl acetate = 3/1) to obtain white crystals with a
61.9% yield.
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Synthesis of polyethylene glycol-polycarbonate (MPEG-b-
PTMC-Boc)

In a nitrogen-filled glovebox, MPEG (0.601 g, 0.12 mmol), TMC-
Boc (1.16 g, 3.0 mmol), and TU (55 mg, 0.15 mmol) were added
to a 50 mL round-bottom flask. Then, 6 mL of THF (0.5 M) and
DBU (15 pL, 0.10 mmol) were added and stirred at 30 °C for
24 h. Afterward, the solution was precipitated in diethyl ether
and the solid was collected following centrifugation. This
process was repeated twice to obtain MPEG-b-PTMC-Boc with
a yield of 76.2%.

Deprotection of MPEG-b-PTMC-Boc

Under a nitrogen atmosphere, MPEG-b-PTMC-Boc (0.55 g,
0.05 mmol) was dissolved in 5 mL of trifluoroacetic acid
(TFA) and 5 mL of dichloromethane (DCM) at 0 °C. The mixture
was further stirred at room temperament for 1 h. The product
was concentrated and redissolved in 5 mL of deionized water,
then dialyzed (MW cutoff, 1000 Da) for 24 h, and lyophilized to
afford an 89.7% yield of MPEG-b-PTMC.

Synthesis of MPEG-b-PDMC

MPEG-b-PTMC (95 mg, 0.01 mmol), DMC (4.2 mg, 0.025 mmol),
and dimethyl aminopyridine (DMAP) (0.61 mg, 0.005 mmol)
were dissolved in 5 mL of N,N-dimethylformamide (DMF), and
the resulted solution was kept stirring at 55 °C for 12 h. Then,
the solvent was concentrated and precipitated with excessive
diethyl ether. The obtained precipitate was dried under vacuum
to obtain MPEG-b-PDMC with a yield of 84.6%.

Synthesis of NBS

3-(Naphthalen-1-ylamino) propane-1-ol (298 mg, 1 mmol) was
condensed with Bunted salt (sodium N-[2-amino-5-(diethyl-
amino)-phenyl] sulfanesulfin-iperoxoate) (200 mg, 1 mmol) with
silver carbonate to obtain the NBS. After column chromatography
(dichloromethane/methanol = 3/1), the NBS was obtained as a
blue solid with a yield of 60.1%.

Preparation of NBS-PDMC NPs

NBS-PDMC NPs were prepared by self-assembly methodology.
In particular, 0.2 mL of THF containing 10 mg of MPEG-b-
PDMC and 1 mg of NBS was added dropwise into 1 mL of water
and stirred for 30 min. In the following 48 h, the blue solution
was dialyzed (MW cutoff, 3500 Da) against deionized water to
remove organic solvents. The NBS-PSA NPs were prepared from
NBS and MPEG-b-PSA using the sample method.

Cellular uptake

MCEF-7 cells were seeded at a density of 1 x 10° cell per mL in a
confocal culture dish overnight. The medium was replaced
by a fresh medium containing 40 pg mL™ ' NBS-PDMC NPs.
The cells were incubated at different time periods. Images of
live cells were taken using a confocal laser scanning microscope
(CLSM, Ex/Em = 660/710 nm).
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Colocalization analysis

In colocalization analysis, MCF-7 cells were cultured in a
confocal dish for 24 h. Then, 40 pg mL~" NBS-DMC NPs were
added and incubated for 12 h under standard conditions;
subsequently, the medium was removed and washed twice.
The commercial localization probe Lyso Tracker (Ex/Em =
443/505 nm), Mito Tracker (Ex/Em = 490/516 nm), ER Tracker
(Ex/Em = 504/511 nm), and Hoechst (Ex/Em = 340/510 nm) were
added and the cells were incubated for the specified time. The
cells were washed twice and the position of each group and
fluorescence intensity were observed using the CLSM.

MTT assay

The 4T1, MCF-7, and HepG2 cells were diluted in a single-cell
suspension containing 5 x 10 cells per mL and seeded in
96-well plates, and the surrounding 32 wells were incubated in
PBS buffer for 24 h. After this, NBS-PSA NPs and NBS-PDMC
NPs (0-40 pg mL ") were added and incubated for 12 h and
then the cells were irradiated (660 nm, 10 mW cm™?) for 4 min,
followed by 12 h incubation. The MTT assay was used to
determine the cell viability.

Live and dead cell staining

In a confocal dish, MCF-7 cells were cultured until imaging was
possible. NBS-PDMC NPs (40 pg mL ") were incubated for 12 h.
Then, the cells were stained with a live/dead fixable stain kit for
0.5 h after irradiation (660 nm, 10 mW cm™>,10 min), and each
group was observed using the CLSM (green channel, Ex/Em =
490/515 nm; red channel, Ex/Em = 535/617 nm).

Detection of lysosome injury

Lysosome injury was assessed using acridine orange (AO). The
cells were incubated with NBS-DMC NPs (40 pg mL ") for 12 h
and then incubated with AO (5 uM) for 30 min and washed with
PBS twice. After the cells were treated with light (660 nm,
10 mW cm %, 4 min) or in the dark, the experimental group
was observed using the CLSM (green channel, EX/Em = 488/
530 nm; red channel, Ex/Em = 488/640 nm).

Detection of intracellular ROS

The fluorescent probes DCFH-DA and DHE were used for
detecting intracellular ROS. Specifically, MCF-7 cells were incu-
bated with the medium containing 40 pg mL ™' NBS-PDMC NPs
for 12 h and then incubated with DCFH-DA (2 pM) and DHE
(10 uM) for another 30 min. After this, specific groups were
irradiated (660 nm, 10 mW c¢m™2) for 4 min. Subsequently, the
cells were washed with PBS, followed by confocal fluorescence
imaging (DCF, Ex/Em = 502/530 nm; DHE, Ex/Em = 535/
610 nm).

Detection of lipid peroxidation

To assess the LPO, the BODIPY (581/591)-C11 probe was used.
Above all, NBS-DMC NPs (20 ug mL™") were incubated with
MCF-7 cells for 12 h. Following irradiation with a LED light
(660 nm, 10 mW cm ™2, 4 min), the MCF-7 cells were stained

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

with C11-BODIPY (581/591). The CLSM was used to observe
intracellular fluorescence (green channel, Ex/Em = 500/510 nm;
red channel, Ex/Em = 581/591 nm).

Detection of GSH

To assess the GSH levels, the monochlorobimane probe was
used. Above all, NBS-DMC NPs (20 pg mL™") were incubated
with MCF-7 cells for 12 h. Following irradiation with a LED
light (660 nm, 10 mW cm >, 4 min), the MCF-7 cells were
incubated with monochlorobimane. The CLSM was used to
observe intracellular fluorescence (Ex/Em = 380/460 nm).

Western blot

The expression of GPX4 was analyzed using the western blot.
The MCF-7 cells were incubated with NBS-PSA NPs (20 pug mL ™),
PDMC NPs (20 ug mL™"), and NBS-PDMC NPs (20 ug mL ') for
12 h and then treated with light (660 nm, 10 mW cm >, 4 min)
or in the dark. After the cells were kept on ice with RIPA lysis
buffer, the supernatant was centrifuged at 12 000 rpm for 5 min to
obtain the total protein. SDS-PAGE followed by PVDF membrane
transfer isolated the proteins. The PVDF membrane was sealed
with a western sealing fluid and then incubated overnight with
anti-GPX4 and anti-actin antibodies, followed by secondary anti-
bodies. Chemiluminescence was used to detect f-actin and GPX4
expression.

Animals and tumor models

To establish a model of 4T1 tumor-bearing mice, 1 x 10° 4T1
cells were injected subcutaneously into the right flank region.
The tumor volume of 4T1 tumor-bearing mice was calculated
using: A = b x ¢*/2 (a: length; b: width).

In vivo fluorescence imaging

NBS-PDMC NPs were used to evaluate the in vivo distribution in
4T1 tumor-bearing mice. After tail vein injection of 100 pL of
NBS-PDMC NPs (2 mg mL™ "), an imaging system (IVIS Lumina
imaging system) was used to optically image mice under
general anesthesia at different time points (EXEm = 660/
710 nm).

In vivo antitumor evaluation

After tumors reached 100 mm?® in volume, the mice were
separated into 7 groups with 5 mice in each group. The mice
were intravenously injected with (1) PBS (150 pL), (2) PBS
(150 pL) with irradiation, (3) PDMC NPs (150 pL, 2 mg mL "),
(4) NBS-PSA NPs (150 pL, 2 mg mL %), (5) NBS-PSA NPs (150 pL,
2 mg mL ") with irradiation, (6) NBS-PDMC NPs (150 pL,
2 mg mL™ "), and (7) NBS-PDMC NPs (150 uL, 2 mg mL~ ") with
irradiation. Light irradiation (660 nm, 150 mW cm ™2, 10 min)
for the light group was carried out after 12 h injection. The mice
weight and tumor size were recorded every other day over
two weeks. Following the treatment, all mice were euthanized,
and their major organs and tumor samples were gathered for
examination and immunofluorescence staining.
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In vivo LPO and GPX4 levels

After the completion of treatment, all mice were sacrificed and
the tumors were subject to immunofluorescence staining to
evaluate the levels of LPO and GPX4 in vivo.

Biosafety evaluation by H&E staining and blood routine tests

After the completion of treatment, all mice were sacrificed, and
the main organs and tumors were subject to H&E staining to
evaluate the tissue damage and inflammation. Blood samples
of mice were collected for routine blood tests to further evaluate
the biosafety of NBS-PDMC NPs.
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