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Ferroptosis is a unique programmed cell death process that was
discovered a few years ago and plays an important role in tumor
biology and treatment. However, it still remains a challenge to
modulate tumor ferroptosis by spatiotemporally controlled cell-
intrinsic Fenton chemistry. Herein, a pH activated photothermal
sensitizer IR-PE has been designed and synthesized on the basis of
cyanine bearing a diamine moiety, which is capable of triggering
the lysosomal dysfunction-mediated Fenton pathway under the
irradiation of near-infrared light to evoke ferroptosis, thereby
improving antitumor efficacy and mitigating systemic side effects.

Introduction

Ferroptosis is a process that relies on the Fenton reaction
between ferrous ions (Fe**) and hydrogen peroxide (H,0,) in
an acidic environment. This reaction generates harmful
hydroxyl free radicals ("fOH) and results in lipid peroxidation,
ultimately leading to the death of tumor cells."™ Due to its
potential, ferroptosis has garnered significant interest within
the cancer research community as it offers an alternative strat-
egy for anti-tumor treatment. The current approach to cancer
therapy involving ferroptosis primarily relies on the introduc-
tion of exogenous iron-based nanomaterials. However, the
excessive use of exogenous iron and inorganic materials has
raised significant biosafety concerns.”” Consequently, one of
the major challenges in current ferroptosis research is finding
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It is known that lysosomes have emerged as important orga-
nelles to specifically target tumor cells in cancer treatment,
and related iron autophagy can regulate intracellular iron
metabolism.® The pH of lysosomes is about 3.8 to 4.7, which is
beneficial for accelerating the release of catalytic ions.>"°
Despite the appropriate pH of lysosomes for the Fenton reac-
tion, the efficiency of ferroptosis is low due to insufficient
H,0, levels and autophagy repair within the lysosomes."
Additionally, it has been found that lysosome dysfunction can
lead to lysosome membrane permeability, resulting in the
release of various substances, such as H" and Fe®", into the
cytoplasm.® This indicates that enhancing the intrinsic Fenton
reaction efficiency of cells by regulating lysosome function
may offer a new alternative to triggering ferroptosis. However,
the chemotherapeutics bring serious side effects to normal
tissues due to the lack of tumor specificity'>** and spatiotem-
poral controllability when regulating lysosome function.'>™®
To overcome this drawback, it is imperative to develop a non-
metallic ferroptosis inducer with both spatiotemporal regu-
lation and tumor specificity, which has important scientific
significance for future anti-tumor treatment research based on
ferroptosis."®

To solve the above problems, we have developed an easily
synthesized pH responsive NIR photothermal agent, IR-PE,
which can achieve the spatiotemporal control of lysosome
dysfunction to trigger the Fenton reaction and subsequent
ferroptosis under near infrared laser irradiation. In this
system, IR-PE would target the lysosomes of tumor cells and
the photothermal effect activated by the acid microenvi-
ronment of the lysosomes can cause lysosome dysfunction
under 808 nm light, including membrane permeability, cyto-
plasmic acidification and autophagy damage. More impor-
tantly, the lysosome dysfunction mediated by IR-PE under
light activation significantly enhances the Fenton reaction in
tumor cells and causes ferroptosis, thus improving the anti-
tumor efficacy and reducing the damage to normal tissues
(Scheme 1).

induce ferroptosis without relying on ferrous
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Scheme 1 (a) The chemical structures of IR-PE and IR-PEH and the
proposed reversible conversion in response to the H* redox cycle. (b)
Schematic illustration of the current strategy for spatiotemporally con-
trolled tumor ferroptosis via the pH-responsive photosensitizer IR-PE.

Results and discussion

IR-PE was readily synthesized following the procedures out-
lined in Fig. S1, and the resulting product was comprehen-
sively characterized using 'H and “C NMR spectroscopy as
well as HRMS (Fig. S2-S47). With the probe in hand, we first
evaluated the spectral response of IR-PE, and we found that
when the pH changed from 6.5 to 3.5, the absorption and fluo-
rescence (791 nm and 917 nm) reached their maximum corre-
spondingly (Fig. 1a-d). Furthermore, the corresponding
product was also confirmed to be IR-PEH by the mass spec-
trum, in which the peak was found at 295 in accordance with
the doubly charged ion peak at 590 (Fig. S51). The calculations
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Fig. 1 Photophysical and photothermal properties of IR-PE. (a)
Emission spectra of 5 ug mL™* IR-PE at various pH values upon exci-
tation at 750 nm. (b) Fluorescence intensity of IR-PE at 791 nm and (c)
917 nm in PBS with different pH values. (d) UV-Vis spectra of 5 ug mL™
IR-PE at various pH values in PBS buffer. (e) Temperature curves of
10 pg mL™ IR-PE in PBS with different pH values after continuous laser
irradiation for 10 minutes. Inset: photothermal images of IR-PE in PBS
with different pH values after continuous laser irradiation for 10 minutes
(pH values in b—e: 3.5, 4, 45, 4.7,4.8,4.9,5,51,5.2, 54, 5.7, and 6.5).
(f) The photothermal stability study of 10 pg mL™* IR-PE in PBS (pH 3.5)
by repeated 808 laser irradiation for 5 cycles (10 min of laser on and
then naturally cooled to room temperature in each cycle).
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of the highest occupied molecular orbital (HOMO) and the
lowest-unoccupied molecular orbital (LUMO) electrons showed
that IR-PE (2.075 eV) has a larger energy gap than IR-PEH
(1.951 eV), which was consistent with the absorbance wave-
length shift of IR-PE and IR-PEH (Fig. S6f and Fig. 1d).
Meanwhile, IR-PE showed excellent pH reversibility by alter-
nately changing the pH between 3.5 and 6.5 even after five
cycles (Fig. S71). Moreover, the drastically increased absorption
in the NIR region made IR-PEH an efficient photothermal sen-
sitizer. As demonstrated in Fig. 1e, the photothermal efficiency
reached its maximum when the pH fell below 4.7. Besides,
upon irradiation with 808 nm lasers (0.1 W cm?), the temp-
erature of the IR-PE solution exhibited a dramatic increase
from 25.6 to 52.6 °C, showing a higher photothermal conver-
sion efficiency (20.05%) than indocyanine green (ICG, a
common NIR photothermal agent) (5.22%) (Fig. S87).
However, no photodynamic properties of IR-PE were observed
using 1,3-diphenyliso-benzofuran (DPBF) as a reactive oxygen
species (ROS) indicator (Fig. S9f). Next, the photothermal
stability of IR-PE in PBS (pH 3.5) was evaluated, and the temp-
erature variation of the IR-PE solution was monitored upon
irradiation of the solution with an 808 nm laser (0.1 W ¢cm?)
for 10 min and then naturally cooled to room temperature. As
shown in Fig. 1f, following five cycles of laser irradiation, there
were no noticeable changes in both the temperature value and
the rate of temperature increase for the IR-PE solution. Overall,
the high photothermal performance and excellent stability of
IR-PE make it an encouraging photothermal agent for PTT
both in vitro and in vivo.

We then proceeded to measure the cytotoxicity of IR-PE by
the CCK-8 assay. As expected, IR-PE displayed reasonable cyto-
toxicity toward A549 cells under dark conditions even at 35 pg
mL™" (Fig. $101). To confirm the role of lysosomes in the cell
death process induced by IR-PE under NIR light activation, we
examined the subcellular distribution of IR-PE in both Hep G2
and A549 tumor cells. Through colocalization imaging, we
found that IR-PE showed a strong ability to localize within lyso-
somes. This capability is likely a result of its protonation and
entrapment mechanism, which resembles those of lysosome-
targeting compounds and nanoparticles during endocytosis.
In simpler terms, IR-PE can effectively accumulate within lyso-
somes, possibly because it shares a mechanism of entry
similar to certain compounds known to target these cellular
structures, including the uptake mechanism of nanoparticle
entry into cells. To verify the switched-on fluorescence of IR-PE
in the acidic lysosomal lumen, A549 cells were treated with
bafilomycin A1 (Baf A1), a selective inhibitor of vacuolar-type
H' ATPase (V-ATPase), keeping the acidity of lysosomes by
actively pumping in H*.>>*" After being incubated with 50 nM
Baf A1 for 1 hour, the fluorescence of the lysosomes decreased
dramatically, which could be interpreted as the basification of
the lysosomal lumen. The above studies not only confirmed
the specific accumulation of IR-PE into the lysosomes of
tumor cells, but also verified that IR-PE specifically lightened
the lysosomes of tumor cells by sensing their acidic pH
(Fig. 2a). To further elucidate the mechanism of IR-PE-induced
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Fig. 2 Lysosomal dysfunction induced by IR-PE upon NIR light acti-
vation. (a) Laser scanning confocal microscopy images of live hepatic
Hep G2 and A549 tumor cells with IR-PE (red) and a lysosomal marker
(green). LSCM images of A549 tumor cells after the treatment of IR-PE
in the absence or presence of 50 nM bafilomycin Al. Bars: 10 pm. (b)
Time lapse LSCM imaging of Hep G2 tumor cells under 808 nm laser
irradiation (0.1 W cm™2) after 5 ug mL™* IR-PE incubation for 3 h (green:
LysoTracker® Green, a lysosomal marker). Bars: 25 pm.
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selective cancer cell death via hyperthermia, LSCM imaging
was performed in live Hep G2 tumor cells. Notably, under
808 nm laser irradiation (0.1 W cm™?), the simple tiny spheri-
cal sac-like structures of the lysosomes in Hep G2 tumor cells
varied remarkably with the loss of membrane integrity and the
formation of bubble-like structures (Fig. 2b), which are charac-
teristic of the onset of apoptosis.”* >

To verify that the lysosomal dysfunction triggered by NIR
photoactivation of IR-PE contributes to the occurrence of fer-
roptosis,® we then investigated the accumulation of cellular
ROS and lipid peroxidation (LPO),>”*® which are the obvious
characteristics when ferroptosis occurs. Therefore, we started
with the examination of the intracellular ROS levels with a
well-recognized ROS probe DCFH-DA, and the confocal
imaging results showed that the A549 cells treated with IR-PE
under NIR light irradiation exhibited significantly enhanced
green fluorescence (Fig. 3a). We proceeded to perform confocal
imaging to visualize intracellular "OH levels, utilizing the well-
established indicator coumarin-3-carboxylic acid (3-CCA), and
we found negligible fluorescence from 3-CCA without NIR light
irradiation, but a significant increase in fluorescence was
evident following irradiation with an 808 nm laser (Fig. 3b).
These data revealed that NIR light activation of IR-PE to
induce intracellular *OH production is an important mecha-
nism for ferroptosis through the enhanced Fenton reaction.
Subsequently, we investigated the lipid peroxide levels with
Liperfluo (a commercial LPO assay), which is also an impor-
tant marker of ferroptosis.® As expected, the imaging results
suggested that the green fluorescence of IR-PE under 808 nm
light irradiation was significantly stronger than that of the
control group (Fig. 3c), which demonstrates the noticeable
accumulation of lipid peroxide in A549 cells. Furthermore, the
intracellular malondialdehyde (MDA) level was also increased
with the treatment of IR-PE and NIR irradiation, which is con-
sidered to be the end product of LPO and has a positive regu-
lation effect on ferroptosis (Fig. 3d).>° In contrast, the substan-
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Fig. 3 Evoking ferroptosis via the endogenous Fenton reaction induced
by IR-PE upon NIR light activation. CLSM images of intracellular ROS (a),
‘'OH (b) and LPO (c) levels in A549 cells after different treatments,
control (without any treatment) or control + 808 nm laser irradiation
(0.1 W cm™2, 5 min), IR-PE (5 ug mL™) or IR-PE (5 pg mL™) with 808 nm
laser irradiation (0.1 W cm™2, 5 min). Scale bar: 100 pm. (d) Intracellular
MDA content for cells treated with IR-PE. (e) Intracellular GPX4 protein
levels by western blotting assay for cells treated with IR-PE. (f)
Schematic illustration of NIR light activation of IR-PE triggering lysoso-
mal dysfunction to promote the Fenton reaction and subsequent
ferroptosis.

tial downregulation of GPX4 in IR-PE + NIR irradiation-treated
cells was found by western blot analysis, which is another fer-
roptosis-associated key characteristic (Fig. 3e), suggesting that
GPX4 was depleted owing to the extensive lipid oxidation in
ferroptosis. In a word, all the results indicated that lysosomal
dysfunction was triggered by NIR light-activated IR-PE, which
further accelerated the inherent Fenton mechanism of cells to
provoke ferroptosis (Fig. 3f).

To assess the effectiveness of IR-PE at detecting viable
cancer cells in living organisms, we conducted continuous
imaging of mice and monitored cancer cell proliferation in
real-time using IR-PE. In this study, mice were initially subcu-
taneously implanted with varying numbers of live Hep G2
cells, then IR-PE was injected in situ at a dosage of 40 mg kg™,
and then we performed imaging at specific time points
ranging from 1 to 48 hours after cell injection. The results, as
depicted in Fig. 4a, showed that when 10* Hep G2 cells were
injected, a robust fluorescence signal was detected at the cell
injection site after 1 hour. Even with the injection of 10" and
10° cells, the fluorescence signal remained detectable at 24
and 20 hours, respectively. However, no signal was detected
when only 10 cells were injected. Furthermore, when quantify-
ing the photon counts in the cell-injected region for different
amounts of Hep G2 cells at each time point, we observed a
positive correlation between the increase in signal intensity
and the higher number of injected cells (Fig. 4b). To illustrate
the relationship between the fluorescence signal intensity at
the tumor site and the number of tumor cells more intuitively,

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Cancer cell detection limit and sensitivity of IR-PE in vivo. (a)
Fluorescent images of mice subcutaneously injected with different
numbers of Hep G2 cells (ie., 104 103 102 10 and 0 cells in 200 pL
PBS). The cancer cells were implanted in the armpit, while IR-PE was
injected in situ. (b) The fluorescence intensity of the Hep G2 cell-
injected regions at indicated time points. n = 5. (c) The fluorescence
intensity of the Hep G2 cell-injected regions at 10 h after injection of
IR-PE. n = 5, *P < 0.05, **P < 0.01. (d) Fluorescent images of orthotopic
U87MG human glioblastoma tumor-bearing mice.
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we measured the fluorescence intensity of the Hep G2 cell-
injected regions at 10 hours after IR-PE injection. The results
revealed that as the number of tumor cells increased, the fluo-
rescence intensity of the tumor site also increased (Fig. 4c).
Additionally, we established an orthotopic U87MG human
glioblastoma mouse model to evaluate the in vivo tumor
accumulation of IR-PE using fluorescent imaging. After the
intratumoral injection of IR-PE, the fluorescence signal in the
tumor tissues gradually increased, reaching its peak at
15 hours after injection. Moreover, the NIR-II fluorescence
signals disappeared by 24 h (Fig. 4d). These findings indicated
that IR-PE could effectively track in vivo tumors.

Encouraged by the excellent photothermal effect of IR-PE
in vitro, we initiated an evaluation of its pH-dependent photo-
thermal characteristics in mice. Specifically, two A549 tumors
were established, one on the left hind leg (tumor 1, the
untreated group) and another on the right hind leg (tumor 2,
injected with a Baf A1 solution to upregulate the tumor’s pH).
10 hours post administration of IR-PE injection, we found that
the temperature of tumor 1 rose to 58 °C after 808 nm laser
irradiation, which was significantly higher than that of tumor
2 (Fig. S117). The outcomes affirmed that IR-PE was suitable
for photothermal therapy of tumors in vivo. Subsequently, we
explored the potential of IR-PE to treat tumors in mice carrying
A549 tumors. 5 x 10° A549 cells in PBS buffer were injected
into the right flanks of each female BALB/c mouse to establish
an A549 tumor bearing mouse model. After about 9 days, mice
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with tumor volumes at about 90 mm?® were used for further
experiments. Then the mice were randomly divided into four
groups, which were saline, saline + laser, IR-PE (0.1 mM),
IR-PE (0.1 mM) + laser. The therapeutic effect was examined
through intratumoral injection, and two groups of mice were
illuminated by an 808 nm laser at a power density of 0.1 W
cm ™2 for a continuous duration of 20 minutes. After 24 h of
different treatments, the survival rate and tumor volume of the
remaining mice in each group were monitored for 30 days.
Remarkably, tumors grew rapidly in the saline, saline + laser
and IR-PE groups, while tumors in the IR-PE + laser group
were significantly inhibited (Fig. 5a). Moreover, during the
treatment, the IR-PE + laser group demonstrated a superior
survival rate compared to the other three groups (Fig. 5b). All
the results indicated that NIR photoactivation of IR-PE greatly
enhanced the antitumor effect in vivo. Following the treatment,
we conducted H&E staining on major organs taken from mice
in each group to assess the organ toxicity induced by IR-PE. As
expected, there were no observable signs of organ damage or
inflammatory lesions in any of the groups (Fig. 5c). These
results further confirmed that the administered dose of IR-PE
was well-tolerated, and there were no detectable acute side
effects in the tested mice. The studies provided strong evi-
dence that IR-PE is a biocompatible small molecule capable of
delivering highly effective photothermal therapy without
causing significant adverse effects at the tested doses following
intratumoral administration.
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Fig. 5 In vivo photothermal therapy of IR-PE. (a) The tumor growth
curve within 30 days in different groups. The data are shown as mean +
SD (n = 10), *P < 0.05, **P < 0.01. (b) Survival rate profiles of mice
bearing A549 tumors within 30 days in different groups. (c) H&E stained
images of A549 tumor sections collected from different groups of mice
24 hours post-treatment. Scale bar: 200 ym.
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Conclusions

In summary, we have developed a pH-responsive molecule that can
promote the intrinsic Fenton reaction in tumor cells under the
irradiation of NIR light. At the same time, the acid-activatable photo-
thermal properties of IR-PE also exhibited strong antitumor efficacy
with minimal offtumor toxicity. This study provided a novel non-
metallic ferroptosis inducer to strengthen antitumor therapy.
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