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Nitric Oxide-Releasing Nanoscale Metal-Organic Layer
Overcomes Hypoxia and Reactive Oxygen Species Diffusion
Barriers to Enhance Cancer Radiotherapy

Yuxuan Xiong, Jinhong Li, Xiaomin Jiang, Wenyao Zhen, Xin Ma, and Wenbin Lin*

Hafnium (Hf)-based nanoscale metal-organic layers (MOLs) enhance
radiotherapeutic effects of tissue-penetrating X-rays via a unique
radiotherapy-radiodynamic therapy (RT-RDT) process through efficient
generation of hydroxy radical (RT) and singlet oxygen (RDT). However, their
radiotherapeutic efficacy is limited by hypoxia in deep-seated tumors and
short half-lives of reactive oxygen species (ROS). Herein the conjugation of a
nitric oxide (NO) donor, S-nitroso-N-acetyl-DL-penicillamine (SNAP), to the
Hf,, secondary building units (SBUs) of Hf-5,5'-di-p-benzoatoporphyrin MOL
is reported to afford SNAP/MOL for enhanced cancer radiotherapy. Under
X-ray irradiation, SNAP/MOL efficiently generates superoxide anion (O, ™)
and releases nitric oxide (NO) in a spatio-temporally synchronized fashion.
The released NO rapidly reacts with O, to form long-lived and highly
cytotoxic peroxynitrite which diffuses freely to the cell nucleus and efficiently
causes DNA double-strand breaks. Meanwhile, the sustained release of NO
from SNAP/MOL in the tumor microenvironment relieves tumor hypoxia to
reduce radioresistance of tumor cells. Consequently, SNAP/MOL plus
low-dose X-ray irradiation efficiently inhibits tumor growth and reduces
metastasis in colorectal and triple-negative breast cancer models.

X-rays, y-rays, electrons, and protons, ge-
nomic DNAs of cancer cells can be dam-
aged directly by secondary electrons and in-
directly by reactive oxygen species (ROS),
leading to DNA double-stranded breaks
(DSBs) and cell death.?l However, due to an
intrinsically small difference in radiosensi-
tivity between normal and cancer cells, high
doses of radiation are needed to achieve fa-
vorable tumor control, which leads to un-
avoidable damage to healthy tissues and of-
ten debilitating side effects.[?*3]
Nanoparticles containing high atomic
number (Z) elements, such as Au and
HfO, nanoparticles and nanoscale metal-
organic frameworks (MOFs), have recently
emerged as promising radiosensitizers to
increase radiotoxicity to tumor cells by in-
creasing energy deposition and ROS gen-
eration from X-rays.[*l These nanoradiosen-
sitizers maintain efficient radiation dam-
age to cancer cells while reducing X-ray

1. Introduction

Radiotherapy (RT) effectively controls localized tumors and
oligometastases and improves quality of lives for patients with
advanced tumors.[!l When exposed to ionizing radiation such as
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doses.’] In particular, we have shown en-
hanced energy deposition in nanoscale
MOFs over solid nanoparticles due to the unique periodic ar-
rangements of high-Z secondary building units (SBUs) via
Monte Carlo simulations!® and the ability of photosensitizer-
containing nanoscale MOFs in enhancing the radiotherapeu-
tic effects via increased production of hydroxyl radicals (-OH)
and the radiodynamic therapy (RDT) effect by generating sin-
glet oxygen ('0,).”) Due to the unique RT-RDT mechanism,
MOF-mediated radiotherapy elicits a more immunogenic tu-
mor microenvironment (TME) for synergistic combination treat-
ment with immune checkpoint blockade and other forms of
immunotherapy.l®] However, highly cytotoxic ROS generated by
the RT-RDT process have short half-lives (~10~° seconds for -OH
and ~107° seconds for 1 0,) and limited diffusion distances of less
than 30 nm.°] As a result, the ROS have limited spatio-temporal
action ranges and only the ROS produced in the nuclei can effi-
ciently induce DNA DSBs.['] Additionally, the inherent hypoxic
nature of deep-seated tumors also limits the generation of ROS
from the RT-RDT process, which further compromises the radio-
therapeutic effects and leads to radioresistance of tumor cells.[!!]
Therefore, innovative strategies are needed to overcome ROS dif-
fusion barriers and tumor hypoxia to further enhance the thera-
peutic effects of MOF-mediated radiotherapy.
As a multifunctional signaling and effector molecule, nitric
oxide (NO) regulates a variety of physiological functions in
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humans.['?] The intratumoral NO levels are positively correlated
with tumor responses to anticancer therapies.['*] Increasing
evidence suggests that NO can alleviate tumor hypoxia by nor-
malizing the vasculature to improving blood flow and oxygen
supply and by modulating energy metabolism to reduce oxygen
consumption and promote alternative metabolic pathways.!'*]
A variety of organic (nitrate/nitrite and S-nitrosothiols) and in-
organic (metal nitroso complexes) compounds have been devel-
oped for NO delivery, but the low bioavailability and uncontrolled
NO release have limited their therapeutic potency.[**! Nanoparti-
cles have recently been explored as an efficient means to deliver
large quantity of NO to diseased tissues.!'! Since NO contains an
unpaired electron and is paramagnetic, it can readily react with
O, to form peroxynitrite (ONOO™). The reaction of O, with
NO has a five-fold higher rate constant than the disproportiona-
tion reaction of O, ™ by superoxide dismutase (SOD) and ONOO~
formation is regarded as a diffusion-controlled process.!'”] Thus,
NO can effectively prevent the inactivation of O, by SOD.!!8!
Although both O, and NO have limited chemical reactivity, the
resultant ONOO™ is a potent oxidizing and nitrating agent with
reactivity comparable to that of ‘OH, and can trigger cancer cell
death via multiple mechanisms.[') More importantly, ONOO~
has a much longer half-life of #1 s at pH 7.4 and 37 °C and a
diffusion distance of up to 100 pm.?% This diffusion distance
is sufficient for ONOO~ to move from the cytoplasm into the
nucleus to react with DNAs (cell diameter ~20 pym). Although
NO is a relatively stable and highly diffusible radical, O, is
much shorter-lived and its diffusion is severely limited due to
its negative charge.l!l Thus, spatio-temporally synchronized
formation of NO and O, ™ is critical for the efficient generation of
ONOO™.

We recently developed synthetic strategies for two-
dimensional nanoscale metal-organic layers (MOLs)!?2l and
discovered that MOLs comprising high Z-metal SBUs and
photosensitizing ligands enhanced radiotherapy via the RT-
RDT process.’ Unlike nanoscale MOFs, the monolayered
structure of MOLs allows complete access to the SBUs and
efficient loading of carboxy-containing drugs and prodrugs via
capping ligand exchange.?3] We hypothesize that high-Z MOLs
could be loaded with NO-releasing prodrugs to simultaneously
overcome hypoxia and facilitate the generation of ONOO™ via
spatio-temporally synchronized formation of NO and O, for
enhanced radiotherapeutic efficacy.[**]

Herein we report the conjugation of a NO donor, S-Nitroso-N-
acetyl-DL-penicillamine (SNAP), to the Hf}, SBUs of Hf},-5,5"-
di-p-benzoatoporphyrin (Hf-DBP) nanoscale MOL for effective
cancer radiotherapy. Under X-ray irradiation, SNAP/MOL efhi-
ciently generates O, and releases NO in a spatio-temporally syn-
chronized fashion.[?! The released NO readily reacts with O, to
form long-lived, highly cytotoxic ONOO~ which diffuses freely to
the cell nucleus and efficiently causes DNA double-strand breaks.
Meanwhile, the sustained release of NO from SNAP/MOL in
the TME relieves tumor hypoxia to reduce radioresistance of
tumor cells. Consequently, SNAP/MOL plus low-dose X-ray ir-
radiation efficiently inhibits tumor growth and reduces metas-
tasis in CT-26 colorectal and 4T1 triple-negative breast cancer
models.
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2. Results and Discussion

2.1. Preparation and Characterization of SNAP/MOL

Hf-DBP MOL was synthesized via a solvothermal reaction of
HfCl, and H,DBP in N, N-dimethylformamide (DMF) at 80 °C
using propionic acid (PA) as modulator (Figure 1a).**] Powder
X-ray diffraction (PXRD) studies showed that H-DBP was built
from Hf}, (13-O)g(13-OH)4 (1,-OH), SBUs and DBP bridging lig-
ands to form a 2D network with a kagome double (kgd) topol-
ogy (Figure 1b). Hf-DBP was treated with trimethylsilyl triflu-
oroacetate to afford MOL with trifluoroacetate capping groups
replacing the PA capping groups in Hf-DBP, as confirmed
by the apperance of the TFA peak in the F-NMR spectrum
(Figure S1, Supporting Information).[?6! MOL was then treated
with SNAP at room temperature to afford SNAP/MOL with
an empirical formula of Hf}, (1;-O)g (u;-OH)g (1,-OH); (DBP), (1, -
TFA), ,(1,-SNAP), . as established by 'H NMR spectroscopy
(Figure S2, Supporting Information).

Transmission electron microscopy (TEM) imaging indicated
that MOL and SNAP/MOL adopted ultrathin nanoplate mor-
phologies of approximately 170 and 180 nm in diameters
(Figure 1c,d). Dynamic light-scattering (DLS) studies gave hy-
drodynamic sizes of 146.9+7.7 and 153.8+5.1 nm for MOL and
SNAP/MOL, respectively (Figure le). Atomic force microscopy
(AFM) imaging demonstrated the monolayer structure of MOL
and SNAP/MOL, with thicknesses of 1.8 nm and 2.2 nm, re-
spectively. The slight height increase in SNAP/MOL is consis-
tent with the larger size of SNAP over TFA (Figure 1f,g). Mean-
while, the ¢ potential of MOL and SNAP/MOL were —9.6 and
—3.5 mV, respectively. The changes in surface potentials also
supported the modification of SNAP (Figure S5, Supporting In-
formation). PXRD studies further showed that SNAP loading
did not affect the crystalline structure of MOL (Figure 1b), and
SNAP/MOL retained crystallinity after incubation in different
physiologically relevant media (Figure S6, Supporting Informa-
tion). Thus, SNAP/MOL has excellent stability for biological ap-
plications.

2.2. X-ray Triggered ROS Generation and NO Release

Radiolysis of water by ionizing radiation such as X-rays pro-
duces several highly reactive species, namely hydroxyl radicals
(-OH), hydrated electrons (e™,,), and hydrogen radicals (H-).[*’]
Among these, -OH is the predominant reactive species for caus-
ing DNA damage and cell death.I?] We used aminophenyl flu-
orescein (APF) probe to detect -OH production by MOL under
X-ray irradiation. A dispersion of MOL in PBS at a Hf concentra-
tion of 40 uM showed 1.3-fold higher -OH yield than pure water
at 8 Gy of X-ray (Figure S9, Supporting Information), likely due to
the strong absorption of X-rays by Hf;, SBUs.[?! In the presence
of oxygen, e”,, and H- produced by ionizing radiation can be con-
verted to O, ™, a potent ROS with 6 orders of magnitude longer
lifetime than -OH.[*’2] We measured O, production with dihy-
drorhodamine 123 (DHR123) under X-ray irradiation.*®) Surpris-
ingly, we found that MOL enhanced O, production with linear
dependence on X-ray doses and Hf concentrations (Figure 2a;
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Figure 1. Characterization of SNAP/MOL. a) Synthetic scheme of SNAP/MOL. b) PXRD patterns of MOL and SNAP/MOL. TEM images of ) MOL and
d) SNAP/MOL. Scale bar, 200 nm. e) Number-average sizes of MOL and SNAP/MOL by DLS. The data are shown as mean+SD, n = 3. AFM topographic
images and height profiles (insets) of f) MOL and g) SNAP/MOL. Scale bar, 100 nm.

Figure S10, Supporting Information) and MOL in water (40 uM
Hf) produced 28.9-fold more O, than pure water at an X-ray
dose of 16 Gy (Figure 2b). Furthermore, the addition of SOD
or ascorbic acid (Vc) to the MOL aqueous dispersions markedly
decreased the fluorescence of DHR123 to the background level
(Figure 2¢; Figure S11, Supporting Information), supporting the
enhanced production of O, by MOL.[3 Electron paramag-
netic resonance (EPR) signals characteristic of the DMPO-O,™
adduct were observed for a methanol dispersion of the MOL un-
der X-ray irradiation, further supporting the generation of O,
(Figure 2d).3!

The mechanism of MOL-mediated O, generation was next
investigated. Under X-ray irradiation, HfCl, or H,DBP produced
4.1-fold less O, than MOL while a mixture of HfCl, or H,DBP
produced a 2.0-fold less O, than MOL (Figure 2e). This result
suggests that Hf" centers and DBP ligands synergistically pro-
mote O, production. H,DBP luminescence was quenched by
HfCl, with a Stern-Vélmer constant of 2.34 mM™!, suggesting
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an electron transfer (ET) process from H,DBP excited states to
HfY centers (Figure 2f).[32] Consistent with this, the fluorescence
of DBP ligands was significantly quenched in MOL (Figure S12,
Supporting Information).

The standard electrode potential of Hf'! /Hf' couples in aque-
ous solution is —1.70 V (versus SHE).**] Radiation-produced
€™, has high reactivity with a reduction potential at —2.87 V (vs
SHE).I** Thus, radiation-generated e, can reduce Hf'V centers
to generate Hf'"! centers. Upon treatment with O,, cryogenic EPR
spectrum of oxidized Hf'""H-DBP showed two sets of EPR signals
for Hf-O,". species and Hf'! centers (Figure S13, Supporting In-
formation), indicating Hf'"" centers formed by ET from the DBP
excited state and by e”,, reduction can react with O, to produce
0,13

We also examined O, generation by three-dimensional (3D)
Hf-MOF with the same Hf;, SBUs and DBP bridging ligands to
understand the influence of the monolayer structure of MOL on
O, generation. As shown in Figure 2a,b, MOL generated 3.2-

al
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Figure 2. ROS generation and NO release under X-ray irradiation. a) DHR123 assay showing O, generation by MOL, MOF, and HfO, at different doses
of X-ray irradiation. b) of DHR123 fluorescence intensities for MOL, MOF, and HfO, at 528 nm after 16 Gy X-ray irradiation. ) DHR123 fluorescence
spectra of MOL plus X-ray irradiation with the addition of SOD (50 ug mL™") and Vc (50 uM). d) EPR signals of DMPO-O, ™ adduct formed by MOL
plus X-ray irradiation. e) O, generation by MOL, HfCl,, and H,DBP in aqueous solution at different doses of X-ray irradiation. f) Emission spectra of
20 uM H,DBP with addition of different amounts of HfCl,. Ex: 405 nm. g) The release of NO from SNAP/MOL under different conditions. The black
arrow represents 8 Gy of X-ray irradiation. h) Schematic illustration of X-ray induced ROS generation by and NO release from SNAP/MOL. All data are
shown as mean+SD, n = 3. Statistical significance was calculated via unpaired two-tailed student’s t test. *p<0.05.

fold more O, than MOF, likely due to more facile oxygen diffu-
sion and contact with the Hf'"' centers in the MOL.?*l Further-
more, a Hf-MOF based on Hf,, SBUs and non-photosensitizing
amino-quaterphenyldicarboxylic acid (QP) ligands also produced
75.2% of O, as Hf-DBP MOF with photosensitizing DBP lig-
ands (Figure S14, Supporting Information), which supports the
important role of e”,, reduction of HfY centers to produce O,

We also used HfO, nanoparticles of 61-80 nm in size as
a control. HfO, nanoparticles are currently examined as a ra-
dioenhancer in clinical trials.?°] At 16 Gy irradiation, solid
HfO, nanoparticles produced 5.5- and 17.6-fold less O, than
MOF and MOL, respectively, which can be attributed to the
inability for the bulk Hf centers in nonporous HfO, particles
to transfer electrons to 0,.°¢! Taken together, 2D MOL effi-
ciently generates ROS, particularly -OH and O,™, under X-ray
irradiation. This finding augments the previous observation of
-OH and 'O, generation from designer MOFs under X-ray ir-
radiation and provides a strong foundation for MOL-mediated
RT-RDT.[7a]

The release profile of NO from SNAP/MOL was examined
by the Griess detection method.l*®! First, the addition of glu-
tathione (GSH) and the acidic condition enhanced NO release

Adv. Sci. 2024, 2413518 2413518 (4 of 14)

from SNAP/MOL (Figure S15b, Supporting Information), sug-
gesting the ability to trigger NO release from SNAP/MOL in the
TME.[¥”] X-ray irradiation at 8 Gy/fraction for three fractions fur-
ther increased NO release by 1.44-folds over GSH (Figure 2g),
likely due to the cleavage of weak S-N bonds in SNAP by high-
energy X-ray irradiation.*®] Moreover, the NO release was X-ray
dose-dependent, which further supports X-ray triggered NO re-
lease (Figure S15c, Supporting Information). Taken together, X-
ray not only generates O, but also trigger the release of NO from
SNAP/MOL (Figure 2h).

2.3. Intracellular ROS/RNS Generation and Radiosensitization of
SNAP/MOL

The ROS generation by and NO release from SNAP/MOL
under X-ray irradiation [denoted SNAP/MOL(+)] in 4T1 cells
were studied by confocal laser scanning microscopy (CLSM)
and flow cytometry. Intracellualr O,~ and NO were probed
by superoxide assay kit and 4-amino-5-methylamino-2',7'-
difluorofluorescein diacetate (DAF-FM DA), respectively. When
stained with superoxide assay kit, 4T1 cells treated with MOL(+)
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Figure 3. Intracellular ROS and reactive nitrogen species (RNS) generation. CLSM images of a) O, ™, b) NO, c) ONOO™ and d) -OH staining after

different treatments. The nuclei were visualized with Hoechst 33 342 (blue). e

h) Flow Cytometry analysis of (e) O,, (f) NO, (g) ONOO™ and (h)

-OH signals after different treatments. The scale bars are 50 um in a—d. All data are shown as mean=SD, n = 3. The scale bars are 50 um. Statistical

significance was calculated via unpaired two-tailed student’s t test. ***,

and SNAP/MOL(+) showed bright red fluorescence due to
O, generation (Figure 3a,e; Figure S17, Supporting Informa-
tion). The red fluorescence was efficiently quenched by Vc,
which further supported the production of O, by MOL(+)
and SNAP/MOL(+) (Figure S18, Supporting Information). No-
tably, SNAP/MOL(+) showed weaker O, signals than MOL(+),
suggesting partial O, consumption by the NO released from
SNAP/MOL.[1%I

DAF-FM DA staining showed that SNAP/MOL(+) efficiently
released NO, with 1.9-fold higher DAF-FM fluorescence than
SNAP(+) (Figure 3b,f; Figure S20, Supporting Information). In
addition to its intrinsic regulatory functions, NO can react with
0, to generate highly cytotoxic ONOO~.1**] However, as the
half-life and intracellular diffusion distance of O, are short,
spatio-temporally synchronized production of NO and O, is
critical for the efficient formation of ONOO™.[*l Anchored on
Hf}, SBUs of SNAP/MOL, the released NO and the gener-
ated O, are in close proximity of <2 nm (Figure S8, Sup-
porting Information), which is expected to facilitate the forma-
tion of ONOO~. We used DAX-J2 PON Green probe to detect
ONOO-~ in 4T1 cells after different treatments.[*!) SNAP/MOL(+)
showed 12.9- and 1.7-fold higher ONOO~ generation than
MOL(+) and SNAP(+), respectively (Figure 3c,g). Interestingly,
SNAP/MOL(+) generated 1.4-fold higher ONOO™ than a simple
combination treatment of SNAP + MOL(+), supporting the im-
portant role of NO and O, proximity on ONOO~ generation
(Figure S21, Supporting Information).

Last, we used the hydroxyphenyl fluorescein (HPF) probe
to examine intracellular -OH generation.*” MOL(+) and
SNAP/MOL(+) produced significantly more -OH than PBS(+),
supporting the radiosensitizing effects of MOL (Figure 3d,h;
Figure S19, Supporting Information).

Adv. Sci. 2024, 2413518 2413518 (5 of 14)

p<0.001.

As high intracellular ROS and reactive nitrogen species
(RNS) levels can cause cell death, we investigated the in vitro
antitumor effects of SNAP/MOL(+) in 4T1 cells.[*}] ICP-MS and
flow cytometry results showed that MOL and SNAP/MOL were
efficiently uptaken by 4T1 cells in a time-dependent manner
(Figures 4a and S23). The radiosensitization of SNAP/MOL
were next assessed by clonogenic assay, apoptotic test and DNA
double-strand break (DSB) quantifications in 4T1 cells. As a gold
standard for assessing radiotherapy efficacy, the 10% survival
fraction (DMR,,,) dose modification ratio calculated from the
clonogenic assay was used to evaluate the radiosensitizing
effects.[¥! SNAP/MOL showed a DMR,, value of 1.98, much
higher than that of MOL (1.37), likely attributable to the radio-
potentiating effect of SNAP (Figure 4b; Figure S24, Supporting
Information). SNAP/MOL(+) gave a sum of apoptotic and
necrotic cells of 44.8%, significantly higher than those of MOL
(32.3%), SNAP (17.2%) and PBS (9.8%) (Figure 4c,d).

As DSBs are the most lethal DNA lesions induced by ion-
izing radiation,[** we used y-H2AX assay to probe lethal DNA
damages after different treatments. CLSM imaging showed that
MOL(+) and SNAP/MOL(+) induced significantly higher y-
H2AX fluorescence than SNAP(+) (Figure 4e). Analysis of fluo-
rescence signals showed that SNAP/MOL(+) produced 1.6 times
more DNA damage foci than MOL(+) (Figure S25, Supporting
Information). We then used western blot analysis to quantify
y-H2AX expressions after different treatments. MOL(+) upreg-
ulated y-H2AX protein by 6.9-folds over PBS(+), indicating a
strong radiosensitizing effect of MOL. SNAP/MOL(+) further
increased y-H2AX protein expression by 1.4-folds over MOL(+)
(Figure 4f). A similar trend was observed in flow cytometric analy-
sis (Figure 4g). These results indicate strong synergistic radiosen-
sitizing effects between SNAP and MOL under X-ray irradiation.
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Figure 4. In vitro anticancer effect of SNAP/MOL under X-ray irradiation. a) Cellular uptake of MOL and SNAP/MOL determined by ICP-MS. b) Clono-
genic assays to evaluate radioenhancement of MOL and SNAP/MOL in 4T1 cells. n = 3. ¢) Quantitation of cell apoptosis and necrosis after different
treatments. n = 3. d) Representative flow cytometry results showing cell apoptosis and necrosis co-stained with Annexin-V and PI. e) CLSM images, f)
western blot results, and g) flow cytometry analysis of y-H2AX signals after different treatments. All data are shown as mean+SD.

2.4. SNAP/MOL Overcomes ROS Diffusion Barriers and Tumor

Hypoxia

We next examined the underlying mechanism for the enhanced
DNA damage by SNAP/MOL(+). The ROS generated by RT-RDT,

Adv. Sci. 2024, 2413518

-OH, O

,~, and '0,, have short lifetimes of 107°-1073 s and dif-

fusion distances of <30 nm in cellular environments.*’] The
ROS generated in the cytoplasm cannot reach the nucleus to

2413518 (6 of 14)

damage DNA, thus compromising the radiotherapeutic effects
of MOL(+). Thus, directly generating ROS in the nucleus and
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Figure 5. Mechanistic studies of radiosensitization of SNAP/MOL. CLSM images showing distribution of a) ONOO™ and b) ROS in 4T1 cells after
SNAP/MOL(+) treatment. c) Colocalization between nucleus (blue) and ONOO~ (red) in the region of interest (ROI, white arrow in Figure 5a). d)
Colocalization between nucleus (blue) and ROS (green) in the ROl (white arrow in Figure 5b). e) Relative nucleus distribution (RND) statistics for
ONOO™ and ROS. n = 10. f) Flow cytometry results showing the hypoxia level of 4T1 cells after different treatments. g) Intracellular ATP levels of 4T1
cells after different treatments. f,g, data are presented as mean = SD (n = 3). Statistical significance was calculated via unpaired two-tailed student’s t

test. *p<0.05, ***p<0.001.

prolonging the lifetime of ROS are two strategies to enhance
ROS-mediated DNA damage.[*®! As CLSM images showed that
SNAP/MOL predominantly distributed in the cytoplasm after cell
entry (Figure S26, Supporting Information), the enhanced DNA
damage by SNAP/MOL(+) likely resulted from increased ROS
diffusion distances.

Systematic comparisons of ROS and ONOO™ distributions in
SNAP/MOL(+)-treated 4T1 cells showed that the ROS probed
by dichlorofluorescein (DCF) were distributed in the cytoplasms
while ONOO™ probed by DAX-]2 sensor was evenly distributed
throughout the cells (Figure 5a—d). We used relative nucleus dis-
tribution (RND) index, which is defined as the ratio of the fluores-
cence in the nuclear region to the fluorescence of the whole cell,
to quantitatively compare the intracellular distribution of ROS
and ONOO~. ONOO~ showed 1.9-fold higher RND than ROS,
indicating significantly higher distribution of ONOO™ in the nu-
cleus (Figure 5e). ONOO™ was reported to possess a much longer
lifetime (t;, ~ 1 s at pH 7.4) and a diffusion distance of up to

Adv. Sci. 2024, 2413518 2413518 (7 of 14)

100 um under physiological conditions, which is larger than the
size of cancers cells.?”] As a result, ONOO~ produced in the cy-
toplasm by SNAP/MOL(+) can readily diffuse into the nucleus to
cause DNA damage.

As a hallmark of solid tumors, hypoxia greatly reduces the an-
ticancer effect of radiotherapy.[''?l Hypoxic cells in deep-seated
tumors have fewer DNA DSBs than normoxic cells in well-
oxygenated tumors under the same radiation dose.*’] As NO is
known to reduce tumor hypoxia, we investigated hypoxia allevi-
ation by SNAP/MOL in 4T1 cells with Ru(dpp);Cl, as a hypoxia
indicator. The luminescence of Ru(dpp);Cl, is greatly quenched
by oxygen.[*! CLSM images and flow cytometry studies showed
that SNAP/MOL effectively quenched the red luminescence of
Ru(dpp);Cl, in 4T1 cells cultured under hypoxic conditions by
31.8% compared to PBS control (Figure 5f; Figures S27, S28, Sup-
porting Information). MOL treatment did not alleviate hypoxia,
while SNAP had a negligible effect due to low cellular uptake.
The attenuation of tumor hypoxia by SNAP/MOL was attributed
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Figure 6. In vivo antitumor effects. a) Tumor growth profiles of CT26-tumor-bearing mice after different treatments. b) Resected CT26 tumor weights
on day 21. ¢) Tumor growth profiles of 4T1-tumor-bearing mice with various treatment regimens. d) Resected tumor weights of 4T1 tumor-bearing
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percentage in IHC staining of f) TUNEL and i) y-H2AX for evaluation of DNA damage and apoptosis. All data are shown as mean+SD, n = 5. Statistical

significance was calculated via unpaired two-tailed student’s t test. *p<0.05, **p< 0.01,

to reduced mitochondrial respiration as a substantial reduction
of intracellular adenosine triphosphate (ATP) level was observed
in the SNAP/MOL group over other groups (Figure 5e). These
findings indicate that SNAP/MOL achieves efficient radiosensiti-
zation by converting transient ROS into long-lived ONOO™ and
by alleviating hypoxia via reducing intracellular oxygen consump-
tion.

2.5. In Vivo Radiosensitization of SNAP/MOL

The antitumor effects of SNAP/MOL were examined in subcuta-
neous CT26 murine colon cancer model and 4T1murine triple-
negative breast cancer model in BALB/c mice (Figure S31, Sup-
porting Information). For CT26 model, SNAP/MOL moderately
inhibited tumor growth with a tumor growth inhibition index
(TGI) of 48.8%, while PBS(+) showed a modest antitumor effect
with a TGI of 65.4% (Figure 6a,b), indicating the limited anti-
tumor effects of SNAP/MOL or radiotherapy alone. MOL(+) af-
forded a favorable therapeutic performance with a TGI of 82.8%
while SNAP(+) did not show a noticeable advantage over PBS(+)
with a TGI of 70.4%, likely due to the rapid metabolism and clear-
ance of SNAP from tumors. In contrast, SNAP/MOL(+) syner-
gized MOL-mediated radiosensitization and NO-mediated ROS
conversion to arrest tumor growth with a TGI as high of 95.4%
(Figures S32, S33, Supporting Information).
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p<0.001.

At a lower X-ray dose for 4T1 model, PBS(+) and MOL(+)
were less effective with TGI values of 49.6% and 66.9%, respec-
tively (Figure 6¢,d). SNAP/MOL and SNAP(+) showed TGI values
of 20.2% and 46.3, respectively. In contrast, SNAP/MOL(+) was
more effective with TGI of 81.2% (Figures S32, S34, Supporting
Information). No obvious weight loss or major organ toxicity was
observed during the treatment period for both CT26 tumor- and
4T1 tumor-bearing mice (Figure S33-S35, Supporting Informa-
tion), suggesting the lack of general toxicity for these treatments.

We quantitatively assessed apoptosis in 4T1 tumor tissues af-
ter the last X-ray irradiation on day 12. After four daily fractions
of 2 Gy X-ray irradiation, SNAP/MOL(+) gave an apoptotic rate of
61.9% by flow cytometry, which is significantly higher than those
of other experimental groups (Figure S38, Supporting Informa-
tion). Terminal deoxynucleotidyl transferase dUTP nick end la-
beling (TUNEL) immunohistochemistry (IHC) staining showed
significantly higher apoptosis rates in the SNAP/MOL(+) group
over other groups, with 3.1-fold more TUNEL-positive cells than
PBS control (Figure 6e,f). The hematoxylin and eosin (H&E)
staining of tumor tissues exhibited severe necrosis of cancer
cells after SNAP/MOL(+) treatment (Figure 6g). Ki67 staining
revealed that SNAP/MOL(+) could effectively inhibit tumor pro-
liferation (Figure S36, Supporting Information). DNA DSBs af-
ter different treatments were further evaluated by y-H2AX THC
staining. PBS(+), SNAP(+) and MOL(+) increased the propor-
tion of y-H2AX-positive tumor cells from 5.2% (PBS) to 16.2%,
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radiosensitization. Under low-dose X-ray irradiation, SNAP/MOL releases NO and ROS in a spatiotemporally synchronized manner, leading to efficient
generation of long-lived and highly toxic ONOO™, thereby increasing DNA damage. Meanwhile, the sustained release of NO in the TME relieves tumor
hypoxia and reduces radioresistance of tumor cells. Figure 7f was created with BioRender.com. All data are shown as mean+SD. Statistical significance

was calculated via unpaired two-tailed student’s t test. *p<0.05.

29.6% and 30.1%, respectively (Figure 6h,i). SNAP/MOL(+) treat-
ment further increased this proportion to 54.6%, indicating sub-
stantially more DNA damage than other groups.

2.6. SNAP/MOL Reduces Hypoxia and Suppresses Pulmonary
Metastasis in Vivo

Most cancer-associated deaths occur due to metastasis.[*”! Be-
cause SNAP/MOL(+) induced robust immunogenic cell death
(ICD) (Figure S29, Supporting Information), we evaluated its

Adv. Sci. 2024, 2413518 2413518 (9 of 14)

impact on cancer metastasis using 4T1 model. The anti-
migration property of SNAP/MOL(+) was first assessed by
wound healing in 4T1 cells. The scratch wound assay showed
that SNAP/MOL(+) inhibited wound healing and cellular in-
vasion 2.2-fold and 6.0-fold more effectively than MOL(+) and
PBS(+), respectively (Figure S30, Supporting Information). We
next investigated the antimetastatic ability of SNAP/MOL(+) in
vivo on 4T1 tumor model. The gross appearances (Figure S39,
Supporting Information) and H&E sections (Figure 7a) of lungs
and counts of metastatic nodules (Figure 7b) revealed that the
formulation of metastatic foci was effectively suppressed in
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SNAP/MOL(+) group, with 8.2, 3.5-, 6.9-, 4.4, and 2.4-fold fewer
metastatic nodules than PBS, PBS(+), SNAP/MOL, SNAP(+),
and MOL(+) groups, respectively.

Hypoxia is a known microenvironment factor that promotes
metastatic progression.>®) We examined if the superior anti-
metastatic ability of SNAP/MOL(+) might be related to hypoxia
alleviation. A significant decrease in HIF-1a expression was ob-
served in SNAP/MOL(+) group over PBS(+) and MOL(+) group
(Figure 7d,e; Figure S40, Supporting Information), indicating a
key role of MOL-conjugated SNAP in alleviating tumor hypoxia.
The reduced hypoxia in SNAP/MOL(+) group may be attributed
to the sustained release of NO in tumor tissues from SNAP/MOL
(Figure 7c). Taken together, our studies show that SNAP/MOL(+)
not only can potently inhibit primary tumors, but also reduces
distant lung metastasis by inducing immunogenicity and allevi-
ating hypoxia.

3. Conclusion

As summarized in Figure 7f, the NO donor SNAP was con-
jugated to the Hf;, SBUs of Hf-DBP-based MOL to afford
SNAP/MOL for enhanced cancer radiotherapy. Under X-ray ir-
radiation, SNAP/MOL not only releases NO but also efficiently
produces O, via transiently forming Hf'!! centers by electrode
reduction of and electron transfer from DBP excited states to
Hf" centers. The spatio-temporally synchronized generation of
both NO and O, facilitates the formation of long-lived and
highly cytotoxic ONOO~ which efficiently diffuse into the nu-
cleus to cause increased DNA damage. In the meanwhile, the
sustained release of NO from SNAP/MOL in the TME alleviates
tumor hypoxia and reduces radioresistance of tumor cells. Con-
sequently, SNAP/MOL plus low-dose X-ray irradiation not only
inhibits the growth of both colorectal carcinoma and aggressive
triple-negative breast cancer in mouse models, but also signifi-
cantly reduces distal pulmonary metastasis. This work highlights
the potential of MOLs as a novel nanoplatform to mediate the
generation of long-lived and highly cytotoxic RNS and overcome
tumor hypoxia and radiorestsance for highly effective cancer ra-
diotherapy.

4. Experimental Section

Materials and Methods: All chemicals for the synthesis of nanoscale
metal-organic layers (MOLs) were purchased from Sigma-Aldrich or
Fisher Scientific (USA) and used without further purification. S-Nitroso-
N-acetyl-DL-penicillamine (SNAP) was purchased from TargetMol Chemi-
cals Inc. 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) was bought from Cay-
man Chemical Company. Hafnium oxide nanopower (HfO,, 61-80 nm,
cubic) was bought from US Research Nanomedicine, Inc. Dihydrorho-
damine 123 (DHR123) and diaminofluorescein-FM diacetate (DAF-FM
DA) were obtained from MedChemExpress. Cell Meter Fluorimetric In-
tracellular Peroxynitrite Assay Kit was purchased from AAT Bioquest Inc.
Griess Reagentkit, 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA),
dead cell apoptosis kit with annexin V Alexa Fluor 488 & propidium io-
dide (PI), and hydroxyphenyl fluorescein (HPF) were purchased from In-
vitrogen. Cellular Superoxide Detection Assay Kit and luminescent ATP de-
tection assay kit were purchased from Abcam. Phospho-histone H2A.X
(Ser139) (y-H2AX) rabbit monoclonal antibody was purchased from Cell
Signaling Technology. Phosphate-buffered saline (PBS) and RPMI-1640

Adv. Sci. 2024, 2413518 2413518 (10 of 14)

www.advancedscience.com

medium were obtained from Corning. Trypsin-EDTA solution and HyClone
penicillin-streptomycin 100 X solution were purchased from Cytiva USA.

Murine colorectal carcinoma CT26 and murine triple negative breast
cancer 4T1 cell lines were purchased from the American Type Culture Col-
lection (ATCC, Rockville, MD), and cultured in RPMI-1640 medium with
10% fetal bovine serum (FBS) and penicillin G sodium (100 U mL™")
and streptomycin sulfate (100 uyg mL™") in a humidified atmosphere with
5% CO, at 37 °C. For in vivo experiments, BALB/c mice aged 6-8 weeks
were used. The animal study protocol (#72 408) received approval from
the Institutional Animal Care and Use Committee (IACUC) at the Univer-
sity of Chicago, under PHS Assurance #D16-00322 (A3523-01). Histology-
related services were provided by the Human Tissue Resource Center at
the University of Chicago.

Dynamic light scattering (DLS) and { potential measurements were
conducted on a Malvern Zetasizer Nano ZS. For powder X-ray diffraction
(PXRD), data were collected with a Bruker D8 Venture diffractometer utiliz-
ing Cu Ka radiation (A= 1.54178 A) and analyzed using PowderX software.
Transmission electron microscopy (TEM) was performed using TECNAI
F30 HRTEM instrument. Atomic force microscopy (AFM) images were ob-
tained with the Bruker Multimode 8-HR instrument. UV-vis spectra were
measured with a Shimadzu UV-2600 spectrophotometer. Inductively cou-
pled plasma-mass spectrometry (ICP-MS) data were acquired with an Ag-
ilent 7700x ICP-MS and processed using ICP-MS Mass Hunter version 4.6
C.01.06. Samples were prepared in a 2% HNO;3; matrix and analyzed with
159 Tb and internal standards over a 10-point standard curve ranging from
1 ppb to 500 ppb, achieving a correlation of R > 0.999. "H NMR spec-
tra were recorded on a Bruker NMR 400 DRX spectrometer operating at
400 MHz, with references to the proton resonance of CDCl; (6 = 7.26) or
DMSO-d6 (6§ = 2.50). X-ray photoelectron spectroscopy (XPS) was per-
formed on the KRATOS AXIS NOVA X-ray Photoelectron Spectrometer,
based on a monochromatic Al Ka X-ray source at X-ray Research Facili-
ties of University of Chicago. The electron paramagnetic resonance (EPR)
signal was collected by a Bruker Elexsys 500 X-band EPR.

Flow cytometry was performed using an LSR-Fortessa 4-15 (BD Bio-
sciences, USA) and analyzed with FlowJo software (Tree Star, USA). The
absorbance and fluorescence measurements from well plates were per-
formed on a BioTek Synergy HTX microplate reader. Confocal laser scan-
ning microscopy (CLSM) images were captured with a Leica Stellaris 8 at
the University of Chicago Integrated Light Microscopy Facility, with anal-
ysis conducted using Image) software (NIH, USA). Live cell imaging was
performed with an IncuCyte S3 at the Cellular Screening Center at the
University of Chicago. Histological slides were scanned using a CRi Pan-
noramic SCAN 40 X whole slide scanner, with analysis performed using
QuPath software. For test tube and in vitro X-ray irradiation experiments,
a Philips RT250 orthovoltage X-ray machine (USA) was employed, set at
250 kVp, 15 mA, and equipped with a 1 mm Cu filter. For animal irradi-
ation, an X-RAD 225 image-guided biological irradiator (Precision X-ray
Inc., USA) was used, operating at 225 kVp, 13 mA, with a 0.3 mm Cu fil-
ter and a 15 mm collimator. The X-ray dose rate of the X-RAD 225 was
0.0 4167 Gy/second. Both X-ray instruments were routinely calibrated for
dosimetry using an ionization chamber by the Department of Radiation
Oncology at the University of Chicago.

Synthesis and Characterization of MOL and SNAP/MOL: 5,15-di(p-
benzoato)porphyrin (H,DBP) and Hf-DBP MOL were synthesized accord-
ing to a previous report.[2431] |n brief, H-DBP was prepared by combining
2 mg of HfCl,, 1 mg of H,DBP, 8.5 uL of propionic acid (PA), 5 uL of water,
and 1 mL of DMF in a one-dram vial. This mixture was then heated at 80 °C
for 24 h. The resulting purple particles were separated by centrifugation,
washed with DMF and ethanol, and subsequently stored in ethanol as sus-
pensions. Hf-DBP MOF (MOF) was synthesized according to a previous
report with its representative TEM image shown in Figure S2 (Supporting
Information).l72]

Trifluoroacetic acid (TFA)-modified Hf-DBP MOL (MOL) was synthe-
sized as previously reported.!?®l An ethanol suspension of Hf-DBP was
washed with anhydrous acetonitrile and toluene. The suspension was de-
gassed with N,. Next, 5 mL of Hf-DBP in toluene (with a DBP concentra-
tion of 1 mM) was added and treated with a 20-fold excess of trimethylsi-
lyl trifluoroacetate (TFA-TMS) relative to propionic acid (PA). The reaction
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mixture was stirred at room temperature for 16 h. Afterwards, MOL was
collected by centrifugation and sequentially washed with acetonitrile and
ethanol. To prepare SNAP/MOL, 1 mL MOL was dispersed in ethanol at a
DBP concentration of T mM. 4.9 mg of SNAP was added to the suspension
and stirred at room temperature for 5 h. The resulting SNAP/MOL was col-
lected by centrifugation, washed with ethanol, and stored in ethanol in a
4 °C refrigerator. The loading amount was quantified by "TH NMR spec-
troscopy.

For NMR studies, 1 mg of MOL or SNAP/MOL suspensions was cen-
trifuged and dried under vacuum and then digested in a solution of 500 uL
Dg-DMSO, 50 uL D, O, and 50 uL D3 PO, by sonication for 10 min. The mix-
ture was then analyzed by "H-NMR. The H,DBP concentration was also
determined by UV-vis spectroscopy (Figure S3, Supporting Information).

-OH Detection:  The generation of -OH under irradiation was assessed
using the APF assay. APF was added to PBS suspensions of MOL, with a
Hf concentration of 40 uM. The final APF concentration in the mixture
was 5 uM. For the assay, 100 pL of each suspension was placed in a 96-
well plate (n = 3) and irradiated with X-rays at doses of 0, 2, 4, 8, 16 Gy.
Fluorescence signals (Em, 520 nm) were measured using a Synergy HTX
microplate reader with an excitation wavelength of 485 nm.

O, Detection: DHR123 probe was employed to detect O, produc-
tion under X-ray irradiation. MOF or MOL was dispersed in ultrapure wa-
ter at the same Hf concentration of 40 uM, followed by the addition of the
DHR123 probe to give a final concentration of 10 uM. The fluorescence
intensities of the dispersions were quickly detected after different doses
of X-ray irradiation (0, 2, 4, 8, 16 Gy) using Synergy HTX microplate reader
and a fluorescence spectrometer (Ex 485 nm, Em 520 nm). The produc-
tion of O,™ by MOL at different concentrations under X-ray irradiation
was detected using a similar approach. For O, quenching assay, 50 uM
ascorbic acid (Vc) or 50 ug mL~" superoxide dismutase (SOD) was added
to the above aqueous solution prior to X-ray irradiation. DHR123 aqueous
solution without the MOF or MOL was used as a control.

EPR Test:  Electron paramagnetic resonance (EPR) was used to detect
O, formation. Briefly, MOL was suspended in methanol with a Hf con-
centration of 200 uM in the presence of 100 mM DMPO. A methanol so-
lution of 100 mM DMPO was used as control. The EPR signal was im-
mediately collected with a Bruker Elexsys 500 X-band EPR after irradia-
tion with 8 Gy X-rays. Hf"'H-DBP MOL was synthesized by reduction with
NaBEt;H.33] In a N,-filled glove box, MOL (1.5 umol of Hf) was charged
to a 1.5 mL centrifuge tube and dispersed in 0.5 mL of toluene. NaBEt; H
(15 pL, 1.0 M solution in toluene) was then added dropwise to the suspen-
sion. The color of the MOL changed immediately from purple to brown
while vigorously evolving H, gas. The resulting suspension was kept at
room temperature for 2 h to ensure complete reduction. The brown solid
was then centrifuged out of suspension and washed 3 times with toluene
to remove excess NaBEt; H and side products (NaCl and BEt;). After treat-
ment with oxygen, the EPR signal was immediately acquired at 20 K.

NO Release in Test Tubes: NO can easily convert to nitrite, which re-
acts with the Griess regent to form a diazo compound with strong ab-
sorbance at 540 nm. SNAP/MOL was suspended in an aqueous solution
with a SNAP concentration of 200 uM. After GSH incubation and X-ray ir-
radiation (8 Gy), freshly prepared Griess reagent was added to each well.
The mixture was further incubated at room temperature for 30 min, and
the absorbances (540 nm) were measured using a Synergy HTX microplate
reader. The standard curve for NO was shown in Figure S12 (Supporting
Information)

Intracellular Detection of O,~ 1 4T1 cells were cultured in 35 mm glass
bottom dishes (1 x 10° cells per well) until adherence. SNAP, MOL, or
SNAP/MOL was added at a Hf concentration of 40 uM or/and a SNAP
concentration of 9.6 uM and incubated for 8 h. The cells were then incu-
bated with Superoxide Detection Reagent (1 uM) for 1 h, followed by X-ray
irradiation at a dose of 4 Gy. After that, the cells were washed twice with
PBS and incubated with Hoechst 33 342 (5 uM) for 15 min. After washing
twice with warm PBS, the cells were imaged on a Leica Stellaris 8 micro-
scope. O, generation was also quantified by flow cytometry using the
FITC channel.

Intracellular -OH Detection: The -OH generation by SNAP, MOL, or
SNAP/MOL plus X-ray irradiation was evaluated on 4T1 cells by CLSM
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and flow cytometry. For flow cytometry analysis, 4T1 cells were plated on
6-well plates at a density of 2 X 10° cells/well. The cells were then treated
with SNAP, MOL, or SNAP/MOL at a DBP concentration of 20 pM and
incubated for an additional 8 h. Following the treatments, 20 uM HPF was
added to each well and the cells were incubated for one additional hour.
The plates were then irradiated with X-ray at a dose of 4 Gy. After washing
with PBS twice, the cells were scraped off and analyzed by flow cytome-
try. For CLSM, 4T1 cells were seeded in 35 mm glass-bottom dishes (1
x 10° cells/well) and cultured overnight. The cells were treated similarly
as above but were not detached. After washing three times with PBS, the
medium was replaced with warm medium, and imaging was performed
immediately using a Leica Stellaris 8 microscope.

Measurement of Intracellular NO Release: DAF-FM DA was used to de-
tect low concentrations of NO. DAF-FM DA spontaneously crosses cell
membranes and was subsequently cleaved by esterases to produce DAF-
FM intracellularly. DAF-FM reacts with NO to form fluorescent benzotri-
azole (Ex/Em = 495/515 nm). Briefly, 4T1 cells were cultured in 35 mm
glass-bottom dishes (1 x 10° cells per well) until adherence. Afterwards,
the cells were treated with SNAP, MOL, SNAP/MOL, or SNAP plus MOL
for 8 h with a DBP concentration of 20 uM. The medium was removed and
then the cells were incubated with fresh medium containing 10 uM DAF-
FM-DA for 1 h. The cells were washed twice with PBS and then subjected
to X-ray irradiation (4 Gy). After staining with Hoechst 33 342 (5 uM) for
15 min, the cells were imaged on a Leica Stellaris 8 microscope. For flow
cytometric analysis, 4T1 cells seeded in 6-well plates were subjected to the
same treatments and the cells were scraped off to quantify the fluorescent
signals of DAF-FM by flow cytometry.

ONOO™ Detection in Vitro: DAX-J2 PON was employed to probe
ONOO™ in cancer cells as it can specifically react with intracellular
ONOO™ to generate a product with bright green fluorescence. 4T1 cells
were seeded in 35 mm glass-bottom dishes at a density of 1 x 10°
cells/well. After incubation for 12 h, the cells were incubated with SNAP,
MOL, SNAP/MOL, and SNAP plus MOL for 8 h at a DBP concentration
of 20 uM. The cell medium was then replaced with fresh one containing
DAX-]2™ PON (1 x). After culturing for 1 h in the dark, all treated cells
were gently washed with PBS and then observed by CLSM. Flow cytometry
was also used to quantify the ONOO™ content after different treatments.

Cellular Uptake:  The cellular uptake of MOL and SNAP/MOL was eval-
uated in 4T1 cells by flow cytometry and ICP-MS. The cells were seeded in
6-well plates at a density of 2 x 10° cells/well. MOL or SNAP/MOL was
added at a DBP concentration of 10 uM. The cells were then incubated at
37 °Ciin an incubator for 1, 2, 4, 8 and 12 h. At each time point, the cells
were washed three times with PBS, digested, counted, and centrifuged to
obtain a cell precipitate. After digestion of the cells with 1 ml of nitric acid
containing 1% hydrofluoric acid, the Hf content in the digest was mea-
sured by ICP-MS to determine cellular uptake. With the same treatments,
the cellular uptake of SNAP/MOL was also assessed via flow cytometry by
measuring DBP fluorescence at different time points.

Clonogenic Assay:  4T1 cells were seeded in 6-well plates (1 x 10° cells
per well) and cultured until adherence. The cells were then incubated with
PBS, MOL, or SNAP/MOL at a Hf concentration of 60 uM for 6 h, followed
by X-ray irradiation with dose of 0, 2, 4, 6, 8, 10 Gy. The irradiated cells were
trypsinized and counted, and then re-seeded in 6-well plates at a density
of 200 cells per well. After incubation in for 7 more days, the cells were
gently washed with PBS and fixed with 4% paraformaldehyde for 20 min.
The plates were rinsed twice with PBS and then stained with 500 pl of
0.5% crystal violet (50% methanol / H,0). The plates were gently rinsed
with water 3 times and the colonies were counted with Image | software.
The dose modifying ratio at 10% survival fraction (DMR;ys) was used
as a parameter for the radiosensitization effect and defined as the dose
ratio that produces 10% survival fraction in the control and experimental
groups.[29b]

In Vitro Apoptosis Analysis:  The apoptosis under X-ray irradiation was
evaluated in 4T1 cells by flow cytometry. 4T1 cells were seeded in 6-well
plates and incubated until adherence. After which, the medium was re-
placed by fresh medium containing SNAP, MOL, or SNAP/MOL at a DBP
concentration of 40 uM and cultured for 8 additional hours. Thereafter, the
cells were irradiated with 4 Gy X-ray. 24 hours later, the cells were washed
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with PBS and trypsinized to obtain single-cell suspensions. The cells were
then stained using a dead cell apoptosis kit with Annexin V Alexa Fluor
488 and Pl according to the manufacturer’s instructions. The stained cells
were resuspended in binding buffer for flow cytometric analysis (Annexin
V: FITC channel, PI: PE-dazzle 594 channel).

y-H2AX Staining for CLSM and Flow Cytometry Analysis:  4T1 cells were
plated at a density of 1 x 10° cells/well in 6-well plates and incubated
overnight. The medium was replaced by fresh medium containing SNAP,
MOL, or SNAP/MOL at a DBP concentration of 40 uM and the cells were
cultured for 24 additional hours. For CLSM imaging, the cells were first
washed with PBS and then fixed with 4% paraformaldehyde at room tem-
perature for 20 min. After rinsing with PBS, the cells were blocked and per-
meabilized with 5% FBS and 0.3% Triton-X in PBS at room temperature for
1 h. Following blocking, the cells were incubated with y-H2AX primary an-
tibody (1:500) in 1% BSA and 0.3% Triton-X in PBS at room temperature
for 1 h. The cells were then washed with PBS and incubated with Alexa
Fluor 488-conjugated secondary antibody (1:3000) in 1% BSA and 0.3%
Triton-X in PBS at room temperature for 1 h. After another wash with PBS,
the cells were incubated with Hoechst 33 342 (5 uM) in PBS at 37 °C for
15 min to stain the nucleus. Finally, the cells were washed with PBS three
times and examined using a Leica Stellaris 8 confocal microscope. The ob-
tained images were processed and analyzed by Fiji Image] (NIH). For flow
cytometry, the cells were prepared as single-cell suspensions and under-
went fixation, blocking, and permeabilization using the same procedures
as described earlier. The cells were stained with primary and secondary
antibodies and suspended in 0.5% BSA in PBS and analyzed by flow cy-
tometry.

Western Blot (WB):  After treatment in the same way as above (for DNA
damage evaluation), the cells were lysed using RIPA buffer supplemented
with a protease and phosphatase inhibitor cocktail according to the man-
ufacturer’s instructions. The proteins in the supernatant were collected by
centrifugation at 14,000 g, and protein concentrations were determined
and normalized using a BCA assay. The proteins were denatured and re-
duced using NuPAGE LDS sample buffer containing 50 mM DTT, and then
heated at 95 °C for 10 min. Samples ranging from 10 to 20 pg were loaded
onto a 4—12% NuPAGE Bis-Tris gel and subjected to electrophoresis us-
ing an XCell SureLock Mini-Cell at 200 V for 45 min. The proteins were
then transferred to a PYDF membrane at 300 mA for 100 min using a
Mini Trans-Blot Electrophoretic Transfer Cell. The membrane was blocked
at room temperature for 30 min with TBST containing 5% nonfat dry milk,
and subsequently incubated overnight at 4 °C with a primary antibody
(Phosphohistone H2A.X (Ser139) (20E3) rabbit mAb #9718, 1:2000) so-
lution in TBST with 5% BSA. The membrane was washed with TBST and
then incubated at room temperature for 1 hour with a secondary antibody
conjugated to HRP, diluted in TBST containing 5% BSA. Following this,
the membrane was washed once more with TBST, and Pierce ECL Western
blotting substrate was applied. The chemiluminescent signal was subse-
quently detected using a FluorChem R system.

Distribution of ONOO™ and ROS in 4T1 cells:  4T1 cells were seeded in
35 mm glass-bottom dishes at a density of 1x 10° cells/dish and cultured
overnight. The cells were treated with MOL or SNAP/MOL at a DBP con-
centration of 20 uM for 8 h. After that, the cells were stained with DCFH-DA
(ROS probe) or DAX-J2 PON (ONOO™ probe) for 1h. The cells were then
irradiated with 6 Gy X-ray. After rinsing with warm PBS twice, the cell nuclei
were stained with Hoechst 33 342. The distribution of ONOO™ and ROS
in 4T1 cells were observed by Leica Stellaris 8 microscope. The relative
nucleus distribution index (RND) was defined as:

Flu of ROS or ONOO™ in nucleus
RND = -
Flu of ROS or ONOO- in whole cell

x 100% )

Intracellular Oxygen Detection: Ru(dpp);Cl, was employed as a hy-
poxia probe due to its ability to luminesce in response to low oxygen lev-
els. 4T1 cells were seeded in 35 mm glass-bottom dishes at a density of
1 x 10° cells/well and incubated until adherence. The medium was re-
placed with fresh one containing PBS, SNAP, MOL or SNAP/MOL at a DBP
concentration of 30 uM. The cells were transferred to a hypoxia chamber
(pO, = 0.5) and cultured for 24 h. The cells were washed with PBS twice
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and stained with Ru(dpp);Cl, (10 ug mL~") in a hypoxia chamber for 1 h.
Cellular hypoxia was observed on a Leica Stellaris 8 microscope after stain-
ing with Hoechst 33 342 (5 uM). In addition, the fluorescence intensity of
Ru(dpp);Cl, after different treatments was quantified by flow cytometry.

Intracellular ATP Measurement:  4T1 cancer cells were seeded in 6-well
plates and cultured until adherence. After treatment with SNAP, MOL or
SNAP/MOL at a DBP concentration of 30 uM for 24 h, the cells were rinsed
with PBS twice and lysed with RIPA buffer. The cellular ATP content was de-
termined with luminescent ATP assay kit according to the manufacturer’s
instructions (Invitrogen, USA). The measurements were normalized by
cell number and the experiments were performed three times.

CRT Exposure:  For flow cytometry analysis, 4T1 cells were seeded in
6-well plates at a density of 2 x 10° cells per well and incubated overnight.
The cells were treated with SNAP, MOL, or SNAP/MOL at a Hf concen-
tration of 40 uM for 8 h. The cells were irradiated with X-ray (6 Cy) and
then incubated at 37 °C for 24 h. The cells were stained with Alexa Fluor
488-conjugated anti-CRT (NOVUS, diluted 1:100) for 30 minutes, washed
twice with PBS, and subsequently analyzed using flow cytometry. For CLSM
analysis, 4T1 cells were plated at a density of 1 x 10° cells per well in
35 mm glass-bottom dishes and cultured overnight. The cells were then
treated in the same way as for flow cytometric study. Afterward, the cells
were fixed with cold methanol for 5 min and stained overnight with Alexa
Fluor 488-conjugated anti-Calreticulin (NOVUS, diluted 1:100) in 2% BSA
at 4 °C. Following this, the cells were stained with Hoechst 33 342 (diluted
1:3000) in PBS for 15 min. After washing twice with PBS, the cells were
observed under a Leica Stellaris 8 microscope.

ATP Secretion:  4T1 cells were seeded in 6-well plates at a density of 2 x
10° cells per well and cultured overnight. The cells were then treated with
SNAP, MOL, or SNAP/MOL at a Hf concentration of 40 uM for 8 h. The
cells were irradiated with 6 Gy X-ray and incubated at 37 °C for 24 addi-
tional hours. Subsequently, the supernatants were collected and analyzed
for ATP content using an ATP detection kit (Invitrogen, USA) according to
the manufacturer’s instructions.

Wound Healing Assay: To assess the invasion and migration capabil-
ities of 4T1 cells, a wound healing assay was conducted. The cells were
seeded at a density of 5 x 10* cells per well in a 96-well plate and cultured
overnight. A wound was then created using an Incucyte 96-well wound-
maker tool. Following the wound creation, the cells were washed twice
with PBS. SNAP, MOL, or SNAP/MOL at a Hf concentration of 40 uM was
added to the wells and incubated for 4 h (n = 3). The cells were then ir-
radiated with X-ray at a dose of 6 Gy. Subsequently, the cells were placed
in an IncuCyte S3 for live imaging over 24 h, and the data were analyzed
using the scratch wound analysis module.

In Vivo Antitumor Efficacy:  In vivo anti-cancer efficacy of SNAP/MOL
was tested on subcutaneous colorectal (CT26) and triple-negative breast
(4T1) mouse models. 4T1 (2 x 108) or CT26 (2 x 10°) cells were subcuta-
neously inoculated into the right flanks of BALB/c mice. When the tumors
reached 75-100 mm? in volume for 4T1 model or 100-130 mm? for CT26
model on day 8 and day 7, respectively, the mice were randomly divided
into 6 groups (n = 5) and subjected to different treatments: PBS, PBS(+),
SNAP/MOL, SNAP(+), MOL(+), SNAP/MOL(+). The mice were injected
intratumorally with a Hf dose of 1 umol (a SNAP dose 0.24 umol). Twelve
hours after the injection, the mice were anesthetized using 2% (v/v) isoflu-
rane. The tumors were then irradiated with 4 daily fractions of X-rays at 2 Gy
fraction for 4T1 tumors and 3 Gy/fraction for CT26 tumors. Tumor sizes
were assessed using an electronic caliper (tumor volume (V) = length (L)
x width (W)? / 2), and body weight was tracked with an electronic scale. At
the end of treatments, the mice were euthanized, and their tumors were
removed and weighed. Major organs were then sectioned and stained with
H&E to assess general toxicity. The tumor growth inhibition index (TGI)
was calculated using the following formula:

M
TGI=<1— ”")xwo% @

Mcon

where M,,,, and M,,, represent average tumor volume of control mice and

treated mice at the endpoint, respectively.
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In vivo Apoptosis and NO Generation Detection:  After the last X-ray ir-
radiation on day 12, the 4T1 tumors were harvested. The tumors were in-
cubated in RPMI-1640 containing 10% FBS, 1 mg mL~" of collagenase |
(Gibco), 250 ug mL~" of collagenase IV (Gibco), and 50 uyg mL~" of DNase
| (Sigma-Aldrich) at 37 °C for 1 hour. After digestion, the mixture was gen-
tly triturated and passed through sterile cell strainers (40 um, Corning)
to obtain single-cell suspensions. The cells were washed twice with cold
FACS buffer and co-stained with Annexin V Alexa Fluor 488 and Pl in bind-
ing buffer for 30 min in the dark. After rinsing with PBS, cell apoptosis
was detected by flow cytometry. The single-cell suspensions were stained
with DAF-FM DA to detect the NO content in tumor tissues after different
treatments.

Pulmonary Metastasis Evaluation: For lung metastasis assay, 4T1
tumor-bearing mice were subjected to the same treatment as the antitu-
mor experiments (n = 4). On day 26, all mice were sacrificed, and lung
tissues were collected, fixed in Bouin’s solution. One day after fixing, the
pulmonary nodules were counted and recorded. Next, the fixed lungs were
sliced and stained with hematoxylin and eosin for immunohistochemical
examination.

Immunohistochemistry Analysis:  One day after the last X-ray irradiation
on day 12, the mice were euthanized and the tumors were removed. The
tumor tissues were first fixed in 4% PFA for 1 day and then in 70% ethanol
for another day. The tissues were embedded in paraffin, sectioned, and
stained for y-H2AX, Ki67, HIF-1a and TUNEL by the Human Tissue Re-
source Center at the University of Chicago. The slides were sealed and
scanned using a CRi Panoramic SCAN 40x whole slide scanner by the In-
tegrated Light Microscopy Core at the University of Chicago. The images
were examined and analyzed using QuPath-0.5.1 software.

Statistical Analysis: ~ Statistical analysis was performed using GraphPad
Prism (version 8.3.0). Results were expressed as means + standard devi-
ation (S.D.). To determine statistical significance, unpaired two-sided Stu-
dent’s t test was used for comparisons between two groups, and one-way
ANOVA was employed for comparisons involving multiple groups. Statis-
tical significance was denoted as follows: *p<0.05, **p<0.01, ***p<0.001,
and ns indicates not significant.
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the author.

Acknowledgements

Y.X. and J.L. contributed equally to this work. The authors thank Dr. Chaoyu
Wang for help with western blot experiments. The authors thank Dr. Shi-
hong Li and Can Gong for help with histology-related studies. The authors
thank Dr. Christine Labno for help with confocal imaging and whole-slide
scanning. The authors acknowledge funding from the National Cancer In-
stitute (1ROT1CA253655).

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

hypoxia, metal-organic layers, nitric oxide, radiotherapy, reactive oxygen
species

Adv. Sci. 2024, 2413518 2413518 (13 of 14)

www.advancedscience.com

Received: October 23, 2024
Revised: December 17, 2024
Published online:

(1

(2

(3]

[4

(3]

(6]

Y

[8

9]
(1]

(1]

(12]

(13]

(14]

a) H. E. Barker, J. T. Paget, A. A. Khan, K. ]. Harrington, Nat. Rev.
Cancer 2015, 15, 409; b) R. R. Weichselbaum, H. Liang, L. Deng, Y. X.
Fu, Nat. Rev. Clin. Oncol. 2017, 14, 365; c) Z. Zhang, X. Liu, D. Chen,
J. Yu, Signal Transduct Target Ther. 2022, 7, 258.

a) D. De Ruysscher, G. Niedermann, N. G. Burnet, S. Siva, A. W.
M. Lee, F. Hegi-Johnson, Nat. Rev. Dis. Primers 2019, 5, 13; b) W. L.
Santivasi, F. Xia, Antioxid Redox Signal 2014, 21, 2571; ¢) W. L. Hwang,
L. R. G. Pike, T. J. Royce, B. A. Mahal, |. S. Loeffler, Nat. Rev. Clin.
Oncol. 2018, 15, 477.

D. P. Dearnaley, V. S. Khoo, A. R. Norman, L. Meyer, A. Nahum, D.
Tait, J. Yarnold, A. Horwich, Lancet 1999, 353, 267.

a) I. Abdnades Lazaro, X. Chen, M. Ding, A. Eskandari, D. Fairen-
Jimenez, M. Giménez-Marqués, R. Gref, W. Lin, T. Luo, R. S. Forgan,
Nat. Rev. Methods Primers 2024, 4, 42; b) . Xu, M. Yu, P. Carter, E.
Hernandez, A. Dang, P. Kapur, ). T. Hsieh, J. Zheng, Angew. Chem.
Int. Ed. Engl. 2017, 56, 13356.

a) K. Haume, S. Rosa, S. Grellet, M. A. Smialek, K. T. Butterworth, A. V.
Solov’yov, K. M. Prise, ]. Golding, N. J. Mason, Cancer Nanotechnol.
2016, 7, 8; b) L. Maggiorella, G. Barouch, C. Devaux, A. Pottier, E.
Deutsch, J. Bourhis, E. Borghi, L. Levy, Future Oncol. 2012, 8, 1167,
c) K. Ni, G. Lan, C. Chan, B. Quigley, K. Lu, T. Aung, N. Guo, P. La
Riviere, R. R. Weichselbaum, W. Lin, Nat. Commun. 2018, 9, 2351.
Z.Xu, T. Luo, J. Mao, C. McCleary, E. Yuan, W. Lin, Angew. Chem. Int.
Ed. Engl. 2022, 61, €202208685.

a) K. Lu, C. He, N. Guo, C. Chan, K. Ni, G. Lan, H. Tang, C. Pelizzari,
Y. X. Fu, M. T. Spiotto, R. R. Weichselbaum, W. Lin, Nat. Biomed. Eng.
2018, 2, 600; b) G. Lan, K. Ni, R. Xu, K. Lu, Z. Lin, C. Chan, W. Lin,
Angew. Chem. Int. Ed. Engl. 2017, 56, 12102; c) G. Lan, K. Ni, S. S.
Veroneau, Y. Song, W. Lin, J. Am. Chem. Soc. 2018, 140, 16971; d) H.
Chen, G. D. Wang, Y. J. Chuang, Z. Zhen, X. Chen, P. Biddinger, Z.
Hao, F. Liu, B. Shen, Z. Pan, . Xie, Nano Lett. 2015, 15, 2249.

a) K. Ni, T. Luo, G. T. Nash, W. Lin, Acc. Chem. Res. 2020, 53, 1739; b)
K. Ni, G. Lan, N. Guo, A. Culbert, T. Luo, T. Wu, R. R. Weichselbaum,
W. Lin, Sci. Adv. 2020, 6, eabb5223; c) W. Zhen, Y. Fan, T. Germanas,
L. Tillman, J. Li, A. L. Blenko, R. R. Weichselbaum, W. Lin, Adv.
Mater. 2024, 2405494; d) C. Wang, . Li, X. Jiang, X. Ma, W. Zhen,
L. Tillman, R. R. Weichselbaum, W. Lin, Angew. Chem. Int. Engl. 2024,
€202417027.

D. B. Zorov, M. Juhaszova, S. J. Sollott, Physiol. Rev. 2014, 94, 909.
U. S. Srinivas, B. W. Q. Tan, B. A. Vellayappan, A. D. Jeyasekharan,
Redox Biol. 2019, 25, 101084.

a) M. R. Horsman, L. S. Mortensen, . B. Petersen, M. Busk, .
Overgaard, Nat. Rev. Clin. Oncol. 2012, 9, 674; b) M. W. Dewhirst,
Y. Cao, B. Moeller, Nat. Rev. Cancer 2008, 8, 425; c) Y. Chen, Y. Ma,
K. Shi, H. Chen, X. Han, C. Wei, Y. Lyu, Y. Huang, R. Yu, Y. Song, Q.
Song, ). Jiang, ). Feng, Y. Lin, J. Chen, H. Chen, G. Zheng, X. Gao, C.
Jiang, Adv. Mater. 2024, 36, 2307454.

a) J. O. Lundberg, E. Weitzberg, Cell 2022, 185, 2853; b) Y. Jiang, P.
Fu, Y. Liu, C. Wang, P. Zhao, X. Chu, X. Jiang, W. Yang, Y. Wu, Y. Wang,
G. Xu, J. Hu, W. Bu, Sci. Adv. 2020, 6, eabc3513.

a) D. C. Jenkins, I. G. Charles, L. L. Thomsen, D. W. Moss, L. S.
Holmes, S. A. Baylis, P. Rhodes, K. Westmore, P. C. Emson, S.
Moncada, Proc. Natl. Acad. Sci. USA 1995, 92, 4392; b) P. K. Lala,
A. Orucevic, Cancer Metastasis Rev. 1998, 17, 91; c) D. Chen, Z. Jin, B.
Zhao, Y. Wang, Q. He, Adv. Mater. 2021, 33, 2008089.

a) M. Umbrello, A. Dyson, M. Feelisch, M. Singer, Antioxid. Redox
Signal 2013, 19, 1690; b) M. De Ridder, D. Verellen, V. Verovski, G.
Storme, Nitric Oxide 2008, 19, 164.

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

95U8017 SUOWIWOD SA1E1D 8|qeo!dde aup Ag peusencb ale sejoile YO ‘9Sn Jo S9N Joj Akeuq i 8UIJUQ A8]IM UO (SUONIPUOD-pUE-SWIR)LI00" A3 1M ATeIq1jeul juo//SAny) SUONIPUOD pue SWB | U1 88S *[520Z/T0/y0] uo AkeidiTauliuo AB|im ‘(ouleAnge ) sqnopesd Aq 8TSETYZ0Z SAPE/Z00T OT/I0p/W00 A8 |1 Aleiq 1 ul|uoy/Sdny Wwolj pepeojumod ‘0 ‘vr8E86TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[15]

[16]

(17]
(18]
[19]

(20]

(21

(22]
(23]

[24]

(25]

[26]

[27]

(28]

(29]

(3]

Adv. Sci. 2024, 2413518

a) Y. C. Sung, P. R. Jin, L. A. Chu, F. F. Hsu, M. R. Wang, C. C. Chang,
S. ). Chiou, J. T. Qiu, D. Y. Gao, C. C. Lin, Y. S. Chen, Y. C. Hsu, J. Wang,
F.N.Wang, P. L. Yu, A. S. Chiang, A. Y. Wu, J. J. Ko, C. P. Lai, . T. Lu, Y.
Chen, Nat. Nanotechnol. 2019, 74, 1160; b) Z. Huang, ). Fu, Y. Zhang,
J. Med. Chem. 2017, 60, 7617.

a) P. Horcajada, R. Gref, T. Baati, P. K. Allan, G. Maurin, P. Couvreur,
G. Ferey, R. E. Morris, C. Serre, Chem. Rev. 2012, 112, 1232; b) Q.
E. Grayton, T. T. Phan, C. C. Kussatz, M. H. Schoenfisch, ACS Appl.
Bio Mater. 2024, 7, 3796; c) S. P. Nichols, W. L. Storm, A. Koh, M. H.
Schoenfisch, Adv. Drug Deliv. Rev. 2012, 64, 1177; d) M. . Duncan,
P. S. Wheatley, E. M. Coghill, S. M. Vornholt, S. J. Warrender, I. L.
Megson, R. E. Morris, Mater. Adv. 2020, 1, 2509.

L. Piacenza, A. Zeida, M. Trujillo, R. Radi, Physiol. Rev. 2022, 102, 1881.
A. G. Estevez, ). Jordan, Ann. N. Y. Acad. Sci. 2002, 962, 207.

a) C. Szabo, H. Ischiropoulos, R. Radi, Nat. Rev. Drug Discov. 2007,
6, 662; b) J. S. Beckman, T. W. Beckman, J. Chen, P. A. Marshall, B. A.
Freeman, Proc. Natl. Acad. Sci. USA 1990, 87, 1620;

a) S.S. Marla, . Lee, J. T. Groves, Proc. Natl. Acad. Sci. USA 1997, 94,
14243; b) C. C. Winterbourn, Nat. Chem. Biol. 2008, 4, 278.

a) G. Ferrer-Sueta, R. Radi, ACS Chem. Biol. 2009, 4, 161; b) T. Nauser,
W. H. Koppenol, J. Phys. Chem. A 2002, 106, 4084; c) R. Radi, A.
Cassina, R. Hodara, C. Quijano, L. Castro, Free Radic. Biol. Med. 2002,
33, 1451.

Z. Xu, T. Luo, W. Lin, Acc. Mater. Res. 2021, 2, 944.

T. Luo, Y. Fan, ). Mao, X. Jiang, L. Albano, E. Yuan, T. Germanas, W.
Lin, Angew. Chem. Int. Ed. Engl. 2023, 135, €202301910.

T. Luo, Y. Fan, ). Mao, E. Yuan, E. You, Z. Xu, W. Lin, J. Am. Chem. Soc.
2022, 144, 5241.

a) M. Li, J. Xia, R. Tian, J. Wang, ]. Fan, J. Du, S. Long, X. Song, J. W.
Foley, X. Peng, J. Am. Chem. Soc. 2018, 140, 14851; b) W. Chen, Z.
Wang, M. Tian, G. Hong, Y. Wu, M. Sui, M. Chen, J. An, F. Song, X.
Peng, J. Am. Chem. Soc. 2023, 145, 8130.

K. Ni, T. Luo, A. Culbert, M. Kaufmann, X. Jiang, W. Lin, J. Am. Chem.
Soc. 2020, 742, 12579.

a) P. A. Riley, Int. J. Radiat. Biol. 1994, 65, 27; b) S. Le Caér, Water
2011, 3, 235; ¢) S. Clement, . M. Campbell, W. Deng, A. Guller, S.
Nisar, G. Liu, B. C. Wilson, E. M. Goldys, Adv. Sci. 2020, 7, 2003584;
d) X. Ma, X. Liang, M. Yao, Y. Gao, Q. Luo, X. Li, Y. Yu, Y. Sun, M. H.
Y. Cheng, ). Chen, G. Zheng, J. Shi, F. Wang, Nat. Commun. 2023, 14,
6187.

a) H. Yamaguchi, Y. Uchihori, N. Yasuda, M. Takada, H. Kitamura, J.
Radiat. Res. 2005, 46, 333; b) H. ). Halpern, C. Yu, E. Barth, M. Peric,
G. M. Rosen, Proc. Natl. Acad. Sci. USA 1995, 92, 796.

a) G. Song, L. Cheng, Y. Chao, K. Yang, Z. Liu, Adv. Mater. 2017, 29,
1700996; b) Z. Xu, W. Zhen, C. McCleary, T. Luo, X. Jiang, C. Peng, R.
R. Weichselbaum, W. Lin, J. Am. Chem. Soc. 2023, 145, 18698.

a) M. Li, T. Xiong, J. Du, R. Tian, M. Xiao, L. Guo, S. Long, J. Fan, W.
Sun, K. Shao, X. Song, J. W. Foley, X. Peng, J. Am. Chem. Soc. 2019,

2413518 (14 of 14)

(31]

(32]
33]
(34]

35]

[36]

(37]

(38]

(39]
(40]
[41]

[42]
[43]

[44]
45]

(46]
[47]
48]

(49]
[50]
[51]

www.advancedscience.com

141,2695; b) L. Yu, Y. Xu, Z. Pu, H. Kang, M. Li, ). L. Sessler, J. S. Kim,
J. Am. Chem. Soc. 2022, 144, 11326.

a) G. Z. Huang, Y. S. Xia, F. Yang, W. ]. Long, . J. Liu, J. P. Liao, M.
Zhang, ). Liu, Y. Q. Lan, J. Am. Chem. Soc. 2023, 145, 26863; b) F. A.
Villamena, S. Xia, . K. Merle, R. Lauricella, B. Tuccio, C. M. Hadad, ).
L. Zweier, J. Am. Chem. Soc. 2007, 129, 8177.

K. X. Teng, L. Y. Niu, N. Xie, Q. Z. Yang, Nat. Commun. 2022, 13,
6179.

P.Ji, X. Feng, S. S. Veroneau, Y. Song, W. Lin, J. Am. Chem. Soc. 2017,
139, 15600.

Y. Liao, D. Wang, C. Gu, X. Wang, S. Zhu, Z. Zheng, F. Zhang, |. Yan,
Z. Gu, Nat. Nanotechnol. 2024, 19, 1892.

S. Bonvalot, P. L. Rutkowski, J. Thariat, S. Carrere, A. Ducassou, M. P.
Sunyach, P. Agoston, A. Hong, A. Mervoyer, M. Rastrelli, V. Moreno,
R. K. Li, B. Tiangco, A. C. Herraez, A. Gronchi, L. Mangel, T. Sy-Ortin,
P. Hohenberger, T. de Baere, A. Le Cesne, S. Helfre, E. Saada-Bouzid,
A. Borkowska, R. Anghel, A. Co, M. Gebhart, G. Kantor, A. Montero,
H. H. Loong, R. Verges, et al., Lancet Oncol. 2019, 20, 1148.

a) N. S. Bryan, M. B. Grisham, Free Radic. Biol. Med. 2007, 43, 645;
b) D. Li, X. Chen, W. Dai, Q. Jin, D. Wang, ). Ji, B. Z. Tang, Adv. Mater.
2024, 36, 2306476.

a) T. A. Prime, F. H. Blaikie, C. Evans, S. M. Nadtochiy, A. M. James,
C. C. Dahm, D. A. Vitturi, R. P. Patel, C. R. Hiley, I. Abakumova, R.
Requejo, E. T. Chouchani, T. R. Hurd, J. F. Garvey, C. T. Taylor, P. S.
Brookes, R. A. Smith, M. P. Murphy, Proc. Natl. Acad. Sci. USA 2009,
106, 10764; b) P. G. Wang, M. Xian, X. Tang, X. Wu, Z. Wen, T. Cai, A.
J. Janczuk, Chem. Rev. 2002, 102, 1091.

W. Fan, W. Bu, Z. Zhang, B. Shen, H. Zhang, Q. He, D. Ni, Z. Cui, K.
Zhao, ). Bu, J. Du, J. Liu, J. Shi, Angew. Chem. Int. Ed. Engl. 2015, 54,
14026.

J. P. Crow, J. S. Beckman, Adv. Pharmacol. 1995, 34, 17.

Z.Wang, A. Jin, Z. Yang, W. Huang, ACS Nano 2023, 17, 8935.

Z. Luo, Q. Zhao, ). Liu, J. Liao, R. Peng, Y. Xi, Z. Diwu, Anal. Biochem.
2017, 520, 44.

M. Price, J. . Reiners, A. M. Santiago, D. Kessel, Photochem. Photo-
biol. 2009, 85, 1177.

N. T. Moldogazieva, S. V. Lutsenko, A. A. Terentiev, Cancer Res. 2018,
78, 6040.

R. X. Huang, P. K. Zhou, Signal Transduct Target Ther. 2020, 5, 60.

a) B. Yang, Y. Chen, J. Shi, Chem. Rev. 2019, 119, 4881; b) D. E.
Dolmans, D. Fukumura, R. K. Jain, Nat. Rev. Cancer 2003, 3, 380.

W. H. Chen, G. F. Luo, X. Z. Zhang, Adv. Mater. 2019, 37, 1802725.
R. G. Bristow, R. P. Hill, Nat. Rev. Cancer 2008, 8, 180.

S. Zhang, Z. Li, Q. Wang, Q. Liu, W. Yuan, W. Feng, F. Li, Adv. Mater.
2022, 34,2201978.

S. Gerstberger, Q. Jiang, K. Ganesh, Cell 2023, 186, 1564.

E. B. Rankin, A. ). Giaccia, Science 2016, 352, 175.

K. Lu, C. He, W. Lin, J. Am. Chem. Soc. 2014, 136, 16712.

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

95U8017 SUOWIWOD SA1E1D 8|qeo!dde aup Ag peusencb ale sejoile YO ‘9Sn Jo S9N Joj Akeuq i 8UIJUQ A8]IM UO (SUONIPUOD-pUE-SWIR)LI00" A3 1M ATeIq1jeul juo//SAny) SUONIPUOD pue SWB | U1 88S *[520Z/T0/y0] uo AkeidiTauliuo AB|im ‘(ouleAnge ) sqnopesd Aq 8TSETYZ0Z SAPE/Z00T OT/I0p/W00 A8 |1 Aleiq 1 ul|uoy/Sdny Wwolj pepeojumod ‘0 ‘vr8E86TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com

