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KEY WORDS Abstract Gas therapy is emerging as a highly promising therapeutic strategy for cancer treatment.
However, there are limitations, including the lack of targeted subcellular organelle accuracy and spatio-
temporal release precision, associated with gas therapy. In this study, we developed a series of photoac-
tivatable nitric oxide (NO) donors NRh-R-NO (R = Me, Et, Bn, iPr, and Ph) based on an N-nitrosated
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Photo-triggered;

Mitochondrion; . B . i o :

Upconversion luminescent upconversion luminescent rhodamine scaffold. Under the irradiation of 808 nm light, only NRh-Ph-NO
bioimaging; could effectively release NO and NRh-Ph with a significant turn-on frequency upconversion lumines-

Peroxynitrite; cence (FUCL) signal at 740 nm, ascribed to lower N—N bond dissociation energy. We also investigated
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Nanogenerator;
Gas therapy;
In vivo

the involved multistage near-infrared-controlled cascade release of gas therapy, including the NO released
from NRh-Ph-NO along with one NRh-Ph molecule generation, the superoxide anion O;~ produced by
the photodynamic therapy (PDT) effect of NRh-Ph, and highly toxic peroxynitrite anion (ONOO™) gener-
ated from the co-existence of NO and O;. After mild nano-modification, the nanogenerator (NRh-Ph-
NO NPs) empowered with superior biocompatibility could target mitochondria. Under an 808 nm laser
irradiation, NRh-Ph-NO NPs could induce NO/ROS to generate RNS, causing a decrease in the mito-
chondrial membrane potential and initiating apoptosis by caspase-3 activation, which further induced tu-
mor immunogenic cell death (ICD). In vivo therapeutic results of NRh-Ph-NO NPs showed augmented
RNS-potentiated gas therapy, demonstrating excellent biocompatibility and effective tumor inhibition
guided by real-time FUCL imaging. Collectively, this versatile strategy defines the targeted RNS-
mediated cancer therapy.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute
of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Gas therapy is a novel biomedical strategy that applies gaseous
signal molecules, including nitric oxide (NO), carbonic oxide
(CO), or sulfuretted hydrogen (H,S), for the treatment of multiple
diseases, especially cancer. It has the unique advantages of non-
invasiveness, low systemic toxicity, and high selectivity' °.
Extensive studies have indicated the mechanism of NO in biology
and medicine’?. NO exhibits dose-related efficacy with high
micromolar level of NO and tends to be involved in the diffusion-
controlled reaction'’. It reacts with oxygen molecules (O,) and
superoxide radicals (O;7) to form the much more powerful
reactive oxygen/nitrogen species (ROS/RNS), such as ONOO™, a
key element in apoptosis of tumor cells'' . Hence, the strategy
of RNS-mediated therapy may have great potential in cancer
treatment. Additionally, since NO has gaseous properties of a high
diffusion rate, short half-life, and minimal targeting efficiency”’,
the accurate release of NO donors endowed with measurable
spatial and temporal control is essential for the sustained effica-
cious gas therapy. Recently, it has been shown that organelle-
targeted gas therapy can enhance therapeutic outcomes. Mito-
chondria are emerging as a new therapeutic target for amplified
gas therapies due to their critical role in initiating endogenous
apoptotic pathways. Therefore, in situ dynamic analysis of sub-
cellular states during the treatment is important to elucidate the
mechanisms involved and provides a new frontier for the next
generation of gas therapy.

Numerous NO donors (e.g., N-nitrosoamines, N-dia-
zeniumdiolates, L-arginine, and S-nitrosothiols) are commonly
employed for NO release, which can be readily tuned through a
specific stimulus source, such as light, enzyme, pH, thermal
source, and ultrasound”'*°. Among them, the light-triggered NO
donors have been exploited due to their non-invasiveness, superior
flexibility, high sensitivity, and precise spatiotemporal controlla-
bility’™*!. Despite the substantial progress, the existing light-
controlled NO donors are mostly activated by visible light with
potential phototoxicity’>. Therefore, extending the toolbox of NO
donors activated by longer wavelengths of near-infrared (NIR)
light is important. The 808 nm near-infrared light is considered the
most advantageous excitation source for in vivo phototherapy due
to its relatively long wavelength with deeper-penetrating ability
and low absorption of endogenous biomolecules and water

molecule in mammalian tissues®>**. Given the limitations of
UV—Vis light, 808 nm light-activated NO delivery is promising
for improving the efficacy of NO-based cancer therapy, but
challenges remain in the real-time visualization and in situ
monitoring of NO release at the tumor site.

In the past few decades, extensive efforts have contributed to
the advances in image-guided therapy. Among them, frequency
upconversion luminescence (FUCL) has gained prominence in
biosensing and imaging due to its superior properties of deep-
tissue penetration, low autofluorescence, high photostability, and
high signal-to-noise ratio. Furthermore, diverse FUCL-based
systems have been extensively developed for detecting metal
ions, tumor hypoxia, and cancer therapy®> *'. Recently, our group
reported the design of 658 nm light-activable upconversion
luminescent NO nano-prodrugs that facilitated precise real-time
NO monitoring and tumor treatment guided by FUCL imag-
ing*”. However, the simultaneous organelle-specific NO release
and FUCL imaging induced by an 808 nm laser have not been
reported.

Herein we report the design, synthesis, and evaluation of a
series of 808 nm photoactivatable rhodamine NO donors (NRh-R-
NO, R = Me, Et, Bn, iPr, and Ph) for spatio-selective controllable
NO release for gas therapy guided by accurate FUCL imaging in
mitochondria. Among these, N-nitrosoaniline-based NO donor
NRh-Ph-NO exhibited low N—N bond dissociation energy (BDE),
selectively releasing NO by 808 nm light stimulus and regulating
the NO release rates. Significantly, the excited NRh-Ph-NO could
release NO and generate the NRh-Ph molecule, which could
trigger O~ production with excellent PDT efficacy. Moreover,
NIR light-released NO molecules could react with light-triggered
ROS to generate RNS (ONOO™) with strong anti-tumor activity
through the cascade reaction. We chose liposome as an encapsu-
lating matrix to maximize the gas therapeutic effect of NRh-Ph-
NO and obtained the nanosystem NRh-Ph-NO NPs, which could
be taken up into the mitochondria of tumor cells (see Scheme 1).
Under the 808 nm laser irradiation, NRh-Ph-NO NPs could exert
their cytotoxicity, cause a decrease in mitochondrial membrane
potential, activate the caspase-3 pathway of apoptosis, and induce
tumor immunogenic cell death. Our in vivo results validated the
extraordinary performance of FUCL imaging-guided gas therapy
for tumor eradication. Our study may open a new direction for
achieving efficient photo-mediated gas treatment of cancer.
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Scheme 1  (a) The construction of NRh-Ph-NO NPs. The nanogenerator NRh-Ph-NO NPs would be gradually activated by 808 nm laser to

release NO and O3~ and further produce highly toxic ONOO™. (b) Schematic illustration of the nanogenerator NRh-Ph-NO NPs for in vivo NIR-
light-initiated gas-mediated cancer therapy, allowing for simultaneous FUCL real-time imaging in mitochondria.

2. Materials and methods
2.1.  Synthesis of NRh-R-NO

The synthesis method is universal. NRh-R (1 mmol, R = Me, Et,
Bn, iPr and Ph) and NaNO, (5 mmol) were dissolved in 2 mL
DCM and 1 mL THF and stirred on ice bath for 5 min. Then the
mixture was added dropwise with 400 pL acetic acid. After
completion, the excess amount of acetic acid was destroyed by
saturated sodium bicarbonate solution. The organic layer was
collected and washed with saturated sodium chloride solution. The
crude product was concentrated and purified by silica gel column
chromatography in DCM/MeOH (100:0 — 100:1, v/v) to afford
pure product NRh-R-NO.

NRh-Me-NO: 'H NMR (300 MHz, CDCly) 6 8.72 (d,
J = 15.1 Hz, 1H), 8.23 (d, J = 8.4 Hz, 1H), 7.97 (dd, J = 13.1,
8.6 Hz, 2H), 7.72 (s, 1H), 7.69—7.62 (m, 1H), 7.60—7.48 (m, 2H),
742 (d, J = 8.5 Hz, 1H), 7.33 (d, J = 8.5 Hz, 1H), 7.05 (s, 1H),
6.65 (d, J = 15.1 Hz, 1H), 4.65 (d, J = 6.3 Hz, 2H), 3.49 (s, 3H),
2.86—2.57 (m, 4H), 2.03 (s, 6H), 2.00—1.96 (m, 2H), 1.55 (d,
J = 5.9 Hz, 3H). °C NMR (75 MHz, DMSO-dg) 6 174.41,
158.50, 144.45, 143.68, 138.57, 132.64, 131.05, 130.23, 129.04,
128.67, 128.54, 128.28, 127.10, 126.53, 122.82, 114.54, 105.80,

52.56, 45.04, 31.40, 31.10, 28.84, 26.92, 25.18, 23.74, 22.80,
19.88, 13.27. HRMS (ESI"): Calcd. For C3,H3N;03 490.2489
[M*]; Found 490.2483.

NRh-Et-NO: 'H NMR (400 MHz, methanol-ds) 6 8.92 (d,
J = 153 Hz, 1H), 8.41 (d, J = 8.5 Hz, 1H), 8.16 (d, J = 8.9 Hz,
1H), 8.11 (d, J = 3.1 Hz, 1H), 7.84 (d, J = 8.9 Hz, 1H), 7.81 (s,
1H), 7.75 (dd, J = 8.3, 6.9 Hz, 1H), 7.65—7.61 (m, 2H), 7.54 (dd,
J = 8.5,2.1 Hz, 1H), 7.32 (s, 1H), 6.70 (d, J = 15.3 Hz, 1H), 4.60
(q,J = 7.2 Hz, 2H), 4.20 (d, J = 7.1 Hz, 2H), 2.83—2.77 (m, 4H),
2.11 (s, 6H), 1.98 (d, J = 6.1 Hz, 2H), 1.58 (s, 3H), 1.18 (s, 3H).

NRh-Bn-NO: '"H NMR (300 MHz, methanol-d;) 6 8.76 (d,
J = 153 Hz, 1H), 8.28 (d, J = 8.4 Hz, 1H), 8.07 (dd, J = 13.7,
8.5 Hz, 2H), 7.71 (d, J = 8.7 Hz, 2H), 7.55 (d, J = 7.1 Hz, 1H),
7.42 (dt, J = 8.3,3.2 Hz, 4H), 7.30 (d, J = 8.5 Hz, 2H), 7.16 (s,
1H), 7.10 (d, J = 2.1 Hz, 1H), 7.04 (dd, J = 8.6, 2.2 Hz, 1H),
6.41 (d, J = 14.6 Hz, 1H), 4.61 (s, 2H), 4.43 (q, J = 7.2 Hz, 2H),
2.76 (dd, J = 13.4, 6.4 Hz, 4H), 2.03 (s, 6H), 1.52 (t, J = 7.2 Hz,
4H).

NRh-iPr-NO: 'H NMR (300 MHz, CDCl3) & 8.77—8.63 (m,
1H), 8.17 (d, J = 8.4 Hz, 1H), 7.98 (dd, J = 15.6, 8.4 Hz, 2H),
778 (t, J = 8.5 Hz, 1H), 7.63 (d, J = 7.3 Hz, 1H), 7.54 (dd,
J = 17.1,9.0 Hz, 2H), 7.43 (d, J = 8.2 Hz, 1H), 7.35 (s, 1H), 7.15
d, J = 63 Hz, 1H), 6.60 (d, J = 153 Hz, 1H), 4.60 (d,
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J = 7.1 Hz, 2H), 3.87—3.76 (m, 1H), 2.75 (d, J = 17.5 Hz, 4H),
202 (s, 6H), 1.91—1.85 (m, 2H), 1.56 (s, 3H), 1.26 (d,
J = 6.9 Hz, 6H). 1>*C NMR (75 MHz, DMSO) 6 179.44, 158.07,
152.34, 144.62, 141.06, 132.70, 132.64, 131.03, 129.57, 128.98,
128.23, 127.06, 123.27, 122.74, 121.96, 114.54, 112.63, 110.46,
67.07, 52.57, 47.17, 44.94, 34.14, 28.87, 27.67, 27.64, 26.80,
25.18, 23.66, 21.91, 19.30, 13.26, 13.02. HRMS (ESI"): Calcd.
For Cs,H36N;05 518.2802 [M']; Found 518.2800.
NRh-Ph-NO: 'H NMR (300 MHz, CDCl;) & 8.79 (d,
J = 15.2 Hz, 1H), 8.26 (d, J = 8.7 Hz, 1H), 8.06 (dd, J = 12.1,
8.8 Hz, 3H), 7.86 (d, J = 1.9 Hz, 1H), 7.74 (d, J = 7.2 Hz, 1H),
7.66 (d, J = 10.8 Hz, 2H), 7.59 (d, J = 7.8 Hz, 3H), 7.34 (d,
J = 8.4 Hz, 1H), 7.14—7.08 (m, 3H), 6.79 (dd, J = 8.5, 2.1 Hz,
1H), 4.83—4.73 (m, 2H), 2.90 (t, J/ = 4.3 Hz, 2H), 2.80—2.75 (m,
2H), 2.10 (s, 6H), 2.06 (s, 2H), 1.63 (d, J = 2.7 Hz, 3H). 1*C
NMR (75 MHz, DMSO) 6 158.31, 152.77, 143.67, 138.99,
138.56, 138.46, 135.88, 130.18, 130.02, 129.91, 129.77, 129.54,
128.93, 128.83, 127.73, 127.01, 126.37, 123.22, 122.83, 122.75,
122.69, 121.93, 120.45, 119.82, 114.46, 110.43, 105.94, 52.54,
44.88, 34.09, 26.81, 26.69, 23.63, 13.18, 13.03. HRMS (ESI™):
Caled. For C3;H34N;05 552.2646 [M1]; Found 552.2733.

2.2.  Other protocols

Synthesis and characterization of Me, iPr and NRh-R, spectro-
scopic methods, phototriggered and control release assay, selec-
tivity assays, preparation and characteristics of NRh-Ph-NO NPs,
in vitro NO, ROS and ONOO™ detection, intracellular ROS, NO
and ONOO™ detection, MTT assay, Calcein-AM/PI staining assay,
flow cytometer assay, mitochondrial membrane potential detec-
tion, western blotting, immunogenic cell death (ICD) biomarkers
detection, in vivo imaging, in vivo anti-tumor activity and histo-
logical analyses were presented in Supporting Information.

3. Results and discussion

3.1.  Synthesis, characterization, and upconversion properties of
NRh dyes and NO donors

Based on the FUCL properties of the reported rhodamine scaffold,
we introduced different substituents (methyl, ethyl, benzyl, iso-
propyl, and phenyl) to the parent nucleus to synthesize a series of
rhodamine derivatives NRh-R (R = Me, Et, Bn, iPr and Ph)
(Supporting Information Schemes S1 and S2, Figs. S1-S15). The
precursors NRh-R were prepared according to the previously re-
ported method, and further details are provided in the Supporting
Information. The schematic of NRh-R-NO synthesis is outlined in
Fig. la. Typically, the desired final products, N-nitrosated com-
pounds NRh-R-NO, were obtained by nitrosation with NaNO,, and
their structures were confirmed by "H NMR, '*C NMR, and high-
resolution mass spectra (Supporting Information Figs. S16—-S26).
The optical properties of NRh-R and NRh-R-NO (R = Me, Et,
Bn, iPr and Ph) were characterized and are presented in Fig. 1 and
Supporting Information Figs. S27-S29. After nitrosation, the
maximum absorption peaks of NRh-R-NO showed a blue shift
from 720 nm to around 600 nm (Fig. lc). The upconversion
luminescence of NRh-R-NO exhibited faint emission compared to
the NRh-R precursor (Fig. 1d). These results were mainly ascribed
to the electron-withdrawing property of the N-nitrosated group.
The FUCL properties generated by the NRh-R dyes were verified
by their FUCL behaviors in the methanol solvent system. As the

temperature increased from O to 40 °C, the NRh-R absorbance
gradually decreased (Supporting Information Fig. S27). By
contrast, after 808 nm laser irradiation, the FUCL intensities of
NRh-R were enhanced (Fig. le and Supporting Information
Fig. S28). Besides, with the increase of laser power density, the
anti-Stokes emission at 740 nm was gradually increased in a linear
relationship, substantiating that the exciton process was due to the
hot-band absorption-assisted single photon process (Fig. 1f and
Supporting Information Fig. $29)*.

3.2. 808 nm-triggered and controlled release properties of NO
donors

The solutions of different NO donors were irradiated with an
808 nm laser and investigated by absorption and FUCL spectra to
assess the photo-uncaging efficiency of NRh-R-NO (R = Me, Et,
Bn, iPr, and Ph). Interestingly, only NRh-Ph-NO could be trig-
gered by an 808 nm laser compared with other NO donors. As
depicted in Fig. 2a—d, the maximum absorption of NRh-Ph-NO at
580 nm and 620 nm was gradually decreased, accompanied by the
increased characteristic absorption peak of NRh-Ph at 720 nm.
Besides, the FUCL signal of NRh-Ph at 740 nm was significantly
enhanced with the extended irradiation time. In contrast, the ab-
sorption and FUCL spectra intensities of NRh-R-NO (R = Me,
Et, Bn, {Pr) were almost unchanged (Supporting Information
Fig. S30). These results indicated that when stimulated by an
808 nm laser, only NRh-Ph-NO could be decomposed into the NO
uncaging FUCL dye NRh-Ph. Thus, further investigation for
precise NO release controllability is clearly warranted for in vivo
gas therapy.

The NO uncaging process of NRh-Ph-NO was monitored by
the fluorescence response, as the NRh-Ph-NO could be alternately
activated and deactivated by periodically adjusting the 808 nm
NIR irradiation light on and off (Fig. 2e). Only an external
stimulus, like 808 nm light, could induce NO release, making the
spatiotemporal-specific controllability of NO release feasible
(Fig. 2f). The NO release was also quantified by Griess assay
(Supporting Information Fig. S31). In addition, density functional
theory (DFT) calculation was performed to unravel why only
phenyl-substituted NO donors could be released (Fig. 2g). The
results showed that the N—N bond dissociation energies (BDE) of
NRh-R-NO (R = Me, Et, Bn, iPr and Ph) were 39.4, 38.9, 38.9,
39.4, and 30.4 kcal/mol, respectively. The NO release from NRh-
Ph-NO was easier than those from the other NO donors, consistent
with the previous experimental data, indicating that NRh-Ph-NO
was a potential NO donor candidate for 808 nm light-activatable
biological application in vivo™.

3.3. 808 nm-triggered NO-uncaging mechanism and RONS
detection of NRh-Ph-NO

The schematic diagram of ROS/RNS generation pathways is
illustrated in Fig. 3a. The photolysis of phenyl-substituted N-
nitrosamine undergoes a reactive intermediate containing the
positively charged divalent nitrogen atom while releasing NO. The
NO release and NO- generation by the photolysis of NRh-Ph-NO
were investigated by fluorescence and electron spin resonance
(ESR) spectra, using RhBs as the NO indicator and 2-phenyl-
4.,4.5,5-tetramethylimidazoline-1-oxyl 3-oxide (PTIO radical) as a
spin trapper***. With extended 808 nm light irradiation, the
characteristic peaks of RhB and the PTIO signal gradually
enhanced, indicating that NRh-Ph-NO possessed efficient light-
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Figure 1  (a) Synthetic route of N-nitrosated compounds NRh-R-NO (R = Me, Et, Bn, iPr and Ph). (b) Schematic illustration of the mechanism

of frequency upconversion luminescence (FUCL) in NRh-Ph. (c) Absorbance and (d) FUCL spectra of NRh-R and NRh-R-NO (R = Me, Et, Bn,
iPr and Ph) (5 pmol/L) in methanol, Ex = 808 nm. (e) FUCL properties of NRh-Ph (5 pumol/L) in methanol, A., = 808 nm. (f) Linear rela-
tionship between FUCL intensity and different power density of 808 nm laser in NRh-Ph solution (5 pumol/L).

controlled release ability to induce NO uncaging and NO gener-
ation (Fig. 3b—d and Supporting Information Fig. S32). During
the NO release process, the excited NRh-Ph-NO system could
generate NRh-Ph molecules, triggering O;~ production activated
by the 808 nm laser for the NIR-enhanced PDT effect. Therefore,
dihydrorhodamine 123 (DHR 123) was utilized for monitoring
05~ generation and to determine whether NRh-Ph-NO could
enhance NIR-catalysis (Fig. 3e and f, and Supporting Information
Fig. S33). After mixing NRh-Ph-NO with the DHR 123 probe, the
fluorescence spectra were collected at 14 min after 808 nm irra-
diation. Upon exposure to 808 nm irradiation, the characteristic
peak of DHR 123 at 526 nm showed a significant increase, indi-
cating effective O;~ generation. Besides, the ESR experiment was
conducted to detect O5~ generation during photolysis. The O;~
levels in the NRh-Ph-NO combined with the NIR light irradiation
exhibited a significant increase (Fig. 3g), further confirming that

NRh-Ph-NO could serve as a potential photosensitizer to generate
O5". Additionally, upon 808 nm light irradiation, a nonradical
substance, photogenerated ONOO™ in NRh-Ph-NO solution, was
detected by an ONOO ™ -specific probe reported by Yoon et al.*®
based on the fluorescence change. The fluorescence fluctuation
was positively related to the generation of NO and O5~ (Fig. 3h
and i, and Supporting Information Fig. S34). The photophysical
mechanism of the process of NO uncaging from NRh-Ph-NO with
DFT was executed using Gaussian 16 at the B3LYP/6-311G(d)
level of theory (Fig. 3j)*"*%. The N—NO bond brought m-elec-
trons and structural effects on the —NH(Ph) substituent, facili-
tating the intramolecular charge transfer (ICT) process, causing
blue-shift of absorption, consistent with previous results®.
Taken together, the NRh-Ph-NO system could achieve triple
amplification of the tumor gas therapy by releasing NO activated
by 808 nm and converting NO into NO+, NRh-Ph-induced ROS
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Photo-triggered and controlled release of NRh-Ph-NO. (a, b) Absorption spectra of the photolysis of NRh-R-NO upon 808 nm light

irradiation. (c, d) FUCL spectra of the photolysis of NRh—R-NOupon NIR light irradiation, A.x = 808 nm. (e) The NIR-photolysis controllability
of NRh-Ph-NO (Absgz nm = 0.15) by adjusting light “on” (purple) and “oft” (grey). (f) Ratiometric turn-on fold of NRh-Ph-NO (5 pmol/L) upon
exposure to redox mental (200 pmol/L), amino acids (1 mmol/L) and irritated at NIR light (n = 3). (g) The N—N bond dissociation energy (BDE)

of different compounds.

generation and ONOO™ production to improve RNS-mediated

cancer therapy.

3.4.
Ph-NO NPs

Encouraged by the excellent NIR photo response performance
and reactive nitrogen production capacity of NRh-Ph-NO, we
prepared NRh-Ph-NO NPs via biodegradable DSPE-mPEGsgo-
assisted encapsulation of NRh-Ph-NO for in vivo application
(Fig. 4a). The dynamic light scattering (DLS) and transmission
electron microscopy (TEM) analyses indicated that NRh-Ph-NO
NPs were of spherical morphology that could readily disperse
in the aqueous solution with a hydrodynamic size of =48 nm

Preparation and characterization of nanogenerator NRh-

was investigated by

(Fig. 4b). The response of NRh-Ph-NO NPs toward NIR light

monitoring the UV—Vis/NIR absorption

and FUCL signals upon continuous 808 nm laser treatment. As

NPs at around 600

with the 808 nm irradiation, the absorbance of NRh-Ph-NO

nm gradually decreased, while the NIR

absorption at 720 nm increased (Fig. 4c). Consequently, the

enhanced (Fig. 4d).

increased with prolo
firming the ONOO

FUCL signal of NRh-Ph-NO NPs at 740 nm was significantly

We also evaluated the RNS generation

ability of NRh-Ph-NO NPs. Upon addition of specific ONOO™
probe PNAP, the fluorescence intensity at 640 nm gradually

nged 808 nm laser irradiation time, con-
~ production (Fig. 4e). Moreover, the

controllability was detected with CCD imaging with the letters
“CPU” on filter paper, which could optionally light up one
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Figure 3

(a) Schematic illustrations of the NIR photolysis performance of NRh-Ph-NO for RNS generation. (b, ¢) The NO release of 5 pmol/L

NRh-Ph-NO in MeOH/H,O (2:1, v/v) under 808 nm irradiation, using RhBs as NO indicator (10 pmol/L, A.,, = 582 nm) (d) ESR spectra

demonstrating NO+« generation from NRh-Ph-NO triggered by 808 nm.
v/v) triggered by 808 nm, using DHR 123 as O3 indicator (5 pmol/L,

(e, f) The O3~ generation from 5 pmol/L NRh-Ph-NO in MeOH/H,0 (2:1,
Aem = 526 nm) (g) ESR spectra demonstrating O5~ generation from NRh-

Ph-NO triggered by 808 nm. (h, i) The ONOO™ production of 5 pmol/L. NRh-Ph-NO in MeOH under 808 nm irradiation, using PNAP as ONOO™
probe (15 umol/L, A.,, = 640 nm) (j) The major contributing HOMO and LUMO orbitals of ground state NRh-Ph-NO and NRh-Ph.

letter at a time (Fig. 4f). Hence, the nanogenerator was ex-
pected to strictly adhere to the NIR light activation and verify
the spatiotemporal gas release with FUCL monitoring. The
results revealed that the response of NRh-Ph-NO NPs to NIR
light in an aqueous solution afforded an “off-on” FUCL signal
and potential ONOO™ generation capabilities.

3.5.  Invitro cellular gas therapy based on 808 nm-excited NRh-
Ph-NO NPs

The light-controlled release capability and photolysis visuali-
zation are important for effective delivery of nanogenerators into
cancer cells to achieve high therapeutic efficacy. 4T1 cells were
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incubated with NRh-Ph-NO NPs and specific NO indicator
probe RhBs to verify the NIR light-controlled photolysis of
NRh-Ph-NO NPs in cancer cells. As shown in Fig. 5a, negligible
FUCL and NO indicator probe fluorescence signals were
observed for NRh-Ph-NO NPs-treated cells without laser irra-
diation. When the 808 nm irradiation elapsed, NRh-Ph-NO NPs
could gradually light up and trigger NO release with the
enhancement of red fluorescence from NRh-Ph and green fluo-
rescence from NO indicator probe RhBs, indicating the
controllability of NIR light activation. Furthermore, to corrob-
orate whether the process originated from mitochondria,
MitoTracker® probe Rh123 was used to label mitochondria in
4T1 cells. As displayed in Fig. 5b, a faint fluorescence signal
was observed for NRh-Ph-NO NPs-treated cells without laser
irradiation. In contrast, an intracellular fluorescence signal was
observed upon laser irradiation, and the pattern of NRh-Ph
FUCL signal overlapped with Mito Tracker Rh123 (Fig. 5b),
confirming the specific photolysis of NRh-Ph-NO NPs in mito-
chondria. Next, the intracellular RONS level of NRh-Ph-NO NPs
was assessed using fluorescent probes DHE and PNAP for O;~
and ONOO™ detection, respectively*”". Fig. 5¢ and d showed

that NRh-Ph-NO NPs-treated cells following 808 nm irradiation
had much stronger green fluorescence than the control group,
demonstrating higher RNS production.

Having validated NIR light-induced gas cascade reaction in
mitochondria, we explored the synergistic effect on mitochon-
drial damage. NO and ROS/RNS could change the mitochondrial
membrane potential (A¥,,), leading to cell apoptosis. Mito-
chondrial membrane potential assay kit JC-1 was used to detect
AW, changes. JC-1 accumulates in the aggregate form in the
mitochondrial matrix of live cells with higher A¥, and is
dispersed in the monomer form in the cytosol of apoptotic cells
with lower AW ,>'. Fig. 5e showed that with increasing irradia-
tion time, the green fluorescence intensities of 4T1 cells treated
with NRh-Ph-NO NPs were gradually increased with the
enhancement of the NIR channel signal. These results verified
that NRh-Ph-NO NPs were capable of real-time monitoring the
NO release in mitochondria and could potentially trigger the
combined effect of RNS and damage the critical mitochondrial
membrane after photolysis.

Given the cascade response of NRh-Ph-NO NPs under 808 nm
laser stimulation, the biocompatibility and antitumor effect of
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(a) CLSM images of NO release from NRh-Ph-NO NPs (red) in 4T1 cells co-incubated with NO indicator RhBs (green) with NIR

photoirradiation (808 nm, 0.5 W/em?). (b) CLSM images of 4T1 cells incubated with NRh-Ph-NO NPs (red) and mitochondria (green). Fluo-
rescence images of (c) O;~ and (d) ONOO™ generation from NRh-Ph-NO NPs in 4T1 cells with or without NIR photoirradiation. (e) Fluorescence

images of mitochondrial membrane potential analyzed by JC-1.

nanogenerators in vitro were investigated by MTT assay (Sup-
porting Information Fig. S35). The viability of 4T1 cells, incu-
bated with various concentrations of NRh-Ph-NO NPs for 24 h,
was still above 85%, indicating that nanogenerators possessed
high biocompatibility. Fig. S8 showed that the survival rate of 4T1
cells was decreased to 27% when stimulated by 808 nm excitation,
demonstrating that NRh-Ph-NO NPs with 808 nm light irradiation
could effectively inhibit cancer cell growth. The anticancer effect
of photocatalysis gas therapy in vitro was further investigated in
4T1 cells by calcein-AM (AM)/propidium iodide (PI) co-staining
and flow cytometry by the Annexin V-FITC/PI apoptosis assay kit
(Fig. 6a and b). Based on the live/dead staining assay, distinct red
fluorescence was noticed in cells treated with NRh-Ph-NO NPs
and 808 nm light, indicating significant cytotoxicity toward cancer
cells. The percentages of apoptotic 4T1 cells treated with NRh-Ph-
NO NPs without or with 808 nm laser irradiation for 5 and 10 min
were 0.43%, 22.1% and 42.9%, respectively, demonstrating that
NRh-Ph-NO NPs could regulate apoptosis and exert therapeutic
effect with NIR light irradiation.

Subsequently, the cell death pathway and the mechanism of
NRh-Ph-NO NPs in 4T1 cells were examined by Western blotting.
As displayed in Fig. 6¢c and d, compared to other groups, the
apoptosis-related cleaved caspase-3 in the NRh-Ph-NO NPs with
808 nm laser irradiation group was significantly up-regulated by
the production of RNS, resulting in mitochondrial damage and cell
death®®. Similar results were obtained by AM/PI and flow
cytometry analyses of apoptosis. These data confirmed that the
NRh-Ph-NO NPs with 808 nm light resulted in significant cell
apoptosis by increasing the cleaved caspase-3 level.

It has been shown that the damage-related molecular patterns
(DAMPs), including calreticulin (CRT) and high mobility group
box 1 (HMGB-1), may be released by dead tumor cells during
immunogenic cell death (ICD)’. Therefore, we examined the CRT
secretion and HMGBI1 release from 4T1 cancer cells by immu-
nofluorescence staining to verify whether NIR-triggered gas
treatment led to ICD in addition to the direct killing of cancer
cells. As shown in Fig. 6e, the surface-exposed CRT level in NRh-
Ph-NO NPs-treated cells with prolonged 808 nm laser irradiation
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In vitro antitumor efficacy. (a) Fluorescence images of 4T1 cells co-incubated by Calcein-AM (green channel, live cells) and PI (red

channel, dead cells) with NIR photoirradiation (808 nm, 0.5 W/em?) Scale bar: 100 pm with NO indicator RhBs (green). Scale bar: 100 pm. (b)
Apoptosis analysis of 4T1 cells with NRh-Ph-NO NPs with NIR photoirradiation (808 nm, 0.5 W/cm?). (c, d) Protein expression levels of cleaved
caspase-3 measured by Western blotting in 4T1 cells (n = 3). Lane 1: control; Lane 2: NIR; Lane 3: NRh-Ph-NO NPs; Lane 4: NRh-Ph-NO
NPs + NIR. Immunofluorescent images of (e) calreticulin and (f) high mobility group protein 1 in 4T1 cells treated with NRh-Ph-NO NPs

under NIR photoirradiation (808 nm, 0.5 W/cm?). Scale bar: 20 pm.

was significantly higher than that in non-laser irradiated cells.
Besides, the efficient release of HMGB-1 was observed by NRh-
Ph-NO NPs plus NIR irradiation (Fig. 6f). These findings indi-
cated that NIR-induced gas therapy could effectively induce ICD
and release DAMPs from 4T1 cancer cells. The high levels of
CRT expression and HMGBI release from cancer cells following
NRh-Ph-NO NPs treatment contributed to the activation of anti-
tumor immunity and improved anticancer effect.

3.6.  In vivo tumor imaging and photo-controlled NO release

In vivo bioimaging plays a crucial role in the accurate diagnosis and
therapy of tumors. The light controllability of the nanogenerators
also directly determines the gas release sites, which, in turn, impacts
the effectiveness of gas treatment. Specifically, the nanogenerators
can produce photolytic products with the turn-on FUCL signal under
NIR light irradiation, providing higher resolution and sensitive real-
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Figure 7  In vivo imaging of tumor-bearing mice with NRh-Ph-NO NPs. (a) In vivo imaging schedule of NRh-Ph-NO NPs. (b) In vivo CCD

imaging of tumor-bearing mice after the tumor site was subjected to NIR light irradiation 4 h post i.v. injection of NRh-Ph-NO NPs. (c)
Fluorescence ratio of the tumor site. (d) Ex vivo CCD imaging of major organs in tumor-bearing mice after the tumor site was subjected to NIR
light irradiation 4 h post i.v. injection of NRh-Ph-NO NPs. (e) Fluorescence intensity of the major organs. Data are presented as mean + SD,

n = 3.

time FUCL readout for in vivo monitoring. We investigated the tumor
site accumulation and light-responsive properties of nanogenerator
NRh-Ph-NO NPs in 4T1 tumor-bearing mice by detecting the FUCL
signal. Detailed light-controlled release regimens of the bioimaging
monitoring procedure are shown in Fig. 7a. After 1 min of 808 nm
laser irradiation, a significant turn-on FUCL signal was observed.
With increasing irradiation time, the FUCL signal of NRh-Ph-NO
NPs became stronger at the tumor site and remained essentially un-
changed when the laser was turned off (Fig. 7b—e and Supporting
Information Fig. S36). The results demonstrated that NRh-Ph-NO
NPs could effectively accumulate at the targeted tumor site,
achieving controlled spatiotemporal NO release under 808 nm laser
irradiation, crucial for their in vivo application.

3.7.  Invivo anticancer effect of NRh-Ph-NO NPs

The in vivo anticancer effect of NRh-Ph-NO NPs with 808 nm
laser irradiation was evaluated on 4T1 tumor-bearing mice
(Fig. 8a). The mice were treated with saline, NRh-Ph-NO NPs,
808 nm laser irradiation, or NRh-Ph-NO NPs + 808 nm laser
irradiation, respectively. The tumor sites were irradiated with
808 nm NIR of 0.8 W/cm? for 10 min at 4 h post-injection of
NRh-Ph-NO NPs (5 mg/kg, 100 pL). The tumor growth and body
weight were measured every 2 days and monitored during the 14-
day treatment period. As shown in Fig. 8b, tumor volumes of the
mice treated with saline, NRh-Ph-NO NPs, or 808 nm laser

irradiation increased rapidly during treatment, which caused
nearly no anticancer effects. In contrast, mice treated with NRh-
Ph-NO NPs + 808 nm laser exhibited prominent tumor inhibi-
tion, indicating that 808 nm induced anticancer gas therapy ef-
fects. Importantly, no significant body weight variation was
observed during the treatment (Fig. 8c). Also, no significant dif-
ference was found between all groups of mice, including the group
injected intravenously with NRh-Ph-NO NPs, by the hematoxylin
and eosin (H&E) staining of major organs, indicating the favor-
able biocompatibility and biosafety of NRh-Ph-NO NPs (Sup-
porting Information Fig. S37). Additionally, H&E staining of the
tumors showed that nanogenerators NRh-Ph-NO NPs caused
damage to tumor cells. Furthermore, the caspase-3 immunofluo-
rescence assay exhibited that NRh-Ph-NO NPs + NIR group had
an increased level of the apoptosis biomarker caspase-3 in the
tumors. Similar trends were also observed by substantial CRT
protein exposure on the tumor cell surface, mainly attributed to the
RNS-induced activated systemic antitumor immune response. The
TUNEL staining assay presented that cell apoptosis levels were
significantly upregulated in tumor tissues of mice treated with
NRh-Ph-NO NPs + 808 nm laser compared with that of other
groups, indicating the impressive therapeutic effect of NRh-Ph-
NO NPs + NIR on eradicating solid tumors (Fig. 8d). Overall,
nanogenerators NRh-Ph-NO NPs could synergistically orchestrate
gas therapy and PDT, potentially amplifying anticancer thera-
peutic outcomes.
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In vivo anti-tumor effect of gas therapy with NRh-Ph-NO NPs. (a) Therapeutic schedule of anti-tumor therapy in different groups. The

changes of (b) tumor growth and (c) bodyweight during therapy. (d) H&E staining, caspase-3 immunofluorescence (IF) assays (red pseudo-color),
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4. Conclusions

We have successfully developed a series of rhodamine-containing
NO donors NRh-R-NO (R Me, Et, Bn, iPr, and Ph) and
investigated their photophysical properties. Attachment of the
electron-withdrawing N-nitroso to rhodamine-inspired NIR dyes
resulted in blue-shifted absorption from 720 nm to around 600 nm
and quenched emission of 740 nm compared to the precursors.
Photo-controlled release studies and theoretical studies revealed
that NRh-Ph-NO could effectively release NO and produce a

significant FUCL signal at 740 nm under 808 nm light irradiation,
attributed to lower N—N bond dissociation energy. Interestingly,
the one-for-all gas generator NRh-Ph-NO was activated by
808 nm light to produce superoxide anion O, and induced highly
toxic peroxynitrite anion ONOO™ for RNS-potentiated gas ther-
apy. After the nano-modification, the nanogenerator (NRh-Ph-NO
NPs) could be precisely taken up into mitochondria and displayed
superior biocompatibility. Significantly, when triggered by an
808 nm laser, NRh-Ph-NO NPs could activate the caspase-3
pathway of apoptosis and trigger tumor immunogenic cell death,
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effectively killing cancer cells. Based on FUCL imaging real-time
guide, NRh-Ph-NO NPs exhibited extraordinary RNS-potentiated
efficacy against tumor eradication in vivo. The innovative strategy
brings new perspectives to the design of versatile platforms for
RNS-mediated therapy of cancer.
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