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Abstract:

Multifunctional light stimuli-responsive NO-based gaseous theranostic systems are highly desirable

due to the directly killing cancer cells at high concentration (>1 uM) with minimized adverse

effects. However, on-demand NO-releasing nano-platform for deep-tissue gas-based cancer therapy
has not yet been explored. Herein, we develop a new type of soft X-ray-activated NaYF4:Gd/Tb
scintillator as light transducer for depth-independent NO release and on-demand gas-sensitized
cancer therapy. Benefiting from excellent radioluminescent property of NaYF4:Gd/Tb, deep-tissue
(up to 3 cm) NO release can be achieved by ultralow dosage soft X-ray (45 kVp, 0.18-0.85 mGy)
irradiation. More importantly, the designed scintillator-based NO gasotransmitter presents
significant inhibition of tumor growth under ultralow dosage soft X-ray irradiation. Therefore, such

soft X-ray activated NO-releasing nanoplatform provides a promising depth-independent gaseous

therapy mode for defeating deep-seated cancer in the future.
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1. Introduction

The development of theranostic systems based on endogenous gas has been emerged as new green
treatment paradigm and opens up new frontiers for carcinoma therapy due to its non-invasive nature
and great benefits to metabolism(!l. As a new gaseous therapeutic molecule, nitric oxide (NO) plays
a key role in various biological process including neuronal communication regulation, blood vessel
modulation, and other physiological/pathophysiological activities?!. Recent reports!*~! revealed that
NO presented a concentration-dependent dual effect for promotion or inhibition of tumor. At low
concentration (I pM - 1 nM), NO has a promoting effect on tumor growth. In contrast, high
concentration of NO (>1.0 pM) may remarkably inhibit tumor growth3-*l. Therefore, developing
stimuli-responsive NO releasing system with precisely controlled NO generating concentration for
on-demand cancer therapy with little systemic toxicity is urgently demanded.

In response to this issue, some NO releasing systems for controllable generation of NO by
certain stimuli, including heat!®, PHL, or light®® were well-developed. Among these systems,
photo-triggered NO releasing platforms were emerged as the promising NO-releasing transducer

due to the precise control of timing, location, and dosage®l. While, most of photoactive
NO-releasing molecules, such as Metal-NO compounds (Roussin's black salt, RBS), nitroimines
and bis-N-nitroso complexes only respond to ultraviolet (UV) and visible light!'%. However, the low

penetration depth in tissue of UV/visible light greatly impedes their further application for

controllable NO release in vivo. In contrast to UV/visible light, near-infrared (NIR) light located in
the "optical transparency window" (700-900 nm) has been considered as an alternative stimuli light

source for in vivo NO release owing to the improved tissue penetration depth!!!l Recently,

3
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upconversion (UC) luminescent nanomaterials!!? capable of converting low energy photon (NIR

light) to high energy UV/visible light through frequency UC process were emerged as promising

(85 13] for NO releasing. While, the low UC luminescent quantum yield

NIR light-sensitive sensor
and relative low penetration depth of NIR light still hinder their deep-tissue gas-based therapy of
tumor. In comparison to visible and NIR light, X-ray photons with greatly increased penetration
depth in tissues have been widely applied in diagnosis and radiotherapy for clinical, especially for
X-ray activated radioluminescencel!'*l.

Therefore, developing the X-ray activated NO-releasing system is highly desirable for
deep-tissue on-demand NO release. Recently, Shi and his co-workers demonstrated a pioneering

study for X-ray-induced NO-release by using high energy X-ray to break down S-N bonds!!?],

Nevertheless, high-dosage X-rays (>5.0 Gy) were required in this system, which inevitably caused

side effects to normal tissues!'®. In this regard, we propose a scintillating nanomaterial as the
energy transducer to convert the low dosage X-ray photons to visible light, and further activate the
surrounding photoactive NO donors for generating NO gas.

Herein, a lanthanide-based scintillating nanomaterial (NaYF4:Gd/Tb nanorod) as the energy
transducer (Scheme 1) for controllable NO release was explored. Owing to the efficient conversion
of X-ray photons to visible light, when absorbing RBS molecule, the designed scintillator presented

soft X-ray triggered on-demand NO release under ultralow dosage (0.18-0.85 mGy) of X-ray

irradiation via energy transfer (ET) from scintillator to RBS. Additionally, deep tissue NO release
up to 3 cm was also achieved, which broke the major challenge of the depth barrier suffered by the

traditional UV/visible and NIR light. More importantly, in vivo gas-sensitized tumor therapy was

4
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successfully performed, demonstrating directly inhibition of tumor growth.
2. Results and Discussion
2.1 Construction of NaYF4:Gd/Tbh-RBS nanocomposites

For exploring the soft X-ray activated NO-releasing system, the silica coated NaYFa:

40%Gd/15%Tb rare-earth (RE) nanorods were used for absorbing [FesS3(NO)7]” (RBS) NO-donor

via electrostatic interaction (Figure la). Firstly, hexagonal phase NaYF4:Gd/Tb nanorods with
uniform rod-like morphology (Figure 1b,c) were prepared using a hydrothermal method by doping

Gd**. The interplanar distance was measured to be 2.95 A via the high resolution transmission
electron microscopy (HR-TEM) image (Figure 1d), corresponding to the (110) crystal plane of the
hexagonal-phase NaYFs. The X-ray diffraction (XRD) results indicated that all the diffraction peaks
were well indexed to the hexagonal phase structure (JCPDS No. 16-0334) and no impurities were
detected (Figure 1h). Then, a silica layer with thickness of about 10 nm was coated on NaYFu:

Gd/Tb nanorods, which not only transferred the hydrophobic nanorods to water phase, but also

provided the ability to absorb the RBS molecules. As shown in Figure le and 1f, the TEM results
provided the evidence of the formation of NaYF4:Gd/Tb@SiO: core-shell structure. Then,
NaYF4:Gd/Tb@SiO2 nanocomposites were modified with 3-aminopropyltriethoxysilane (APTES)

to form -NH3" group on the surface, and finally reacted with RBS to form

NaYF4:Gd/Tb@SiO2-RBS (hereafter referred to as NaYF4:Gd/Tb-RBS) nanocomposites via

electrostatic interaction. Previous report!®® have demonstrated that RBS can release NO due to the

photolysis effect under UV/visible light irradiation. And as demonstrated in Figure 11, the emission

spectrum of NaYF4:Gd/Tb nanorods was nicely overlapped with the broad-band absorption region
5
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of the RBS, leading to the occurrence of ET from lanthanide nanorods to RBS.

Scheme 1. Schematic illustration of designing NaYF4:Gd/Tb-RBS nanocomposites for ultralow

dosage soft X-ray triggered NO release.



W Jo) Ui W N

OO OYOYOYOY Ul U1 U U1 U1 U1 U1l Ul DD DD DD WWWw WWww WwwwhhD NN NDNDNNFRE R REREPRERERERPRRPRE R PR
O WNRFPOWOJoud WNE OWO JoOul W NP O WO - VU WNEFPF OWO Jo U WNRE OWOJoyUdhwNhE O

RE@SiO, RE@SiO,-NH;* RE@SiO,-RBS
} _’A';‘-,- Gy

S nm

50 nm S nm

e "

h ‘f\_‘\lil“ilh e
g —— NaYF,Gd'Tb-RBS
~ -
3 = 5
= | E
< = - ~ -]
S| @ o= s = @ 2
s zZ|l= ' ~ o 2.
Br] e S f - 2
F ~
E ~—— NS SR E s
$-] g &
= 2 &
JCPDS No.: 16-0334 «
I “ ol I 1 |I| m uod s -
r ’ + T v v - - o
10 20 30 40 S0 6 70 80
20 (degree) Wavelength (nm)

Figure 1. a) Schematic illustration of the synthesis of the NaYF4:Gd/Tb-RBS nanocomposites. b-c)

TEM images of NaYF4:Gd/Tb nanorods. d) HR-TEM image of a single NaYF4:Gd/Tb nanorod. e-f)

TEM images of NaYF4#Gd/Tb@SiO, nanorods. g) HR-TEM image of a single

NaYF4:Gd/Tb@SiOz nanorod. h) XRD pattern of NaYF4:Gd/Tb nanorods. bottom: the standard

pattern for hexagonal phase NaYF4. (JCPDS No. 16-0334). i) UV/Vis absorption spectra of RBS

aqueous solution and the emission spectrum of NaYF4:Gd/Tb@SiO, nanorods under the excitation

of UV light.

2.2 Soft X-ray triggered radioluminescence of NaYF4:Gd/Tb@SiO: scintillator

To demonstrate the ability of NaYF4:Gd/Tb@SiO: nanorods as soft X-ray stimuli-responsive
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NO release, the in vitro soft X-ray induced visible light emitting experiments were first carried out.

A series of 96-well tubes containing different concentrations of NaYF4:Gd/Tb@SiO> were used for
green radioluminescence test under soft X-ray irradiation with low dosage (Table S1). Figure 2a
showed that the green emission signals were significantly increased with increasing the
concentrations of NaYF4:Gd/Tb@SiO». In addition, the radioluminescent signals of the same

samples were also greatly enhanced by improving the X-ray tube voltage. As illustrated in Figure 2b,

the average radioluminescent intensity visually confirmed that high tube voltage promoted the
X-ray-induced green emission. To further reveal the irradiation time-dependent radioluminescent
properties, NaYF4:Gd/Tb@SiO, samples were irradiated with different irradiation times from 1 to 4
min under the same X-ray tube voltage of 45 kVp. As demonstrated in Figure 2c, long irradiation
time was highly desirable for achieving the intense radioluminescence, which was also vividly
presented in the average intensity distribution diagram (Figure 2d). Moreover, covered with
different thicknesses of pork slabs (0-3 cm), the radioluminescent signals were still observed, even

up to 3 cm depth, indicating the depth-independent behaviors of X-ray light source (Figure S1). To

further examine the capability of NaYF4:Gd/Tb@SiO: for in vivo X-ray induced optical imaging,
NaYF4:Gd/Tb@SiO; solution (150 pL, 2 mg/mL) was subcutaneously injected into a mouse. As

shown in Figure S2a,b, significant signals were observed in the treated mouse. And the signal

intensity was increased with improving the X-ray tube voltage, indicating the feasibility of the

designed scintillating nanomaterials for in vivo X-ray induced optical imaging. Therefore, these

findings demonstrate that NaYF4:Gd/Tb@SiO: presents high efficient radioluminescence under low

dosage soft X-ray activation, which can be used as promising light-responsive transducer for NO

8
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release under low dosage soft X-ray irradiation.
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Figure 2. a) Soft X-ray induced optical imaging with different concentrations of

NaYF4:Gd/Tb@SiO: solutions under different X-ray tube voltages and same irradiation time of 2
min. b) The corresponding average signal intensity under different tube voltages. ¢) X-ray induced

optical imaging under different irradiation times and same tube voltage of 45 kVp. d) The

corresponding average signal intensity.
2.3 Soft X-ray triggered NO release

Owing to the significant X-ray induced green radioluminescence and spectra overlap between

NaYF4:Gd/Tb and RBS, soft X-ray triggered NO release can be readily achieved via ET from
NaYF4:Gd/Tb nanorods to RBS (Figure 3a). In order to verify the soft X-ray triggered NO release,

the NO releasing properties of the different solutions containing deionized water,

NaYF4:Gd/Tb@SiO», and NaYF4:Gd/Tb-RBS were studied by using a typical Griess assay(!’l. As
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shown in Figure 3b,c, there is nearly no NO generation from deionized water and

NaYF4:Gd/Tb@SiO: solution when irradiated under different X-ray tube voltages from 0 to 45 kVp
with irradiation time of 4.5 min. While, the designed NaYF4:Gd/Tb-RBS (Figure 3d) presents
obvious soft X-ray triggered NO release and the release rate increases by improving the X-ray tube

voltage. In addition, the quantitative NO release concentrations from RBS and NaYF4:Gd/Tb-RBS

were further studied under the soft X-ray irradiation with different tube voltages and irradiation

times. As demonstrated in Figure 3e, the X-ray triggered NO release content from 3.7 uM - 6.4
UM could be achieved by adjusting X-ray tube voltage from 25 kVp to 45 kVp, which was mainly

ascribed to the efficient ET from NaYF4:Gd/Tb nanorods to RBS molecules. The absorption spectra

(Figure 3f) of NaYF4:Gd/Tb-RBS + Griess kit were further tested and presented the enhancement of

absorption value with increasing soft X-ray irradiation times, further verifying the soft X-ray
activated NO release. More importantly, controllable gas release plays an important role in realizing

on-demand gas-sensitized therapy. Then, the precisely controllable NO release triggered by soft

X-ray was further investigated. As demonstrated in Figure 3g, with continuous irradiation for 30 s, a

burst NO release was initiated at this stage. Then after stopping X-ray irradiation for 1 min, the NO
release rate is greatly decreased, indicating the on-demand NO release by utilizing intermittent

X-ray irradiation.

10
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Figure 3. a) Schematic diagram of the NO releasing mechanism induced by soft X-ray. b-d)

Quantitative soft X-ray induced NO release from deionized water, NaYF4:Gd/Tb@SiO>, and

NaYF4:Gd/Tb-RBS. e) NO-releasing curves of NaYF4:Gd/Tb-RBS and RBS triggered by different

tube voltages of X-ray and

NaYF4:Gd/Tb-RBS + Griess kit solution under 45 kVp X-ray irradiation with different irradiation

irradiation
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f) UV/Visible absorption

times. g) On-demand NO-releasing behaviour induced by X-ray irradiation.

In addition, deep tissue NO release is another key factor for gas-sensitive tumor therapy in

biomedicine application. To reveal the deep tissue NO releasing nature, X-ray triggered NO
releasing properties of the designed NaYF4:Gd/Tb-RBS system covered with various thicknesses of
pork slices from 0 to 3 cm were further studied (Figure S3). With soft X-ray irradiation for 30 s at

45 kVp, the designed NaYF4:Gd/Tb-RBS sample covered with/without pork slap can sustainably

release NO gas under X-ray irradiation, and the releasing content increases with increasing the

irradiation time. It is worth noting that the release amount of NO can also reach about 1.5 pM

11
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(Figure S3b) at 3 cm deep tissue after 270 s irradiation, which is higher than the concentration (> 1
uM) for directly killing cancer cells. Therefore, the designed scintillator-based X-ray activated NO

releasing system can break through the limitation of penetration depth, promoting deep-tissue

gas-sensitized cancer therapy in vivo.

It also should be pointed out that low dosage of X-ray is a crucial factor for X-ray induced
nanomedicine in clinical application. In our designed scintillator-based NO-releasing
gasotransmitter, only ultralow dosage of X-ray (~0.85 mGy, Table S1) is required for soft X-ray

activatable NO release, which was far lower than the clinically used X-ray dosage for cancer

treatment!(!® and previously reported high energy X-ray (>5.0 Gy) induced NO release!'3].

£ X-ray
2

\~ 4 = ” \. : y —~ o\

s e . TS > B S )

. . Ra
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Tumor inoculation Tumor-bearing mice Soft X-ray triggered Tumor suppression
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Figure 4. a) Schematic diagram of soft X-ray induced NO-based gaseous therapy of cancer in vivo.

b) Photographs of tumor-bearing mice before and after treatment. c¢) The relative volume changes

of tumor from control, RBS+X-ray, and NaYF4:Gd/Tb-RBS + X-ray groups.

2.4 NO gas-sensitized tumor therapy

12



=
OW o ~Joy U W N

W W WWWWW WWwWwWw DN DD DD DN PR PR R PR
QO O ~J oy U W N O WO -1 OJT b WN POW O o Ul W N

IS S DN N DN
WO 1 ol bW N

YOy Oy Oy oY O U1 U1 UrOU1 O U1 U1 U1 U1 U1
O WNEFEOWOWwWJOoY UdbdwNEFEO

Prior to in vivo therapy, the biotoxicity of NaYF4:Gd/Tb-RBS nanocomposites was first
studied. The major organs including heart, liver, spleen, lung, and kidney separated from the mice
treated with NaYF4:Gd/Tb-RBS nanocomposites were analyzed by hematoxylin and eosin (H&E)
staining analysis. As shown in Figure S4, compared with the control group, no obvious
histopathological abnormalities or lesions in organs from NaYF4:Gd/Tb-RBS treated group were
observed, suggesting the negligible biotoxicity and high biocompatibility. Then, to reveal in vivo
NO gas-sensitized tumor therapy triggered by ultralow dosage soft X-ray, the Lewis lung cell (LLC)
tumor-bearing mice were randomly divided into three groups: control (group 1); RBS + soft X-ray

irradiation (group 2); NaYF4:Gd/Tb-RBS + soft X-ray irradiation (group 3). After injection of RBS

and NaYF4:Gd/Tb-RBS solution (2 mg/mL, 150 pL ), tumors were irradiated by soft X-ray with 45
kVp for 2 min. As shown in Figure 4, the tumors in group 1 and group 2 grow fast, indicating that
only low dosage X-ray irradiation shows low efficiency tumor inhibition. In contrast, the
combination of NaYF4:Gd/Tb-RBS solution and X-ray irradiation in group 3 presents the

remarkable inhibition of tumor growth, which is mainly attributed to the soft X-ray induced NO

release for directly killing tumor.

3. Conclusions

In summary, the soft X-ray inducible scintillator-based NO generating nanoplatform by
integrating NaYF4:Gd/Tb nanorods with NO donor (RBS) was developed for the first time. On the
basis of ET process between NaYF4:Gd/Tb nanorods and NO donor (RBS), ultralow dosage soft
X-ray (0.85 mQGy) triggered NO release could be achieved in deep tissues even up to 3 cm depth,

breaking the depth limitation suffered by the traditional UV/visible and NIR light. By adjusting tube
13
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voltage of X-ray, on-demand NO release was also realized, which was important for

concentration-dependent NO gas therapy. Moreover, the X-ray activated NaYF4:Gd/Tb-RBS agent

exhibits efficient inhibition effect for tumor growth. These findings open up the opportunity
for developing the new type of soft X-ray activatable gasotransmitter for deep tissue gas-sensitized

tumor therapy in vivo.

4. Experimental Section

Materials: GdClz; 20 (99.99%), YClz 20 (99.99%), and TbCls 20 (99.9%) were

purchased from QingDa elaborate Chemical Reagent Co. Ltd (Shandong). NaOH (98%), NaF
(99%), oleic acid (OA,90%), absolute ethanol, Igepal CO-520, Tetraethyl orthosilicate (TEOS),

3-aminopropyltriethoxysilane (APTES), iron(Il) sulfate heptahydrate (FeSO4 7 20, 98%), sodium
nitrite (NaNOz, 97%), ammonium sulfide ((NH4)2S, 48%),ammonium hydroxide (NH4OH, 33%

NH3) and other reagents were purchased from Sinopharm Chemical Reagent Co., China.

Characterizations: Powder X-ray diffraction (XRD) measurements were performed by a Rigaku
D/max 2500 X-ray diffractometer with Cu-Ka radiation (A= 0.1540 nm) at 40 kV and 250 mA.

The shape and structure of NaYF4:Gd/Tb and NaYF4:Gd/Tb@Si0O, samples were characterized by
transmission electron microscopy (TEM, FEI Tecnai F20), and high-resolution TEM (HR-TEM) at

an acceleration voltage of 200 kV. Photoluminescence spectra of these samples were detected by

using a Zolix Analytical Instrument (fluoroSENS 9000 A) at room temperature. The UV-Vis

absorption data was acquired by Spectrophotometer system (UV-1800, Hunan Sino-Jewell

Electronics Co., Ltd.).

14
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Synthesis of NaYF4:Gd/Tb nanorods: The Ln (40%Gd, 15%Tb) co-doped NaYF4 nanorods were
synthesized by a traditional hydro-thermal procedure!’” as follows: Firstly, 1.2 g of NaOH
completely dissolved in 2 mL of deionized water under stirring. Then, 10 mL anhydrous alcohol
and 20 mL OA were added into the above solution stirring for another 20 minutes. After that, A
total of 1 mmol RECIl; (RE =Y, Gd, Tb) at designed concentrations/molar ratios and 8 mL of NaF
aqueous solution (1.0 M) were added into the aforementioned solution with vigorously stirring.
Subsequently, the mixtures were transferred into a stainless Teflon-lined autoclave (50 mL) and
maintained at 190 C for 24 h. The resulting products were washed with ethanol and deionized

water.

Synthesis of NaYF4:Gd/Tb@SiO>-NH3": Firstly, NaYF4:Gd/Tb@SiO: core-shell nanocomposites

were synthesized according to the previous report.?°? 0.2 mmol NaYF4:Gd/Tb nanorods and 0.1 mL

Igepal CO-520 were mixed in 50 mL cyclohexane under stirring for 10 min. Then, 0.8 mL of
concentrated ammonia and 0.4 mL Igepal CO-520 were added in above solution and sonicated for

20 min. After that, 0.6 mL TEOS was added drop by drop, and the mixture was stirred for 2 days
to obtain NaYF4:Gd/Tb @SiO2 nanorods. Then, 0.15 mL APTES was added in the mixed solution

under stirring for 24 h. The resulting NaYF4:Gd/Tb @SiO; products were washed with ethanol
several times and finally dispersed in 5 mL deionized water.

Synthesis of RBS: RBS was synthesized as following!?!l: First, the 8 mL deionized water
containing 1.8 g NaNO, was added to 250 mL  3-neck flask. Then, 2 mL (NH4),S solution and 6

mL of deionized water were added into the above solution. The yellow solution was heated at reflux

under stirred until the mixed solution turned to a deep red. Then, 32 mL deionized water containing

15
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4.0 g FeSO4 7 20 was added to the above solution. After 30 s heating, 10 mL of a 22% NH4OH

solution was dropped into the mixed solution. The solution was heated to 90 C for 10 min and

then filtered immediately. The red-brown Fe (OH)3; was discarded, and the black-brown solution

was allowed to stand overnight. The black-brown solution was kept in 4 C overnight and the
black crystalline solid was collected and freeze-dried.
Synthesis of RBS-loaded NaYF;:Th@SiO:: NaYF4:Gd/Tb@SiO2-RBS nanocomposites were

synthesized according to an electrostatic attraction procedure. An aqueous solution of RBS (100 mg)

was dropwisely added into the suspension of NaYF4:Gd/Tb@SiO: (0.2 mmol) under stirring. After
12 h, the precipitate was obtained by centrifugation at 6,000 rpm. Nanocrystals were centrifuged

and washed with water three times.

In vitro low dose X-ray induced green emission: Soft X-ray induced green emission was carried
out by a multi-modal in vivo imaging system (Bruker /n Vivo FX Pro) equipped with a detecting

CCD (MLA4002, Finger Lakes Instrumentation, USA). Different concentrations of

NaYF4:Gd/Tb@Si0; nanorods (0.5 mg/mL, 1.0 mg/mL, 1.5 mg/mL, 2.0 mg/mL) were transferred

into 96-well tubes for X-ray induced optical bioimaging with various irradiation times (1-4 min)

and excitation tube voltages (25 -45 kVp).

Tumor animal models: 8x10° Lewis lung cancer (LLC) cells were subcutaneously injected into

BALB/c nude mice, after further culturing about two weeks, the tumor-bearing mouse models were
obtained for in vivo soft X-ray-activated NO gas therapy experiments. All animal procedures in this

study were performed in accordance with the Guidelines for Care and Use of Laboratory Animal
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Center of Hunan Normal University and approved by the Animal Ethics Committee of Hunan

Province.

In vivo low dose X-ray activated optical bioimaging: NaYF4:Gd/Tb@Si0O, (150 puL, 2 mg/mL)
was then subcutaneously injected in Kunming mouse which was anesthetized by intraperitoneally
injecting pentobarbital sodium aqueous solution (10 wt%, 100 pL), After that, a multi-modal in vivo
imaging system was used for soft X-ray induced bioimaging under X-ray (45 kVp, 2 min)

irradiation at room temperature.

Measurement of NO release in deionized water: The NO release contents from NaYF4:Gd/Tb

-RBS nanocomposites were quantitatively measured by a classic Griess reagent Kitl!”l. When in
contact with water, the released NO molecules could be converted into nitrate and/or nitrite. After
reaction with the Griess agent, the nitrate and nitrite were finally converted into an azo dye that
could be quantitatively determined using a microplate reader or UV-vis absorption spectroscopy (A=
540 nm).

Soft X-ray-activated NO gas therapy: The tumor-bearing mice were randomly into 3 groups:
control (group 1); RBS+ X-ray irradiation (group 2); NaYF4:Gd/Tb-RBS + X-ray irradiation (group
3). After injection of RBS and NaYF4:Gd/Tb-RBS solution (2 mg/mL, 150 pL ), tumors were
irradiated by soft X-ray with 45 kVp for 2 min every day.

Histology analysis: To obtain histology analysis, the main organs including heart, liver, spleen,
lung and kidney from the control and treated mice with 3 and 7 days were collected for hematoxylin

and eosin (H&E) staining to examine the potential toxicity.
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Ultralow dosage Soft X-ray activated lanthanide scintillator-based light transducer for controllable
NO release was developed for gas-sensitized tumor therapy in vivo.
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Soft X-ray Activated Lanthanide Scintillator for Controllable NO Release and Gas-Sensitized
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