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In Vivo X-ray Triggered Catalysis of H, Generation for Cancer

Synergistic Gas Radiotherapy

Ying Wu, Lichao Su, Meng Yuan, Tao Chen, Jiamin Ye, Yifan Jiang, Jibin Song,* and

Huanghao Yang*

Abstract: To date, hydrogen (H,) therapy has received wide-
spread attention. However, X-ray triggered sustainable H,-
producing materials with controlled release for cancer treat-
ment have not been reported. Herein, an X-ray triggered
sustainable in situ H, producing platform, Au NR-
TiO,@ZnS:Cu,Co-A(Au-TiO,@ZnS), composed of Au-amor-
phous TiO, nano-dumbbell-shaped heterostructure coated
with long afterglow particles, was developed for cancer
synergistic Hjy-radiotherapy. The mechanism of H, production
was verified by theoretical calculations and in vitro experi-
ments. Changes in the apoptosis pathway caused by the
synergistic effect of H, and radiotherapy were reported.
Guided by its excellent photoacoustic imaging capabilities,
mice with orthotopic liver cancer achieved excellent therapeu-
tic effects and low inflammatory side effects, suggesting that
Au-TiO,@ZnS has promising application potential for cancer
treatment and prognosis.

Introduction

As a new type of treatment!! and one of the signal
molecules in the human body,” hydrogen gas (H,) has shown
great application potential as an anti-inflammatory® and
anti-cancer agent.’ However, the current H, therapy systems
in clinic involve a systemic supply of low H, concentrations,
which lack precise release control and targeting capabilities.
This greatly limits the efficiency of treatment and the scope of
clinical application. After years of development, many nano-
materials are used in the delivery of drugs or as precursor
prodrugs for the treatment of diseases in the body, which can
potentially be good H, carriers or generators as well. At
present, some nanomaterials such as palladium,” metal-
organic frameworks (MOFs),®! and dopamine!”! have been
used to directly carry H, or precursors that can produce H, in
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response to stimulation in the body for the collaborative
treatment of cancer. Studies have reported that H, can not
only cooperate with photothermal therapy to treat cancer, but
also can react with malignant free radicals such as peroxyni-
trite and regulating cell pathways and inflammatory factors to
treat cancer and anti-inflammatory.>>® Nevertheless, more
specific mechanisms are still waiting to be reveal. Besides,
these nanomaterials usually have a low cargo loading rate and
lack the ability to continuously produce H,. Therefore,
preparing a platform that can accurately control the sustained
release of H, in the body is essential to broaden the
application of H, therapy in the clinical field.

The photocatalytic H, production technology currently
used in the energy sector is booming. Nevertheless, most of
the materials used for catalyzing H, production are in the
visible light region for practical purposes.’ At the same time,
their large size and lack of biocompatibility make them
unsuitable for biological applications. As a light source, X-ray
irradiation has been widely used in medical imaging!"”! and
tumor treatment™! owing to its high energy and high
penetration depth,™ which can be of great significance for
photocatalytic H, production in vivo but is rarely reported. X-
ray excited long afterglow materials are gradually attracting
attention in the biomedical field due to their ability to store
energy and emit light with time delay."” By making full use of
the excess energy of X-rays and releasing afterglow to
maintain the photocatalytic process of H, after the radiation
is stopped, the use of X-ray-excited afterglow materials for
catalytic H, production in the body has a very promising
application potential.

Herein, we designed a dumbbell-shaped gold-TiO, heter-
ojunction structure coated with a long afterglow material
(Au-TiO,@ZnS:Cu,Co-A, abbreviated as Au-TiO,@ZnS) as
a catalytic H, production platform for combined H, therapy
and radiotherapy (Scheme 1). With the photocatalytic ability
comparable to anatase,' amorphous TiO, does not require
high-temperature synthesis conditions, which greatly reduces
the difficulty of synthesis. The Au-TiO, nano dumbbells (Au-
TiO, NDs) heterojunction structure can expand the photo-
catalytic absorption wavelength range of TiO,.'”! Moreover,
the hot electrons generated by the X-ray excitation effectively
promote the separation of electrons and holes in TiO,, greatly
improving the catalytic H, production capacity of TiO,. As
the main component of the material, gold nanorods (Au NRs)
can enhance radiotherapy sensitivity,'® which can provide
greater assurance for the synergy of radiotherapy and H,
therapy. Moreover, the enrichment of the Au NRs material in
the lesion area and its metabolism in the body can also be
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Scheme 1. a) The construction of the intelligent platform Au-
TiO,@ZnS for X-ray excited cancer H,-radiotherapy. b) Diagram of H,-
radiotherapy synergistic treatment of cancer. Under X-ray irradiation,
the electrons in Au-TiO,@ZnS flow from the TiO, to the Au NRs and
react with protons to generate H, on the side of the Au NRs. The
synergistic effect of the local high H, concentration and Au NRs
sensitized radiotherapy significantly killed cancer cells through media-
ting AMPK apoptosis pathway, caspase-3 apoptosis pathway, and
expressing apoptosis inducing factor (AIF) and reactive oxygen species
(ROS) to degrade DNA. After stopping X-ray irradiation, afterglow
particles excited by X-rays emit light. Then, electrons would flow from
Au NRs to TiO,, leading to continuous H, production on the surface
of TiO, which can reduce the side effects of radiotherapy on normal
tissues through anti-inflammatory effects.

tracked and real-time monitored through photoacoustic
imaging.!'"”! Finally, the long afterglow material enables Au-
TiO,@ZnS to continue releasing H, after stopping X-ray
irradiation, which can reduce the side effects of X-rays while
further enhancing the H, concentration in the lesion area.
Both in vitro and in vivo data demonstrate that Au-TiO,@ZnS
exhibits a good synergistic therapeutic effect of H, gas and
radiotherapy, and holds promise for development of H,
therapy.

Results and Discussion

Au-TiO, NDs were prepared by bottom-up wet-chemistry
method by using C,(;TAB as a soft template and adjusting the
pH through NaHCO; to control the degree of hydrolysis of
TiCl;, according to the previous report with some slight
modifications.!”) As the core of Au-TiO, NDs growth, Au
NRs with a length of about 87 nm and a diameter of 32 nm
were synthesized by the classical seed growth method
(Supporting Information, Figure S1a). The amorphous TiO,
grew on both ends of the Au NRs due to the sparse
distribution of C;(,TAB at the tip of the Au NRs to form
a dumbbell-shaped structure with 25 nm thickness (Figure 1a,
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Figure 1. Synthesis and characterization of Au NRs-TiO, nano-dumb-
bells (Au-TiO, NDs). a) TEM image, b) SEM images of Au-TiO, NDs.
c) SEM images of Au-TiO,@ZnS. d) HAADF-STEM image and elemen-
tal maps, and e) transmission electron microscope EDX longitudinal
line scan of Au-TiO,@ZnS (Scale bar, 50 nm). f) Transmission electron
microscope EDX horizontal line scan of Au-TiO,@ZnS (Scale bar,

50 nm). g) EDXS analysis spectrum of Au-TiO,@ZnS NDs. h) The
absorption spectrum of different solutions. i) Size distribution of
different samples analyzed by DLS.

b, S1b). By varying the different reaction parameters, it was
found that the concentration of C;TAB and the diameter of
the Au NRs played a decisive role in the anisotropic growth of
TiO,. When the concentration of C,(TAB was lower or the
diameter of Au NRs smaller than 32 nm, it was easier to
synthesize the product Au-TiO,-cover with TiO, fully encap-
sulated (Figure S2). On this basis, increasing the pH of the
reaction solution can increase the thickness of the encapsu-
lated TiO,. ZnS:Cu,Co-A with uniform particle size distribu-
tion about 3-5 nm was prepared by adding carboxyl-function-
alized adenine (A-COOH) as surfactant and sodium sulfide
(Na,S) reducing precursor solution. The successful carboxyl
functionalization of A-COOH was confirmed by 'H nuclear
magnetic resonance (‘HNMR) spectra (Figure S3). The
morphology of ZnS:Cu,Co-A was characterized by electron
microscopy (Figure S4a), and its crystal composition was
confirmed by X-ray diffraction (XRD), which was consistent
with the standard card of ZnS (PDF: 39-1369) (Figure S4b).
Then, ZnS:Cu,Co-A and PEG-SH was bonded on the Au-
TiO, NDs by electrostatic action and Au-S covalent to obtain
Au-TiO,@ZnS, whose scanning electron microscope-
(SEM)image was shown in Figure 1c. From element mapping
(Figure 1d), Transmission electron microscope (TEM) En-
ergy Dispersive X-Ray Spectroscopy (EDX) longitudinal and
horizontal line scan (Figure 1e,f) and Energy Dispersive
Spectroscopy (EDS) (Figure 1g) results of Au-TiO,@ZnS, it
can be observed that the amorphous TiO, was mainly
distributed at both ends and the long afterglow material was
uniformly adsorbed on the surface of Au-TiO, NDs. After
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that, the light absorption properties of Au NRs, ZnS:Cu,Co-
A, Au-TiO, NDs, Au-TiO,-cover and Au-TiO,@ZnS were
measured. It was found that the absorption of nano-dumb-
bells was mainly distributed in the near-infrared region
(NIR), with a maximum absorption peak at 710 nm (Fig-
ure 1h). In addition, with the growth of TiO,, the surface
plasmon resonance (LSPR) peak of Au NRs was gradually
red shifted. With the formation of heterojunctions, the
attachment of afterglow particles and the modified particle
size components of PEG-SH became larger, and the average
hydrodynamic particle size of Au-TiO,@ZnS was measured as
210 nm (Figures 1i). The potential of Au-TiO,@ZnS was more
negative than that of Au-TiO, NDs, which further indicates
the successful modification of ZnS:Cu,Co-A (Figure S5).

It has been reported that under the irradiation of ultra-
violet (UV) light, the electrons in TiO, in the heterojunction
will transfer to Au NRs and undergo a reduction reaction to
produce H,. On the other hand, under the irradiation of
visible light, the process of injecting the hot electrons
generated by Au NRs into the conduction band of the
connected TiO, will dominate to catalyze the production of
H,.!¥ Therefore, the macroscopic process of radiotherapy
sensitization and photocatalytic H, production under X-ray
excitation was investigated, as shown in Figure 2a. Under X-
ray irradiation, through the injection of tip TiO, electrons, the
exposed electrons on the side of Au NRs will react with
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protons in the water to generate H,. After stopping the X-ray
irradiation, the ZnS:Cu,Co-A that has completed energy
storage on the surface of the Au-TiO, NDs started to emit the
afterglow with main emission light at 578 nm (Figure 2b). The
energy loss of Au-TiO, NDs photons was negligible because
of the extremely small distance between afterglow particles
and Au-TiO, NDs. This ensured that Au NRs were excited
and generated hot electrons, which flowed into TiO, where
the reduction reaction occurred on its surface. The generated
holes in these two processes were captured by the sacrificial
agent or OH™ and produced by-products and "OH respec-
tively. These two processes require Au NPs to have exposed
parts. For this reason, Au-TiO,-cover, whose side is com-
pletely encapsulated by TiO, without exposure, could not
achieve catalytic H, production.

The afterglow of ZnS:Cu,Co-A lasted for nearly 10 mi-
nutes under X-ray (1 Gy, 50kV, 5Smin) irradiation (Fig-
ure 2¢). Then, the influence of X-ray irradiation and the
ability of Au-TiO,@ZnS to generate H, were further explored
by using a methylene blue solution containing 2%wt Pt
nanoparticles (Figure S6). Considering that the tumor micro-
environment is different from normal tissues, glycolytic
breathing mainly causes the abnormally increased concen-
tration of lactic acid at the tumor site. Therefore, 5% lactic
acid was selected as a sacrificial agent in the in vitro detection
of catalytic H, production. As seen from the solution
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Figure 2. a) Radiosensitization and photocatalytic H, production under X-ray excitation. b) The XEOL spectrum and c) The afterglow decay curves
of ZnS:Cu,Co-A. d) H, production in different solutions was determined by the color change of methylene blue and the absorption change at

665 nm, where the absorption curve of Au-TiO,@ZnS-2 was measured after stopping X-ray irradiation for 10 min. e) Statistical chart of the
difference between 665 nm peaks of different solutions after 5 min of X-ray irradiation. Inset: the corresponding sample picture. f) Representation
of the band structures and band gap of the charges in amorphous TiO, and anatase in this work, which were calculated according to the
theoretical calculation. g) Schottky barrier diagram of contact surfaces of Au NRs and amorphous titania,where ®m and ®s are the work
functions of Au and semiconductor amorphous TiO, respectively, xs is the electron affinity of TiO,, and q®, is the potential barrier.
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absorption curve in Figure 2d, after Au-TiO, NDs and Au-
TiO,@ZnS were subjected to X-rays (1 Gy, 50 kV, 5 min), the
absorption of methylene blue at the maximum absorption
wavelength of 665 nm in the solution had significantly
decreased for both materials. More importantly, after stop-
ping X-ray irradiation for 10 minutes, the absorption of the
Au-TiO,@ZnS solution at 665 nm showed a further drop
(Figure 2¢), whereas the absorption curves of the other
control groups (Figure S7) did not change further. Mean-
while, gas chromatograph was used to analyze the H,
generation efficiency of Au NRs, Au-TiO,-cover, Au-TiO,
NDs and Au-TiO,@ZnS. Compared with the H, generation
efficiency of Au NRs and Au-TiO,-cover with zero output,
that of Au-TiO, NDs and Au-TiO,@ZnS were as high as
101.6 umolg~'h~!, 120.2 umolg~'h~!, respectively. (Fig-
ure S8) This result indicates the significant effect of long
afterglow materials on H, production after stopping X-ray
irradiation.

To further study the mechanism of Au-TiO,@ZnS cata-
lyzed H, generation under X-ray excitation and long after-
glow excitation, the conduction band (CB) and valence band
(VB) of amorphous TiO, were calculated by first-principles
and compared with the theoretical values for anatase, which is
considered the most active phase for photocatalytic H,
production. Figure 2 f shows that the band gap of amorphous
TiO, was 2.97 eV, smaller than that of anatase (3.20 eV),[*l
which means that amorphous TiO, has a wider spectrum of
absorption from ultraviolet light to visible light. In addition,
amorphous TiO, can more easily lose electrons to catalyze H,
production, due to its more negative conduction band energy
level compared with the H, electrode potential (E°(H/H,)).
Then, the Schottky barrier at the metal-semiconductor inter-
face of Au NRs-TiO, was also simulated by first principles
(Figure 2g). The contact between Au NRs and amorphous
TiO, was an ohmic contact because @,, > @, An anti-blocking
layer was produced at the contact interface, which had
minimal impact on charge transfer. Moreover, holes flowed
from the metal into the semiconductor, forming a hole
potential well on the surface of the semiconductor. This is
consistent with the direction of electrons flowing from TiO,
into Au NRs under X-ray irradiation, which slows down the
electron-hole recombination efficiency of Au NRs during the
H, catalytic reduction process to greatly improve the catalytic
H, production capacity. Under the irradiation of afterglow
light in the visible light region, the electron transmission path
between Au NRs and amorphous TiO, mainly comes from
thermionic emission due to SPR, which can cross the Schottky
barrier and inject hot electron beams from Au NRs into the
conduction band of TiO,. As a result, reduction and H,
generation reaction occurs on TiO,, while leaving holes for
oxidation reaction on Au NRs.

The above results verify the ability of X-ray excitation to
release H, gas and the radio-sensitization effect of Au NRs.
Hence, it is worthwhile to conduct in vitro cytotoxicity studies
on MC38 cells, which will be used to establish an orthotopic
liver cancer model. It can be seen from Figure 3a that in the
absence of X-ray radiation, neither ZnS:Cu,Co-A, Au NRs,
Au-TiO, NDs, nor Au-TiO,@ZnS exhibited significant tox-
icity. However, once exposed to X-ray (1 Gy, 50 kV, 5 min),
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Au NRs, Au-TiO, NDs, and Au-TiO,@ZnS generally showed
significant concentration- and time-dependent cytotoxicity
towards cancer cells. Among them, Au-TiO,@ZnS displayed
the most outstanding killing ability.

The mechanism of Au-TiO,@ZnS’s excellent cancer cell
killing ability was further explored. It was found that the
temperature of the solution changes only 1.9 K after 5 mi-
nutes of X-ray (1 Gy, 50 kV) irradiation. The possibility of the
fact that local hyperthermia leading to cell death caused by
high-energy X-rays interacting with the material could be
ruled out (Figure S9).From the results of the Annexin V-PI
early apoptosis detection assay, it can be inferred that the
exposure of MC38 cells to X-ray (50 kV, 5 min) after 12 h of
co-incubation with Au-TiO,@ZnS mainly led to cell death
caused by apoptosis (Figure 3b). The cell cycle results
indicated that after X-ray irradiation, the G2-M cycle of
MC38 cells was blocked to inhibit cell proliferation (Fig-
ure S10). The results of the TUNEL experiment showed that
a great number of DNA fragments appeared in the X-ray
group, which are represented by bright green FITC fluores-
cence in Figure 3¢, especially in the Au-TiO,@ZnS co-
incubation group. Thus, the primary DNA damage was
attributed to the ROS generated during the radiotherapy
process. Here, the ROS probe, 2,7-dichlorodihydrofluores-
cein diacetate (DCFH-DA),™ was used to detect the ROS
content, which was proportional to the green fluorescence
detected in the cells incubated with different materials after
X-ray irradiation (Figure 3d). The green fluorescence of the
solution corresponding to Au-TiO,@ZnS under X-ray irradi-
ation was greatly increased compared with that of the control
group. This indicates that under the condition of X-ray
irradiation and Au-TiO,@ZnS co-incubation, the cells pro-
duced a large amount of ROS. It is well-known that free
radicals can cause cell lipid peroxidation damage. Therefore,
liposome peroxidation assay was used to verify the degree of
lipid peroxidation damage to the MC38 cell membrane after
H, therapy and radiotherapy. The degree of damage was
positively correlated with the measured concentration of
MDA. Through the establishment of MDA standard curve
(Figures S11, S12). Under X-ray irradiation (1 Gy, 50 kV,
5 min), the lipid peroxidation level of the Au-TiO,@ZnS
group was 5.1 times higher than that of the X-ray group
(Figure 3¢). The cell proliferation ability after different
treatments was also measured through cell cloning experi-
ments. As shown in Figure 3 f, S13 the cell cloning rate of the
Au-TiO,@ZnS co-incubation group after X-ray irradiation
was almost 0, which was one-thousandth of the control group.

Then, the relative expression of apoptosis inducing factor
(AIF), adenosine 5'-monophosphate-activated protein kinase
(AMPK) and caspase-3 was characterized by Western blot-
ting to study the effect of the combined action of H, and
radiotherapy on the apoptosis pathway (Figure 3g). AIF and
AMPK related signaling pathways are related factors of non-
caspase-dependent apoptosis.® The levels of AIF decreased
after treatment with hydrogen-rich water (HRW) which was
prepared by continuously bubbling H, with a purity of
99.999% for 5min by inserting a sterile needle into the
culture medium. while AIF levels significantly increased after
X-ray irradiation (50 kV, 5 min) in both the groups with or
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Figure 3. a) Viabilities of MC38 cells treated with PBS, ZnS:Cu,Co-A, Au NRs, Au-TiO, NDs and Au-TiO,@ZnS respectively, with or without X-ray
irradiation (1 Gy, 50 kV, 5 min). b) Contour diagram of FITC-Annexin V/PI flow cytometry of MC38 cells after treatment with Au-TiO, NDs for 12 h
with or without X-ray irradiation (1 Gy, 50 kV, 5 min). (Q1 represents necrotic cells; Q2 shows non-viable late apoptosis/necrosis cells, which are
positive for FITC-Annexin V binding and Pl uptake; Q3 represents apoptotic cells, FITC-Annexin V positive, and Pl negative; Q4 shows viable cells

without PI and negative for FITC-Annexin V binding).

c) DNA fragmentation and nuclear condensation (scale bar: 25 nm) in MC38 cells with

different treatments. d) Confocal fluorescence microscope images of MC38 cells stained by DCFH-DA after different treatments for 12 h with or
without X-ray irradiation. Scale bar: 700 um. e) Lipid damage assessment, measured by lipid peroxidation assays. f) Statistical graph of cell clone
formation rate after different treatments. g) Western blot analyses of AIF, p-AMPK, and Caspase 3 for cell apoptosis in MC38-luc cells after
treatment with PBS, hydrogen-rich water, X-ray (1 Gy, 50 kV, 5 min) and X-ray (1 Gy, 50 kV, 5 min) in combination with Au-TiO,@ZnS. h) The
relative expression statistics chart was relative to the internal control B-actin. Statistical significance was set to p <0.05 (*) and p <0.01 (**).

without Au-TiO,@ZnS co-incubation, which indicates the
significant impact of X-ray on AIF expression. Compared
with the control group, the expression level of phosphoryla-
tion-AMPK (p-AMPK) in the Au-TiO,@ZnS + X-ray group
was greatly increased, which was inferred to be the synergistic
effect of H, and radiotherapy. Notably, after HRW and X-ray
treatment, respectively, both of the expression of caspase-3
was slightly enhanced. This enhancement was more prom-
inent in the experimental group, which further reflects the
synergistic effect of H, and radiotherapy (Figure 3h).

PA imaging has higher spatial resolution and deeper tissue
penetration than traditional optical imaging techniques.””
Numerous studies have shown that the Au NRs material is
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a good photoacoustic imaging agent.”!! Hence, it was
speculated herein that Au-TiO,@ZnS would also be an
excellent near-infrared photoacoustic imaging agent, consid-
ering that Au NRs are one of its main components. The in
vitro photoacoustic imaging capabilities of Au-TiO,@ZnS
were first explored (Figure S14). A linear relationship was
observed between the photoacoustic signal intensity and
concentration of Au-TiO,@ZnS.

To evaluate the long-term safety for further application in
biomedicine, the biocompatibility of Au-TiO, NDs and Au-
TiO,@ZnS nanoparticles was first studied through hemolysis
experiments. The experimental results showed that Au-TiO,
NDs and Au-TiO,@ZnS nanoparticles modified with SH-
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Polyethylene glycol-COOH (SH-PEG-COOH) did not cause
significant hemolysis even at concentrations as high as
160 uygmL ™" (Figure S15). Then, an orthotopic liver tumor
model was established with the luciferase firefly enzyme
fluorescent stable expression cell line MC38-luc. By studying
the in vivo photoacoustic imaging behavior of Au-TiO,@ZnS,
it was found that the PA signal in liver orthotopic tumors
continued to increase with time, suggesting the continuous
accumulation of Au-TiO,@ZnS in the tumor area. It can also
be seen from the Figure that Au-TiO,@ZnS reached the
maximum tumor enrichment concentration at 24 h, and it also
opened a gap with the liver enrichment concentration (Fig-
ure 4a, b), which provides guidance regarding the duration
for subsequent radiotherapy. After intraperitoneal injection
of fluorescein into mice, the size and spatial distribution of
orthotopic liver cancer can be clearly outlined by small animal
fluorescence imaging equipment, which provides three-di-
mensional guidance for local X-ray irradiation during radio-
therapy.
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Next, the biodistribution and clearance behaviors of Au-
TiO,@ZnS in the hepatoma in situ mice were also fully
evaluated. Inductively coupled plasma mass spectrometry
(ICP-MS) was employed to measure the concentration of Au
in blood or anatomical organs and tumors at different time
points after injection. The blood half-lives of Au-TiO, NDs
and Au-TiO,@ZnS were 0.51 h and 0.47 h, respectively (Fig-
ure S16). From the biodistribution of Au-TiO,@ZnS in main
tissues and tumor (Figure S17, S18), it can be seen that PEG
modification promoted the enrichment of Au-TiO,@ZnS in
the tumor area at 24 h after injection, which reached 11.2 +
4.8% of the injection dose per gram ([Au] %IDg™'). More-
over, Au-TiO,@ZnS was almost completely metabolized from
the body after 7 days.

Given the low-dose and high-efficiency cell killing ability
of Au-TiO,@ZnS in vitro and the high tumor uptake ability in
vivo, the anti-tumor effect of Au-TiO,@ZnS in MC38
orthotopic liver cancer mice was then evaluated by intra-
venous injection of Au-TiO,@ZnS (5 mgkg™'). When the
fluorescence intensity of the tumor was higher than 2 x 10*,

o

—o—A-T-Z

- —o—PBS
3
&1.24
]
3
o
> 0.64
2086
o

0.0
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Concentration (ng/mL)

Au-TiO, NDs

Figure 4. a) Representative PA imaging of mice at 808 nm and b) its corresponding intensity variation curve, taken at different time points after
intravenous injection of Au-TiO,@ZnS and PBS. c) Representative photographs of mice from each group at days 0, 5, 10 and 15 of different
treatments. Bioluminescence intensity reflects the volume of tumors. d) A representative photograph of orthotopic liver tumor obtained from each
group after 15 days of treatment, where the fluorescence comes from gene-transfected MC38-luc cell lines. €) Tumor volume curves in the
different groups. f) H&E staining pictures of representative orthotopic liver cancer sites obtained from sacrificed mice 15 days after different

treatments (scale bar: 100 nm).
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the mice were divided into the following 6 treatment groups
(n=>5/group): (1) PBS, (2) Au-TiO, NDs (denoted as Au-TiO,
NDs), (3) Au-TiO,@ZnS (4) PBS + X-ray (denoted as X-ray),
(5) Au-TiO, NDs + X-ray and (6) Au-TiO,@ZnS + X-ray.
The material was injected 24 h in advance and the time for the
first radiotherapy (1 Gy, 50 kV, 5 min) was set as the Oth day
of treatment. Then, radiation treatments were performed
again after 3 days. Figures 4c and d show the representative
fluorescence images of orthotopic liver cancer taken on the
Oth, 5th, 10th, and 15th days, and the fluorescence images of
the intact liver taken out of the sacrificed mice on the 15th
day, respectively. The two groups, Au-Ti, NDs + X-ray and
Au-Ti,@ZnS + X-ray, displayed obvious tumor growth
inhibitory effects. For example, compared with the control
group, the tumor suppression rate of the Au-Ti,@ZnS treat-
ment group was as high as 90.9 % on the 15th day of treatment
(Figure 4¢). The body weight of the mice did not decrease
significantly during the entire treatment process (Figure S19).
Moreover, the treatment group also significantly improved
the survival time of mice (Figure S20).

The blood biochemical indicators of each group of mice,
including albumin (ALB), alanine aminotransferase (ALT),
aspartate aminotransferase (AST), blood urea nitrogen
(BUN), total bilirubin (TBL) and total protein (Tp) were
also measured at different time points after injection. No
significant changes in these index values were observed
between the experimental group and the control group
(Figure S21). In addition, the H&E staining of the tissue
sections of the main organs of the mice after 15 days of
treatment showed that Au-TiO,@ZnS not only had no
obvious toxicity or side effects on each organ, but even
reduced the inflammation in the liver because of the
inhibition of orthotopic liver cancer and the therapeutic
effect of H, (Figure S22). As shown in Figure 4 f, the tumor
site and normal liver cells were separated by a yellow dotted
line, in which the cytoplasm was lavender for tumor cells, pink
for hepatocytes, and densely distributed dark purple particles
representing inflammation are neutrophils. It can be seen that
there are no scattered tumor cells and concentrated neutro-
phils in the liver tissue of the treatment group, indicating that
that there were almost no metastatic tumor cells in the Au-
TiO, NDs and Au-TiO,@ZnS groups, which is in sharp
contrast with the obvious tumor aggressiveness in the control
group. In the X-ray irradiation-only group, significant white
blood cell aggregation was observed around the tumor
(shown by the yellow arrow in Figure 4f, indicating the
inflammatory side effects of radiotherapy. However, this was
not observed in the treatment group, which indicated the
good prognostic ability of Au-TiO,@ZnS tumor treatment.
The above results demonstrate that the combined treatment
of H, and radiotherapy can effectively treat deep-seated
tumors and overcome some of the limitations of individual H,
therapy and radiotherapy in cancer treatment. This work also
provides a good demonstration for the precise release and
control of H, in biochemistry applications.
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Conclusion

An X-ray triggered system Au-TiO,@ZnS was developed
for the precise release and control of H, in the lesion area for
cancer H,-radiotherapy. The amorphous TiO, comprised in
Au-TiO,@ZnS has a lower band gap than anatase, that is,
a wider light absorption range. The heterojunction structure
of Au-TiO,@ZnS allows the electrons excited by X-rays to
flow smoothly from TiO, to Au NRs due to the p-type anti-
blocking layer and can generate hot electrons triggered by X-
ray excited afterglow luminescence to cross the Schottky
barrier. Hence, this heterojunction structure greatly improved
the H, catalytic reduction efficiency. For the first time, the
synergistic effect of H, and radiotherapy was reported. The
synergistic effect of H,-radiotherapy not only induces cell
death through DNA damage caused by radiotherapy, but also
induces cell death by mediating AMPK apoptosis pathway,
caspase-3 apoptosis pathway, and expressing AIF to degrade
DNA. Taking advantage of the excellent PA imaging ability of
Au-TiO,@ZnS, it was observed that the tumor growth of mice
with orthotopic liver cancer was almost completely inhibited.
Moreover, the inflammatory side effects caused by radio-
therapy were greatly reduced because of the anti-inflamma-
tory effect of the continuous H, production excited by
afterglow. Therefore, the results indicate that Au-TiO,@ZnS
is a promising H,-radiotherapy system, which provides a good
example for the application of H, therapy in cancer treatment
and its prognosis.
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A sustainable in situ H, production plat-
form, Au NRs-TiO,@ZnS:Cu,Co-A (Au-

TiO,@ZnS) was developed for cancer

synergistic Hy-radiotherapy triggered by
X-rays. The mechanism of hydrogen pro-
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duction under X-ray excitation is quite
different from that under visible light
because of the heterojunction structure of
Au NRs-amorphous TiO,.
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