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Compared with the near-infrared-| spectral window (NIR-1, 650-950 nm), a newly developed imaging and
treatment window with a 1000-1700 nm range (defined as the NIR-II bio-window) has attracted much
attention owing to its higher spatiotemporal resolution, increased tissue penetration depth and
therapeutic efficacy. Herein, we designed a nanotheranostic platform (HC-AB NPs) via loading ammonia
borane (AB) into hollow carbon nanoparticles (HCs) for NIR-Il photoacoustic (PA) imaging-guided NIR-II
hydrogenothermal therapy. Importantly, by exploiting the characteristics of beta zeolite as a hard
template and a template-carbonization-corrosion process, the prepared HCs have excellent NIR-II
absorption performance and AB loading capacity. With the high biocompatibility of HC-AB NPs, an
efficient synergistic anti-tumor strategy has been achieved via high intratumoural accumulation and
acid-stimulated H; release as well as PA-guided precise NIR-II photothermal therapy. The HC-AB NPs as
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1. Introduction

Although traditional cancer therapies, including surgical
therapy, chemotherapy and radiation therapy are clinically
effective in fighting cancer, they can trigger numerous delete-
rious side effects."” Recently, as a promising alternative or
supplementary method to traditional cancer therapies, photo-
thermal therapy (PTT) with the characteristics of non-
invasiveness, strong specificity, and high tumor eradication
efficiency has attracted significant attention.** It is well known
that PTT utilizes light energy to induce localized heat in tissue
and destroy cancer cells.>® Based on its deep tissue penetration
capacity and negligible damage to normal tissues near-infrared
(NIR) light stands out as one of the most commonly used light
sources for high-efficiency PTT.>*® Compared with conventional
NIR window I (NIR-I, 700-1000 nm), light in the second near-
infrared optical window (NIR-II, 1000-1700 nm) has deeper
light transmission inside tissue and higher maximum
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permissible exposure (MPE) to the laser."™** Therefore, NIR-II-
mediated PTT (NIR-II PTT) is a promising treatment strategy
that utilizes the hyperthermia to ablate tumors. For this
purpose, many nanomaterials with the favorable NIR-II light
absorption ability, such as plasma metal clusters, semi-
conductor copper sulfide nanoparticles and carbon nano-
materials, have been exploited in NIR-II PTT."" Especially,
carbon-based nanomaterials have received widespread atten-
tion due to their easy fabrication, long-term stability, strong NIR
absorption and high photothermal conversion efficiency.'®"
Nevertheless, the current NIR-II PTT has the disadvantage of
uneven heat distribution, tumor recurrence and damage to
normal tissues, or single therapy, which significantly hamper its
clinical translation.?*>

Currently, synergistic therapy as a novel strategy has become
a hotspot for enhancing anticancer efficacy, whether in clinical
judgment and scientific research.?*?¢ Studies have shown that
the hyperthermia generated by PTT usually destroys the integ-
rity of cell membranes to cause the release of intracellular
reactive oxygen species (ROS) and trigger proinflammatory
reactions in vivo, which consequently stimulates tumor regen-
eration and spread.””?® This clearly shows that inhibiting
inflammation is very necessary for photothermal treatment of
cancers. Therefore, an emerging gas therapy that uses gaso-
transmitters including H,, NO, CO, H,S and others to induce
cancer cell apoptosis has attracted our attention.**' Specifi-
cally, the H,, an endogenous gasotransmitter, can destroy redox
homeostasis of tumor cells via reacting with endogenous ROS

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 List of abbreviations

NIR-I Near-Infrared-I

NIR-II Near-infrared-1I

PA Photoacoustic

PTT Photothermal therapy

GT Gas therapy

ROS Reactive oxygen species

EPR Enhanced permeability and retention
HC Hollow carbon

HC-AB NPs Hollow carbon-ammonia borane

nanoparticles

such as 'OH to form H,0. In addition, H, can also inhibit
inflammatory tissue damage caused by oxidative stress to down-
regulating proinflammatory cytokines and other inflammatory
mediators.*** Therefore, synergetic hydrogenothermal therapy
combining PTT with hydrogen therapy will be of great potential
in overcoming cancer to achieve the therapeutic effect of “1 +1 >
2”. Recently, research on hydrogenothermal therapy has been
carried out in an orderly manner. Zhang and co-workers
developed a biomembrane-camouflaged nanomedicine
(mPDAB) containing polydopamine and ammonia borane to
enhance PTT efficacy and mitigate inflammation.** Zhao's
group synthesized a cubic Pd nanocrystal for tumor-targeted
and photoacoustic (PA) imaging-guided hydrogenothermal
therapy of cancer.*® However, the therapeutic applications of
NIR-II for hydrogenothermal therapy has rarely been reported.
Therefore, it is great of interest to explore an H, delivery
nanocarrier with excellent properties in the NIR-II window.

Herein, we developed a novel hollow carbon-based nano-
particles (HC-AB NPs) modified by solid hydrogen storage
material ammonia borane (AB) as a multifunctional hydro-
genothermal agent for effectively tumor ablation, which has
excellent PA imaging and anti-tumor effect in the NIR-II window
(Scheme 1). The hollow carbon nanoparticles were firstly
prepared on the basis of beta zeolite through template-
carbonization-corrosion process,**** and then the AB is
loaded on the as-synthesized hollow carbon (HC) to obtain
hollow carbon-ammonia borane nanoparticles (HC-AB NPs).
Based on the enhanced permeability and retention (EPR) effect,
the HC-AB NPs could provide more opportunities to passively
accumulate into the tumor. Once internalized into cancer cells
with the acidic tumor-microenvironment, the HC-AB NPs
undergoes a stimulus-response process to produce H,,*
meanwhile the heat generated during NIR-II PTT can promote
the release of H,. Moreover, the obtained H, can not only be
used for gas therapy (GT), but also reduce inflammatory damage
caused by PTT. Therefore, the HC-AB NPs is expected to become
a novel NIR-IT hydrogenothermal therapy nanosystem guided by
NIR-II PA imaging (Table 1).

2. Materials and methods
2.1 Materials

Tetraethylammonium hydroxide (TEAOH) and 1-butyl-3-
methylimidazolium bromide (BMIMBr) were purchased from
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Shanghai Aladdin Biochemical Technology Co., Ltd. Sodium
hydroxide (NaOH) and sodium aluminate (NaAlO,) were
bought from Sinopharm Chemical Reagent Beijing Co., Ltd.
Ammonia borane (AB) were bought from Xiya Chemical
Technology (Shandong) Co., Ltd. Fumed silica were purchased
from Shanghai Macklin Biochemical Co., Ltd. All chemicals
used here without further purification. DI water was acquired
from a Milli-Q water purification system (Millipore, Bedford,
MA) throughout the whole experiment.

2.2 Characterization

Transmission electron microscope images (TEM) were ob-
tained on the Tecnai G2 F20 S-twin transmission electron
microscopy, and morphology of the HC-AB NP were observed
through the image. Dynamic light scattering (DLS) size
distribution and zeta potential of samples were analyzed by
a Nano Zetasizer (Malvern Instruments Ltd.). X-ray photo-
electron spectroscopy (XPS) was obtained on a V. G. Scientific
ESCALAB250 spectrometer with Al Ko radiation (1486.6 eV,
150 W). The UV-vis absorption spectra was obtained using
a TU-1901 dual-beam UV-vis spectrophotometer (Perki-
nElmer), and NIR-II absorption spectrum was recorded by
NIR2000 SPECTROMETER spectrum analyzer. Fourier-
transform infrared (FT-IR) spectroscopy were obtained on
a ALPHA II spectrophotometer (Bruker), using the KBr pellet
technique. N, adsorption-desorption isotherms were tested
on a Micromeritics ASAP 2020 system, the BET surface area
and the pore size distributions were calculated by using the
Brunauer Emmett Teller (BET) method and Barrett Joyner
Halenda (BJH) desorption curve analysis, respectively.

2.3 Synthesis of hollow carbon nanoparticles (HC)

TEAOH (9.98 mL), deionized water (1.87 mL) and NaAlO, (170
mg) were successively added into the beaker and mixed evenly
under magnetic stirring. After stirring for 1 h, fumed silica (2.4
g)was added to the mixture to react for 2 h, and then transferred
into Teflon-lined stainless steel autoclave for aging for 30 h at
140 °C. The product was cooled to room temperature, centri-
fuged and washed with deionized water. The TEAOH was
removed by high temperature calcination to obtain nano-beta
zeolite. Then, the nano-beta zeolite (60 mg) was completely
dissolved in deionized water (3 mL), BMIMBr (10 mg) was
added, sonicated for 30 minutes and then stirred for 2 h at room
temperature. After centrifugation, water washing and vacuum
drying at 50 °C, the product was collected, heated to 300 °C at
a rate of 5 °C min~ " through a tube furnace under a nitrogen
atmosphere for 1 h, and then heated from 300 °C to 800 °C at
a rate of 10 °C min~" for 1 h. After calcination at high temper-
ature, the carbonized product beta-C nanomaterials were ob-
tained. Afterwards, the beta-C were dissolved in deionized water
to obtain 5 mL of beta-C solution with a concentration of 2 mg
mL ™" and 0.5 mL of NaOH solution (2 M) was added to stir for
12 h. The HC nanoparticles were collected after centrifugation
and water washing.
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Scheme 1 Schematic illustration of preparation of HC-AB NPs and their therapeutic mechanism.

2.4 Synthesis of hollow carbon-ammonia borane
nanoparticles (HC-AB NPs)

HC nanoparticles (5 mg) was dissolved in deionized water (5
mL), and then AB (25 mg) was added to stir for 2 h. The final
products were collected after centrifugation and water washing
for several times to obtain HC-AB NPs.

2.5 In vitro photothermal test

A 1064 nm laser with a power density of 1.0 W cm™ > was used to
irradiate different concentrations of HC-AB solution (0.2 mL)
for 5 min, and the temperature change was recorded with an
infrared thermal image (Fluke Ti400).

2.6 Hydrogen release

HC-AB solution (50 pL, 200 pg mL~ ') was dripped onto the slide
and covered with a cover slip. After adding buffers with different
pH values on the edge of the cover slip, the generation and
growth of H, bubbles were observed through an inverted laser
scanning microscope (OLYMPUS DP80). Furthermore, we also
observed the generation and growth process of H, bubbles in
HC-AB solution under the irradiation of 1064 nm laser at pH =
5.6 by the above method.

2.7 Cytotoxicity assay

4T1 cells line was acquired from the Type Culture Collection of
the Chinese Academy of Sciences (Shanghai, China) and
cultured in DMEM (Dulbecco’s modified Eagle’s medium)
containing 10% (v/v) fetal bovine serum (FBS) and 1% antibi-
otics (penicillin-streptomycin) (Corning) at 37 °C under 5% CO,
atmosphere. The cytotoxicity of HC-AB NPs in the absence/
presence of laser irradiation was evaluated by a standard Cell
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Counting Kit (CCK-8) (Sigma-Aldrich, St. Louis, MO, USA) assay.
A density of 1.0 x 10 4T1 cells per well was seeded in 96-well
plates for 12 h at 37 °C and incubated with different concen-
trations of HC-AB NPs. In the laser-irradiated group, the cells
were irradiated with 1064 nm laser (1 W cm™?) for 5 min. The
CCK-8 solution (10 pL, 5 mg mL ') was added into the 96-well
plate along with the culture medium, and incubate for 2 h.
Then, a microplate reader (BioTek Epoch 2) was used to
measure.

2.8 Invitro cellular uptake test

4T1 cells were incubated with HC-AB NPs (200 pg mL™") for
24 h. Then, the cells were collected, fixed and sectioned for bio-
TEM observation.

2.9 Trypan blue staining assay

4T1 cells (1.0 x 10* cells per well) were seeded into a 48-cell
plate and incubated for 24 h. Then, the medium containing
PBS, HC (200 pg mL™") and HC-AB (200 pg mL ") was added
and incubated for 6 h. After replacing with fresh medium,
irradiate cells with or without NIR-II laser (1064 nm, 1 W cm %)
for 5 min. After incubation for 4 h, the cells were washed with
PBS and stained with trypan blue. Finally, observing through
a microscope (LEICA DFC450 C).

2.10 Animal models

All live animal experiments were conducted according to the
protocols approved by the Institutional Animal Care and Use
Committee of the Animal Experiment Center of Shanxi
Medical University (2016LL141, Taiyuan, China). Female Balb/
¢ nude mice (6-8 weeks old, 17-19 g) were purchased from
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Weitong Lihua Experimental Animal Technology Co. Ltd
(Beijing). After mice were acclimated to the animal facility for
at least 7 days, each was injected with 1 x 10° 4T1 cells on the
left-back to obtain the tumor model. The mice have used
experiments when the tumor volume approached 80-100
mm?®.

The tumor-bearing mice were injected intravenously with
solutions (PBS, HC and HC-AB). 6 h after the injection, 1064 nm
laser (1 W cm ™ 2) was irradiated for 5 min. After 12 h, blood was
collected from these mice, and the pro-inflammatory cytokines
(IL-6, IL-1B and TNF-a) were measured using the Elisa analysis
method.

2.11 PA imaging

HC-AB NPs were configured as an aqueous solution of various
concentrations and acquired the in vitro NIR-II PA images using
real-time multispectral optoacoustic tomographic (MSOT)
imaging system. For in vivo imaging, tumor-bearing mice were
injected intravenously with the solutions. The NIR-II PA images
of these mice were obtained for different periods (before
injection and 1, 4, 6, and 24 h after injection).

2.12 In vivo photothermal/gas synergistic therapy

Tumor-bearing mice were divided into six groups and treated
with PBS, PBS + Laser, HC, HC + Laser, HC-AB, HC-AB + Laser.
After 6 h injection, the mice requiring laser irradiation were
anesthetized and irradiated using a 1064 nm NIR laser (1 W
cm?) for 5 min. The temperature changes were obtained by
an infrared camera (Fluke Ti400). Tumor volume, body weight
and photographs of all mice were recorded every two days.

RSC Advances

2.13 Histology analysis

The tumors were obtained from the mice in each group.
Histology analysis of these tissues by H&E staining.

3. Results and discussion

Transmission electron microscopic (TEM) images clearly
demonstrate that the synthesized HC-AB NPs exhibited a hollow
sphere-like morphology and uniform particle size of ~200 nm
(Fig. 1a). The hollow NPs have a clear shell structure with an
average shell thickness in the range of 37.5 nm (Fig. 1b). The
energy dispersive spectroscopy (EDS) line scan analysis chart
(Fig. 1c) showed the homogeneous distribution of C and N
elements in HC-AB NPs. Specific surface area and average pore
size distribution of HC-AB NPs were 426.5404 m> g~ ' and
5.6 nm, respectively (Fig. 1d and inset), which indicated its
potential as an effective nanocarrier. Notably, the particle size of
HC-AB NPs have no obvious difference after loading the AB, and
the zeta potential changed from —25.8 to —35.8 mV (Fig. S1 and
S2, ESIT). Compared with the HC, the peak of FT-IR spectrum at
1381, 2285, 2343 and 2389 cm ™ * (Fig. 1€) could demonstrate the
successful loading of AB in the HC-AB NPs. In addition, as
shown in Fig. 1f, the C 1 s spectrum can be divided into the
following different types of peaks, C-C (284.8 eV), C-O (286.72
eV), C=N (287.19 eV), C=0 and C-N (288.99 eV).** These
results together indicate the successful preparation of HC-AB
NPs.

The excellent adsorption properties of the HC-AB NPs
(Fig. 2a and S3, ESIt), especially in the NIR-II region indicated
that the HC-AB NPs could be used as a potential NIR-II photo-
sensitizer, which encouraged us to explore the NIR-II PTT
performance of HC-AB NPs by supervising the rise of
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Fig. 2

(a) Adsorption spectrum of HC-AB NPs in NIR-II. (b) Heating curves of HC-AB with different concentrations under laser irradiation

(1064 nm, 1.0 W cm~2). (c) Five on—off cycles of NIR irradiation for HC-AB solutions. (d) Photothermal conversion efficiency of HC-AB NPs. (e) H,
release of HC-AB NPs with or without laser irradiation under different pH conditions.

temperature and photothermal stability upon the 1064 nm laser
irradiation. As described in Fig. 2b, the temperature changes of
HC-AB solutions showed significant concentration dependence.
After 5 min of irradiation, the temperature of 0.5 mg mL ™" HC-
AB solution can reach 85 °C, by contrast, the temperature of PBS
increased by only 37.4 °C in the same condition. The photo-
thermal stability was another vital factor of photothermal
therapy agent. Therefore, the temperature elevation of HC-AB
solution was maintained upon laser irradiation for 5 on/off
cycles. The thermal characteristics of HC-AB NPs did not
change under repeated laser irradiation (Fig. 2c). In addition,

according to the obtained data, the photothermal conversion
efficiency () of HC-AB was up to 25.45%, which is slightly
higher than reported related literature (Fig. 2d).** Inspired by
the excellent NIR-II photothermal conversion performance of
HC-AB NPs and the efficient hydrogen storage performance of
AB, the effect of the different conditions on H, release was
evaluated (Fig. 2e). When the pH reached 5.6 and laser irradi-
ation, the release of H, has increased significantly. The result
indicated that in the tumor microenvironment, the HC-AB NPs
is expected to achieve a responsive release of H, under the
synergistic effect of low pH and NIR-II light irradiation.
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Due to the excellent performance of HC-AB NPs in NIR-II
photothermal conversion and H, release, HC-AB NPs are
considered as a novel tumor nanotherapeutic agent. To confirm
this possibility, the cellular uptake of HC-AB NPs was firstly
detected by TEM images. As shown in Fig. 3a, the HC-AB NPs
can be effectively endocytosed by 4T1 cells after 2 h incubation
time. The biocompatibility and photothermal ablation efficacy
of HC-AB NPs in vitro was tested using the standard cell
counting kit 8 (CCK-8). As shown in Fig. 3b, the cell 4T1 viability
decreased slightly with the increase of HC-AB NPs concentra-
tion. However, the cell survival rate remained above 85% when
the concentration of HC-AB NPs is as high as 1 mg mL ™", pre-
dicting the low cytotoxicity and the great biocompatibility of
HC-AB NPs. However, the cell survival rate was significantly
declined when 4T1 cells were incubated with the same amount
of HC-AB NPs following 1064 nm laser irradiation (1 W cm™?)
for 5 min, and the survival rate was more significantly decreased
in the HC-AB than that of HC group, indicating that the HC-AB
NPs could be excellent photothermal ablation nanoagent for
cancer.

The anti-inflammatory effect of released H, on the RAW
264.7 macrophages was examined, LPS-induced inflammatory
response was used as a control. As shown in Fig. 3¢, compared
with the PBS + laser group, the levels of proinflammatory cyto-
kines (TNF-a, IL-1B, and IL-6) in the HC + laser group were
significantly increased. Specifically, the changes in the HC-AB +
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-
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laser group were relatively small, indicating that the HC-AB +
laser can reduce the inflammatory damage caused by PTT. Due
to the increased permeability of the cell membrane of dead
cells, it can be dyed blue by trypan blue, the apoptosis of 4T1
cells after different treatments was observed by trypan blue
staining. As shown in Fig. 3d, compared with the HC-AB group
and the HC + laser group, the number of damaged 4T1 cells
increased significantly in the HC-AB + laser group, indicating
that HC-AB NPs exhibit stronger toxicity under laser irradiation
and can increase tumor cell apoptosis.

Based on the superior NIR-II absorption performance of HC-
AB NPs, the in vitro NIR-II PA imaging of HC-AB NPs was tested
(Fig. 4a). As expected, the PA intensity increases with increasing
solution concentration. Inspired by the good imaging results of
HC-AB NPs in vitro, we further explored the NIR-II PA imaging
performance in vivo. The HC-AB NPs was injected into the 4T1
tumor-bearing mice through the tail vein, and NIR-II PA images
were recorded before and after the injection (1 h, 4 h, 6 h, and
24 h, respectively) (Fig. 4b). No obvious NIR-II PA signal was
observed in mice before injection. The PA intensity at the tumor
site gradually increased over time and reached the maximal
retention at 6 h after HC-AB injection. Moreover, the analysis of
PA intensity further revealed that the maximal accumulation of
HC-AB NPs presented at 6 h, which could be selected as the
optimal time for cancer diagnosis and treatment.
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imaging of tumor-bearing mice with intravenous injection of HC-AB NPs within 24 h. (c) Infrared thermal images of different treatments with
NIR-Il irradiation (1064 nm, 1 W cm™2). (d) Tumor growth curves and (e) body weight changes of tumor-bearing mice after various treatment. (f)

H&E stained tumor slices collected from mice at the end of treatment.
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Based on the excellent tumor accumulation and photo-
thermal properties, the in vivo anti-tumor efficacy of the HC and
HC-AB NPs was evaluated through the 4T1 tumor-bearing mice
model. The 4T1 tumor-bearing mice were intravenously
administered with PBS, HC and HC-AB NPs (15 mg kg™ ') using
the NIR-II laser (1064 nm, 1 W cm™?) for 5 min after 6 h injec-
tion. Compared with the control group (PBS + laser), the
temperature of tumor sites could be increased to above 49 °C in
the other two groups (Fig. 4c), this temperature can well elim-
inate tumor cells.

To further prove the effect of hydrogenothermal synergistic
therapy, the tumor-bearing 4T1 mice were divided into six
groups (PBS, PBS + laser, HC, HC + Laser, HC-AB, and HC-AB +
Laser). After that, for these six groups of tumor-bearing mice,
detailed tumor dynamic changes and body weight were recor-
ded every two days for 2 weeks (Fig. 4d and e). For groups
requiring laser irradiation, six hours after injection of PBS, HC,
or HC-AB, the tumor site of mice was irradiated with 1064 nm
laser located in the NIR-II. The HC and HC-AB groups without
laser irradiation showed an indistinctive antitumor effect
compared to the PBS group. Notably, compared with the other
groups, no tumor relapse was observed for the HC-AB + laser
group. These results indicate that NIR-II hydrogenothermal
treatment is more effective than simple NIR-II PTT. Impor-
tantly, no obvious variations in the body weight of all mice
further confirmed that the HC-AB NPs have good biocompati-
bility and low toxicity. Moreover, the hematoxylin and eosin
(H&E) staining analysis (Fig. 4f), which was carried out for
tumors collected from the six groups, showed significant tumor
damage in the PTT treatment of HC-AB + laser group. Overall,
the above results indicated that the hydrogenothermal therapy
by the HC-AB NPs can realize an excellent anti-tumor efficacy,
which offers a promising avenue for clinical treatment.

4. Conclusions

In summary, we developed the HC-AB NPs, a nanotheranostic
platform based on NIR-II, used for diagnosis and treatment of
tumors. The synthesized HC-AB NPs have excellent light-to-heat
conversion rate under NIR-II laser irradiation, so as to perform
PA imaging and PTT. After the HC-AB NPs reached the tumor
sites, due to the weak acidic environment of the tumor cells, the
loaded AB could released H, for gas therapy. Specifically, the
heat generated during the NIR-II PTT could accelerate the
release of H,, so as to carry out synergistic hydrogenothermal
therapy, further enhance the anti-tumor efficacy of NPs. The
developed HC-AB NPs provide a feasible way to the proposed
NIR-II hydrogenothermal therapy strategy by combination of
hydrogen gas therapy and NIR-II PTT would open a new window
for cancer therapy.
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