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A self-assembled Ru nanozyme with H,O,-
activated oxygenation for NIR-1l photoacoustic
imaging-guided photothermal/photodynamic
therapyT
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and Xing-Can Shen (2 *

The characteristic hypoxia of solid tumors seriously reduced the treatment efficacy of oxygen-
dependent photodynamic therapy (PDT). Herein, an oxygen nanogenerator, comprising Ru-based
nanomaterials, CS—DA@Ru nanoparticles (NPs), has been constructed to relieve tumor hypoxia along
with photodynamic/photothermal therapy for efficient tumor eradication. CS—-DA@Ru NPs possess tar-
geting ability and act as catalase-mimic nanozymes to decompose endogenous hydrogen peroxide in
the tumor to produce O,. The broad absorbance of CS—-DA@Ru NPs in the second near-infrared (NIR-II)
region enabled them to possess good photothermal properties and photoacoustic (PA) imaging ability.
CS-DA@Ru NPs could generate enough hyperthermia and enormous amounts of YO, under NIR-II laser
irradiation. Specifically, CS—DA@Ru NPs exhibit catalase-like activity as well as a significantly augmented
antitumor efficacy through synergistic PTT/PDT guided by NIR-II PA imaging in both cells and in vivo
experiments. This work will advance the development of noble metal nanozymes in enhancing the effi-
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Introduction

Photodynamic therapy (PDT) has been widely explored over the
past few decades since it utilizes near-infrared (NIR) light to
illuminate photosensitizers (PSs) and transforms surrounding
oxygen to generate highly cytotoxic singlet oxygen (*0,) to kill
cancer cells.'” By virtue of the spatiotemporal management of
the NIR light irradiation location, PDT can significantly aug-
ment treatment efficacy and remarkably reduce side effects.
Compared with conventional radiotherapy, chemotherapy, and
surgery, PDT possesses many advantages including minimal
invasiveness, spatiotemporal precision, and avoidance of drug
resistance.”” The tumor microenvironment (TME) has many
characteristics that are different from normal tissues, such as
mild acidity, H,0, overproduction and hypoxia.® Therefore, O,-
dependent PDT efficacy is seriously reduced because solid
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cacy of O,-dependent antitumor modalities.

tumors suffer from hypoxia resulting from the uncontrollable
tumor growth and the dysregulated tumor blood vessels.”® To
date, three main strategies have been developed to address
tumor hypoxia to enhance the effects of oxygen-dependent
antitumor modalities, including (1) the use of hemoglobin-
based oxygen delivery vectors to directly deliver O, to the tumor
region,”'? (2) the use of selective nanoplatforms such as CaO,
for in situ production of O, in tumors," (3) the development of
catalytic nanomaterials for in situ O, generation through catalysis
of the decomposition of endogenous overproduced H,O, into
0,."'3 Due to the high level of H,0, in the tumor microenviron-
ment, designing smart nanoplatforms for localized production of
0, in tumors has become one of the popular strategies."*® Many
nanomaterials with catalase (CAT) activities have been con-
structed as smart nanoplatforms to catalyze intracellular H,O,
to O, in tumors, such as MnO,,"” carbon dots,'® and Au@Pt core—
shell nanomaterials.™ Although these strategies have significantly
improved tumor hypoxia, there is still a need to develop catalytic
nanomaterials to decompose endogenous H,0, into O,.
Recently, Ru-based nanomaterials have been constructed by
researchers for cancer therapy because of their superior catalytic
performance.>*** They could decompose endogenous overpro-
duced H,0, into O, to relieve tumor hypoxia and then improve
the effect of photodynamic therapy. For example, our group has
developed hyaluronic acid-hybridized Ru nanoaggregates (HA-
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Ru NAs) with CAT activity for enhanced photothermal and
photodynamic therapy via TME responsiveness.>* Furthermore,
Ru-based nanomaterials with good photothermal conversion
efficiency make them act as photothermal agents for photother-
mal therapy (PTT), further enhancing the therapeutic effect
through the combination of PDT/PTT. However, the absorption
of these Ru-based nanomaterials is located in the first NIR
region (NIR-I, 650-900 nm) with poor penetration depth. The
second NIR region (NIR-II, 1000-1700 nm) has a higher penetra-
tion depth and signal-to-noise ratio owing to its lower back-
ground absorption and scattering.>*>® On the basis of these
merits of NIR-II region light, NIR-II photoacoustic (PA) imaging
has been extensively employed to guide photodynamic and
photothermal therapy.?”*® Therefore, developing NIR-II light-
mediated Ru-based photosensitizers with CAT activity and good
photothermal conversion efficiency is required and still remains
a challenge.

Chondroitin sulfate (CS) is an anionic heteropolysaccharide
derived from sulfated glycosaminoglycans, which has many
biological functions exhibiting anti-oxidant, anti-inflammatory,
anti-tumor properties etc.>>*° Recently, it has been found to have
the ability of active targeting owing to its high affinity for CD44
receptors, which are overexpressed on the cancer cells surface. As
the CS-CD44 interaction triggers endocytosis, this behavior can
be used to introduce nanomaterials conjugated or adsorbed to CS
into cancer cells.*’ In particular, CS possesses great potential as
an encrustation coating due to its negative charge and strong
hydrophilicity.>” Therefore, the development of NIR-II-responsive
Ru nanoparticles with a stable encrustation coating for cancer
treatment is a major advancement.

Based on this, in this study, we synthesized CS-DA@Ru NPs
via self-assembly for NIR-II PA imaging-guided combination of
PDT/PTT (Scheme 1). Due to the reduction of dopamine (DA),
CS-DA reduced RuCl; to Ru NPs and CS-DA@Ru NPs were
formed. The CS-DA@Ru NP nanozyme with CAT activity could
catalyze endogenous overexpressed H,0, to generate O, in
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Scheme 1 Schematic illustration of the main synthesis procedure of CS—
DA@Ru NPs, and NIR-II-mediated ROS generation and hyperthermia for
PTT/PDT.
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tumors, achieving in situ self-supplying O, to relieve tumor
hypoxia. The CS-DA@Ru NP nanozyme exhibits good water
dispersibility and stability under physiological conditions. CS-
DA@Ru NPs possess broad NIR-II area absorption, good photo-
thermal properties, and active targeting ability. CS-DA@Ru NPs
could generate enough hyperthermia and enormous amounts of
'0, using 1064 nm laser illumination. Both in vitro and in vivo
experiments confirmed that the synthesized CS-DA@Ru NPs
effectively suppressed tumor growth owing to the combination
effect of PDT/PPT. This study broadens the applications of Ru-
based nanomaterials in cancer imaging and highly effective
treatment by modulating the tumor microenvironments.

Experimental section
Materials

Chondroitin 4-sulfate sodium salt (CS), dopamine (DA), ruthenium
chloride hydrate (RuCl;-xH,0), N-hydroxysuccinimide (NHS),
and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide methiodide
(EDC) were purchased from Aladdin Biochemical Technology Co.,
Ltd (Shanghai, China). Hydrogen peroxide (H,O,) and dimethyl
sulfoxide (DMSO) were purchased from Xilong Chemical Co., Ltd
(Guangzhou, China). 1,3-Diphenylisobenzofuran (DPBF), propi-
dium iodide (PI), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT), 2,7-dichloro-dihydro-fluorescein diacetate
(DCFH-DA), 4-amino-2,2,6,6-tetramethylpiperidine (TEMP) calcein-
AM, and trypsin were purchased from Sigma-Aldrich Chemical Co.,
Ltd (Milwaukee, WI, USA). Foetal bovine serum (FBS) was obtained
from HyClone (USA). RPMI-1640 medium and DMEM were pur-
chased from Gibco (Shanghai, China). Murine fibroblast normal
cells (L929), murine breast cancer cells (4T1), and human cervical
cancer cells (HeLa) were purchased from the Chinese Academy of
Sciences Cell Bank (Kunming, China). All reagents were obtained
from commercial sources and used as received.

Preparation of CS-DA@Ru NPs

CS (250 mg) was dissolved in deionized water (20 mL). EDC
(138 mg) and NHS (83 mg) were dissolved in 20 mL of DMSO.
Then, it was added to the above prepared CS solution and
reacted at 25 °C for 30 min. DA (114 mg) was dissolved in 10 mL
of DMSO and then added to the above solution. The pH of the
solution was adjusted to 5.00 using hydrochloric acid and
stirred at 25 °C under a nitrogen atmosphere for 24 h. Finally,
the obtained solution was dialyzed in a dialysis bag (MW =
3500 Da) for 96 h and freeze-dried to obtain CS-DA.

RuCl;-xH,O (5 mg) was dissolved in deionized water
(50 mL). CS-DA (50 mg) was added and stirred at 80 °C for
12 h. The as-prepared solution was dialyzed in a dialysis
bag (MW = 3500 Da) for 72 h and freeze-dried to obtain CS-
DA@Ru NPs.

Characterization

UV-vis-NIR spectra were measured at 400-1200 nm employing a
UV2600 UV-vis spectrometer (Shimadzu, Japan). FTIR spectra were
recorded employing an FTIR spectrometer (PerkinElmer, USA).

Mater. Adv., 2024, 5, 4902-4912 | 4903
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The morphologies of CS-DA-Ru NPs were observed using a Talos
F200S microscope (Thermo Fisher Scientific, USA). X-ray diffrac-
tion (XRD) analysis was measured using a Rigaku D/MAX 2500 v/
pec diffractometer (Rigaku, Japan). Zeta potential and dynamic
light scattering (DLS) were recorded employing a Malvern Zetasi-
zer NanoZS potentiometer (Malvern, UK). X-ray photoelectron
spectra (XPS) were measured employing an ESCALAB 250Xi
spectrometer (Thermo Fisher Scientific). The temperature
changes were recorded using a MAG30 infrared thermal imager.

Determination of the photothermal effect of CS-DA@Ru NPs

To estimate the photothermal property of CS-DA@Ru NPs,
0.5 mL of CS-DA-Ru NPs aqueous solution of different con-
centrations (0, 25, 50, 100, 150, and 200 pg mL ') were
illuminated using a 1064 nm laser (1.0 W cm™?) for 600 s at
room temperature, and an IR thermal camera was employed to
photograph and record the temperature change of the CS-
DA@Ru NPs solution. Water was also irradiated using the same
conditions for comparison. To estimate the photothermal
stability of CS-DA@Ru NPs, a CS-DA@Ru NPs (200 ug mL ™)
solution was illuminated using a 1064 nm laser for 600 s, and
the laser was then turned off until the temperature of the CS-
DA@Ru NPs solution decreased to 25 °C. This process was
repeated five times.

ROS detection

A solution of DPBF (50 uL, 1.0 mg mL ') in DMF was put into
3 mL of CS-DA@Ru NPs solution. Then, H,0, (30 pL, 10 mM)
was added. The mixture was illuminated using 1064 nm light
(1.0 W em™?) for different times (0, 2, 4, 6, 8, and 10 min). The
UV-vis absorption of DPBF was tested at different intervals. For
DPBF under 1064 nm light irradiation, CS-DA@Ru NPs + DPBF
was set as the control groups.

Cellular targeting ability of CS-DA@Ru NPs detection

L1929, 4T1 and HeLa cells were inoculated into 6-well plates
(1.0 x 10° cells per well). After being incubated in the medium
for 12 h, the medium was removed and fresh medium was
added. The CS solution was added to the control group for 2 h,
then the CS-DA@Ru NPs solution was added to the control
and experimental groups and its final concentration was
200 pug mL~". The cells were incubated for 1, 2, 3, 4, 5, and
6 h. The cells incubated for different times were washed three
times with PBS to remove excess CS-DA@Ru NPs. Then the
cells were digested and collected from the plate using trypsin.
Finally, the cells were immersed in HNO; for 24 h, and the
content of Ru in the solution was detected by ICP-MS to analyze
the cell targeting ability of CS-DA-Ru NPs.

In vitro ROS detection

The DCFH-DA probe was employed to determine the ROS
production capability in vitro. 4T1, HeLa, and L929 cells were
seeded into 24-well plates. After 24 h of incubation, a CS-DA-
Ru NPs solution was added and its final concentration was
200 pg mL~ " The cells were cultured at 37 °C for 6 h in the
dark. Then DCFH-DA was added with the final concentration of
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10 uM. The cells were incubated for 30 min and then washed
with PBS three times. The cells were illuminated using 1064 nm
light for 300 s. Finally, the cells were imaged using a multi-
functional microscopic reader (SynergyH1, BioTek).

In vitro cytotoxicity of CS-DA@Ru NPs

Cell viability was estimated employing a standard MTT assay.
In detail, HeLa, 4T1, and 1929 cells (1.0 x 10° cells per well)
were seeded in a 96-well plate and treated for 24 h. 20 puL of CS-
DA@Ru NPs solution with different concentrations was added
to each well, resulting in final concentrations of 0, 25, 50, 100,
150, and 200 pg mL™'. The same volume of PBS was added in
the control group. After 12 h of incubation, the cells were
washed with PBS (200 pL) three times. Fresh medium
(200 pL) was added to each well. Subsequently, the MTT
solution (10 pL) was added to each well and the cells were
cultured for 4 h. The medium was discarded, and DMSO
(100 pL) was added. The plate was shocked until formazan
was completely dissolved. Cell viability was measured by testing
the absorbance at 570 and 630 nm on a microplate reader
(SynergyH1, BioTek). The cell-killing efficacy of CS-DA@Ru NPs
with 1064 nm light illumination was also evaluated in 4T1,
HeLa, and L1929 cells using the standard MTT assay. The
procedure was similar to that employed to estimate the bio-
compatibility of CS-DA@Ru NPs. After 4 h of incubation, the
medium was removed, and fresh medium was added. The cells
were illuminated with 1064 nm light (1.0 W cm™?) for 300 s.
After another 2 h of incubation, cell viability was examined as
described above.

Live/dead cell staining assay

Calcein-AM and PI were employed to estimate the number of
live and dead cells, respectively. HeLa, 4T1, and L929 cells
(1.0 x 10° cells per well) were put in a 96-well plate and
incubated for 24 h. They were treated with CS-DA@Ru NPs
(200 pg mL™") and incubated for 4 h. Next, the cells were
illuminated with 1064 nm light for 10 min. The cells were
washed three times with PBS. After that, fresh culture medium
was added. Next, 2 pL of PI (2 pM) and 2 pL of calcein-AM (1 uM)
were added to each plate and cultured for 20 min. The cells were
washed with PBS three times. Living and dead cells were imaged
employing a microplate reader (SynergyH1, BioTek).

Establishment of an animal model

Female BALB/c nude mice (6-7 weeks) weighing approximately
20 g were obtained from Hunan SJA Laboratory Animal Co., Ltd
and employed to build the tumor model. PBS (100 pL) contain-
ing 4T1 cells (1 x 10” cells mL ") was injected subcutaneously
into the right limb of each mouse. Subsequently, the experi-
ments were carried out when the tumor volume reached
approximately 70-80 mm?. All in vivo experimental procedures
were performed in accordance with the guidelines of the
Experimental Animal Center of Guangxi Normal University
(no. 2024-01-002).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In vitro and in vivo PA imaging

First, the CS-DA@Ru NPs solution with different concentra-
tions (25, 50, 100, 150, and 200 pg mL ") was used to obtain an
in vitro PA signal. For in vivo PA imaging, the CS-DA@Ru NPs
solution (100 pL, 2.0 mg mL~ ') was intravenously (i.v.) admini-
strated into the 4T1 tumor-bearing BALB/c nude mice. Next, we
imaged the tumor site using a MSOT (multispectral optoacous-
tic tomography) imaging system at different times (0, 4, 8, 12,
24, and 48 h).

Detection of saturated oxygen level in tumor vessels

The CS-DA@Ru NPs solution (100 pL, 2.0 mg mL™") was i.v.
administrated into the 4T1 tumor-bearing nude mice. Subse-
quently, we imaged the tumor site using a MSOT imaging
system at different times (0, 4, 8, 12, 24, and 48 h). All results
are analyzed using the View MSOT software. The PA imaging
was reconstructed employing the model linear method, and the
spectrum at 850 nm was used to monitor and separate the
signals from hypoxic hemoglobin (Hb) and oxygenated hemo-
globin (HbO,).

In vivo photothermal imaging

The CS-DA@Ru NPs solution (100 uL, 2.0 mg mL ') was i.v.
injected into the mice via the tail. The control group was i.v.
administrated with saline (100 pL) through the tail. After 12 h
of injection, the tumors were irradiated with 1064 nm light
(1.0 W cm™?) for 300 s. Next, we recorded the temperature
changes of the tumor site using an infrared thermal camera
during the irradiation process.

In vivo antitumor efficacy evaluation of CS-DA@Ru NPs

To estimate the antitumor efficacy of CS-DA@Ru NPs in mice,
thirty 4T1 tumor-bearing BALB/c nude mice were randomly
separated into four groups (n = 5): (1) saline, (2) saline +
1064 nm laser, (3) CS-DA@Ru NPs, and (4) CS-DA@Ru NPs +
1064 nm laser. 100 pL of saline and 100 pL of CS-DA@Ru NPs
(2.0 mg mL™") were i.v. administered into mice. After 12 h of
injection, the tumor site was irradiated using a 1064 nm laser
(1.0 W cm?) for 300 s. After treatment with different protocols,
we recorded the body weight and the tumor volume of each
mouse daily. The tumor volume was obtained using the equation:
volume (mm?®) = length x width®/2. The mice were treated for half
a mouth, then all the mice were killed. These excised tumors and
major organs containing the liver, kidney, lung, heart, and spleen
were harvested for hematoxylin and eosin (H&E). The stained
sections were recorded employing the Leica TCS SP8 instrument.

In vivo biodistribution assay

Female BALB/c mice bearing mice (n = 3 per group) were i.v.
injected with CS-DA@Ru NPs (100 uL, 2.0 mg mL ‘). Subse-
quently, the mice were killed at 3, 6,12, and 24 h, 3,7, and 14 d
postinjection, and tumors and the main organs (kidney, lung,
spleen, liver, and heart) were harvested and digested using nitric
acid to conduct a biodistribution analysis. The Ru element
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content in each tissue was tested using inductively coupled
plasma optical mass spectrometry (ICP-MS).

Results and discussion
Synthesis and characterization of CS-DA@Ru NPs

The design and fabrication of CS-DA@Ru NPs are presented in
Scheme 1. First, CS-DA was synthesized through a condensa-
tion reaction with chondroitin 4-sulfate sodium salt (CS) and
dopamine (DA). Dopamine with its catechol group can act as a
reducing agent, which could reduce Ru(m) ions to form initial
Ru NPs and help stabilize the produced Ru NPs.*** The
structure of CS-DA is shown in Fig. S1 (ESIt), and '"H NMR
was used to detect CS-DA (Fig. S2, ESIt). CS-DA reduced RuCl;
into Ru NPs and then CS-DA@Ru NPs were prepared. Fig. 1a
shows the FTIR analysis, and the peak at 1630 cm™ " in CS
was assigned to the vibration of C—O, whereas the peak at
1645 cm ! in CS-DA was assigned to the vibration of C=O0.
This result suggests that CS-DA was successfully synthesized. A
broad band centered at 3400 cm ™" and the peak at 1250 cm ™"
were attributed to the vibration of O-H and C-O in CS-DA,
respectively, which were replaced by two new absorption peaks
at 3358 and 1226 cm ™! in CS-DA@Ru NPs. This result indicates
that there is coordination interaction between Ru NPs and the
phenolic hydroxyl group. Transmission electron microscopy
(TEM) images showed that the synthesized CS-DA@Ru NPs
were uniformly spherical with a diameter of approximately
100 nm (Fig. 1b, and Fig. S3, ESI{). The XRD analysis indicated
that CS-DA@Ru NPs were amorphous (Fig. S4, ESIt). As exhib-
ited in Fig. 1c, the hydrodynamic particle size of CS-DA@Ru
NPs was tested to be approximately 110 nm according to the
measurement of dynamic light scattering (DLS), which was
consistent with that of the TEM results. As shown in Fig. 1d,
the zeta potentials of CS-DA, Ru(m), and CS-DA@Ru NPs were
determined to be —20.3 mV, 33.6 mV, and —14.1 mV, respec-
tively, suggesting that CS-DA@Ru NPs have good stability in
aqueous solution. This result further reveals that the negative
charge of CS-DA was distributed on the Ru NPs surface. X ray
photoelectron spectroscopy (XPS) was used to determine the
surface electronic states and elemental composition. As shown
in Fig. 1e, the survey spectrum indicated the existence of C, O,
and Ru elements in CS-DA@Ru NPs. As seen in the high-
resolution O 1s spectrum (Fig. 1f), two peaks at 532.8 eV
and 531.6 eV were assigned to the phenolic hydroxyl oxygen
(-C-OH) and the carbonyl oxygen (C—O), respectively.*® The
peak at 533.6 eV was attributed to the hydroxyl oxygens that
stabilize the Ru NPs by donating their electrons.*® As displayed
in Fig. 1g, the peak at 284.8 eV and 288.0 eV was related to C-C
or C-H, while the peak at 288.0 eV was associated with O—C-
NH.*” The peaks at 284.2 eV and 286.2 eV corresponded
to Ru(0) 3ds,, and Ru(ur) 3d;,, respectively.>®*° As shown in
Fig. 1h, the peaks located at 462.3 eV and 484.3 eV were
assigned to Ru(0) 3ps/, and Ru(0) 3ps,, respectively, while the
peaks at 463.9 eV and 486.3 eV were attributed to Ru(0) 3ps,
and Ru(m) 3psp,, respectively,’® suggesting the existence of
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Fig. 1 Characterization of CS—-DA@Ru NPs. (a) FTIR spectra of CS, DA, CS-DA, and CS—-DA@Ru NPs. (b) TEM image of CS-DA@Ru NPs, scale bar is
200 nm. (c) Hydrodynamic diameter distribution of CS—DA@Ru NPs. (d) Zeta potential of CS—DA@Ru NPs. (e) Survey XPS spectrum of CS—-DA@Ru NPs. (f)
High-resolution O 1s spectrum of CS—DA@Ru NPs. (g) High-resolution C 1s and Ru 3d spectrum of CS—DA@Ru NPs. (h) High-resolution Ru 3p spectrum
of CS-DA@Ru NPs. (i) UV-vis-NIR absorption spectra of CS, DA, CS—DA, Ru(in), and CS—-DA@Ru NPs.

Ru(0). This result indicates that Ru(ur) was successfully reduced
to Ru(0) by dopamine. The ratio of Ru(m):Ru(0) was equal to
2.28:1. CS-DA@Ru NPs exhibit broad absorption in the UV-vis-
NIR region (Fig. 1i), suggesting that they may serve as a good
photothermal agent candidate.

To estimate the stability of CS-DA@Ru NPs under physio-
logical conditions, CS-DA@Ru NPs were dispersed in water,
PBS, 1640, and DMEM, and treated for 0, 1, 3, 5, and 7 days,
respectively. No obvious sediment was observed in the whole
period (Fig. S5, ESIt). Particle dispersion index (PDI) values and
hydrodynamic particle size of CS-DA@Ru NPs also exhibit no
significant change after 7 days (Fig. S6, ESIt). These results
indicate that CS-DA@Ru NPs exhibit excellent stability and
dispersion under physiological conditions.

Photothermal performance and ROS generation capability of
CS-DA@Ru NPs

Given the fact that the CS-DA@Ru NPs solution exhibited broad
absorption in the NIR-II window (Fig. 1i), CS-DA@Ru NPs may
serve as a NIR-II photothermal agent. The photothermal-
conversion capability of the CS-DA@Ru NPs was estimated by
irradiating the CS-DA@Ru NPs at various concentrations with a
1064 nm laser and the temperature changes were imaged using
an IR camera. The photothermal heating curves confirmed that
the temperature increase was dependent on the concentration of

4906 | Mater. Adv., 2024, 5, 4902-4912

CS-DA@Ru NPs (Fig. 3a). The CS-DA@Ru NPs solution tempera-
ture increased to 56.7 °C under 1064 nm light irradiation for
10 min at a concentration of 200 ug mL™" (Fig. 2a and b). In
contrast, the temperature increase of pure water was negligible
upon irradiation with the 1064 nm laser. The temperature of CS-
DA@Ru NPs and pure water increased by 29 and 5 °C, respectively
(Fig. 2c). These results suggest that the CS-DA@Ru NPs possess
an excellent ability to convert the NIR-II light energy into thermal
energy. The photothermal effect was also studied using the
1064 laser at different power densities, which increased with
increasing power (Fig. S7, ESIt). The temperature exceeded
50 °C after 10 min of illumination at a power of 1.0 W cm 2.
Therefore, 1.0 W cm > power was used as the treatment power.
The photothermal conversion efficiency (1) of CS-DA@Ru NPs
was determined to be 29.24% (Fig. 2d). In addition, there were
almost no changes in photothermal heating ability after five cycles
of heating-cooling treatment, indicating exceptional photother-
mal stability of CS-DA@Ru NPs. Taken together, CS-DA@Ru NPs
showed excellent photothermal performance.

To evaluate the CAT-like activity of CS-DA@Ru NPs, the
ability of CS-DA@Ru NPs as nanozyme to catalyze H,O, and
produce O, was studied. We examined O, generation over
10 min using oxygen-dissolving equipment. As shown in
Fig. 2f, the O, concentration has no obvious change in the
H,O, solution in the absence of CS-DA@Ru NPs. However, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Photothermal property and ROS generation capability of CS—-DA@Ru NPs. (a) Temperature change curves of water and CS—DA@Ru NPs at various
concentrations under 1064 nm light illumination. (b) Photographs of the CS—DA@Ru NPs solution (200 pg mL™) and H,O under 1064 nm light illumination for
10 min, and (c) the corresponding increased temperature. (d) Photothermal heating and cooling curves of CS—DA@Ru NPs and water using 1064 nm light
illumination for 10 min, followed by switching off the laser. Time constant (z5) obtained from the cooling period by utilizing the linear time data versus —n 0. (e)
Heating/cooling curves for five repeated ON—OFF cycles of laser irradiations. (f) Time-dependent O, generation curves of CS-DA@Ru NPs under different
conditions. Inset: The corresponding pictures of different samples after 5 min of reaction. (g) UV-vis absorbance spectra of the DPBF solution treated with CS—
DA@Ru NPs under 1064 nm light irradiation for different times. (h) UV-vis absorbance spectra of the DPBF solution treated with CS—DA@Ru NPs and H,O,
under 1064 nm light irradiation for different times. (i) EPR spectra of CS—DA@Ru NPs under various conditions in the presence of TEMP.

concentration of O, significantly increased with the addition
of CS-DA@Ru NPs to the H,0, solution, which suggested that
CS-DA@Ru NPs possess excellent CAT-like activity. Subse-
quently, we investigated the 'O, generation production perfor-
mance of CS-DA@Ru NPs under 1064 nm light illumination by
DPBF, a singlet oxygen detection probe. As shown in Fig. 2g, the
fluorescence intensity of DPBF was decreased with time pro-
longed in the presence of CS-DA@Ru NPs under 1064 nm laser
illumination, suggesting the production of '0,. Furthermore,
the addition of H,0, could significantly increase the generation
yield of 'O, (Fig. 2h), which was attributed to the CAT-like
activity of CS-DA@Ru NPs catalyzing H,0, to produce O, and
enhance 'O, generation under 1064 nm laser irradiation. In
contrast, the fluorescence intensity of DPBF treated with CS—
DA@Ru NPs without laser irradiation or only irradiation with a
laser in the absence of CS-DA@Ru NPs has no obvious decrease
(Fig. S8, ESIt). By using TEMP as the 'O, trapping agent, the
EPR spectra also demonstrated that H,0, increased 'O, gen-
eration (Fig. 2i). As a result, CS-DA@Ru NPs have CAT-like
activity and could enhance 'O, production under 1064 nm laser
irradiation.

Cytotoxicity and intracellular therapeutic effects

By virtue of the splendid performance of CS-DA@Ru NPs in
generating hyperthermia and cytotoxic ROS via a photodynamic
process by modulating TME, in vitro therapeutic efficacy

© 2024 The Author(s). Published by the Royal Society of Chemistry

mediated by CS-DA@Ru NPs was further evaluated. First, the
biocompatibility of CS-DA@Ru NPs was estimated using the
standard MTT assay after the administration of CS-DA@Ru
NPs against L929 murine fibroblast normal cells, 4T1 murine
breast cancer cells, and HeLa human cervical cancer cells for
24 h. As shown in Fig. 3a, cell viability exceeded 70% even at a
high CS-DA@Ru NPs concentration of 200 pg mL ™", suggesting
negligible cytotoxicity toward HeLa, 4T1, and L929 cells. This
result demonstrates that CS-DA@Ru NPs could be used for
in vivo antitumor applications. Subsequently, the targeting
ability of CS-DA@Ru NPs was determined via ICP-MS. As
shown in Fig. 3b, as the incubation time increased, the Ru
concentration in 4T1 and HeLa increased, reaching its max-
imum at approximately 6 h. To further confirm the cellular
uptake ability of CS-DA@Ru NPs, 4T1 and HeLa pretreated
with CS for 2 h in advance, which allowed CS to occupy the
target site of the CD44 protein and block the endocytosis of
CS-DA@Ru NPs. The Ru concentration in HeLa and 4T1 cells
pretreated with CS was lower than that in 4T1 and HeLa
without pre-treatment. The same result was observed in L929
cells owing to their lack of surface CD44 protein. These results
indicate that CS-DA@Ru NPs have good actively targeting
ability to overexpress the CD44 protein of cancer cells and
provide an optimal incubation time for subsequent cell experi-
ments. As for the cytotoxicity assay of L929, 4T1, and HeLa cells
against CS-DA@Ru NPs under 1064 nm laser irradiation, the
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Annexin V-FITC after different treatments.

cytotoxicity increased with a higher concentration of CS-
DA@Ru NPs toward these three cell lines. As shown in
Fig. 3c, the cell viability of 4T1 and HeLa cells treated with
CS-DA@Ru NPs (200 pg mL ") under 1064 nm light illumina-
tion was below 25%, probably owing to the combination of
PTT/PDT of CS-DA@Ru NPs. The 4T1 and HelLa cells were
induced toward apoptosis by enormous intracellular 'O, gen-
eration and local hyperthermia. In contrast, the cell viability of
L1929 cells was high under the same conditions. The result can
be attributed to the surface of L929 cells lack of CD44 protein
decreasing intake of CS-DA@Ru NPs. Furthermore, the produc-
tion of ROS in 4T1 and HeLa cells incubated with CS-DA@Ru
NPs was estimated using the DCFH-DA probe. The 'O, could
react with DCFH-DA to produce green fluorescence of 2,7-
dichlorofluorescein (DCF). As shown in Fig. 3d, no green
fluorescence was seen in 1929 cells incubated with CS-DA@Ru
NPs. However, the HeLa and 4T1 cells incubated with CS-
DA@Ru NPs displayed strong green fluorescence. The intracel-
lular ROS generation of 4T1 cells was analyzed via flow cyto-
metry (Fig. S9, ESIt). 4T1 cells incubated with CS-DA@Ru NPs
under 1064 nm laser irradiation produced large amounts of

4908 | Mater. Adv, 2024, 5, 4902-4912

ROS. This result was attributed to the overexpressed CD44
protein of cancer cells, increasing the uptake of CS-DA@Ru
NP owing to the high affinity between CS and CD44 protein.
The cancer cell killing effect of CS-DA@Ru NP under
1064 nm laser illumination was assessed using a calcein-AM
(green) and propidium iodide (red) double-staining assay. As
shown in Fig. 3e, a strong and homogeneous green fluores-
cence was observed in L929 cells incubated with CS-DA@Ru
NPs under 1064 nm laser irradiation, indicating that L929 cells
were alive. However, a large area of red was seen in 4T1 and
HelLa cells treated under the same conditions, suggesting that
most 4T1 and HeLa cells were dead. This result indicates that
CS-DA@Ru NPs under 1064 nm light irradiation could effec-
tively kill cancer cells by PTT/PDT. Moreover, the flow cyto-
metric apoptosis assay was employed to evaluate the 4T1 cell
death after being stained with propidium iodide (PI) and
Annexin V-FITC. As shown in Fig. 3f, the apoptotic ratio
induced by CS-DA@Ru NPs using 1064 nm light illumination
was 52.33% (Q2 + Q3), which is much higher than that of only
1064 nm light illumination (23.54%), which contains early
apoptosis and late apoptosis. These in vitro results confirmed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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that CS-DA@Ru NPs could effectively ablate cancer cells
through synergistic PTT/PDT.

In vivo photoacoustic and photothermal imaging

In view of the strong NIR-II region absorbance and good
photothermal properties of CS-DA@Ru NPs, we anticipated
that CS-DA@Ru NPs could function as a good contrast-
enhanced PA imaging nanomaterial and photothermal conver-
sion agent for PTT. As shown in Fig. S10 (ESIY), in vitro PA
images of CS-DA@Ru NPs display a good linearity between
concentrations of CS-DA@Ru NPs and PA signal intensity,
suggesting that CS-DA@Ru NPs were suitable for PA imaging.
The cell experiment has proved that CS-DA@Ru NPs exhibit a
high PA signal intensity. Based on the above data, CS-DA@Ru
NPs were i.v. injected to the 4T1 tumor-bearing mice, and PA
images were recorded at different times. As shown in Fig. 4a
and b, as the time prolonged, the PA signal intensity of the
tumor region gradually augmented and reached a maximum
value at 12 h, suggesting the maximum accumulation of CS-
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DA@Ru NPs. Therefore, it can be inferred that the optimal laser
illumination for treatment point is 12 h postinjection (i.v.) of
CS-DA@Ru NPs. MSOT (multispectral optoacoustic tomogra-
phy) could provide more efficient visualization through transfer
multiple two-dimensional tomographic images to three-
dimensional (3D) maximal intensity projection (MIP) images.
The shape, size, location, and boundaries of the tumor can be
clearly observed. The maximum PA signal was clearly seen at
12 h postinjection (i.v.) of CS-DA@Ru NPs through 3D imaging
(Fig. 4c). The good in vivo PA-imaging ability of CS-DA@Ru NPs
provides valuable guidance for subsequent treatment processes
in mice.

It is known that the tumor microenvironment is hypoxic,
which will decrease the treatment efficacy of O,-dependent
therapeutic methods such as PDT. To investigate whether CS-
DA@Ru NPs can catalyze endogenous H,0, to generate O, and
alleviate tumor hypoxia, blood oxygen saturation was moni-
tored in 4T1 tumor-bearing mice after i.v. administration of CS-
DA@Ru NPs at different times by PA imaging. PA imaging is a
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In vivo imaging. (a) In vivo PA imaging of the tumor site after i.v. administration of CS—DA@Ru NPs at different time points. (b) The corresponding

PA signal intensity. (c) Representative orthogonal-view 3D MOST images of the whole tumor area. (d) /n vivo PA images of HbO, and Hb in mice after i.v.
administration of CS—DA@Ru NPs at different times. (e) In vivo IR thermal images of the mice recorded at 12 h post-injection (i.v.) of CS-DA@Ru NPs
under the 1064 nm laser irradiation for different times. (f) The corresponding temperature changes' curves recorded at 12 h post-injection (i.v.) of saline

or CS—-DA@Ru NPs under 1064 nm light illumination for different times.
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typical method of real-time obtaining the oxygenation status
according to the absorbance spectrum of deoxygenated hemo-
globin (Hb) and oxygenated hemoglobin (HbO,).*! As seen in
Fig. 4d, as the time increased, the PA signal of Hb was gradually
decreased, while the PA signal of HbO, was gradually increased
and reached a maximum at 12 h, indicating the accumulation
of CS-DA@Ru NPs at the tumor site. In contrast, a weak PA
signal was observed following i.v. injection of saline. These
results confirmed that blood oxygen saturation dramatically
increased owing to CS-DA@Ru NPs catalyzing H,0, to generate
0,. Therefore, CS-DA@Ru NPs can elevate the 'O, level to
enhance the therapeutic effect. Furthermore, the temperature
change of the 4T1 tumor-bearing mice following i.v. adminis-
tration of CS-DA@Ru NPs under 1064 nm laser irradiation was
measured using an IR thermal camera. As exhibited in Fig. 4e,
as for the mice treated with CS-DA@Ru NPs under 1064 nm
irradiation for 5 min, the temperature of the tumor site
increased to 57 °C with an elevation of 21 °C. In contrast, the
temperature of the mice treated with the same volume of the
saline + 1064 nm laser only increased by 3 °C. These results
suggested that CS-DA@Ru NPs were suitable for in vivo treat-
ment by PTT.

In vivo treatment effect of CS-DA@Ru NPs

On the basis of the confirmed desirable treatment efficiency of
CS-DA@Ru NPs in vitro, the synergetic treatment effect of CS-
DA@Ru NPs in vivo was investigated using 4T1 tumor-bearing
BALB/c mice. Initially, the in vivo biodistribution was carried
out to study the accumulation of CS-DA@Ru NPs. After the i.v.
injection of CS-DA@Ru NPs at different time points, the
tumors and main organs of mice were extracted and dissolved
in nitric acid to monitor the Ru content using ICP-MS. As
shown in Fig. 5a, it has been found that CS-DA@Ru NPs mainly
accumulated in the liver and tumors. CS-DA@Ru NPs accumu-
lated in the tumor due to the active targeting ability of CS to 4T1
cells and typical enhanced permeability and retention effect. It
is a common phenomenon because the liver is an important
delivery and transport organ. Furthermore, the liver displays
rather high content of Ru, suggesting that CS-DA@Ru NPs may
be quickly eliminated via liver metabolism.** Subsequently, we
start evaluate the in vivo treatment effect of CS-DA@Ru NPs,
which was performed by 4T1 tumor-bearing mice. After the
volume of the tumor reached approximately 70 mm?, 20 mice
were divided into four groups (n = 5): (1) saline, (2) saline +
laser, (3) CS-DA@Ru NPs, and (4) CS-DA@Ru NPs + laser.
Saline and CS-DA@Ru NPs were i.v. injected into mice through
the tail. The 1064 nm laser irradiated the tumor area at 12 h
postinjection. During the 14 days of treatment, the tumor
volume and body weight of each mouse were tested and
recorded daily. As displayed in Fig. 5b, during the treatment
period, the body weight change of mice in each group could be
negligible, suggesting that the mice had good ability to tolerate
the injection dose of CS-DA@Ru NPs. Both on the seventh and
14th days after the i.v. injection of mice with CS-DA@Ru NPs,
the blood biochemistry assay results indicated that hepatic and
renal function markers including creatinine (CREA), blood urea
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nitrogen (BUN), aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) exhibited no apparent changes com-
pared with the saline group (Fig. S11, ESIt). From the blood
routine assays, red blood cells (RBCs), mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), white blood cells
(WBCs), hemoglobin (HGB), mean corpuscular hemoglobin
concentration (MCHC), hematocrit (HCT), and platelets (PLTs)
were within normal reference ranges (Fig. S11, ESIT). Moreover,
hematoxylin and eosin (H&E) staining of the major organs after
treatment process was carried out. As exhibited in Fig. S12
(ESIt), there was no obvious damage to the major organs,
indicating that the various treatments had long-term biosafety.
As shown in Fig. 5c, the tumor growth of the mice i.v. admini-
strated with CS-DA@Ru NPs plus 1064 nm laser illumination
was significantly inhibited compared with mice in other groups.
The inhibition effect was further demonstrated by the corres-
ponding visualized pictures (Fig. 5d, and Fig. S13, ESI{). In
addition, histopathological analysis was performed by H&E
staining of the tumor tissue of mice after 14 days of treatment.
As a result, the morphology of cells showed negligible damage in
the saline, and saline + laser groups (Fig. 5e). In contrast, the
tumor cells in the CS-DA@Ru NPs + laser group exhibited
serious damage because of the changed cell shapes. Overall,
these results confirmed that CS-DA@Ru NPs could effectively
suppress tumor growth by PTT/PDT.

Conclusions

In summary, we have fabricated a self-supplying O, nanoplat-
form of CS-DA@Ru NPs for NIR-II PA imaging-guided

© 2024 The Author(s). Published by the Royal Society of Chemistry
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combination of PTT/PDT. The CS-DA@Ru NPs nanozyme
exhibits good stability and dispersibility, splendid enzymatic
activity, and photothermal properties. CS endowed CS-DA@Ru
NPs with the ability to actively target cancer cells through
CS-CD44 protein interactions. Moreover, CS-DA@Ru NPs with
CAT activity effectively catalyze intracellular H,O, into O, so as
to relieve tumor hypoxia, which could augment the generation
of 0, under NIR-II laser irradiation. Furthermore, CS-DA@Ru
NPs could generate enough hyperthermia and enormous
amounts of 'O, under light irradiation. The tumor growth
was effectively inhibited after a single injection of CS-DA@Ru
NPs without negligible side effects. Overall, this finding pro-
vides an insight into the design of tumor-targeted, oxygen
producing nanomaterials with augmented treatment efficacy
for hypoxic tumors.
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