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Osteoporosis (OP), the most prevalent bone degenerative disease, has become a significant public health chal-
lenge globally. Current therapies primarily target inhibiting osteoclast activity or stimulating osteoblast acti-
vation, but their effectiveness remains suboptimal. This paper introduced a “three birds, one stone” therapeutic
approach for osteoporosis, employing upconversion nanoparticles (UCNPs) to create a dual-gas storage nano-
platform (UZPA-CP) targeting bone tissues, capable of concurrently generating carbon monoxide (CO) and
hydrogen sulfide (H5S). Through the precise modulation of 808 nm near-infrared (NIR) light, the platform could
effectively control the release of CO and H,S in the OP microenvironment, and realize the effective combination
of promoting osteogenesis, inhibiting osteoclast activity, and improving the immune microenvironment to
achieve the therapeutic effect of OP. High-throughput sequencing results further confirmed the remarkable
effectiveness of the nanoplatform in inhibiting apoptosis, modulating inflammatory response, inhibiting osteo-
clast differentiation and regulating multiple immune signaling pathways. The gas storage nanoplatform not only
optimized the OP microenvironment with the assistance of NIR, but also restored the balance between osteo-
blasts and osteoclasts. This comprehensive therapeutic strategy focused on improving the bone microenviron-
ment, promoting osteogenesis and inhibiting osteoclast activity provides an ideal new solution for the treatment
of metabolic bone diseases.

severe bone mineral loss. Although osteoblast-mediated compensatory
formation and mineralization of the bone matrix mitigate this loss to

1. Introduction

With the aging of the global population, the prevalence of osteopo-
rosis (OP) continues to rise, and it has become a major medical problem
that seriously endangers human health and poses enormous socioeco-
nomic challenges [1]. As a systemic bone metabolic disease, its core
features include decreased bone mineral density and deterioration of
bone tissue microarchitecture, resulting in increased bone fragility and
fracture risk [2]. The development of this disease is mainly caused by
dysfunction between various types of osteoblasts and immune cells in
the bone microenvironment, resulting in an imbalance between bone
formation and bone resorption [3]. Among them, osteoclasts play a key
role in the development of OP, as they are not only responsible for bone
resorption, but also for destroying bone minerals and collagen by
secreting acids and catabolic enzymes [4,5], which in turn leads to
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some extent, the inflammatory microenvironment limits its reminerali-
zation and repair during OP development [6]. The current clinical
treatment of OP relies on the application of antiresorptive and
pro-osteosynthesis drugs, but the off-target effect and accompanying
side effects of these drugs limit their widespread use [7,8].

In recent years, nanomaterials have been widely used to carry
various drug molecules, active substances, vesicles, or nucleic acids,
regulating bone homeostasis to ameliorate OP symptoms [9-11].
Nevertheless, a considerable number of treatment strategies have the
following two representative limitations: (1) Although nanomaterials
with therapeutic components enable continuous drug release, the risk of
burst release and subsequent elimination by the immune response hin-
ders controllable and precise treatment. (2) The functions of the loaded

wangxiaolei@ncu.edu.cn (X. Wang).

Received 7 May 2024; Received in revised form 9 July 2024; Accepted 27 July 2024

Available online 6 August 2024

2590-0064/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:Ndefy12160@ncu.edu.cn
mailto:wangxiaolei@ncu.edu.cn
www.sciencedirect.com/science/journal/25900064
https://www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2024.101179
https://doi.org/10.1016/j.mtbio.2024.101179
https://doi.org/10.1016/j.mtbio.2024.101179
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

G. Yang et al.

Materials Today Bio 28 (2024) 101179

L; —
PAA-Ald N7

UCNPs UCNPs@PVP UCNPs@ZIF-8 UZNP-CP UZPA-CP UZPA-CP
) Y 4 = \ )
o L)
r'u"i)
E Al
Carbonic anhydrase
¢ ¢ T
, co HS as
¢o €O \ s
{1 § co o L
5 co as
Pre-osteoclast co s Pre-osteoblast
TRAP ! T ALP
MMPY m ; “ RUNX 2
NFATel | , i OCN
5 2 ~ (8- TNFo | ~
* a @ * g |
: = TN INOS V!
: \M(] M1 ;
Osteoclast : ] Osteoblast
Q Q 110 4 |
Bone resorption 5 = ‘ TINES 3% Bone formation
,,,,,,,,,,,,,,,,, ! Q Argl |

Carbonic anhydrase Osteoblast Pre-osteoblast

o e o 0 () 2 0 e e e o e e e

Bone Regeneration 4
! ¢ 8 ] h \
‘og o e,c
| o 75
b . 'ﬂ ; "
i 1 :
g‘, ° .‘\\ ®
Bone formation ‘ TR \).i
Immune regulation , A £
i — E . | <
i -
-8 o3 B o
co @ Mo €Y M @ M2 E
!
1
—~~ PAA @@ Ald Pre-osteoclast Osteoclast:
1

Scheme 1. Schematic representation of the synthesis and working principle of the bone-targeting gas storage nanoplatform (UZPA-CP) under 808 nm NIR
light for regulating bone immune microenvironment to treat OP. (A) Synthesis of UZPA-CP. (B) Mechanism of OP treatment with UZPA-CP in mice: (I) CO
released under 808 nm NIR irradiation suppresses the formation of osteoclasts. (II) H»S released under 808 nm NIR exposure enhances the osteogenic differentiation
of pre-osteoblast. (III) Under 808 nm NIR irradiation, the gas storage nanoplatform fostered the transition of macrophages from M1 to M2 phenotype, enhancing the
immune microenvironment, and thereby actively contributing to the promotion of osteoblasts and suppression of osteoclasts. (C) Under 808 nm NIR irradiation,

UZPA-CP could on-demand targeted delivery of CO and H,S to reverse osteoporosis
modulating the immune microenvironment.

therapeutic agents are quite limited, focusing only on increasing oste-
oblast activity or suppressing osteoclast activity, without adequately
addressing the specific microenvironment of OP. Hence, it is imperative
to develop a multi-functional nanoplatform capable of precisely and
on-demand release, as well as regulating the OP microenvironment to
treat OP more effectively.

Gas molecules, due to their small size, rapid metabolism and

by enhancing osteoblast differentiation, suppressing osteoclast formation and

involvement in numerous intracellular signaling pathways, have broad
prospects in disease diagnosis and treatment [12,13]. Carbon monoxide
(CO), as one of the earliest-discovered endogenous gases, has demon-
strated potent anti-inflammatory and immune-regulatory functions
[14-16]. Hydrogen sulfide (HyS), discovered as the third gaso-
transmitter, plays a significant role in various physiological and patho-
logical processes, notably in regulating bone homeostasis [17,18].
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Theoretically, if CO and H,S can be delivered accurately into the bone
tissue at the same time and released in a controlled manner, not only the
anti-inflammatory effect of CO as well as the osteogenic properties of
HaS can be utilized, but also the advantages of both can be incorporated
to optimize the OP immune microenvironment, resulting in a compre-
hensive therapeutic effect of “1 + 1 > 2”. Unfortunately, the controlled
release of CO and H,S is difficult to be realized within the op microen-
vironment simultaneously. Due to the temporal and spatial control
flexibility of light sources, they have always been used to stimulate the
production of gases [19]. However, the majority of CO and H,S donors
developed so far require excitation by blue-violet light (365 nm), which
has limited tissue penetration and poses risks of skin damage or carci-
nogenesis with long-term exposure, constraining their use in vivo [20,
21]. Near-infrared (NIR) light, with its higher biocompatibility and
deeper tissue penetration, has been widely used in the treatment of
various diseases [22]. Since the therapeutic window of NIR light lies
within the 650—1100 nm range, it is necessary to develop a light con-
version carrier that can transform low-energy NIR light into high-energy
blue-violet light to effectively stimulate CO/H2S donors. Upconversion
nanoparticles (UCNPs), a type of light conversion nanocarrier that alters
emission wavelengths through the doping of rare-earth elements, can
transform NIR light into various wavelengths (ultraviolet, blue, green,
red, etc.) of light, and are extensively used in treating deep-seated dis-
eases such as tumors, thrombosis, and depression [23-26]. In our pre-
vious research, we had successfully combined UCNPs with mesoporous
silica to achieve the controlled release of a single gas (nitric oxide) in
treating thrombosis [27]. However, when applying this technology to
the treatment of OP, we still faced issues including low loading effi-
ciency and limited functionality of the single gas molecule, which pre-
vented us from simultaneously and effectively improving the reduction
of osteogenic capacity, the enhancement of osteoclast activity and the
accompanying inflammatory microenvironment during the progression
of OP.

In this work, we constructed a NIR-responsive gas storage nano-
platform (UZPA-CP) capable of precisely targeted and controlled de-
livery of dual gases (Scheme 1), which offered the following advantages:
(1) Demand-driven, precise control release of gas molecules: The use of
neodymium ions (Nd*")-doped UCNPs converted NIR light with good
tissue penetration into blue-violet light required for activating gas do-
nors, facilitating the on-demand release of gas therapeutics; (2) High
loading efficiency: The encapsulation of zeolitic imidazolate framework-
8 (ZIF-8) provided UCNPs with a higher specific surface area, enhancing
their capacity to simultaneously load two types of donors and making
treatment more efficient; (3) Low off-target effects: By a simple and cost-
effective method, polyacrylic acid-alendronate sodium (PAA-Ald, PA)
was used to modify the surface of UZNP-CP, resulting in a UZPA-CP
specifically targeting bone tissue and ensuring accurate concentration
of dual gas molecules around the bone tissue requiring treatment; (4)
Outstanding biocompatibility: The HoS donor (PhotoTcm) in UZPA-CP,
activated by light source/OP microenvironment dual stimuli, produced
carbonyl sulfide (COS) under blue-violet light exposure, which required
further hydrolysis by carbonic anhydrase (CA) secreted by osteoclasts in
the OP microenvironment to generate HjS. The sequential release of CO
and H,S efficiently mitigated cellular damage. More importantly, under
808 nm NIR irradiation, the blue-violet light formed by the light con-
version nanocarrier was ultimately absorbed by the gas donors, mini-
mizing the potential harm of high-energy light; (5) Multifunctionality:
UZPA-CP combined the effects of CO in suppressing osteoclast activity
with HjS in enhancing osteogenic differentiation. It further effectively
modulated the bone immune microenvironment, facilitating the differ-
entiation of osteoblasts in inflammatory conditions, thus compensating
for the deficiencies inherent in single-gas functionalities.

In conclusion, under the irradiation of 808 nm NIR, UZPA-CP
demonstrated capabilities like enhancing bone formation, suppressing
bone resorption, and modulating the immune microenvironment. This
gas storage nanoplatform uniquely accomplished the targeted delivery
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of dual endogenous gases to the systemic bone microenvironment, of-
fering a comprehensive therapeutic strategy for OP.

2. Materials and methods
2.1. Materials

Yttrium (IIT) acetate hydrate (Y(CH3CO2)3-xH20, 99.9 %), ytterbium
(III) acetate hydrate (Yb(CH3CO2)3-xH20, 99.9 %), neodymium(III) ac-
etate hydrate (Nd(CH3CO32)3-xH20, 99.9 %), thulium (III) acetate hy-
drate (Tm(CH3CO3)3-xH50, 99.9 %), 1-octadecene (ODE, 90.0 %), oleic
acid (OA, 90.0 %), nitrosonium tetrafluoroborate (NOBF4), poly-
vinylpyrrolidone (PVP, Mw = 40,000), hydroxyapatite (HAP), dexa-
methasone (>98 %), ascorbic acid (>98 %), p-glycerophosphate, o-
nitrobenzyl alcohol, bovine hemoglobin (Hb, >90 %), ammonium
fluoride (NH4F, 98 %), p-fluorophenylisothiocyanate, tetrahydrofuran
(THF) and lipopolysaccharide (LPS) were purchased from Sigma.
Cyclohexane, absolute ethanol, methanol, 2-methylimidazole (2-MI),
Alendronate sodium trihydrate (Ald), polyacrylic acid (PAA, Mw ~
2000), 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride (DMTMM, 97 %), N,N-dimethylformamide (DMF), sodium
bisulfite (NaHSO3, >82 %), isopropyl alcohol, hexane, sodium hydrox-
ide (NaOH, 97 %) and sodium nitrite (NaNO3, 99.9 %) were purchased
from Aladdin. Zinc nitrate hexahydrate (Zn(NO3)2-6H20, 99 %) was
purchased from Sinopharm Chemical Reagent Co., Ltd. All chemicals
were used without any further purification.

2.2. Characterization

The morphology, energy-dispersive X-ray spectroscopy, and
elemental mapping images of the as-synthesized nanoparticles were
observed by field emission transmission electron microscope (TEM,
Tecnai G2 20, Thermo Fisher Scientific, US) and field emission scanning
electron microscopy (SEM, Zeiss Sigma 300, Germany). The X-ray
diffraction (XRD, D8A A25 X, Bruker, Germany) was used to test the
crystal structure of the samples. The various nanoparticles’ chemical
compositions were characterized by Fourier-transform infrared (FT-IR)
spectra (Nicolet iS20, Thermo Fisher Scientific, US). The Zeta potentials
of various nanoparticles were measured using zeta potential instrument
(Zetasizer Nano ZS90, Malvern, UK). The element information of sam-
ples was measured by X-ray photoelectron spectroscopy (XPS, Thermo
Fisher Scientific K-Alpha, USA). Near-infrared (NIR) laser was produced
using 808 nm multimode fiber-coupled laser (LOS-BLD-0808-5W-C/P,
max: 5 W, Hi-Tech Optoelectronics, China) and 980 nm multimode
fiber-coupled laser (LOS-BLD-0980-5W-C/P, max: 5 W, Hi-Tech Opto-
electronics, China). The upconversion luminescence (UCL) spectra were
measured by fluorescence spectrophotometer (FL970, Techcomp,
China). The UV-visible (UV-vis) absorption spectra were collected by
UV-2600 Spectrophotometer (Shimadzu, Japan). All the fluorescence
measurements were conducted by inverted fluorescence microscopy
(Axio Observer, Zeiss, Germany). The optical images were obtained by
optical microscope (Axio Lab.Al, Zeiss, Germany). The absorbances and
optical density (OD) values were measured by microplate reader of
VICTOR Nivo 3S (PerkinElmer, US). Skeletal analyses were performed
using a micro-CT system (Scanco Medical).

2.3. Synthesis of UCNP nanocrystals

The core-shell-shell structure of NaYF4:Yb/Tm@NaYF4:Nd/
Yb@NaYF, upconversion nanoparticles (UCNPs) was synthesized via the
hydrothermal method as described previously [28]. Briefly, the core
nanocrystals of p-NaYF4:25%Yb/0.5%Tm were synthesized at first.
0.745 mmol of Y(CH5CO)3xH,0, 0.25 mmol of Yb(CH3CO4)3-xH20
and 0.005 mmol of Tm(CH3CO2)3-xH20 were added into the solution
containing 15 mL of ODE and 6 mL of OA in a 100 mL three-necked flask.
Then, the mixture was heated to 150 °C and maintained for 60 min to
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form a clear solution. Upon cooling to room temperature, 10 mL of
methanol solution containing 4 mmol of NH4F and 2.5 mmol of NaOH
was added to the solution. Afterward, the mixture was heated to 50 °C
and maintained for 30 min. The reaction vessel was then heated to
120 °C for 30 min to remove methanol and subsequently heated to
300 °C under the argon atmosphere, maintaining for 90 min. After
cooling down to room temperature, 10 mL of ethanol was added to
precipitate the UCNPs. Finally, the precipitated UCNPs were washed
with ethanol and dispersed in 5 mL of cyclohexane.

The core-shell UCNPs were synthesized with the same coprecipita-
tion procedure. Typically, 0.35 mmol of Y(CH3CO3)3-xH20, 0.05 mmol
of Yb(CH3CO3)3-xH20 and 0.1 mmol of Nd(CH3CO»)3-xH,0 were added
into the solution containing 15 mL of 1-octadecene (ODE) and 6 mL of
oleic acid (OA) in a 100 mL three-necked flask. Then the mixture was
heated to 150 °C for 30 min to form a clear solution. Next, the prepared
B-NaYF4:25%Yb/0.5%Tm solution was added into this mixture, and the
mixed solution was stirred at 70 °C for 20 min. Upon cooling down to
room temperature, 10 mL of methanol solution containing 4 mmol of
NH4F and 2.5 mmol of NaOH were added to the solution and stirred at
50 °C for 30 min. The reaction vessel was then heated to 120 °C for 30
min to remove methanol and subsequently heated to 300 °C under the
argon atmosphere, maintaining for 90 min. After cooling to room tem-
perature, the core-shell nanocrystals were precipitated by ethanol and
washed with methanol, dispersing in 5 mL of cyclohexane.

The synthesis of core-shell-shell nanocrystals was as outlined for
NaYF4:20%Nd/10%Yb shell growth mentioned above, except Y
(CH3C02)34XH20, Yb(CH3C02)3~XH20 and Nd(CH3C02)3~XH20 were
replaced by 0.5 mmol of Y(CH3CO2)3-xH0.

2.4. Synthesis of UCNPs@PVP

By modifying with PVP, oily UCNPs were transformed into water-
soluble UCNPs. Initially, the oleic acid on the surface of UCNPs was
eliminated using NOBF,4 ligand exchange, then proceeded with PVP
modification [29]. In detail, a mixture of 5 mL UCNPs solution (con-
centration 5 mg mL ! in cyclohexane) and 5 mL NOBF4 DMF solution
(0.01 M) was stirred gently at room temperature for 1 h. Once the so-
lution separated into layers, the cyclohexane layer was discarded, and
an equal volume of isopropanol and n-hexane (1:1 v/v) was added to the
rest, then centrifuged to eliminate the supernatant and re-dispersed the
precipitate in DMF. Then, the solution was introduced into an aqueous
solution with 100 mg PVP, stirred intensely for 12 h at room tempera-
ture, then centrifuged at 11,000 rpm for 10 min, washed the precipitate
with water and methanol, and ultimately re-dispersed in methanol.

2.5. Synthesis of UCNPs@ZIF-8

The method for synthesizing UCNPs@ZIF-8 was adapted from the
original procedure with some modifications [30]. 9 mL of Zn
(NO3)2-6H20 (25 mM, in methanol/DMF) was mixed with 1 mL of
UCNPs@PVP solution and stirred for 2 h, followed by adding 10 mL of
2-MI (25 mM, in methanol/DMF), and then left undisturbed at 40 °C for
24 h. The product was collected by centrifugation, washed several times
with methanol, and finally dissolved in 1 mL of ethanol.

2.6. Synthesis of PhotoTcm

The o-nitrobenzyl alcohol species (1.0 equiv.) was combined with p-
fluorophenyl isothiocyanate (1.0 equiv.) in anhydrous THF (15 mL) at
0 °C, followed by the addition of NaH (60 % in paraffin liquid, 1.25
equiv). The resultant mixture was stirred at 0 °C for 20 min, after which
the ice bath was removed, and the reaction mixture was stirred at room
temperature until the completion of the reaction indicated by thin-layer
chromatography (TLC). The reaction was quenched by adding brine (30
mL), and the aqueous solution was extracted with ethyl acetate (3 x 15
mL). The organic layers were combined, dried over magnesium sulfate
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(MgS0y4), and evaporated under vacuum. The crude product was puri-
fied by column chromatography.

2.7. Synthesis of UZNP-CP

UZNP-CP was obtained by loading CORM-1 and PhotoTcm into
UCNPs@ZIF-8. First, 5 mg of UCNPs@ZIF-8 was combined with
different masses of CORM-1 and PhotoTcm (with a 1:1 M ratio in 5 mL
ethanol), setting the mass ratios of UCNPs@ZIF-8 to CORM-1 and Pho-
toTem at 0.5:1, 1:1, 2:1, and 5:1. The mixture was stirred in the dark for
12 h and then centrifuged at 11,000 rpm for 10 min to collect UZNP-CP.
Following this, the drug loading under different mass ratios was calcu-
lated by analyzing the remaining amounts of CORM-1 and PhotoTcm in
the supernatant. The gathered UZNP-CP needed to be washed thrice
with water and preserved at 4 °C. Lastly, the drug loading was deter-
mined using the standard curves of CORM-1 and PhotoTcm. The formula
for calculating the drug loading rate was as follows:

__weight of loaded CORM-1/PhotoTcm

Drug loading rate (%) = weight of UZNP—CP x 100%

2.8. Synthesis of UZPA-CP

First, an appropriate amount of PAA and Ald was added to a borate
buffer solution and stirred until completely dissolved to facilitate the
binding between PAA and Ald. Following 10 min of stirring, DMTMM
(0.055 g, 0.2 mmol) was incorporated into 20 mL of borate buffer so-
lution (0.1 M, pH 8.5), and then the pH was adjusted to 7.5 using 2 M
NaOH. Under conditions of constant stirring, the reaction was carried
out for 24 h. Afterward, the product was purified through dialysis and
freeze-dried, yielding a white foamy substance, PAA-Ald. Following this,
20 mg of PAA-Ald was dissolved in 100 mL of deionized water with 100
mg of UZNP-CP, and the mixture was stirred overnight. The product was
then centrifuged and washed with deionized water, followed by vacuum
drying to acquire the final powdered product of UZPA-CP [25].

2.9. NIR-responsive CO release detection

We prepared a co-saturated solution with phosphate buffered saline
(PBS, pH 7.4) and carbon monoxide (CO), and used it immediately.
NaHSO3 was employed to reduce Hb, resulting in the formation of oxy-
ferrous-Hb. In a dark and anaerobic environment, 2 mg mL™! of UZPA-
CP was introduced into a PBS buffer with 10 pM oxidized ferrous he-
moglobin. Following 808 nm NIR laser irradiation (1.5 W cm’Z), the
absorbance of solution at various time points was detected using a
UV-vis spectrophotometer, and the quantity of CO released by UZPA-CP
was calculated using the formula from prior research.

2.10. NIR-responsive H3S release detection

The release of HyS was measured using an hydrogen sulfide (HsS)
assay kit, CA solution was added to the UZPA-CP solution followed by
irradiation with 808 nm NIR laser (1.5 W cm’z), and the generation of
Hj,S was periodically monitored. During this process, the produced HaS
reacted with N,N-dimethyl-p-phenylenediamine and ammonium ferric
sulfate to form methylene blue, which exhibited its maximum absorp-
tion peak at 665 nm. The concentration of HyS could be calculated by
determining the absorbance of methylene blue. Specifically, 100 pL of
liquid sample was added to 1 mL of Extraction Solution I, centrifuged at
12,000 g at 4 °C for 10 min, then 0.8 mL of the supernatant was taken,
0.15 mL of Extraction Solution II was added, and centrifuged at 12,000 g
at 4 °C for 10 min. The supernatant was taken, while Reagent I and
Reagent II were added from the detection kit, fully mixed, and stood at
room temperature for 10 min. The absorbance was measured at 665 nm
and substituted into the standard equation y = 0.0020x — 0.0633, R? =
0.9951, to calculate the quantity of HsS.
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2.11. Cell culture

This research utilized the mouse monocyte macrophages (RAW
264.7) cells and mouse embryonic osteogenic precursor (MC3T3-E1)
cells. The RAW 264.7 cells were sourced from Wuhan PunoSai Life
Science Co., Ltd. in China, and the MC3T3-E1 cells were provided by the
Chinese Academy of Medical Sciences, Beijing. Both of cell types were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM), which
included 10 % fetal bovine serum (FBS) and penicillin/streptomycin
(PS). The cells were cultured under conditions of 37 °C and 5 % Carbon
dioxide (COy) in a constant temperature and humidity incubator.

2.12. Detection of intracellular CO

Intracellular CO was detected using the CO probe CAY10733.
Initially, RAW 264.7 cells were seeded in a 12-well plate at a density of
8 x 10* cells per well. After the cells adhered, fresh culture medium
containing UZPA-CP was added, and the cells were incubated for 6 h.
The cells were then treated for 30 min with a 1 pM concentration of
CAY10733 solution. Post-treatment, the cells were exposed to 808 nm
NIR laser (power density 1.5 W cm™2) for 5 min. Lastly, the cell nuclei
were stained with Hoechst 33342, and stained cells were viewed using
an inverted fluorescence microscope.

2.13. Detection of intracellular HsS

Intracellular HoS was detected using the HyS probe WSP-1. Initially,
MC3T3-E1 cells were seeded in a 12-well plate at a density of 8 x 10*
cells per well. After the cells adhered, a fresh culture medium containing
UZPA-CP and CA solution was added and incubated for 6 h. Thereafter,
the cells were treated with a 100 pM solution of WSP-1 for 30 min.
Subsequently, the cells were exposed to 808 nm NIR laser (power den-
sity 1.5 W cm’z) for 5 min. Post-irradiation, the cell nuclei were stained
with Hoechst 33342, and the stained cells were examined using an
inverted fluorescence microscope.

2.14. Cell Viability

Cell cytotoxicity of UZPA-CP nanoparticles was evaluated using a
CCK-8 assay kit from Beyotime, China. The RAW 264.7 cells and MC3T3-
E1 cells were grown at a density of 5 x 10> cells per well. The cells were
exposed to different concentrations of UZPA-CP nanoparticles for pe-
riods of 1, 2 and 3 days. Post-treatment, each well received 100 pL of
DMEM with 10 pL of CCK-8 solution, followed by incubation at 37 °C for
1 h, and finally, the absorbance at 450 nm was assessed.

2.15. Live/dead cell staining

The two cell types were plated at a density of 3 x 10* cells per well on
a 24-well plate. Following cell attachment, the existing culture medium
was substituted with a complete medium containing 100 pg mL~* UZPA-
CP, and the cells were co-incubated for 24 h. After the incubation period,
the culture medium was removed, and each well was filled with a serum-
free medium containing 5 pL Calcein-AM and P, incubating for 30 min.
The cells were then washed twice with PBS and observed and imaged
using an inverted fluorescence microscope.

2.16. Hemolytic test

Initially, blood was extracted from mice and then centrifuged at a
speed of 1500 rpm for 15 min. Red blood cells were diluted with sterile
saline, and then 100 pL of the diluted suspension was mixed with 1.1 mL
saline solution and deionized water as the negative control and the
positive control, respectively. Additionally, the same volume of red
blood cell suspension was mixed with 1.1 mL various concentrations of
UZPA-CP solution to form the experimental group. Subsequently, all
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Eppendorf tubes were incubated in a 37 °C water bath for 1 h. After
incubation, the supernatant was collected, and the absorbance at 540
nm was measured using an enzyme-linked immunosorbent assay to
calculate the hemolysis rate.

2.17. Evaluation of osteogenic activity

Osteogenic activity was determined using western blot (WB), alka-
line phosphatase (ALP) staining, alizarin red (ARS) staining and quan-
titative reverse transcription-polymerase chain reaction (QRT-PCR). The
MC3T3-E1 cells were cultivated in osteogenic induction medium
comprising 50 ng/mL ascorbic acid, 10 mM f-glycerophosphate and 10
nM dexamethasone, supplemented with various nanoparticles and CA.
Throughout the incubation period, the induction medium was refreshed
every 3 days, with the culture extending for both 7 and 14 days.
Following a 7-day culture period, cells were fixed with 4 % para-
formaldehyde, washed thrice with PBS, and ALP activity was assessed
using an ALP staining kit. Following a culture period of 14 days, the cells
were stained using ARS staining solution. Then, images were captured
under a microscope, and a semi-quantitative analysis of the osteogenic
effect was conducted using Image J software. WB assay was employed to
detect osteogenesis-related proteins such as osteopontin (OPN) and ALP.
Additionally, qRT-PCR was utilized to assess the expression levels of
osteogenesis-related genes. Details of the primers used could be found in
Table S1 in the Supporting Information.

2.18. Polarization and inflammatory gene expression in RAW 264.7 cells

The polarization state (M1/M2) of RAW 264.7 cells was determined
using flow cytometry, immunofluorescence, and qRT-PCR. RAW 264.7
cells were plated at a density of 1 x 10° cells per well in 6-well plates and
cultured for 24 h. Concurrently, treatment with various samples, CA and
1 pg mL~! LPS was carried out for 24 h. Initially, the polarization state of
RAW 264.7 cells was evaluated using flow cytometry. Fluorescently-
tagged CD86 antibody (Servicebio, China) for M1 marking and CD206
antibody (Servicebio, China) for M2 marking were applied, with stain-
ing conducted at room temperature for 1 h. Nuclei were counterstained
with 4’,6-diamidino-2-phenylindole (DAPI). Finally, images were
collected using an inverted fluorescence microscope. Total RNA was
extracted from the cells using Trizol reagent (Beyotime, China), and
cDNA was synthesized from the isolated RNA by reverse transcription.
The expression levels of relevant inflammatory genes were detected by
qRT-PCR.

2.19. Osteoclast formation assay

Osteoclast activity was evaluated using anti-tartrate acid phospha-
tase (TRAP) staining and qRT-PCR. Initially, RAW 264.7 cells were
seeded at a density of 3 x 10* cells per well into 48-well plates and
induced with RANKL and M-CSF. Concurrently, the cells were co-
cultured with various nanomaterials for 5 days. Subsequently, the
cells were stained with TRAP, and TRAP-positive osteoclasts, indicated
by wine-red cytoplasm, were observed under a microscope (Zeiss, Ger-
many). In addition, the expression levels of osteoclast-related genes
were measured using qRT-PCR.

2.20. Conditional osteogenic differentiation experiment

RAW 264.7 cells were seeded at a density of 1 x 10° cells/dish in 60
mm culture dishes. After the cells adhered, the original medium was
replaced with high-glucose medium containing 1 pg mL~! LPS. After 24
h of stimulation, the supernatant was collected and cell debris and im-
purities in the medium were removed by high-speed centrifugation.
Subsequently, the obtained medium was mixed with osteogenic induc-
tion medium in a 1:1 ratio to prepare conditioned osteogenic induction
medium, which was then stored at —20 °C for later use. MC3T3-E1 cells
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were cultured with conditioned osteogenic induction medium contain-
ing the same concentration of various nanomaterials and CA, and the
osteogenic activity of the cells was detected by ALP and ARS staining. In
addition, the expression levels of osteogenic genes were detected by
qRT-PCR, and the expression levels of related osteogenic proteins were
detected by WB.

2.21. High-throughput sequencing and bioinformatics analysis

RAW 264.7 cells were treated with LPS and LPS + UZPA-CP + NIR.
MC3T3-E1 cells were treated with medium and medium + UZPA-CP +
NIR. Cells from different groups were collected, total RNA was extracted
using TRIzol reagent (Beyotime, China), and transcriptome sequencing
and bioinformatics analysis were conducted by OE Biotech Co., Ltd.
(Shanghai, China).

2.22. Bone targeting capacity In vitro and In vivo

The affinity of UZPA-CP and non-targeted UZNP-CP for bone min-
erals was studied. 1 mg mL™~! of UZPA-CP and UZNP-CP were each
incubated with 20 mg HAP (HAP particles) in 5 mL solution and stirred
for varying times (0 min, 10 min, 30 min and 60 min). After the incu-
bation period, the solution was centrifuged to precipitate HAP and its
bound nanoparticles. The precipitate was washed several times with
deionized water, dried in an oven, and characterized by SEM. For in vivo
bone targeting, C57 mice (10 weeks old) were intraperitoneally injected
with UZPA-CP and PBS, after various time intervals, the animals were
euthanized, and their bones thoroughly exposed for imaging.

2.23. Animal experiment

All experiments were conducted in accordance with relevant
guidelines and approved by the Ethics Committee of Nanchang Uni-
versity (NCULAE-20221228021). In brief, 10-week-old female C57 mice
underwent ovariectomy using minimally invasive surgical techniques
under aseptic conditions, while a sham operation was performed on six
mice of the same batch. After four weeks, the mice were divided into
four groups: Sham, OVX, OVX + UZPA-CP - NIR, and OVX + UZPA-CP
+ NIR, with 6 mice in each group. As previously described, equal
amounts of nanomaterial or PBS were intraperitoneally injected every 2
days. Four weeks later, the mice were euthanized for bone analysis using
micro-CT.

2.24. Micro-CT scanning

Post-euthanasia, bone tissues (the third lumbar vertebra and femur)
were harvested and fixed in 10 % neutral buffered formalin. Micro-CT
(Scanco Medical) was used to scan the microstructure of the third
vertebral body and left femoral trabeculae, with software used to
reconstruct the acquired images. Parameters of bone structure,
including BMD, BS/TV, BV/TV, Tb.Sp and Tb.N, were ascertained by
analyzing targeted regions.

2.25. Histological staining

Lumbar vertebrae and femurs were fixed in 10 % formalin buffer for
aminimum of 48 h, then decalcified in 10 % ethylenediaminetetraacetic
acid (EDTA) for a week. Specimens were embedded in paraffin and
sectioned at 5 pm. Routine HE staining was performed to observe
morphological changes in tissue and trabecular areas. Masson staining
was conducted to assess new bone formation, while TRAP staining
quantified the number of TRAP-positive osteoclasts in specified areas.
Ultimately, immunofluorescence staining was used to determine the
quantity of TNF-a and IL-10 positive cells in chosen regions. Semi-
quantitative analysis of the above results was performed using Image J
(Bethesda, USA).
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2.26. Naming of materials

In our study, CORM-1 served as the CO donor, and PhotoTcm served
as the H2S donor. Accordingly, we designated the material with only
CORM-1 as UZPA-C, the material with only PhotoTcm as UZPA-P, and
the material containing both donors as UZPA-CP. UZPA-CP + NIR de-
notes the material with both CO and H»S donors, treated with additional
NIR irradiation. Similarly, UZPA-C + NIR refers to the material with
only the CO donor, also treated with NIR irradiation. UZPA-P + NIR
refers to the material with only the HsS donor, also treated with NIR
irradiation.

2.27. Statistical analysis

The data were expressed as mean + standard deviation (SD). Sta-
tistical analyses were conducted using one-way analysis of variance
(ANOVA), and t-tests were carried out with GraphPad Prism 8.0. Sta-
tistical values of *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
were regarded statistically significant.

3. Results and discussion
3.1. Synthesis and characterization of UZPA-CP

In this study, hydrophobic UCNPs (NaYF4:Yb/Tm@NaYF4) with a
core-shell structure stabilized by oleic acid were synthesized via the
thermal decomposition method [28], with an average particle size of
about 35 nm (Fig. 1A-S1 and S2). Subsequently, oleic acid on the surface
of UCNPs was removed using the nitrosyl tetrafluoroborate (NOBF4)
ligand exchange technique, followed by hydrophilic modification with
polyvinylpyrrolidone (PVP), resulting in UCNPs@PVP with a diameter
of about 40 nm. Transmission electron microscopy (TEM) image
confirmed that PVP modification did not alter the crystal structure of
UCNPs (Fig. 1B). Subsequently, UCNPs@PVP was reacted with zinc ni-
trate hexahydrate and 2-methylimidazole to synthesize UCNPs@ZIF-8
[29,30]. The TEM and elemental mapping results of UCNPs@ZIF-8
confirmed its successful preparation, with a particle size of about 240
nm (Fig. 1C and D). X-ray diffraction (XRD) analysis showed that
UCNPs@ZIF-8 had the same characteristic diffraction peaks as pure
ZIF-8 (CCDC 823083), further confirming the successful encapsulation
of ZIF-8 (Fig. 1E). Nitrogen adsorption-desorption experiments indi-
cated that UCNPs@ZIF-8 had a specific surface area of about 1215.7
m?/g (Fig. $3), suggesting that this composite material, due to its high
specific surface area, had efficient drug encapsulation and loading ca-
pabilities [31]. We then synthesized the H,S donor PhotoTcm.
Fourier-transform infrared (FT-IR) spectroscopy and nuclear magnetic
resonance hydrogen spectroscopy (lH NMR) verified the successful
synthesis of PhotoTem (Fig. S4) [32]. Following this, the CO donor
(CORM-1) and PhotoTcm were co-loaded onto UCNPs@ZIF-8, resulting
in the formation of UZNP-CP. Ultraviolet-visible (UV-vis) spectroscopy
analysis indicated enhanced absorption of UZNP-CP in the blue-violet
light range (Fig. 1F). Additionally, the characteristic peaks of CORM-1
(Fig. 1G, blue region) and PhotoTem (Fig. 1G, purple region) in the
FT-IR spectra were both identified in UZNP-CP, further verifying its
successful synthesis. According to the standard curves (Fig. S5), the
maximum loading capacities of CORM-1 and PhotoTem in
UCNPs@ZIF-8 were about 15.35 % and 10.88 %, respectively. To endow
UZNP-CP with bone-targeting capability, polyacrylic acid (PAA) was
covalently modified onto sodium alendronate (ALD) to form PAA-ALD
(PA), which was then adsorbed onto the UZNP-CP surface through
electrostatic adsorption [25], creating the final bone-targeting gas
storage nanoplatform UZPA-CP. The =zeta potentials of ZIF-8,
UCNPs@ZIF-8, UZNP-CP, PA, and UZPA-CP were measured. Notably,
upon binding with PA, the positively charged UZNP-CP transformed into
negatively charged UZPA-CP (about —32.39 mV) (Fig. 1H), confirming
the successful modification with the bone-targeting ligand. X-ray
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photoelectron spectroscopy (XPS) revealed the presence of representa- nanoplatform. UCNPs, acting as energy donors, adopted a
tive elements such as manganese (Mn), sulfur (S), zinc (Zn), and phos- core-shell-shell structure sensitized by a neo-
phorus (P) in UZPA-CP (Fig. 1I), further confirming the successful dymium/ytterbium/thulium (Nd®t/Ybt/Tm®") cascade (Fig. 1J).
modification with gas donors and the targeting ligand. All these results Under 808 nm NIR excitation, the fluorescence emission spectrum of

confirmed the successful construction of the bone-targeting gas storage UCNPs displayed typical emission peaks , corresponding to electronic
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transitions from P to 3F4, 'Ds to 3Hg, 'D, to °F4 and G4 to °Hy,
respectively (Fig. S6) [33,34]. The upconversion luminescence (UCL)
spectral data showed that compared with unmodified UCNPs, the
modification with PA and loading of donors significantly reduced the
luminescence intensity (Fig. 1K). These results indicated effective fluo-
rescence resonance energy transfer (FRET) within UZPA-CP and efficient
absorption of blue-violet light by UZPA-CP.

3.2. In vitro Cytocompatibility and laser safety Assessment

The biosafety of nanomaterials is a prerequisite for their application
in vivo. We initially assessed the in vitro biosafety of UZPA-CP using
mouse embryonic osteogenic precursor cells (MC3T3-E1) and mouse
monocyte macrophages (RAW 264.7) cells. Through cell counting kit-8
(CCK-8) assay and live/dead cell staining, it was determined that UZPA-
CP exhibited good biocompatibility at a concentration of 100 pg mL
(Fig. S7), and similar results were also verified in erythrocyte hemolysis
assay (Fig. S8). Therefore, in subsequent experiments, we set the con-
centration of nanomaterials used at 100 pg mLl. Furthermore,
although the gas storage nanoplatform we used can be more effectively
excited by 980 nm NIR, the absorption coefficient of water molecules in
biological tissues at 980 nm is one order of magnitude higher than at
808 nm [35]. The water molecules absorb the light at 980 nm and
convert it into thermal energy, which can produce a strong thermal ef-
fect in local tissues, and then cause local thermal damage, reducing the
tissue penetration ability of NIR light [36]. To verify whether the gas
storage nanoplatform exhibited good biocompatibility under 808 nm
NIR irradiation, we conducted a warming experiment under NIR irra-
diation, which showed that the rate of temperature increase of UZPA-CP
under 808 nm NIR irradiation was much slower (Fig. S9). In addition, we
evaluated the risk of tissue damage that might be induced by different
wavelengths of NIR. The 980 nm NIR group rapidly increased the mouse
skin temperature to about 45 °C after 3 min, whereas the 808 nm NIR
group reached about 37 °C only at 9 min (Fig. S10). Therefore, the above
results confirmed that the gas storage nanoplatform could effectively
avoid the possible overheating effect caused by 980 nm NIR irradiation
under 808 nm NIR excitation, and had good biological safety.

3.3. Evaluation of light responsiveness and targeting capabilities of UZPA-
cp

After successfully preparing UZPA-CP, we verified its controlled
release performance of CO and H3S under 808 nm NIR irradiation.
Firstly, the CO release ability of UZPA-CP under NIR irradiation was
quantitatively analyzed, and the results showed that under 808 nm NIR
irradiation of 1.5 W cm ™2, the release of CO showed a gradual increase,
whereas almost no CO released in the control group without NIR irra-
diation (Fig. 2A). To further demonstrate that UZPA-CP was able to
achieve controlled release of CO by 808 nm NIR light, we performed NIR
switching experiments, and the results indicated that UZPA-CP consis-
tently released CO during light irradiation and hardly released CO
during no light irradiation (Fig. 2B and S11), which was consistent with
our designed NIR light-responsive controlled release strategy. Mean-
while, we evaluated the release behavior of HyS and found that UZPA-CP
exhibited good responsiveness and controllability under NIR irradiation
and in the presence of CA, similar to that of CO (Fig. 2C and D and S12).
Taken together, UZPA-CP successfully achieved the precise and
controllable release of dual gases. Due to the relatively short range of
action of the gas molecules, we further investigated the cellular uptake
behavior of the two gas molecules. We observed H,S in MC3T3-E1 cells
using an HyS-specific probe (WSP-1) and CO in RAW 264.7 cells using a
CO-specific probe (CAY10733). Only in the presence of UZPA-CP and
808 nm NIR irradiation, the uptake behavior of both RAW 264.7 and
MC3T3-E1 cells occurred (Fig. 2E and F), indicating that the released CO
and H,S could be efficiently absorbed by the cells.

Given that OP usually affects bones throughout the body, the

10
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targeting of UZPA-CP to bone tissues becomes crucial to ensure the
effectiveness of its clinical application. Therefore, we evaluated the
ability of UZPA-CP to target bone tissue in vitro and in vivo. Previous
study had shown that the phosphonic acid moiety contained in Ald can
form a bidentate structure with calcium ions in bone tissue [37], so we
employed PA to confer good bone targeting properties to UZPA-CP,
thereby enhancing its affinity for bone tissue. Considering that hy-
droxyapatite (HAP) was the most dominant mineral component in bone
tissue [38], we chose HAP to simulate the bone microenvironment.
UZPA-CP adsorbed on the surface of HAP was observed by scanning
electron microscopy (SEM) at different times to evaluate the affinity of
this gas storage nanoplatform for bone tissue. The SEM images showed a
gradual increase in the binding of UZPA-CP with HAP with increasing
time (Fig. 2G). In contrast, the unmodified UZNP-CP showed almost no
nanoparticle binding on the HAP surface (Fig. S13). In vivo targeting
experiments showed a significant increase in UCL intensity at the spine
and femur of mice 6 h after UZPA-CP injection (Fig. 2H). All of these
results indicated that UZPA-CP could effectively target bone tissues both
in vivo and ex vivo. The excellent bone targeting property of UZPA-CP is
important for its in vivo treatment of OP, especially in the treatment of
pathological fractures of the spine and femur induced by OP, which can
reduce the side effects of overdosage treatment.

3.4. Osteogenic properties

In previous experiments, we verified that UZPA-CP could effectively
release HyS under 808 nm NIR irradiation. Given that H,S had the ability
to promote osteogenic differentiation [39], we used western blot (WB),
alkaline phosphatase (ALP) staining, alizarin red (ARS) staining and
quantitative reverse transcription-polymerase chain reaction (QRT-PCR)
to investigate the osteogenic capacity of the gas storage nanoplatform
under 808 nm NIR irradiation. WB results showed that the expression of
osteogenic marker proteins, such as osteopontin (OPN) and ALP, was
significantly increased in the experimental group (Fig. 3A). ALP was an
early indicator for determining the differentiation of osteogenic bone,
and the results of ALP staining showed that its activity was highest in the
UZPA-CP + NIR group. ARS was a decisive indicator for the formation of
mineralized nodules in osteoblasts, the results of ARS staining showed
that the mineralized nodules formed by MC3T3-El cells were also
significantly greater in the UZPA-CP + NIR group than in the other
groups, which was in line with the results of the WB assay (Fig. 3B and
C). In addition, we also detected the mRNA expression of
osteogenesis-related genes by qRT-PCR, such as ALP, bone morphoge-
netic protein 2 (BMP2), collagen I (COL-1), osteocalcin (OCN), osteo-
pontin (OPN) and RUNX2, and found that the expression of these genes
was increased in the UZPA-CP + NIR group (Fig. 3D). The results
showed that the UZPA-CP group had difficulty promoting osteoblast
differentiation due to the gas release limitations. In addition, no sig-
nificant changes were observed in the UZPA-C + NIR group, indicating
that CO gas had a weak effect on promoting osteogenesis alone. How-
ever, UZPA-CP + NIR significantly promoted osteogenic differentiation
through the release of CO and HsS, proving that H,S gas plays a strong
role in the process of promoting osteogenesis. Taken together, these
results collectively indicated that UZPA-CP had a significant effect in
promoting osteogenic differentiation with the assistance of NIR,
showing good osteogenic induction potential.

3.5. Anti-inflammatory capacity in vitro

A prominent pathological feature of osteoporosis is the elevated level
of inflammation in bone tissue, and macrophages play an important role
in this process in bone immunological studies [40]. As a plastic and
pluripotent cell population, macrophages exhibit significant functional
differences under the influence or stimulation of different microenvi-
ronments, and can be divided into M1-type macrophages that secrete
pro-inflammatory cytokines (classically activated macrophages) and
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Fig. 4. Inmunomodulatory effects of UZPA-CP. (A) Flow cytometry analysis of the expression of CD86 and CD206 in RAW 264.7 cells treated with different
treatments. (B) Immunofluorescence images of CD86 and CD206 in RAW 264.7 cells treated with different treatments, scale bar = 50 pm. (C) Quantitative analysis of
CD86 in immunofluorescence images. (D) Quantitative analysis of CD206 in immunofluorescence images. (E) mRNA expression levels of M1-type pro-inflammatory
cytokines (TNF-a, iNOS and IL-1p) in RAW 264.7 cells treated in different ways. (F) mRNA expression levels of M2-type anti-inflammatory cytokines (TNF-p, ARG-1
and IL-10) in RAW 264.7 cells treated in different ways. Data are mean + sd (n > 3), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 5. The role of UZPA-CP in promoting osteogenesis and inhibiting osteoclastogenesis in an inflammatory environment. (A) WB analysis of the protein
levels of ALP, OCN and RUNX2 in MC3T3-E1 cells and the corresponding quantitative results of these proteins. (B) ALP staining (scale bar = 200 pm) and ARS
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of ALP, COL-1 and OCN in MC3T3-E1 cells. (F) Trap staining (scale bar = 100 pm) images after different treatments, with black arrows indicating osteoclasts. (G)
Quantitative analysis of the number of TRAP-positive cells. (H) mRNA expression of TRAP, NFATc1 and MMP9 in RAW 264.7 cells treated in different ways. Data are
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Fig. 6. Anti-inflammatory and pro-osteogenic mechanisms of UZPA-CP. (A) PC analysis of the sequencing results from two groups of MC3T3-E1 cells. (B)
Volcano plot displaying upregulated and downregulated genes in MC3T3-E1 cells. (C) Associated heatmap. (D, E) GO analysis and KEGG pathway enrichment
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M2-type macrophages that secrete anti-inflammatory cytokines (alter-
natively activated macrophages), depending on their activation status
[41]. These cells regulate bone homeostasis by secreting associated
factors. Once the macrophage polarization is imbalanced, the resulting
immune dysregulation causes an inflammatory stimulus that releases a
large number of inflammatory factors affecting bone metabolism, lead-
ing to further progression of osteoporosis [42].

In this study, RAW 264.7 cells were chosen to evaluate the modu-
lation of inflammation by UZPA-CP nanoparticles under NIR irradiation.
Flow cytometry results showed that (Fig. 4A), compared with the control
group, the treatment with UZPA-CP + NIR not only significantly reduced
the expression of the M1 phenotype marker (CD86) but also increased
the expression of M2 macrophage marker (CD206). The polarization
state of macrophages under LPS stimulation was evaluated by immu-
nofluorescence staining. The results indicated that the CD86-positive
cells significantly increased in the LPS group, confirming that the
addition of LPS successfully established an inflammatory microenvi-
ronment. In contrast, in the UZPA-CP + NIR group, the fluorescence
signal of CD86 was significantly reduced, and the fluorescence signal of
CD206 was markedly increased (Fig. 4B-D). In addition, mRNA
expression of pro-inflammatory factors (TNF-a, iNOS and IL-1p) and
anti-inflammatory factors (TNF-B, ARG-1 and IL-10) was detected by
gRT-PCR in each group. The results showed that the UZPA-CP + NIR
group significantly inhibited the expression of pro-inflammatory factors
while promoting the expression of anti-inflammatory factors (Fig. 4E
and F), consistent with the results of flow cytometry and immunofluo-
rescence staining. The results collectively indicated that UZPA-P + NIR
could alleviate inflammation to some extent by releasing H,S, while
UZPA-CP + NIR showed significant anti-inflammatory effects by
releasing both CO and H,S, indicating that the released CO had a better
effect in regulating the immune microenvironment. Combined with HsS,
it could regulate macrophage polarization, thereby alleviating inflam-
mation by modulating the immune microenvironment, showing good
anti-inflammatory potential.

3.6. The ability to promote osteogenesis in an inflammatory environment
and inhibit osteoclastogenesis in vitro

During the development of OP, the involvement of immune cells and
inflammatory mediators often leads to a disruption of bone tissue ho-
meostasis, resulting in an imbalance between osteoblasts and osteo-
clasts, which in turn leads to decreased bone formation and increased
bone resorption [43]. Therefore, the present study further investigated
the effect of this gas storage nanoplatform on the osteogenic process in
the presence of NIR in an inflammatory environment. WB assay showed
that the expression of osteogenesis-related proteins (ALP, OCN and
RUNX2) was significantly increased by the treatment of UZPA-CP + NIR
(Fig. 5A). ALP staining and ARS staining results also showed the same
trend (Fig. 5B-D). qRT-PCR assay showed a significant increase in the
expression levels of osteogenesis-related genes (ALP, COL-1 and OCN)
(Fig. 5E). The results collectively indicated that UZPA-CP could not exert
effects due to the difficulty in releasing gas. UZPA-P + NIR could pro-
mote osteoblast differentiation in an inflammatory environment to a
limited extent by releasing H2S. In contrast, UZPA-CP, with the aid of
NIR, could significantly promote osteoblast differentiation in an in-
flammatory environment by releasing CO and H2S, indicating that CO
played a good anti-inflammatory and osteogenesis-promoting role in
this process. Therefore, UZPA-CP + NIR could alleviate the inhibitory
effect on osteoblasts in an inflammatory state, showing good
anti-inflammatory and osteogenesis-promoting potential.

Osteoclasts, formed by the fusion of precursor cells of the monocyte/
macrophage lineage, are usually generated under the stimulation of
nuclear factor kB ligand-receptor activator (RANKL) [44]. In OP, a
chronic inflammatory background and a persistent state of immune
system hypoactivation promote an inflammatory state in which various
types of inflammatory mediators induce the expression of macrophage
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colony-stimulating factor (M-CSF) and nuclear factor RANKL, which in
turn stimulate the formation of osteoclasts [45]. Dysregulation of the
balance  between  osteoclast-driven  bone  resorption  and
osteoblast-mediated bone formation is the main pathogenesis of OP.
Therefore, this study focused on exploring the effect of this gas storage
nanoplatform on osteoclastogenesis. We used RANKL and M-CSF to
induce the differentiation of RAW 264.7 cells to osteoclasts, and
anti-tartrate acid phosphatase (TRAP) staining and qRT-PCR methods to
assess osteoclast formation as a means of investigating the effects of
different materials on osteoclast formation. The experimental results
showed that some osteoclasts with burgundy-stained cytoplasm were
formed in the presence of osteoclast-inducing medium (OC-induced,
containing RANKL and M-CSF), whereas the number of osteoclasts was
significantly reduced in the UZPA-CP + NIR group (Fig. 5F). The results
of the quantitative analysis confirmed the effect of UZPA-CP in inhib-
iting osteoclast formation in vitro (Fig. 5G). In addition, gene expression
of osteoclast markers was further detected by qRT-PCR, and it was found
that the treatment of NIR-driven UZPA-CP suppressed the expression of
osteoclast-related genes, such as matrix metallopeptidase 9 (MMP9),
nuclear factor of activated T cells 1 (NFATc1) and TRAP, at the mRNA
level (Fig. 5H). These experimental results suggested that this gas stor-
age nanoplatform had an inhibitory effect on osteoclast activity under
the control of NIR.

3.7. Molecular mechanisms of UZPA-CP involved in bone formation and
anti-inflammatory processes

We further studied the osteogenesis-promoting and anti-
inflammatory molecular mechanisms of UZPA-CP under NIR irradia-
tion. Total RNA was extracted from the cells of the control group and the
UZPA-CP + NIR group for high-throughput sequencing. Principal
component (PC) analysis (Fig. 6A and S14) showed that the homoge-
neity of the individual groups was satisfactory, but there were signifi-
cant differences between the different groups, and the samples from
both groups met the quality control requirements. Volcano grams and
thermograms (Fig. 6B and C) showed significant differences in gene
expression between the two groups, with 1021 genes significantly up-
regulated and 1168 genes significantly down-regulated in the UZPA-
CP + NIR group. Gene ontology (GO) analysis (Fig. 6D) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis (Fig. 6E) of these
differentially expressed genes showed that these genes were enriched in
the pathways of bone mineralization, ossification and osteoblast dif-
ferentiation, and were significantly correlated with the p53 and IL-17
signaling pathways. Among these, the p53 signaling pathway was
associated with the onset of apoptosis, while the IL-17 pathway was
associated with inflammation. To confirm the expression status of these
pathways, gene set enrichment (GSE) analysis showed that the incor-
poration of UZPA-CP was negatively correlated with the expression of
the p53 signaling pathway and the IL-17 signaling pathway, and posi-
tively correlated with the expression of genes related to bone mineral-
ization, ossification, and osteoclast differentiation (Fig. 6F and S15). The
above results indicated that the addition of UZPA-CP combined with NIR
irradiation suppressed the expression of apoptosis and inflammation-
related pathways in MC3T3-E1 and promoted the expression of
osteogenesis-related genes.

Next, RAW 264.7 cells were treated with different treatments to
explore its anti-inflammation-related mechanism. Among them, the
control group was treated with LPS, while the experimental group was
treated with UZPA-CP + NIR after the addition of LPS. Subsequently, we
collected RNA for sequencing and bioinformatics analysis. PC analyses
(Fig. 6G and S16) showed that good homogeneity was maintained
within the individual groups, and the samples of both groups met the
quality control requirements. Volcano and heat maps showed (Fig. 6H
and I) that there were significant differences in gene expression between
groups, with 2269 genes significantly up-regulated and 2061 genes
significantly down-regulated in the LPS + UZPA-CP + NIR group
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Fig. 7. The therapeutic effect of UZPA-CP on a mouse model of OP. (A) Schematic diagram of the in vivo experimental plan, including the establishment of the OP
model, treatment process, and efficacy evaluation. (B) Micro-CT images of the distal femoral trabecular microstructure of each group after treatment. (C) Quantitative
analysis of BMD parameters of each group after treatment. (D-G) Quantitative analysis of BV/TV, BS/TV, Tb.N and Tb.Sp parameters of the distal femur of each

group after treatment. Data are mean =+ sd (n = 6), *p < 0.05, **p < 0.01.

compared with the LPS group. GO analysis (Fig. 6J) showed that the
differentially expressed genes were mainly associated with immune
system processes and inflammatory responses. KEGG analysis (Fig. 6K)
showed that the differentially expressed genes were significantly asso-
ciated with signaling pathways such as TNF, NF-kappa B, IL-17 and
osteoclast differentiation, all of which were closely related to the
development of inflammation. The expression status of these pathways
was further confirmed by GSE analysis (Fig. 6L). Therefore, it could be
concluded that UZPA-CP + NIR effectively suppressed the expression of
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pathways related to inflammatory response and osteoclast differentia-
tion in RAW 264.7 cells, suggesting its potential role in regulating im-
mune response and controlling inflammation. In summary, this gas
storage nanoplatform could inhibit the expression of inflammatory
response, inhibit osteoclast formation, and enhance osteoblast osteo-
genesis with the assistance of NIR, which had the potential to the
treatment of OP.
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Fig. 8. Histological staining of mice femora. (A) HE staining of the distal femur of mice. (B) Masson’s trichrome staining of the distal femur of mice. (C) Quantitative
results of the ratio of the new bone area to the total bone area in Masson’s trichrome staining. (D) TRAP staining of the distal femur of mice, scale bar = 50 pm. (E)
Quantitative analysis of TRAP-positive cells in staining. (F) Inmunofluorescence staining images of IL-10 and TNF-« in the distal femur of mice, scale bar = 100 pm.
(G) Quantitative analysis of IL-10 and TNF-a in immunofluorescence staining. Data are mean + sd (n = 6), **p < 0.01, ***p < 0.001.
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3.8. In vivo treatment of osteoporosis

To confirm the feasibility of in vivo application of this gas storage
nanoplatform, we validated its biosafety in mice. Hematoxylin-eosin
(HE) staining of major organs (heart, liver, spleen, lung and kidney)
(Fig. S17) showed that no significant abnormalities were detected in the
UZPA-CP + NIR group compared with the sham-operated (Sham) group,
which further validated its good biosafety in vivo.

In view of the effects of UZPA-CP in promoting osteogenic differen-
tiation, modulating the immune response and inhibiting the formation
of osteoclasts shown in vitro, we further investigated the reversal of bone
loss in OP by UZPA-CP + NIR in a mouse model of OP established by
ovariectomy (OVX) [46]. As shown in the experimental design, mice
with ovaries preserved and peripheral fat removed were set up as the
Sham group, and OVX mice were divided into the OVX group, the OVX
+ UZPA-CP - NIR group and the OVX + UZPA-CP + NIR group (Fig. 7A).
On the last day of the treatment, all mice were euthanized, and bone
quality analysis of the distal femur of the mice was performed using
micro-computed tomography (micro-CT). The bone mass was signifi-
cantly reduced in the OVX group compared with the Sham group and
significantly higher in the UZPA-CP + NIR group than in the other
groups (except the Sham group) (Fig. 7B), which preliminarily
confirmed the efficacy of the bone-targeted gas-storage nanoplatforms
for the treatment of OP with NIR intervention. Meanwhile, compared
with the Sham group, significant changes in bone microstructural pa-
rameters were observed in the OVX group (Fig. 7C-G). Specifically,
there was a decrease in bone mineral density (BMD), bone volume to
tissue volume ratio (BV/TV), bone surface to tissue volume ratio
(BS/TV) and number of trabeculae (Tb.N), while the trabecular sepa-
ration (Tb.Sp) significantly increased. These indicated that the osteo-
porosis model had been successfully established. The mice under
UZPA-CP + NIR treatment were significantly better than the other
experimental groups in the indexes of BMD, BV/TV, BS/TV and Tb.N,
and significantly lower than the other experimental groups in Tb.Sp,
which proved that UZPA-CP combined with NIR irradiation effectively
promoted bone formation in vivo, and had a significant therapeutic effect
on OP.

To further evaluate the effect of UZPA-CP + NIR in the treatment of
OP, we performed histological staining on the treated lumbar vertebrae
and femur samples. The results of HE staining and Masson staining of the
femur showed that the treatment with UZPA-CP + NIR effectively
restored the bone volume and structure of the femur in OVX mice
(Fig. 8A-C), and the staining results of the lumbar vertebrae samples
showed the same trend (Fig. S18), which further confirmed the effect of
UZPA-CP + NIR in restoring the bone volume and structure. The results
of TRAP staining showed that the number of osteoclasts (TRAP-positive
cells) was increased in mice in the OVX group compared with the Sham
group, whereas the UZPA-CP + NIR treatment significantly inhibited the
formation of osteoclasts (Fig. 8D and E), consistent with the results of
the in vitro experiments.

The development of OP is usually associated with chronic inflam-
mation, accompanied by macrophage polarization towards the M1-type
[47]. Immunofluorescence staining results and corresponding quanti-
tative results showed that after UZPA-CP + NIR treatment, the IL-10
positive area was significantly increased, while the TNF-a positive
area was significantly decreased (Fig. 8F and G), indicating that
UZPA-CP + NIR treatment effectively inhibited the polarization of the
M1-type macrophages and promoted the M2-type polarization, which
significantly reduced the inflammation level of the bone tissue and
created a favorable microenvironment for bone regeneration. Taken
together, the combination of UZPA-CP and NIR could be expected to
achieve the reversal of osteoporosis by reducing the level of inflamma-
tion, promoting osteogenic differentiation and inhibiting the formation
of osteoclasts.
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4. Conclusion

In summary, UZPA-CP, a targeted gas storage nanoplatform for bone
tissue, was developed for the first time, and the precise delivery of CO
and H,S to the bone microenvironment was achieved by NIR control. In
this study, it was found that HsS released from UZPA-CP enhanced
osteoblast differentiation and CO inhibited osteoclast activity. More-
over, the combination of CO and HjS effectively promoted the transition
of macrophages to an anti-inflammatory M2 phenotype, leading to
improved osteogenic processes by modulating the inflammatory
microenvironment in OP. Of particular interest was that the COS pro-
duced by PhotoTcm under NIR irradiation could further reduce the
destruction of bone tissue by osteoclasts by depleting CA secreted by
osteoclasts. However, the specific mechanism of action of this gas stor-
age nanoplatform in a co-culture system involving macrophages, oste-
oblasts and osteoclasts needs to be thoroughly investigated. In addition,
future studies should further improve the loading efficiency of the gas
storage material to reduce the frequency of endogenous gas adminis-
tration. Meanwhile, the long-term biosafety and metabolic mechanisms
of the gas storage nanoplatform also need to be further investigated.
Taken together, this dual-gas-carrying bone-targeting nano-generator
shows multiple effects in promoting osteogenesis, inhibiting osteoclas-
togenesis and improving the immune microenvironment, which pro-
vides a new strategy in the treatment of OP, and also provides new
perspectives for the design and development of nanomaterials for the
treatment of orthopedic and other diseases, such as osteoporotic bone
defects and periodontitis.
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