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ARTICLE INFO ABSTRACT
Keywords: Upconverted UCNPs@mSiO»-NHy nanoparticles were synthesized via thermal decomposition
Up-conversion materials while employing the energy resonance transfer principle and the excellent near-infrared (NIR)
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light conversion property of up-conversion. The 808 nm NIR-excited photocontrolled nitric oxide
(NO) release platform was successfully developed by electrostatically loading photosensitive NO
donor Roussin’s black salt (RBS) onto UCNPs@mSiO,-NH,, enabling the temporal, spatial, and
dosimetric regulation of NO release for biological applications of NO. The release of NO ranged
from 0.015 ~ 0.099 mM under the conditions of 2.0 W NIR excitation power, 20 min of irradiation
time, and UCNPs@mSiO,-NH2&RBS concentration of 0.25~1.25 mg/mL. Therefore, this NO
release platform has an anti-tumor effect. In vitro experiments showed that under the NIR light, at
concentrations of 0.3 mg/mL and 0.8 mg/mL of UCNPs@mSiO2-NH&RBS, the activity of glioma
(U87) and chordoma (U-CH1) cells, as measured by CCK8 assay, was reduced to 50 %. Cell flow
cytometry and Western Blot experiments showed that NO released from UCNPs@mSiOo-
NH2&RBS under NIR light induced apoptosis in brain tumor cells. In vivo experiments employing
glioma and chordoma xenograft mouse models revealed significant inhibition of tumor growth in
the NIR and UCNPs@mSiO2-NH2&RBS group, with no observed significant side effects in the
mice. Therefore, NO released by UCNPs@mSiO,-NH2&RBS under NIR irradiation can be used as a
highly effective and safe strategy for brain tumor therapy.

1. Introduction

Glioma, accounting for about 40 % of intracranial tumors, is a common malignant tumor of the nervous system [1,2]. It is char-
acterized by infiltrative growth, frequent in situ recurrence, high recurrence rate, and poor prognosis despite various interventions
such as surgery, radiotherapy, or chemotherapy [3-5]. Chordoma is a relatively rare and destructive intracranial tumor that grows
invasively, and the expected failure rate of marginal resection is 18 %-89 %, depending on the location, size, and degree of infiltration
of the tumor [6]. In recent years, photodynamic therapy (PDT) has emerged as a highly promising novel anti-glioma therapy [7-10].
However, challenges such as the reduced oxygen supply localized to the tumor during treatment [11] and the limitation of the laser
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tissue penetration depth to 1-5 mm [12], hinder the complete treatment of the tumor. Therefore, improving the limited penetration
depth of the laser and finding a new approach have become key aspects in the treatment of brain tumors.

Gas therapy has attracted greater scientific attention in the treatment of various diseases, and the controlled release of gases has
been of significant importance in biomedicine [13]. Upconversion nanoparticles (UCNPs) convert long wavelengths of light, char-
acterized by strong tissue penetration, into shorter wavelengths of light capable of inducing the release of gas from photosensitive
donors. Therefore, gas therapy combined with UCNPs can achieve NIR excitation and controlled release, thus offering potential ap-
plications for cancer therapy [14], bacterial therapy [15], anti-inflammation [16], and neuromodulation [17]. Gases such as nitric
oxide (NO) [13], hydrogen sulfide (H3S) [18], sulfur dioxide (SO3) [19], oxygen (O2) [20], hydrogen (Hy) [21], and carbon monoxide
(CO) [22] play important roles in physiological and pathological processes. Based on the unique physical and chemical properties of
UCNPs, the developed gas nanoplatforms not only facilitate the delivery of therapeutic gases tailored for personalized treatment but
also demonstrate effective accumulation at the diseased tissues. This is achieved through enhanced permeability and retention
mechanisms or by incorporating targeted surface modifications [13]. The use of NIR light as an external stimulus in gas therapy
strategies has attracted great interest from researchers, offering precise control over the timing and spatial release of gases, thus
achieving accurate and predictable gas release.

NO, a physiological signaling molecule, plays an important role in regulating physiological and pathological processes [23]. NO is
closely related to cancer biology, and its effect on tumor cell growth is mainly dependent on its concentration [24]. At low concen-
trations (<1 pM), NO serves as a growth factor, stimulating angiogenesis and facilitating nutrient transport to cells, thereby promoting
their rapid growth. However, high concentrations of NO (1 pM to 1 mM) produce reactive nitrogen species, which react with reactive
oxygen species and lead to oxidative and nitrosyl reactions. These reactions result in DNA base deamination and enzyme nitrosylation,
which leads to the impairment of cellular function and, finally, promotes the apoptosis of tumor cells [25].

To address the limitations of other light sources in terms of tissue penetration depth, this study aims to employ NIR, chosen for its
deeper tissue penetration ability and reduced damage to tissues, as an ideal stimulation light source for UCNPs. The developed UCNPs
system released NO under NIR irradiation, effectively promoting tumor cell apoptosis through the apoptosis pathway and inhibiting
the migration and invasion ability of brain tumor cells.

2. Material and methods
2.1. Preparation of sample stock solutions

Firstly, the mass of the specific lanthanide chloride ions was calculated based on the molar percentage content of the doped
lanthanide ions, and then the corresponding mass of doped lanthanide chloride ions was weighed into a 10 mL sample bottle using an
electronic balance, and at the same time, deionised water was measured into the sample bottle using a pipette gun, and the solid
particles of the chlorinated rare earths were sufficiently ultrasonicated to dissolve the solid particles of the chlorinated rare earths into
a homogeneous mixture of the solution, which is the initial aqueous solution of the C UCNPs and the CS UCNPs.

2.1.1. NaGdF4Er0.02/Yb0.2/Ca0.3 upconversion nanoparticle preparation

Pipette 1 mL of an aqueous solution containing 1 mmol of LuCl3e6H>0 (GdCl3e6H,0:YbCl3e6H50:ErCl3e6H20 = 0.48:0.2:0.02)
into a 50 mL in a 50 mL three-necked flask, add the glass magnetic rotor, the solution was heated and evaporated to a white powder,
then the argon device was connected to the three-necked flask, and argon was kept continuously passed into the three-necked flask,
and then 3.75 mL of oleic acid (OA) was added, and heated and stirred to the temperature of the solution of 120 °C, and kept for 30 min
to remove the excess water in the oleic acid, so as to make the reaction solution reach the anhydrous and anaerobic environment. Then
add calcium oleate and 7.5 mL of 1-octadecene, and the reaction solution was heated to 150 °C, this step of the reaction needs to be
maintained for 1 h, to be the end of the reaction solution can be observed as a light yellow liquid and stop heating, cooling to room
temperature. 4 mL of methanol solution containing sodium hydroxide (NaOH 2.5 mmol) and ammonium fluoride (NH4F 4 mmol) was
added dropwise with vigorous stirring and increased flow rate of argon, and the temperature of the solution was raised to 60 °C for 30
min to remove the methanol solution, and at the same time the temperature was raised to 100 °C and the reaction was stirred for 30
min to completely remove the methanol solution.

Next, a condensing device was added to the three-necked flask, and under the protection of argon, the temperature of the reaction
solution needed to be rapidly increased to 300 °C within 20 min, and the reaction was carried out for 1.5 h to provide high-temperature
conditions for the formation of nuclei, and at the end of the reaction, the solution was cooled down to room temperature, and the
nanoparticles were precipitated and centrifuged by adding anhydrous ethanol according to the ratio of anhydrous ethanol to the
reaction solution = 1:1, and then washed with anhydrous ethanol and cyclohexane. Centrifugation was performed several times and
the nanocrystals were dispersed into 4 mL of cyclohexane and set aside.

2.1.2. Preparation of NaGdF4: Er0.02/Yb0.2/Ca0.3@NaYF4 Yb0.05/Nd0.4/Ca0.2 upconversion nanoparticles

A pipette gun was used to remove 1 mL of the initial solution of nucleoshells containing 0.4 mmol of aqueous LuClg (YCl3e6H50:
YbCl3e6H20:NdCl3e6H20 = 0.35:0.05:0.4) in a 50 mL three-necked flask, and the solution was evaporated to a white powder by
heating and stirring. The solution was evaporated to a white powder by stirring, firstly, argon was introduced as a protective gas, then
7.5 mL of oleic acid (OA) was added, and the temperature of the solution was increased to 120 °C by a heating device, and kept for 30
min, so as to remove the water in the oleic acid. Then 15 mL of calcium oleate and 1-octadecene were added to the reaction solution,
and the temperature of the solution was raised to 150 °C at the same time, and the reaction was carried out for 1 h. When the reaction
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was completed, the heating was stopped and the reaction solution was cooled down to room temperature. The nuclear nanoparticles
previously prepared and dissolved in cyclohexane were dispersed ultrasonically and added drop by drop into the reaction solution,
while 4 mL of a mixture of sodium hydroxide (NaOH 1 mmol) and ammonium fluoride (NH4F 1.6 mmol) in methanol prepared in
advance was added drop by drop into the reaction solution, and the gas flow rate of argon was increased and the temperature of
solution was heated up to 60 °C for 30 min, which was used to remove the cyclohexane and methanol solution, followed by providing
the temperature to 100 °C for 1 h, and the reaction solution was depleted of methanol and cyclohexane. The operation was to remove
cyclohexane and methanol solution, and then the temperature was provided to 100 °C for 1 h to remove methanol and cyclohexane
from the reaction solution. Under sufficient stirring, condensation reflux and argon protection, the temperature of the reaction solution
was rapidly increased to 300 °C within 20 min and maintained at this temperature for 1.5 h to fully react the mixed solution. Upon
completion of the reaction, the reaction was cooled to room temperature. Anhydrous ethanol was added according to the volume ratio
of anhydrous ethanol to reaction solution listed as 1:1 to make the nanocrystals fully precipitated, after centrifugation, the nanocrystals
were washed and centrifuged several times using anhydrous ethanol and cyclohexane, and then the white powder was put into a
vacuum drying box for spare use.

2.1.3. Preparation of UCNPs@mSiO nanoparticle

Using an electronic balance, 20 mg of UCNPs and 0.1 g of surfactants (cationic surfactants, anionic surfactants, nonionic surfac-
tants, and amphoteric surfactants) were weighed with a 50 mL flask, and 20 mL of deionised water was added and placed on a stirrer
and stirred thoroughly, and when the solution did not appear to be foamy, 3 mL of anhydrous ethanol, 150 pL of alkaline solutions
(NaOH, NH40H, TEA) and 20 mL of deionised water, the mixed solution was placed in a water bath with a heating temperature of
70 °C, and the total amount of 50 pL of tetraethyl orthosilicate (TEOS) was added drop by drop for 5 pL/10 min using a pipette gun with
vigorous stirring, the heating was stopped at the end of the drop and cooled down to room temperature, and the product was washed
and centrifuged in anhydrous ethanol, and put into a vacuum drying oven for drying. Weighed 20 mg of the above product in a single-
necked flask, and add 50 mL of anhydrous ethanol containing ammonium nitrate (NH4NO3 0.3 ) in the flask, 60 °C water bath heating
mounted on the condensation reflux device, need to be reacted for 2 h, after the end of the time, the temperature of the solution was
lowered to room temperature, centrifuged directly, and then centrifuged and washed with anhydrous ethanol for several times, and
then put into a vacuum drying oven for drying to obtain the UCNPs@mSiO, nanoparticles.

2.1.4. Preparation of UCNPs@mSiO-NH2 nanoparticles

Weigh 20 mg of UCNPs@mSiO, nanoparticles powder in a 50 mL flask, add 10 mL of deionised water to fully ultrasonic mixing,
followed by the addition of 200 pL of acetic acid solution, and under the condition of rapid stirring, a pipette gun was used to add 80 pL
of APTES dropwise, 10 pL/min dropwise, and then the reaction solution was stirred for 12 h. The reaction solution was then
centrifuged and collected and washed with deionised water several times, and then put into a vacuum drying box for spare use.

2.1.5. Preparation of RBS

Weigh 1.8 g of sodium nitrite ultrasonically dissolved in 8 mL of deionised water to form a transparent solution, then the solution
was poured into a 50 mL two-necked flask, and then 3 mL of aqueous solution of ammonium sulfate with a mass fraction of 22 % and 6
mL of deionised water were added, stirred thoroughly and condensed back to reflux, and the reaction solution was heated in an oil bath
to 98 °C, and the reaction was for 1.5 h. After the end of heating, access to argon, adjust the gas flow rate, and then add 32 mL of
configured aqueous ferrous sulfate solution (FeSO4 4 g) and 4 mL mass fraction of 20 % ammonium hydroxide solution drop by drop,
adjust the temperature of the oil bath for 90 °C, the reaction is stopped after 30 min of heating, and then immediately filtered to get the
black-brown solution, and then the solution was placed in the condition of 4 °C for 24 h, and then it was clearly observed that there
were black-brown solid particles precipitated, and then the solution was filtered in vacuum to get the products, and then the vacuum
drying could be obtained after the Hessian salt RBS.

2.1.6. Preparation of NO-releasing platforms for UCNPs@mSiO2-NH2&RBS

The main operation of combining RBS with UCNPs@mSiO»-NH; by electrostatic action was as follows: 10 mg of UCNPs@mSiO»-
NH; was weighed in a brown round-bottomed flask, 15 mL of deionised water was added to ultrasonicate and mix thoroughly, and 0.7
mg of RBS was weighed in a brown round-bottomed flask, which was then placed in the dark and stirred for 24 h. After that, the
product was collected by centrifugation and washed with deionised water, and finally put into a dark vacuum drying box for drying. At
the end of the time, the product was collected by centrifugation and washed by adding deionised water, and finally the product was put
into a dark vacuum drying oven to dry, followed by placing it into a refrigerator for spare use.

2.1.7. Chemicals and reagents

UCNPs@mSiO3-NH;, UCNPs@mSiO,-NH2&RBS and RBS were respectively dissolved in phosphate buffer (PBS) and uniformly
suspended in an ultrasonic cleaner (YM-020S) for subsequent experiments. The final concentration of U87 cells was 0.3 mg/mL, and
that of U-CH1 cells was 0.8 mg/mL. The CCK-8 kit was obtained from MedChemExpress. Primary antibodies (Caspase 3, Ki-67) and
p-actin (43KD) were purchased from Proteintech, China. Calcein-AM/PI staining solution and gentian violet staining solution were
purchased from Solarbio (Beijing, China).Hoechst 33342 was purchased from Shanghai Biyuntian (yeyotime). The Annexin V-FITC/PI
Apoptosis Detection Kit was purchased from BD Biosciencesgon, USA.BALB/c mice were purchased from Hunan Slaughter Kingda.
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2.2. Cell culture

The human U87 cell line was kindly donated by Southern Medical University and the U-CH1 cell line was kindly donated by Johns
Hopkins University. All cell lines were cultured in DMEM containing 10 % fetal bovine serum (Gibco, USA) at 37 °C and 5 % CO; in an
incubator (IC0150).

2.2.1. The viability of U87 and U-CH1 cells was detected by CCK-8 assay

U87 and U-CH1 cells in logarithmic growth phase were inoculated in 96-well plates for 24 h with approximately 3000 cells per
well. The NO release process was as follows: U87 and U-CH1 cells were incubated with different concentrations of UCNPs@mSiO-
NH,, UCNPs@mSiO,-NH2&RBS, and RBS for 24h, respectively. The cells were washed twice with PBS and the medium was replaced
with additional DMEM containing 10 % serum, and then the samples were irradiated with a laser with an energy density of 150 J/cm?
for 10 min in the dark, at the end of the light, the samples were put back into the incubator to continue incubation, and the next cell
activity detection experiment was carried out 24 h later. All cell samples were washed twice with PBS, and 100 pL of 10 % CCK-8
reagent (containing 10 pL of CCK-8 reagent + 90 pL of complete culture medium) was added and incubated at 37 °C for 2 h.
Absorbance values were measured at 450 nm using an enzyme meter (Bio-Rad, Japan).

2.2.2. Live-dead cell staining by Calcein-AM/PI

Calcein-AM specifically labels live cells and PI specifically labels dead cells.Brain tumor cells from different treatment groups were
washed, digested, collected and centrifuged, then washed twice with 1 x Assay Buffer and centrifuged until the supernatant was
colorless. Cells from each treatment group were resuspended with 100 pL of Buffer containing staining solution (Calcein-AM con-
centration = 2.0, PI concentration = 4.5) and then placed onto a cell crawler plate inside a 6-well plate, and incubated for 30 min at
room temperature, then discarded the staining solution and sealed with anti-fluorescent attenuator. After incubation for 30 min, the
staining solution was discarded, and the plate was sealed by adding anti-fluorescence attenuator, and then observed under a fluo-
rescence microscope in a dark environment, and three fields of view were randomly selected in each group for taking pictures.

2.2.3. Cell migration assay by wound healing

U87 and U-CH1 cells were inoculated into 6-well plates and treated in groups when the cell density was appropriate. After that, the
tip of 10 pL pipette tip was used for scratch, and then the cells were washed with PBS three times to remove the exfoliated cells in the
well plate as far as possible. The scratch edge was observed and recorded under an inverted microscope (Olympus, CKX53). After the
cells were placed in the incubator for 24 h, the scratch area was recorded under the microscope again. The scratch area was calculated
using Image J software.

2.2.4. Evaluation of invasion assays by cell transwells

The invasive ability of each group of brain tumor cells was evaluated using a Transwell device (8.0 pm, Coming, USA). After the
cells were grouped and processed, cells with a density of 2 x 10°/mL (200 yL) were inoculated in the upper chamber with serum-free
DMEM. DMEM (500 pL) containing 10 % FBS was placed in the lower chamber (to direct the invasion of U87, U-CH1 cells by serum
concentration gradient). After incubation for 24 h, the old medium was discarded, and the cells were fixed with 4 % paraformaldehyde
for 20 min at 37 °C, and then stained with crystal violet (0.4 %) for 15 min. The filters were carefully removed, and the excess of crystal
violet staining solution was removed from the filters by gently washing with PBS. Observation was performed using an inverted
microscope (Olympus, Japan), and three fields of view were randomly selected from each group for photographing. The number of
cells passed through the filter membrane was counted using Image J software.

2.2.5. Apoptosis of tumor cells was detected by Annexin V-FITC/PI double staining

The cell wells of U87 and U-CH1 were inoculated into 6-well plates with 2 x 10° cells per well, and when the cells were completely
adhered to the wall, they were grouped and treated, and then digested with EDTA-free trypsin and collected the cells in each group
after 4 h. Cells were collected by centrifugation for 5 min with a bench-top freezing centrifuge (Eppendorf, Germany) at 4 °C, 1000
rpm. Trypsin digestion time should not be too long to prevent false positives. Cells were washed twice with pre-cooled PBS, each time
at 4 °C, 1000 rpm, and centrifuged for 5 min to collect cells. Cells were resuspended with 100 pL of 1 x Binding Buffer, 5 pL of Annexin
V-FITC and 5 pL of PI reagent were added, gently blown and mixed, and the reaction was carried out for 20 min at room temperature,
protected from light, then 400 pL of 1 x Binding Buffer was added, mixed, and placed on ice, and the samples were detected by flow
cytometry (BD Biosciencesgon, USA) within 1 h.

2.2.6. Western-blotting detection of Caspase-3 expression

Proteins were extracted from U87 cells after treating the cells with RIPA buffer (containing 1 % PMSF). The protein samples were
denatured at high temperature and separated by electrophoresis on a 10 % SDS-PAGE gel. The blot was closed and incubated with anti-
Caspase-3 antibodies (1:1000), at 4 °C overnight. After the buffer was thoroughly rinsed, the blot was incubated with secondary
antibody (1:10,000, CST, USA) for 1 h at 37 °C. Membranes were scanned using a multifunctional chemiluminescence imager (analytik
jena, Germany). Protein blot analysis was performed using Image J software.

2.2.7. Establishment of a murine model of brain tumor xenograft and pathological changes
All animal experiments were approved by the Animal Care and Ethics Committee of Guilin Medical College. Female BALB/c nude
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mice (4 weeks old, weighing 18-20 g) were purchased from Hunan Slaughter Kingda Laboratory Animal Co. U87 and U-CH1 cells of
logarithmic growth phase were harvested 1 x 10° each respectively, washed, and then the cells were resuspended with 100/pL of
DMEM without double antibody, and injected subcutaneously into the right dorsal side of the mice with a syringe. When the tumor
diameter was about 5 mm, the hormonal mice were randomly divided into 3 groups for further experiments.

2.2.8. Treatment of subcutaneous tumors

Mice were anesthetized with 2.5 % isoflurane, and 15 mg of UCNPs@mSiO,-NH&RBS was administered intratumorally per 100 g
of body weight, and kept under light protection for 24 h. The rest of the ruffed mice were treated with complete protection from light,
except for the tumor body. The light power was 2.0 W and the energy density was 150 J/cm?. The experimental groupings (n = 5 for
each group) were as follows: (1) Control group: injection of equal volume of saline only; (2) UCNPs@mSiO2-NH2&RBS group:
intratumor injection only (UCNPs@mSiO2-NH2&RBS, 15 mg/100g); (3) NIR + UCNPs@mSiO,-NH2&RBS group: Intratumor injection
of UCNPs@mSiO2-NH2&RBS (15 mg/100g), 24h after injection with 808 nm laser irradiation of the tumor site only, Laser energy
density 150 kJ/cm?, irradiation duration 10 min, avoiding the light feeding for 24 h for the next cycle of treatment, a total of three
treatment cycles. All model mice received 3 consecutive cycles of treatment, and after 7 days the mice were killed by cervical
dislocation and the tumors were sampled. Mice were euthanized if their body weight met the preset criteria of 10 % over the starting
body weight or paralysis.

2.2.9. Tumor volume, mouse weight
Tumor volume was measured daily after treatment and mice body weight was monitored for a total of 7 observations. Tumors were
excised at the end of treatment and tumor volume was calculated using the following formula:volume = length x width? x 0.5.

2.2.10. Pathologic changes and expression of Ki67

Tumor samples were fixed in 4 % paraformaldehyde overnight, tissue was dehydrated and embedded in paraffin, and sectioned (5
pm). Routine pathology was performed with hematoxylin and eosin (H&E) staining. Immunohistochemistry (IHC) was performed to
detect Ki67 expression in tumors, paraffin sections of tumors were deparaffinized for hydration, endogenous peroxidase activity was
blocked using 3 % hydrogen peroxide, and the sections were incubated with anti-Ki67 overnight at 4 °C, and HRP-labeled secondary
antibody (CST, USA) was incubated with the sections for 60 min. Next, samples were incubated with diaminobenzidine for 10 min,
restained with hematoxylin, dehydrated and covered with coverslips. Sections were observed using a microscope (Olympus, Japan),
and immunoreactive signals were quantified using Image J software.

2.3. Statistical analysis
The statistical software SPSS 24.0 and the software GraphPad Prism 8.0 were used for data analysis and graphing, and all ex-

periments were repeated at least three times, and the data were expressed as mean =+ standard error (mean + SEM), and the one-way
ANOVA was used for comparing multiple groups, and the difference was taken to be statistically significant at p < 0.05 Significance.
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3. Results and discussion
3.1. Morphology, structure, and fluorescence properties of UCNPs@mSiO,

The synthesis of the photocontrolled NO release platform, based on the principle of energy resonance transfer, is schematically
shown in Fig. 1(C). UCNPs and CS UCNPs were synthesized using the thermal decomposition method. The optimal ratio of UCNPs
fluorescence intensity was achieved by adjusting the concentration of doped ions. The hydrothermal surface coating of CS UCNPS was
carried out with mesoporous silica for loading photosensitive NO donors.

The luminescence principle of UCNPs is shown in Fig. 1(b). When excited by 808 nm NIR light, the 808 nm photon energy is
absorbed by the shell sensitizer Nd>*. This absorption causes the electrons in the ground state of “Iy» of Nd>* to transition to the *Fs/o
energy level. However, the *Fs,, energy level subsequently undergoes the radiation-free relaxation to the *Fs/; energy level. The
energy is then transferred to Yb3" in the shell layer, resulting in the transition of the ground state *F;/ of Yb>" to the *Fs/, excited
state. Yb®* in the nucleus shell plays an important role in the energy migration on the conversion mobilizer part. Yb®* in the nucleus
finally transfers the energy to the intermediate excited state energy level of Er>" through ET. When Er®* receives the transferred energy
from Yb3*, it transitions from the *Sz/, energy level to *G;». The excited state energy level becomes unstable, leading to radiationless
relaxation to the Gy, state, with a part of the energy jumping to the ground state “I15,5. This process results in the formation of the
emission peak of violet light emission at 380 nm. After another portion of the energy in the Gy, state undergoes radiationless
transition to the 2Hg/; state, a portion of it is radiated to the ground state *I;5,, resulting in 408 nm blue light emission. The energy
located in the 2Hyg 5 state undergoes another segment of radiationless relaxation to “Hs 5, and then the part of the energy returns to the
ground state 4115/2, forming 487 nm blue-violet emission. Er’" then absorbs energy from Yb®* in the nucleus and passes to the in-
termediate excited state *I;; /2 energy level of Erd* through ET from the excited state “Fs /o of Yb3™. It causes the electrons in this energy
level to gain enough energy to jump to the *F; 5 energy level. The *F;, energy level, being unstable, undergoes radiationless relaxation
to the 2Hy1 energy level, and a part of the energy in the 2H;1 - energy level undergoes radiationless relaxation to the “Ss/» energy
level, while another part directly returns to the base state *I;5/5 energy level. The emission from these processes results in the green
luminescence at 525 nm and 540 nm. The other part of the energy in the *S3/; energy level then undergoes radiative decay either
directly to the *I;5,, energy level of the ground state after a radiationless leap to “Fq5 or the energy absorbed from the intermediate
state of “I13 is directly returned to the *I;5/, energy level of the ground state after an energy-leap to *Fq -, resulting in the red light
emission at 660 nm.

As shown in Fig. 1(c), when irradiated by 808 nm NIR, Nd>* in the shell layer absorbs the photon energy of 808 nm NIR light. Yb3*
transfers photon energy to Nd>* in the shell layer through the bridging effect of doped Yb®* in the core and shell. Finally, Yb®* in the
nucleus transfers the energy to the light-emitting center Er>*, facilitating an effective Nd>*-Er>* energy conversion. However, Yb>' in
the shell layer may also transfer the absorbed energy to the burst center on the surface of UCNPs, such as the surface of the oleic acid
ligand or solvent molecules, etc. Therefore, the luminescence center can transfer the energy to the surface of the burst center, resulting
in fluorescence quenching and weakening the upconversion luminescence.

Energy resonance transfer is based on the energy transfer between two chromophores in Fig. 2. When energy resonance transfer
takes place, the excited donor transfersits energy to the acceptor. This is indicated by a reduction in the fluorescence emission intensity
of the donor molecule and an enhancement in the fluorescence of the acceptor. The donor undergoes non-radiatively relaxation of the
energy from the excited state to the ground state, while the acceptor receives the energy and becomes excited to the excited state.

Two conditions are required for the Forster energy resonance transfer to occur: (1) the distance between the donor and acceptor
molecules needs to be less than 10 nm, and (2) the emission spectrum of the donor molecule has an overlapping part with the ab-
sorption spectrum of the acceptor molecule. This can be simply described by the following equation:
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Fig. 2. Schematic diagram of energy resonance transfer principle.
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6 9(In10)*®pJ
Ro= 12875n*N, @
Where, Eprer—Efficiency of FRET;

Ro—Foster distance;

r——Donor-acceptor distance;

I orientation factor;

®p——Quantum yield of donor fluorescence;

N——refractive index;

J——Overlap integration between donor and recipient.

The crystal morphology and particle size of UCNPs are shown in Fig. 3(a. d). Both C UCNPs and CS UCNPs displayed a highly
homogeneous hexagonal morphology, well-defined boundaries, and homogeneous particle sizes on ultrathin carbon mesh. C UCNPs
and CS UCNPs revealed average particle sizes of 11.7 + 0.75 nm and 21.03 + 1.36 nm, respectively as shown in Fig. 3(c, f). Both C
UCNPs and CS UCNPs showed well-defined crystal spacing when studied under HRTEM for fig (b, e). Using Bragg’s equation: nA =
2dsin®, and the angular values of the diffraction peaks of NaGdF,4 (110) and NaYF4 (110), the crystalline facet spacing for the NaGdF,4
(110 was calculated as 0.29 nm. The CS UCNPs crystal plane spacing was found to be 0.52 nm, which is in good agreement with the
angular values of NaGdF4 (110) and NaYF, (110) diffraction peaks. These findings indicate that the synthesized UCNPs display
excellent crystalline properties.

The morphology of UCNPs@mSiO,, formed by using CTAC as a templating agent and NaOH as a catalyst, is shown in Fig. 3(g). The
morphology shows that the core-shell nanoparticles are uniformly encapsulated by mesoporous silica, showing a mesoporous struc-
ture. The particle size analysis shows that the water and kinetic diameter of UCNPs@mSiO, was about 43.842.19 nm, and the thickness
of mesoporous silica was about 7.5 nm as shown in Fig. 3(h) and Equ(1. 2). These results provide a strong base for the next energy
resonance transfer.

Fig. 4(a) shows the IR analysis of UCNPs and UCNPs@mSiO,. The characteristic peaks of hydroxyl (3430 cm™'), carbon-oxygen
double bond (1566 cm’l), and carbon-carbon double bond (1631 cm’l) in the methylene group (2921 cm ! and 2858 cm’l) and
carboxyl group can be observed. A significant reduction in the intensities of the methylene characteristic peaks, carbon-oxygen double
bond, and carbon-carbon double was observed after the coating of mesoporous silica. New prominent characteristic peaks such as the
asymmetric and symmetric broader and stronger telescopic vibrational peaks of Si-0-Si (1090 cm ™! and 796 cm ™), and the telescopic
vibrational peaks of Si-OH (965 cm ™), which are the characteristic peaks of the absorption of siliceous materials, also appeared. The
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Fig. 3. (a) TEM image, (b) HRTEM and (c) particle size distribution of C UCNPs; (d) TEM image, (¢) HRTEM image and (f) particle size distribution
of CS UCNPs; (g) TEM image and (h) particle size distribution of UCNPs@mSiO,
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desorption isotherms, (d) Pore size distribution curves of UCNPs@mSiO;), Contact angle diagram of (e) CS UCNPs, (f) UCNPs@mSiO,

results of the XRD analysis of UCNPs and UCNPs@mSiO; are shown in the figure. Fig. 4(b). The XRD peaks of C UCNP and CS UCNPs
were found sharp and prominent with clear baselines, indicating a high degree of crystallinity. The intensity of the diffraction peaks
decreased after coating with mesoporous silica, however, the main characteristic diffraction peaks of CS UCNPs were still retained.
Similarly, the encapsulated peaks of silica appeared at 20 = 22°. The characteristic peaks of the inclusion pattern indicate that the silica
possesses an amorphous structure with extensive reflections. This demonstrates that mesoporous silica was successfully coated on the
surface of UCNPs and did not affect the crystalline structure of the core-shell structure. FR-IR and XRD analyses together demonstrate
the successful coating of mesoporous silica on the surface of UCNPs.

Fig. 4(c) shows the adsorption-desorption isotherm of Ny, providing insights into the mesoporous properties of UCNPs@mSiO». The
figure shows a type IV isotherm, indicating a strong force on N3 under low-pressure conditions. Further, an H1-type hysteresis loop
appeared in the middle section of the curve, indicating a mesoporous structure resembling a tubular cylinder with openings at both
ends, meeting the requirements for drug loading. The analysis showed a specific surface area of the mesopore as 521.756 m? g%, the
pore volume as 0.8940 em™? g_l, and the pore size as 3.95 nm as shown in Fig. 4(d). The contact angle analysis was carried out for
UCNPs and UCNPs@mSiO; to characterize the transformation of hydrophobicity to hydrophilicity on the surface of UCNPs due to
mesoporous silica. As shown in Fig. 4(e. f), the contact angle of UCNPs was 82.87 while the mesoporous silica-coated UCNPs dis-
played a reduced contact angle of 27.674°, indicating improved hydrophilicity. This improvement in the hydrophobicity suggests good
biocompatibility for UCNPs, thus providing a basis for its application in biological experiments for constructing a photocontrol
platform.

Fig. 5(a) shows the fluorescence properties of C UCNPs, CS UCNPs, and UCNPs@mSiO,. From the figure, it can be seen that the
fluorescence intensity of UCNPs@mSiO4 was observed to decrease compared to that of CS UCNPs, however, the extent of the decrease
was minor, and it remained significantly higher than that of C UCNPs. At the main emission peaks of 525 nm and 540 nm, the
fluorescence intensity of UCNPs@mSiO; was observed to be 8 times higher than that of C UCNPs. Therefore, the mesoporous silica had
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Fig. 5. (a) Trend plot of fluorescence intensity of C UCNPs, CS UCNPs, and UCNPs@mSiOs, (b) Fluorescence spectra of CS UCNPs with different
power excitation, (c) Logarithmic plot of the intensity of each multiphoton process of CS UCNPs versus the increase of excitation light power.
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a minimal effect on the fluorescence performance of UCNPs. Therefore, mesoporous silica is an effective material for high-quality

surface modification. It can change the surface of UCNPs from lipophilic to hydrophilic, ensuring their good dispersion and

biocompatibility. Moreover, it has minimal effects on fluorescence performance, providing a solid base for photo-control release of NO.
The variation between nanoparticle luminescence intensity and excitation power was shown in Equation. (3):

IxP" 3

Where, P—Excitation power,

I— Up-converted luminous intensity,

n—Number of photons that excite up-conversion luminescence.

In the equation, “n” represents the number of pump photons in the excited photoemission state, providing insights into the nature of
multiphoton emission. The relationship between power and upconversion luminescence intensity is depicted in a double logarithmic
plot as shown in Fig. 5(b. c). A linear fit yielded a slope of 2.24 at the emission peak of 380 nm, 2.22 at the emission peak of 410 nm,
1.42 at the emission peak of 487 nm, 1.43 at the emission peak of 525 nm, and 1.30 at the emission peak of 540 nm. Wittke et al. [26]
proposed a power of 3/2 of the excitation and emission law, signifying a process involving the production of two emission photons
from three absorption photons. This demonstrates that the upconversion emission of Er>* is a two-photon process. The slopes at 487
nm, 525 nm, and 540 nm being less than 2 are attributed to the synergistic energy transfer and cross-relaxation.

It is clear from XRD and fluorescence patterns that Ca®* doping can affect the crystalline properties of C UCNPs and CS UCNPs,
thereby increasing the intensity of upconversion emission. To further investigate the effects of Ca?" doping on the fluorescence
lifetimes of C UCNPs and CS UCNPs, the lifetimes of the main emission peaks at 525 nm and 540 nm (corresponding to 434 /2 — s /2
and *Hyp; 2= 4115 /o radiative leaps) in CS UCNPs were studied. Fig. 6(a-d) shows the luminescence decay curves of C UCNPs and CS
UCNPs at 525 nm and 540 nm energy level jumps. The decay lifetime (t) was fitted in the graph as shown in Fig. 6, and the results
showed that the fluorescence lifetime was significantly prolonged with the increase in Ca?* doping. According to the theory of
fluorescence dynamics, the formula for calculating the energy level lifetime is shown in (4) [27].

t=1/(C+ky) )

Where, T — Decay lifetime,

I' — Up-converted luminous intensity,

knr — Nonradiative decay rate.

In equ.4, Ca>t doping reduces the symmetry of localized crystals around lanthanide ions, resulting in a decrease in the radiation
attenuation rate (Ky), and thereby, an effective increase in the fluorescence lifetime. Therefore, the fluorescence lifetime of CS UCNPs
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Fig. 6. Attenuation curves of (a, b) C UCNPs, (c, d) CS UCNPs at 525 nm and 540 nm with different doping concentrations of ca’t.
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was found longer than that of C UCNPs. The mechanism behind this is that Ca?* doping and core-shell strategy expand the acceptance
area of UCNPs in NIR light, and protect the luminous center of the nucleus. This, in turn, reduces the influence of cross-relaxation and
non-radiative transition, thus leading to a decrease in the non-radiative decay rate Kp,.

3.2. Loading the RuNO-Thnl into UCNPs@mSiO

The zeta potentials of UCNPs, UCNPs@mSiOy, UCNPs@mSiO,-NHj, RBS, and UCNPs@mSiO2-NH&RBS were investigated and the
results are shown in Fig. 7(a). The surface of UCNPs was found almost uncharged, while UCNPs@mSiO; displayed negatively charged
surfaces. In the process of mesoporous silica formation, tetraethyl orthosilicate forms a large number of Si—-O-Si bonds after hydrolysis
or condensation. These Si-O-Si bonds form hydrogen bonds with hydrogen ions in water molecules, leading to the generation of a large
number of OH ™ ions. Therefore, the surface of mesoporous silica coated with nanoparticles showed a negative charge. As shown in the
figure, RBS also exhibited a negative charge. RBS undergoes an ionization reaction in an aqueous solution to produce NH4 and
Fe,S2(NO)F . NHJ ions undergo a weaker hydrolysis reaction with water to produce less H'. Therefore, RBS displayed a weak negative
electronegativity.

The iron-sulfur nitroso compound RBS was loaded into mesoporous silica, and the photocontrolled NO release platform of
UCNPs@mSiO2-NHo&RBS was successfully constructed. As shown in Fig. 7(b), the characteristic peaks of nitroso (-NO3) were
observed at a wave number of 1740 cm . Similarly, the characteristic peaks of -NH, and Si-O-Si were also observed, indicating the
successful loading of RBS on UCNPs@mSiOy-NHs,. Fig. 7(c) shows the UV absorption spectra of UCNPs@mSiO,-NH,, RBS, and
UCNPs@mSiO2-NH2&RBS. RBS and UCNPs@mSiO2-NH2&RBS showed similar and broad absorption bands at 300-600 nm. However,
UCNPs@mSiO,-NH; without drug loading showed a clear absorption band for NO in the ultraviolet region. Therefore, the successful
loading of photosensitive NO donors can be confirmed through both infrared and ultraviolet images.

The loading capacity of UCNPs@mSiO2-NH2&RBS was determined through thermogravimetric analysis (TGA) and ultraviolet
spectroscopy. As shown in Fig. 8(d), the weight loss difference between UCNPs@mSiO,-NH; and UCNPs@mSiO2-NH2&RBS was found
to be 21.52 %, with a weight loss of 2.77 mg for both samples. The loading, calculated as 0.6183 mg, corresponds to 88.33 % of the
loading rate of RBS. Further, UV spectroscopy was performed to validate the RBS loading. The UV absorption spectra of RBS with
different concentrations (4.5 x 10743 x 107, 2x 10741 x 1074,5 x 107> 2.5 x 10~° mol/L) were plotted for validation. According
to Lombard-Behr’s law, the absorbance of incident light irradiating a vertically oriented, uniform, non-scattering system is propor-
tional to both the concentration of the absorbing substance and the thickness of the absorbing layer. Fig. 8(a—c) shows the standard
curve of the absorbance of different concentrations of RBS fitted to the concentration at the same absorption wavelength (400 nm was
selected). The fitting results in an R? value of 0.9949, indicating a strong linear relationship between the concentration of RBS and UV
absorbance.

3.3. NIR-induced NO release and kinetic analysis of UCNPs@mSiOz-NH2&RBS

Forster energy resonance transfer (FRET) refers to a non-radiative energy transfer between two chromophores. Moreover, the
efficiency of energy resonance transfer not only depends on the distance between the donor and the acceptor but also the degree of
overlap between the fluorescence spectrum of the donor and the absorption spectrum of the acceptor in equ.2. Therefore, to investigate
the potential for NO release via energy resonance transfer, the fluorescence spectra of C UCNPs, CS UCNPs, and UCNPs@mSiOq, along
with the UV spectra of RBS were analyzed.

As shown in Fig. 9(b), RBS displayed a broad absorption band in the range of 300-600 nm, and the emission peaks of the lumi-
nescence center Er appeared at 380, 410, 487, 525, and 540 nm, respectively. Interestingly, the UV absorption bands of RBS
demonstrated a high degree of overlap with those of UCNPs. The energy resonance transfer between UCNPs@mSiO2 and RBS occurs
due to large spectral overlaps and short donor-acceptor molecular distances. As shown in Fig. 9(a), the mechanism involves the ab-
sorption of 808 nm NIR by the upconversion nanoparticles, which then transfer their energy to the luminescence center through
upconversion, resulting in UV or visible light emission. The energy is then transferred to the photosensitive NO donor RBS through
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Fig. 7. (a) Zeta potential analysis of UCNPs, UCNPs@mSiO2, UCNPs@mSiO,-NH,, RBS and UCNPs@mSiO,-NH>&RBS; (b) IR spectra of
UCNPs@mSiO,-NH,, UCNPs@mSiO»-NH2&RBS; (c) UV spectra of UCNPs@mSiO,-NH,, RBS and (c) UV spectroscopy of UCNPs@mSiO»-NH,&RBS
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Fig. 9. (a) Schematic diagram of NO release by 808 nm excitation of UCNPs@mSiO»-NH&RBS, (b) Fluorescence spectra of C UCNPs, CS UCNPs,
UCNPs@mSiO,, and UV absorption spectra of RBS, (c) Fitted standard curve of NO concentration.

energy resonance transfer, allowing the RBS to obtain the energy and then release NO.
In an aqueous solution or in vivo, NO undergoes rapid oxidation and forms NOz. The Griess reagent reacts with NO3 in a colori-
metric manner, displaying a linear correlation between the concentration of the product and NO3. This reaction shows a UV peak at
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540 nm, enabling the determination of the concentration of NO released based on the relationship between absorbance and con-
centration of NO3. A standard curve of absorbance versus NO3 concentration was fitted as shown in Fig. 9(c), The R? value of the fitted
curve was 0.9990, indicating a strong linear relationship between absorbance and nitrite ions.

The 808 nm excitation of UCNPs@mSiO2-NH2&RBS resulted in a discoloration of the solution when treated with a Griess reagent.
The discoloration of the Griess reagent and the absorption peak at 540 nm in the UV spectrophotometer of the reacted solution confirm
the NO production. This provides evidence supporting the occurrence of energy resonance transfer in the UCNPs@mSiO,-NH2& RBS.
The NO release kinetics were analyzed based on the power of the NIR light exciter (1.0 W, 1.5 W, 2.0 W), the irradiation time of the NIR
light (5 min, 10 min, 15 min, 20 min) and the concentration of UCNPs@mSiO2-NH2&RBS (1.25 mg/mL, 1.0 mg/mL, 0.5 mg/mL, 0.25
mg/mL) and the results are shown in Fig. 10. The concentration of the NO released was plotted versus the concentration of
UCNPs@mSiO2-NH2&RBS, the excitation light power and irradiation time trend, which are depicted based on the change in solution
color as shown in the inset of Fig. 10. It is evident from the observed chromogenic reaction between NO and the Griess reagent that
FRET has successfully occurred between the UCNPs and the RBS. The figure shows that the color peak of NO3 at 540 nm increases with
the concentration of UCNPs@mSiO,-NH&RBS, indicating that the release of NO also increases with the concentration. Similarly, it
can be obtained that the increase in the irradiation time and exciter power of NIR light increases the absorbance of NO3 at 540 nm,
then it is proved that the release of NO increases with it. In conclusion, the concentration of UCNPs@mSiO2-NH2&RBS, the power of
the exciter, and the time of NIR light irradiation are all important parameters affecting the release of NO. In the case where the
concentration of UCNPs@mSiO,-NH2&RBS was 1.25 mg/mL with 5 min of irradiation at an excitation power of 1.0 W, the released NO
was 0.051 mM. Further, at a concentration of 0.25 mg/mL with 20 min of irradiation and an excitation power of 1.0 W, the released NO
was 0.0068 mM. These concentrations are all within the range of 1 pM-1 mM, indicating their potential anti-tumor effects.

4. NO toxicity assessment and releasing
4.1. Cytological evaluation of 808 nm NIR-excited UCNPs@mSiO2-NH2&RBS

4.1.1. Characterization of the cytotoxic effects of 808 nm NIR-excited UCNPs@mSiO2-NH2&RBS using the CCK-8 assay

Zhao et al. [28] constructed Ca?*-doped upconversion nanoparticles that released NO under 980 nm excitation, which resulted in a
significant decrease in the viability of HeLa cells by MTT assay. In order to verify the cytotoxic effect of UCNPs@mSiO,-NH2&RBS
under 808 nm excitation, the cytotoxicity and biocompatibility were investigated by exposing U87 and U-CH1 cells to UCNPs@m-
SiO5-NHs, RBS, and UCNPs@mSiO5-NH&RBS treatments with or without 808 nm NIR irradiation. The UCNPs@mSiO>-NH2&RBS
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Fig. 10. Effects of different excitation powers (1.0 W, 1.5 W, 2.0 W), light times (5 min, 10 min, 15 min, 20 min) and concentrations of
UCNPs@mSiO,-NH2&RBS (1.25 mg/mL, 1.0 mg/mL, 0.5 mg/mL, 0.25 mg/mL) on the release of NO.
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concentration causing 50 % inhibition (ICsp) under 808 nm NIR excitation was determined. Fig. 11(a) shows that, in the absence of
808 nm NIR irradiation, when the concentrations of both UCNPs@mSiO,-NH; and UCNPs@mSiO,-NH2&RBS were 0.35 mg/mL, the
OD value of UCNPs@mSiO5-NH, for U87 cells was found to be 90.7 %. The OD value for U87 cells treated with UCNPs@m-
Si02-NHo&RBS was found to be 88.3 %. Fig. 11(d) shows that when the concentrations of both UCNPs@mSiO,-NH; and
UCNPs@mSiO2-NHo&RBS were 1.0 mg/mL, OD values of U-CH1 cells were close to 100 %, indicating low cytotoxicity to U87 and
U-CHL1 cells. As shown in Fig. 11(b), upon 808 nm NIR irradiation of UCNPs@mSiO2-NHy and UCNPs@mSiO2-NH2&RBS, the OD
values for U87 cells treated with 808 nm NIR-excited UCNPs@mSiO2-NH, group were almost unchanged compared to the cases
without 808 nm NIR irradiation. However, in the 808 nm NIR-excited U87 cells treated with UCNPs@mSiO»-NH2&RBS group, the
activity of U87 cells gradually decreased with the increase in UCNPs@mSiO,-NH2&RBS concentration. When the concentration of
UCNPs@mSiO2-NH2&RBS was 0.3 mg/mL, the OD value of U87 cells was about 50 %, representing the ICsq value of glioma cells.
Similarly, Fig. 11(e) shows that the activity of chordoma cells treated with UCNPs@mSiO5-NH2&RBS under 808 nm NIR irradiation at
a concentration of 0.8 mg/mL was 50 %, representing the ICsq value of chordoma cells. It indicates that UCNPs@mSiO2-NH2&RBS can
be stimulated to release a large amount of NO in the presence of 808 nm NIR, thus inhibiting the activity of U87 and U-CH1 cells. The
subsequent experiments of cell migration and invasion, live/dead cell staining, Hoechst staining, and cell flow were carried out based
on this concentration.

As shown in Fig. 11(c), at a concentration of 0.021 mg/mL of RBS, the OD value of U87 cells was 90.97 %, thus indicating lower
cytotoxicity. Similarly, at the same concentration of RBS in the presence of NIR, it had a lesser effect on the activity of glioma cells.
Fig. 11(f) shows that when in the presence or absence of NIR irradiation, the OD values of U-CH1 cells treated with 0.06 mg/mL
concentration of RBS were close to 100 %. Therefore, the lower concentration of RBS demonstrated lower toxicity towards U87 and
U-CH1 cells and maintained stable chemical properties under 808 nm NIR irradiation, without showing toxic effects against U87 and
U-CH1 cells.

4.1.2. Analysis of migration and invasion ability of U87 and U-CH1 cells by 808 nm NIR-irradiated UCNPs@mSiO,-NH2&RBS
Migration and invasion are the two main characteristics of abnormal tumor cell proliferation. Cell scratch and cell transwell assays
are commonly used methods to study the characteristics of tumor cell proliferation in plane and space. As shown in Fig. 12 (A), the
scratch area assay showed the results of lateral cell migration. After 24 h of cell treatment, the changes in the scratch area of U87 and
U-CH1 cells in the NIR group versus the UCNPs@mSiO2-NH2&RBS group were smaller compared to the Control group (p > 0.05).
However, the 808 nm NIR-excited UCNPs@mSiOy- NH2&RBS group displayed 2.9 times and 1.6 times more scratch area than the
Control group for U87 and U-CH1 cells, respectively (p < 0.001). The results of the cell invasion experiment are shown in Fig. 12 (B).
After 24h of cell treatment, the number of tumor cells invaded in the NIR group had little change compared to the Control group (p >
0.05). The number of U87 and U-CH1 invasive cells in the UCNPs@mSiO,-NH2&RBS group was decreased by 0.5 and 0.9 times
compared to that in the Control group (p < 0.01), showing some inhibition of cell invasion. In the 808 nm NIR-excited UCNPs@mSiO»-
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Fig. 11. The viability of U87 cells and U-CH1 cells was measured by CCK-8 assay. (a) Toxicity of different concentrations of UCNPs@mSiO,-NHo,
UCNPs@mSiO,-NH.&RBS on glioma U87 cells, (b) Toxicity of 808 nm NIR lighted different concentrations of UCNPs@mSiO5-NH,, UCNPs@mSiO,-
NH>&RBS on glioma U87 cells cells, (c) Toxicity of RBS, 808 nm NIR lighted RBS on glioma U87 cells, (d) Toxicity of different concentrations of
UCNPs@mSiO,-NH,, UCNPs@mSiO2-NH2&RBS on chordoma U-CH1 cells, (e) Toxicity of 808 nm NIR lighted different concentrations of
UCNPs@mSiO,-NH,, UCNPs@mSiO,-NH2&RBS on chordoma U-CH1 cells, (f) Toxicity of RBS, 808 nm NIR lighted RBS on chordoma U-CH1 cells.

13



L. Li et al. Heliyon 10 (2024) 33576

A Contreol NIR UCNPs@mSIO,-NH.&RBS NIR+UCNPs@mSIO,-NH,&RBS
kK
K
—
1.0+ *kE
-
0h 9
20.5-
=
£
g P - = ;.
= H
0.0~
& y
24h A A ‘\?f
& o
s
R
&
&
Contreol NIR UCNPs@mSIiO-NH &RBS NIRUCNPS@mSiO-NH &RBS
* Kk
f *kX
1.04 R —
*Kk
z
& -
0Oh E
= 0.5
< - [
Q H
jos) H
=
0.0-
& & &
& & &
24h cf\ & &
,—f{ i‘(
R 4
\(’ ‘\v
&
B Contreol
xAx
700 **
= | :
-3 2 T _E
- ¥
iE ud T
350
i L
L i
£ E
c o
|
@) A R
< ¢ _“.v
E S ¥
(" ("

Fig. 12. Invasion and migration assay in vitro. (A) The migration ability of U87 cells, U-CH1 cells using scratch area under different treatment
conditions. (B) The invasion ability of U87 cells and U-CH1 cells in Transwell chambers (8 pm/well) under different treatment conditions. Data are
presented as the mean =+ standard deviation. (n = 3), **p < 0.01, ***p < 0.001.

NH2&RBS group, the number of U87 and U-CH1 invasive cells was reduced to 0.2 times and 0.1 times, respectively, compared to the
Control group (p < 0.001), demonstrating a significant inhibition of cell invasion. The experimental results validate that NO released
from UCNPs@mSiO,-NH2&RBS shows an inhibitory effect on the migration and invasive ability of brain tumor cells after exposure to
NIR light.

4.2. Analysis of tumor cell apoptosis promotion ability of UCNPs@mSiO2-NH2&RBS by 808 nm NIR excitation

4.2.1. Analysis of Calcein-AM/PI double staining method to characterize the ability of NO to kill tumor cells

Fa et al. [29] developed a core-shell structure using NaYF4: Tm/Yb/Ca@NaGdF4: Nd/Yb UCNPs loaded with the photosensitizing
NO donor S-nitroso-N-acetyl-pi-penicillamine. The developed system achieved photocontrolled release of NO upon stimulation with
NIR, while the concentration of NO exhibited a toxic effect on HepG2. To this end, we characterized whether NO release from 808 nm
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NIR irradiated UCNPs@mSiO2-NH&RBS promoted brain tumor cell death by Calcein-AM/PI double staining. As shown in Fig. 13 (A),
Calcein-AM specifically labeled live cells and PI specifically labeled dead cells. No obvious tumor cell death was observed in the
Control, NIR, and UCNPs@mSiO,-NH2&RBS groups. However, the 808 nm NIR-irradiated UCNPs@mSiO»-NH2&RBS group showed a
significant ability to induce tumor cell death. This suggests that UCNPs@mSiO2-NH2&RBS, when irradiated by 808 nm NIR light,
release a large amount of NO, leading to the death of U87 cells. Similarly, as shown in Fig. 13 (B), it is evident that 808 nm NIR light
irradiation of UCNPs@mSiO2-NH2&RBS can effectively release NO, thus promoting chordoma cell death.

4.2.2. Analysis of NO’s ability to promote apoptosis in tumor cells

Li’s group [14] designed and developed a NIR-excited NO delivery nanoplatform for overcoming multidrug resistance (MDR) in
tumor cells. They employed UCNP@MgSiO3 loaded with PH-sensitive doxorubicin (DOX), thereby achieving simultaneous NO trig-
gering and DOX release. This combined treatment strategy induced apoptosis of MDR cells and inhibited the growth of MDR tumors in
vivo. To this end, we further quantified the number of apoptotic tumor cells by flow cytometry (Annexin V/PI double staining), as
shown in Fig. 14(A) and (B), the total number of apoptotic tumor cells in the NIR group and the UCNPs@mSiO,-NH&RBS-treated
group was not significantly affected compared to the Control group (p > 0.05). However, the 808 nm NIR light irradiation of the
UCNPs@mSiO2-NHo&RBS-treated U87 and U-CH1 cells showed 5.0 and 3.2 times more apoptosis than that of the Control group,
respectively (p < 0.001). This suggests that 808 nm NIR irradiation of UCNPs@mSiO,- NH2&RBS’s optical platform can effectively
release NO, inducing apoptosis and necrosis of brain tumor cells.

4.2.3. Mechanistic analysis of NO-induced apoptosis in tumor cells characterized by Western-blotting
Mitochondria, as the main energy source of cells, are also the target organ of NO-regulated cells [30]. NO and pro-apoptotic
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Fig. 13. Calcein-AM/PI double staining was used to detect the survival and death of cells. (A) Fluorescence images of live and dead cells stained by
different treatments on U87 cells. (B) Fluorescence images of live and dead cell staining by different treatments on U-CH1 cells.
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Fig. 14. The number of apoptotic cells was detected by flow cytometry. (A) Apoptosis of U87 cells under different conditions. (B) Apoptosis of

U-CH1 cells under different conditions. Data are presented as the mean + standard deviation. (n = 3), **p < 0.01, ***p < 0.001.

proteins induce the release of apoptotic factors and mitochondrial caspases into the cytoplasm by increasing the permeability of the
mitochondrial membrane, leading to apoptosis [31,32]. Caspase-3 is one of the most critical enzymes in the apoptosis pathway.
Relevant apoptotic proteins were detected by Western blotting to investigate the molecular mechanism of apoptosis occurring in U87
cells. As shown in Fig. 15, there was no significant difference in the expression of apoptosis-related proteins in tumor cells treated with
NIR and UCNPs@mSiOy-NH&RBS groups compared with the Control group (p > 0.05). However, the 808 nm NIR-excited
UCNPs@mSiO2-NH2&RBS group treated tumor cells showed 3.0 times higher expression of Caspase-3 than the Control group (p <
0.001). In conclusion, 808 nm NIR irradiation of UCNPs@mSiO2-NH2&RBS can effectively release NO and promote tumor cell
apoptosis by changing the expression of apoptosis-related protein markers Caspase-3.

4.3. Therapeutic analysis of NO on tumors in vivo

The therapeutic efficacy of NO release from UCNPs@mSiO,-NH&RBS under 808 nm NIR light was investigated in vivo through
brain tumor transplantation in a mouse model and the molecular outcomes were then evaluated. As shown in Fig. 16(A), we first
constructed a xenograft tumor mouse model, and then administered UCNPs@mSiO»-NH»&RBS drug injection to the tumor localiza-
tion, and irradiated the tumor site with 808 nm NIR after 24 h. The UCNPs@mSiO2-NH2&RBS in the tumor tissues as well as uptaken
by the cells under the laser light produced a relatively high concentration of NO, the Nitrosyl and oxidative reactions with intracellular
reactive oxygen species lead to impaired cell function, which in turn promotes tumor cell necrosis or apoptosis. The tumors of mice
after treatment were compared, as shown in Fig. 16(B), the tumor volumes of glioma and chordoma in the Control group were 1.1
times and 1 times of those in the UCNPs@mSiO2-NH2&RBS group, respectively. Is 5.5 times and 3.7 times of 808 nm NIR excited
UCNPs@mSiO,-NH2&RBS group. All the tumor-bearing mice survived at the end of the treatment as shown in Fig. 16(C). Similarly,
there was no significant change in the body weight of the mice during the treatment period, indicating the low cytotoxicity of

*kok
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T
1.0

Caspase-3/B-Actin

Fig. 15. Expression of apoptosis-related proteins Caspase-3 in U87 cells.Data are presented as the mean =+ standard deviation. (n = 3), ***p
< 0.001.
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Fig. 16. Changes in tumor volume and mouse body weight in xenograft tumor-bearing mice treated with NO. (A) Schematic representation of NO
treatment of xenograft tumor-bearing mice. (B) Comparison of xenograft tumor volume among three groups. (C) The body weight of tumor-bearing
mice shows no notable change during the experimental period. Data are presented as the mean + standard deviation. (n = 3), **p < 0.01, ***p
< 0.001.

UCNPs@mSiO2-NHo&RBS on normal tissues. In this experiment, we investigated the therapeutic effect of NO released from
UCNPs@mSiO,-NH2&RBS under 808 nm NIR excitation on brain tumor transplantation tumors, but the experimental period was
relatively short, and the long-term therapeutic effect was not followed up; moreover, we constructed a model of xenotransplantation
tumors in nude mice in the present study, which is still slightly insufficient in comparison with the therapeutic efficacy and reliability
of the transplantation tumors in situ.

Tumor tissues obtained from the Control, UCNPs@mSiO2-NH2&RBS, and 808 nm NIR-excited UCNPs@mSiO2-NH2&RBS groups
were sectioned. The pathological changes in tumor tissues were observed by Hematoxylin and Eosin (H&E) staining and the results are
shown in Fig. 17(A). The tumor tissues in the Control and UCNPs@mSiO»-NH2&RBS groups showed an increase in pathological mi-
toses and trophoblast vessels. However, the 808 nm NIR-excited UCNPs@mSiO2-NH2&RBS group had condensed cellular chromatin,
the nuclei were plasmid-dense or cleaved, and the number of trophoblast vessels was significantly reduced.

The expression of ki-67 was further detected to understand the proliferative capacity of tumor cells and the results are shown in
Fig. 17(B). Ki-67 expression in glioma and chordoma tissues of the Control group was 1.0 and 1.1 times that of the UCNPs@mSiOg-
NH2&RBS group, respectively (p > 0.05). In contrast, it was 4.0 times (p < 0.001) and 10 times (p < 0.01) higher than that of the 808
nm NIR-excited UCNPs@mSiO,-NH2&RBS group. These results confirm that the release of NO from UCNPs@mSiO,-NH2&RBS under
NIR light significantly attenuated the pathological deterioration in glioma and chordoma models.
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Fig. 17. Pathological changes in the tumor samples. (A) The histological changes were observed by H&E staining. The pathological mitosis is
indicated by a black arrow, while the nourishing vessels are represented by a red arrow. (B) Ki67 expression is detected by IHC. Data are presented
as the mean + standard deviation. (n = 3), **p < 0.01,***p < 0.001.

5. Conclusions

In conclusion, this study constructed a photocontrolled NO release platform through NIR photoexcitation of UCNPs@mSiOs-
NH2&RBS. The concentration-dependent increase in NO release, as evident from the results of the CCK-8 assay, showed a significant
reduction in the activity of glioma and chordoma cells, along with inhibition of their migratory and invasive abilities. Further, the
constructed platform effectively decreased the growth rate of tumors in mice model. This efficient treatment strategy not only ad-
dresses the challenge of limited laser penetration depth in traditional photodynamic therapies for tumors but also presents efficiency
for brain tumor therapy. Despite these potential applications, limitations include the need for multiple injections within a short period
during in vivo experiments and the lack of selective tumor targeting. Further studies should focus on improving the targeting capa-
bilities of the photocontrolled release platform and addressing biosafety concerns associated with the long-term persistence of UCNPs
in living organisms.

High concentration of NO gas has excellent anti-tumor ability and has a broad application in tumor therapy. In this study, we
constructed a photocontrolled NO release platform of UCNPs@mSiO,-NH2&RBS under 808 nm excitation to promote the apoptosis of
glioma and chordoma cells through the effective release of NO, and to reduce the growth rate of tumors in nude mice. However, the NO
release platform lacks tumor targeting, so there is still much room for the development of targeted tumor modification of this pho-
tocontrolled release platform; Meanwhile, in view of the complexity of the nanomedicine carrier system, the long-term existence of this
type of structure in the organism is still a biosafety issue. Therefore, more studies on the long-term stability of nanomedicines in
organisms are needed.
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