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Abstract: This study focuses on the extended applications of Pr’**-doped yttrium oxide single
crystals. By introducing Yb,Os, Yb/Pr co-doped Y2SiOs single crystals and dual-ion Yb3*-Li*
doped Pr**: Y,SiOs materials were successfully prepared. Beyond their systematically
investigated optical properties, their mechanical properties relevant to biomechanics were also
examined. The experiment revealed that Yb**@Pr**: Y,SiOs doped with 0.1 mol% Yb.0s
exhibited the highest fluorescence emission (approximately 250,000 cps), with the synergistic
effect of Ybs"-Li" significantly increasing upconversion efficiency. Under 980 nm far-infrared
excitation, the quantum efficiency reached 74.9%, significantly surpassing that of single-ion
doping systems. Moreover, under 415 nm visible light excitation, Yb** @Pr**: Y,SiOs exhibited
excellent light conversion efficiency (7.52%), highlighting its potential as a light conversion
material. The combination of these optical properties with favorable mechanical characteristics
underscores its promise as a multifunctional material for biomechanical applications. Dual-ion
Li-Yb@Pr**: Y,SiOs under 980 nm infrared light irradiation, showed a significantly improved
antibacterial effect compared to the control group under dark conditions. The results indicate
that this material can better withstand mechanical stress exerted by biological tissues,
highlighting its potential for applications in both antibacterial and biomechanical fields. This
study not only improves the understanding of the optical and mechanical properties of rare-
earth-doped materials in the context of biomechanics but also offers a scientific basis and
experimental foundation for their use in implant design. By considering both optical and
mechanical properties, as well as biological tissue-material interactions from a mechanical
perspective, this work paves the way for advanced materials in biomedical applications.

Keywords: enhanced upconversion efficiency; biomechanics; Yb*'-Li" dual-ion rare earth
materials; enhanced antibacterial properties

1. Introduction

Luminescence refers to a phenomenon in which an object, after absorbing
external energy, releases its stored internal energy and radiates it in the form of light.
This process bypasses the thermal equilibrium stage and occurs through
nonequilibrium radiation. Under specific temperature conditions, all substances
exhibit
nonequilibrium radiation emitted by a material upon absorbing external energy,

equilibrium thermal radiation. However, luminescence refers to

surpassing the total equilibrium thermal radiation [1]. In nature, most fluorescence
typically follows the well-known Stokes law, where the energy of the excited photon
is higher than that of the emitted photon. However, upconversion luminescence is an
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exception, representing an anti-Stokes emission. In this nonlinear process, the material
absorbs two or more photons consecutively, and the emitted light has a shorter
wavelength than the excitation light.

In recent decades, with the rapid advancement of nanotechnology, high-quality
rare-earth-doped upconversion nanomaterials have been successfully synthesized,
gaining increasing prominence in biological and environmental sciences [2—4].
However, despite advancements, low luminescence efficiency remains a key limiting
factor for upconversion materials. Selecting an appropriate host material with low
phonon energy is crucial for achieving high upconversion luminescence efficiency. To
date, host materials such as fluorides, chlorides, and bromides have been shown to
improve upconversion luminescence intensity. Yttrium silicate (Y»SiOs) has been
widely utilized as a substrate for upconversion materials in fluorescence technology,
optical information storage, and anti-counterfeiting applications due to its high thermal
stability, excellent optical properties, and simple fabrication process [5].

In addition to host materials and dopant ions, the synthesis method is crucial for
achieving high luminescence efficiency in high-quality upconversion nanomaterials.
The preparation of upconversion luminescent materials typically involves traditional
high-temperature solid-state reactions and wet chemical synthesis methods, including
sol-gel, co-precipitation, and hydrothermal synthesis. These four methods are the most
common and classical approaches for fabricating these materials. Among them, the
sol-gel method shows great potential for synthesizing high-quality upconversion
nanomaterials and is often preferred for dopant ions, as it allows reactants to mix at
the molecular level. This method was also utilized in the current study to achieve
efficient upconversion luminescence [6,7].

Many studies have focused on the optical properties, luminescent characteristics,
and fluorescence quenching mechanisms of Pr-doped Y»SiOs crystals [8—10]. Further,
some studies have reported the applications of Pr-doped Y»SiOs nanomaterials in
fields such as biology, medicine, sensing, and optics [11-13].

In recent years, the field of intelligent responsive biomaterials has made
groundbreaking advancements. Nanobiomaterials have achieved significant
breakthroughs in precision medicine, while multifunctional and interdisciplinary
integration has led to remarkable progress in biomaterials. Among these, dynamic
environment-responsive materials have garnered widespread attention. A type of
upconversion nanoparticles (UCNPs) @ hydrogel, which belongs to a
photo/magnetic/thermal triggered release system, has been developed. Through co-
doping of Yb**/Tm**, a photothermal-photodynamic synergistic effect has been
achieved, which can precisely release growth factors (such as BMP-2) under near-
infrared light (808 nm). In a rat skull defect model, this system has increased the
efficiency of bone tissue formation by three times. The local temperature is precisely
controlled within the range of 35-42 °C, effectively preventing cellular thermal
damage. Similarly, self-healing and self-adaptive materials have also demonstrated
significant progress. An elastomer based on dynamic disulfide bonds and hydrogen
bond networks exhibits a tensile rate exceeding 1000% and a self-healing time of less
than 10 min. This material mimics the adhesion-detachment mechanism of octopus
tentacle suckers, enabling strong adhesion to moist tissue surfaces with an interfacial
strength exceeding 200 kPa. It has been successfully applied in myocardial patch
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repair in a pig myocardial infarction model, improving the EF value from 30% to 45%
[14]. In biomedical science, near-infrared-II (NIR-II) bioimaging probes offer unique
advantages due to their material properties and have demonstrated significant value in
various medical applications. The NIR-II fluorescence (1000-1100 nm) emitted by
Yb** under 980 nm excitation provides approximately three times greater tissue
penetration and lower autofluorescence interference compared to traditional NIR-I
(700-900 nm) imaging. Employing the high-resolution (< 10 um) of NIR-II, aging,
real-time tracking of abnormal tumor microvasculature proliferation becomes feasible,
playing a crucial role in monitoring vascular leakage in breast cancer. By intravenously
injecting to label peripheral nerves, it provides assistance for navigation in
microsurgery, enabling more precise operations in brachial plexus nerve repair
surgery. When combined with time-resolved fluorescence technology, the probe can
track liver glycogen metabolism at a time resolution of 10 ms. Lanthanum (Li*) doping
increases lattice stability, extending the fluorescence lifetime to 1.2 ms, a 40% increase
compared to undoped samples. Furthermore, the energy transfer from Pr** to Yb**
results in a quantum yield of 8.7%, higher than the 5.2% of commercial Yb: YAG.
These characteristics collectively promote the application and development of NIR-II
bioimaging probes in the biomedical field.

The photothermal-photodynamic synergistic therapy platform, drug-controlled
release, and diagnosis-integrated therapy exhibit unique advantages and application
potential in the medical field. Here is a comprehensive overview of their functions,
applications, safety measures, and associated strategies [15-17].

In photothermal conversion, Yb*" absorbs 980 nm laser light through 4f electron
transitions, converting lattice vibrational energy into heat, achieving a photothermal
efficiency () of 32%. For reactive oxygen species (ROS) generation, the *Po—'D»
transition of Pr’" emits 450 nm blue light, activating co-loaded photosensitizers such
as Ces to produce ROS. This platform has a clear clinical application potential,
enabling deep tumor ablation by locally heating liver tumors to 55 °C within 5 min at
a laser power of 8 W/cm? while maintaining a temperature change of AT <3 °C in
normal tissues. For the clearance of drug-resistant bacterial biofilms, the synergistic
effects of heat and ROS can disrupt the polysaccharide matrix of Pseudomonas
aeruginosa biofilms, achieving a clearance rate exceeding 95%. Moreover, this
approach can be utilized for the targeted treatment of atherosclerotic plaques by
surface modification with CD36 antibodies, enabling specific recognition of foam
cells and inducing the softening of calcified plaques. Regarding safety, the degradation
half-life of the Y,SiOs matrix in a lysosomal environment (pH = 5.0) is 72 h,
effectively minimizing the risk of heavy metal accumulation. Furthermore, the
sustained release of Li* is maintained within 0.2-0.5 mM, remaining below the
neurotoxic threshold of 1.5 mM [18,19].

Radiosensitization and protection dual-functional materials are of significant
importance in the field of radiotherapy, as their unique mechanisms provide both
improved therapeutic effects and protection for normal cells. On one hand, the high-Z
element effect is prominent, with the presence of Y (Z=39) and Pr (Z = 59) increasing
the X-ray absorption cross-section of tumor tissue by eight times compared to soft
tissue. This allows tumor tissue to absorb more X-ray energy, increasing the cytotoxic
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effect of radiotherapy on tumor cells. On the other hand, redox regulation plays a key
role, with the Yb*'/Yb?" cycle accelerating the chain reaction of hydroxyl radicals
(OH), increasing the radiation damage enhancement factor (SER) to 1.83, which
further increases the radiation-induced damage to tumor cells. In terms of radiation
protection, Li* activates the Nrf2-ARE pathway, effectively improving the synthesis
of glutathione (GSH) in normal cells, and providing a protection efficiency of up to
64%, improving the ability of normal cells to resist radiation. Meanwhile, Pr** can
quench secondary electrons, reducing the probability of DNA double-strand breaks,
with a protection factor (PF) of 1.37. This decreases radiation damage to normal cell
DNA, thus protecting normal cells [20]. These mechanisms collectively enable dual-
functional materials to both sensitize tumors to radiation and protect normal cells in
radiotherapy, improving the cytotoxic effect on tumor cells while effectively
protecting healthy cells [21].

In particular, the unique ability of upconversion nanomaterials to emit visible
light under near-infrared (NIR) irradiation makes them ideal candidates for both in
vivo and in vitro bioimaging applications [22,23]. However, no research has been
conducted on the upconversion luminescence and antibacterial properties of Yb-Li co-
doped Pr*": Y,SiOs nanomaterials. In this study, the upconversion luminescence
efficiency of Yb-Li co-doped Pr**: Y»SiOs upconversion nanomaterials was examined
under 415 nm and 980 nm excitation light, with emission in the 200-380 nm range.
The antibacterial properties of the synthesized Yb**-Li* co-doped Pr**: Y,SiOs
upconversion nanomaterials were evaluated, using Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus) as the model bacteria.

2. Materials and methods

The preparation of Yb**-Li*@Pr**: Y2SiOs

0.1 mol/L Pr(NOs)3 was dissolved in 25 mL of solution. 0.663 g of Y,O3; and
Yb;0; were weighed and placed in a beaker. 1.5 mL of dilute nitric acid and 1.5 mL
of water in a 1:1 ratio were added, making a total of 3 mL. Using a pipette, the
praseodymium nitrate and lithium nitrate solution were added to the nitric acid
mixture, and the beaker was covered with plastic wrap. The mixture was heated in a
water bath at 80°C to dissolve the contents, then continued heating on an electric heater
to remove the water until the solution became viscous. The heating was stopped, and
the mixture was allowed to cool, during which a large number of crystals formed. The
sample was dried at 104 °C. Next, a 1:3 ratio of distilled water and absolute ethanol
was added to dissolve the crystals. Once dissolved, TEOS was added (with an optimal
H,O to TEOS ratio of 16:1), and the mixture was stirred for about 25 min. The mixture
was then placed in a 70 °C water bath to form a gel and dried at 104 °C. The dried
sample was ground with a mortar and pestle and then calcined in a muffle furnace. A
programmed heating process was used to increase the temperature at a rate of 8 °C per
minute, and the set temperature was maintained for 3 h (Figure 1).
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Figure 1. Schematic representation of the preparation procedure for up-conversion
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material.

Cell culture and treatment. The human immortalized keratinocytes (HaCaT; from
the Cell Lines Service, Eppelheim, 300493) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37 °C
in a 5% CO, atmosphere.

Cell passaging. When the immortalized human keratinocyte cell line HaCaT cells
had adhered and grown to 80%-90% confluence, passaging was initiated. The old
medium was discarded, and the cells were washed with PBS twice. They were then
trypsinized, and a new complete medium was added to stop the digestion. The
suspension was pipetted gently to mix, collected in a 15 mL centrifuge tube, and
centrifuged at 1000 rpm for 5 min. The supernatant was discarded, and 2—4 mL of
complete medium was added to mix with the cells. Then, 8 mL of complete medium
was added, and the suspension was pipetted gently to mix. The aliquots were
transferred and cultured in a CO> incubator.

Cell cryopreservation. The old medium was discarded from the immortalized
human keratinocyte cell line HaCaT cells, dendritic cells DC24 cells, and human T-
cell leukemia cells 6T-CEM. The cells were washed with PBS twice, trypsinized, and
anew complete medium was added to stop the digestion. The cells were collected, and
centrifuged at 1000 rpm for 5 min, and the supernatant was discarded. The prepared
cell cryopreservation solution (50% complete medium, 40% fetal bovine serum, 10%
DMSO) was added, and the mixture was gently pipetted to mix. The cells were
transferred into a gradient freezing box and stored at —20 °C for 2 h. They were then
transferred to —80 °C overnight, and the following day, they were transferred into
liquid nitrogen for long-term storage.
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Preparation of agar medium in nutrient broth: Liquid medium and solid plate
medium were prepared according to the GB/T20944.1-2007 standard. 3.6 g of
nutrition was weighed. In the broth, 3.0 g of agar powder was dissolved in 200 mL of
distilled water (solid medium) and autoclaved at 121 °C for 30 min to form the original
sterile medium.

Preparation of bacterial suspension: S. aureus and E. coli were removed, the size
of rice was drawn into the prepared solid medium, and incubated in a 37 °C constant
temperature shaker for 24 h. The bacteria in the culture medium were inoculated into
the liquid medium, and the bacteria were diluted to concentrations of 108, 107, 10% and
10° in the liquid medium. The liquid concentration was calculated by absorbance (OD
600 nm) value to prepare the bacterial suspension containing about 1.5 x 10°
CFUmL ..

Antimicrobial Method—Quinn Method: The bacterial suspension was added to
the antibacterial sample and spread on the culture medium, ensuring good contact
between the microorganism and the antibacterial agents to demonstrate their
antibacterial effect. This method is applied to insoluble and hard-surface antibacterial
products.

Antibacterial rate = (Average bacterial count of control sample — Average bacterial count of the test sample)/Average
bacterial count of control sample x 100%

The determination criteria were as follows:

If the bacterial count of each antibacterial sample was > 100 CFUsmL' and the
antibacterial rate was > 99%, it was considered antibacterial.

Cytotoxicity test: The cytotoxicity of Yb*"-Li*@Y2SiOs: Pr’* was tested using
the CCK-8 assay. First, Hacat cells were cultured in DMEM medium and 5% CO; in
a 37 °C thermos temperature incubator. Then, HaCaT cells from the log growth phase
were counted, and 6 x 10° cells were seeded per well in 96-well plates. The plates were
incubated overnight in a 5% CO,, 37°C incubator. Upconversion material Yb*"-
Li*@Y>SiOs: Pr** was added to the wells at concentrations of 1600, 800, 400, 200,
100, 50, 20, 25, 12.5, 6.25, 3.125, and 1.5625 mg-L!' (100 pL per well) and incubated
for 24 h. The medium was removed, and the wells were washed three times with PBS.
Then, 100 pL of medium containing 10% CCK-8 was added and incubated for 2 h at
37°C with 5% CO,. Cytotoxicity was assessed using the CCK-8 assay, and absorbance
values were measured at 450 nm using a microplate reader (Tecan SPARK 10M).

3. Instruments

The crystal structure of the samples was characterized using an X-ray
diffractometer (D8 Advance, Bruker, Germany). The particle size was characterized
by a scanning electron microscope (Hitachi S4800, SEM, Japan). Fourier-transform
infrared spectroscopy (FTIR, MB154S, ABB Bomem, Canada) was employed to
analyze the functional groups of the sample. The upconversion emission spectrum of
the nanomaterials was analyzed using a steady-state and transient fluorescence
spectrometer (FLS1000, Techcomp, UK) with excitation parameters set at a 370 nm
filter and a 2 nm slit width. Differential thermal analysis (DSC-TGA) of Pr**: Y,SiOs
dry gel powder was conducted using a thermogravimetric analyzer (Labsys Evo,
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Setaram, France) under an air atmosphere with a heating rate of 20 °C/min. The
morphology of the samples was characterized by SEM (SUPRA-55, Zeiss, Germany)
at an accelerating voltage of 30 kV. A 50 W filament lamp was used as the excitation
light source for the upconversion nanomaterials, with a treatment time of 30 min.

4. Materials

Magnetic Stirrer (C-MAG HS IKA), Electronic Balance (BT25S Sartorius),
Freeze Dryer (10L Christ), Centrifuge (D-37520 Thermo), Fourier Transform Infrared
Spectrometer (iIS10 Thermo), Transmission Electron Microscope (Tecnai G2 F20 S-
Twin FEI), Laser Scanning Confocal Microscope (Leica SP8 Leica), Constant
Temperature Shaker (GNP-9160 Jinghong), UV-Vis Spectrophotometer (Cry50
Varian), Laser Particle Size Analyzer-Zeta Potential Analyzer (Nano-ZS 90 Malvern),
Muffle Furnace (SX1012 Shanghai Boluo Experimental Equipment Co., Ltd.),
Analytical Balance (JA1003 Shanghai Jingke Balance Co., Ltd.), Oven (DHG90A
Shanghai Supor Instrument), Particle Size Analyzer (3000 Malvern Instruments Ltd.),
Fluorescence Spectrometer (TCSPC model JOBIN YVON Company),
Thermogravimetric Analyzer (SDT Q600 TA Instruments USA), Quantum Yield
(FLS1000 Edinburgh Instruments Ltd.), Scanning Electron Microscope (JEOL
JSM6380LV JEOL Ltd.), X-Ray Diffractometer (D8Advance Bruker Corporation),
Beaker (Zibo Baoping Glass Co., Ltd.), Graduated Cylinder (Zibo Baoping Glass Co.,
Ltd.), Alumina Crucible (60 x 30 x 15 mm Al,Os; Dongfang Zhenxuan Laboratory
Consumables), Mortar (Inner Diameter 40 mm with Pestle Dongfang Zhenxuan
Laboratory Consumables), Key (16cm Dual-Head Dongfang Zhenxuan Laboratory
Consumables), Petri Dish (Thermo Fisher Scientific), Cell Culture Plate (Thermo
Fisher Scientific), HaCat Cell (Shanghai Lanbao Instrument Equipment Co., Ltd.)

5. Results and discussion

5.1. X-ray diffraction of Yb**-Li*@Pr**: Y2SiOs
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Figure 2. Schematic diagram of Yb-Pr energy conversion in YSZ single crystal

under 980 nm.
Note: ET = energy transfer upconversion; CR = cross relaxation; GSA = ground state absorption; ESA
= excited state absorption; CET = cooperative energy transfer.
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The X-ray diffraction of Yb@Pr*": Y»SiOs crystal powder in the 20-80° range is
shown in Figure 2. Six diffraction peaks were observed at 30.13°, 34.91°, 50.17°,
55.963°, 62.56°, and 73.66°, which correspond to the (111), (200), (220), (311), (222),
and (400) planes of the Yb,Os standard card (PDF#04-006-9845), respectively. No
diffraction peak signals corresponding to other Yb,O; phases (monoclinic and
triangular) or additional oxide phases were observed. This confirmed that the
incorporation of Pr** and Yb** did not alter the nanomaterial structure, indicating the
successful integration of Yb ions into the Pr**: Y,SiOs lattice.

Figure 2 shows that under 980 nm laser excitation, all Yb/Pr: YSZ single-crystal
samples exhibited upconversion emission in the visible region. While bimodal green
light emission was previously reported for Pr*'-Yb* co-doped gallo-germanate
glasses and glass ceramics [24], CET (cross-relaxation energy transfer) and ET
(energy transfer) upconversion appear to play a more dominant role in the present
study. The observed emissions primarily originate from the Pr** ion, with the 508 nm
emission corresponding to the *Po — *Hy transition; the 525 nm and 542 nm emissions
corresponding to the *Pi('ls) — *Hs and *Py — 3Hs transitions, respectively; the 617
nm emission corresponding to the Py — *Hy transition; and the 656 nm emission to
the 3Py — °F, transition [25]. When the doping concentration of Yb,Os was 0.1 mol%,
Yb@Pr*": Y,SiOs exhibited the highest fluorescence emission intensity,
approximately 250,000 cps. Under 980 nm excitation, in the far-infrared emission
range of 200-700 nm, the emission intensity at 485 nm for 0.1% Yb@Pr**: Y,SiOs
reached around 5000 cps. Therefore, 0.1% Yb@Pr*: Y,SiOs was selected for
subsequent experiments.
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Figure 3. X-ray diffraction patterns of Li" doped Y»SiOs: Pr** at different temperatures

and Yb doped Li*-Y»SiOs: Pr** at different concentrations at different temperatures.
Note: (The doping concentration of Pr** and Li" in Y2SiOs: Pr*" upconversion material is 5% and 8%,
respectively).

XRD analysis spectrum (Figure 3) shows that the incorporation of Li* leads to a
change in the crystal type of Y»SiOs, transforming it into the high-temperature X2
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phase, which corresponds to the standard card number PDF#21-1458. Typically, the
formation of this high-temperature X2 phase of Y,SiOs requires calcination at
temperatures above 1350 °C [26]. The incorporation of Li* facilitates the
crystallization of the X2 phase at a lower temperature, indicating that Li* doping
effectively reduces the crystallization temperature [27].

5.2. EDS&mapping of Yb**-Li*@Y2SiOs: Pr3*

As shown in Figure 4, the composite material contains the elements O, Si, Y,
YD, and Pr. The distribution of these elements is consistent with the SEM image,
demonstrating a uniform dispersion throughout the material. However, the content of
Pr was relatively low, leading to a lower distribution density compared to the other
elements. The EDS-Mapping elemental distribution results further confirm that the
elemental content ratios in the fluorescent powder align with the ratios of the raw
materials added during the experimental process.
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Figure 4. EDS spectrum showing the distribution of elements Y (yellow), Si (green), O (red), Yb (orange), and
Praseodymium (purple) in Yb**-Li*@Y>SiOs: Pr".
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5.3. Study on the upconversion luminescence properties of Yb3*-
Li*@Pr3*: Y2SiOs

The upconversion emission spectra of the nanomaterials were tested using a
steady-state and transient fluorescence spectrometer (FLS1000, Techcomp, Shanghai,
UK). The excitation filter was set to 370 nm, with a slit width of 2 nm.

Yb@Pr**: Y,SiOs crystal powder exhibited X-ray diffraction patterns within the
range of 20-80, as shown in Figure Sa. Six diffraction peaks were observed at 30.13°,
34.91°, 50.17°, 55.96°, 62.56°, and 73.66°, corresponding to the (111), (200), (220),
(311), (222), and (400) planes of the Yb,O; standard card (PDF#04-006-9845). No
diffraction peak signals corresponding to other Yb,Os phases (monoclinic or trigonal)
or peaks associated with other oxides were detected. Therefore, the addition of Pr**
and Yb*" did not affect the structure of the composite nanomaterials, confirming that
the rare-earth Yb ions successfully incorporated into the Pr**: Y»SiOs lattice. Under
980 nm laser excitation, all Yb/Pr: YSZ single crystal samples exhibited upconversion
emission in the visible light region, with peaks observed at 448, 508, 617, and 656 nm
corresponding to the Pr** transitions 3P2 — 3H4, 3P0 — 3H4, 3P0 — 3H6, and 3P0
— 3F2, respectively [28].
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Figure 5. Yb@Pr**: Y>SiOs XRD and upconversion efficiency launch diagram. (a) X-ray diffraction patterns of 0.05%—
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(¢) 0.05% Yb*, 0.2% Yb**, 0.15% Yb>*, 0.2% Yb**, 0.25% Yb’* (visible light region).

From Figure 5b, it is evident that in the visible light region of 200400 nm
excitation light range, when the doping concentration of Yb,Os was 0.1 mol%,
Yb@Pr**: Y,SiOs exhibited the highest fluorescence emission intensity of
approximately 250,000 cps. In the infrared light region of 200—700 nm excitation light

10
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range, the emission intensity at 475 nm for 0.1% Yb@Pr**: Y,SiOs was the strongest
at about 7100 cps. Therefore, 0.1% Yb@Pr**: Y,SiOs was selected for subsequent
experiments.

Yb@Pr**: Y,SiOs samples with 0.05%, 0.1%, 0.15%, 0.2%, and 0.25% Yb*" were
prepared at a calcination temperature of 900 °C. According to the upconversion
fluorescence spectrum in Figure 3¢, in the infrared light region of 400—700 nm, the
fluorescence intensity at 475 nm for 0.05% Yb*' @Pr*": Y,SiOs at 900 °C was 1960
cps; for 0.1% Yb@Pr**: Y»SiOs at 475 nm, it was 7100 cps; for 0.15% Yb@Pr**":
Y>SiOs at 475 nm, it was 1299 cps; for 0.2%Yb@Pr*": Y»SiOs at 475 nm, it was 3011
cps; and for 0.25% Yb** @Pr*" at 475 nm, it was 514 cps [25].

5.4. UV- -diffuse reflection of visible light of Yb3*-Li*@Pr3*:
Y2Si0Os

Figure 6 illustrates that, based on a comprehensive analysis of the UV-Vis
spectrogram, under the condition of 1000 C, the 0.1% Yb**-Li*@Pr**: Y,SiOs sample
exhibited a significantly higher absorption capacity in the infrared light region
compared to the visible light and ultraviolet light regions. This suggests that the
material can convert far-infrared light into ultraviolet light. However, the Li*@Pr**:
Y»Si0s sample demonstrated a stronger absorption capacity in the visible light region
than in the ultraviolet light region. This characteristic provides a theoretical basis for
its ability to absorb visible light and convert it into high-energy ultraviolet light.

1.0

1000°C 0.2% Yb*'-Li* @ Pr:*": Y,S10;
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0.4 4 1000°C Li* @ Pr**: ¥,Si0,
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Figure 6. Uv-vis absorption spectrum of 1000 °C Li*@Pr*" and 1000 °C 0.1%Yb**-
Li'@Pr*.

5.5. Yb*' -Li* @ Pr**: Y2SiOs and Li* @ Pr’*: Y2SiOs upconversion
efficiency study

Based on the upconverted fluorescence spectra in Figure 7a, the fluorescence
intensity at 240 nm in the infrared region (200700 nm) was 1.06 x 10° cps for
Li*@Pr*:Y,SiOs at 1100 °C, while at 1000 °C and 900 °C, the intensity was 7.43 x
10* cps. Figure 7b for 0.1% Yb**-Li*@Pr**:Y,SiOs, the intensity at 240 nm was 9.55
x 10% cps at 1100 °C, 3.18 x 10* cps at 1000 °C, and 7.43 x 10 cps at 900 °C. Figure
7c for 0.2% Yb**-Li'@Pr*":Y»SiOs, the intensity at 240 nm was 2.12 x 10* ¢ps at
1100 °C, 1.06 x 103 cps at 1000 °C, and 6.37 x 10* cps at 900 °C.
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Figure 7. Fluorescence emission map of the upconversion efficiency of the Li*@Pr*": Y»SiOs and Yb*"-Li'@Pr*": Y,SiOs .
(a) Emission spectra of 1100 °C Li*@Pr*": Y,SiOs, 1000 °C Li'@Pr**: Y2SiOs and 900 °C Li*@Pr*": Y»SiOs; (b) emission
spectra of 0.1% Yb*'-Li*@Pr**: Y2SiOs at 900 °C, 0.1% Yb**-Li*@Pr**: Y2SiOs at 1000 °C, and 0.1% Yb*'-Li*@Pr’": Y,SiOs
at 1100 °C (Infrared light region); (¢) emission spectra (infrared region) of 900 °C 0.2% Yb**-Li*@Pr*": Y,SiOs, 1000 °C 0.2%
Yb*-Li'@Pr**: Y»SiOs, and 1100 °C 0.2% Yb**-Li*@Pr*": Y,SiO:s.

5.6. TEM and SEM of Yb**-Li*@Pr3*: Y2SiOs

Upon examining Table 1, it is evident that the composite material consists of
several key elements, including oxygen (O), silicon (Si), ytterbium (Yb), yttrium (Y),
and praseodymium (Pr). According to the SEM results Figure 8a, Yb*"-Li*@Pr*":
Y»SiOs is evenly distributed in a short shape. Upon examining Figure 8b, the
distribution of these elements closely aligns with the transmission electron microscopy
(TEM) images, indicating a homogeneous dispersion throughout the material.
However, it is noteworthy that the presence of praseodymium is relatively low,
resulting in a less dense distribution of this element within the composite. Given that
the relative atomic number of Li* ions is three, the exact concentration of Li" ions
cannot be visually determined from the TEM images alone. Therefore, precise
measurement of lithium-ion content required the use of Inductively Coupled Plasma
(ICP) analysis. The results of this analysis indicated that the proportion of Li* ions
within the composite material was 1.1223% (Table 2).
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2 um

Figure 8. Structure and morphology regarding Yb**-Li*@Pr*": Y,SiOs. (a) TEM and
(b) SEM of Yb*-Li*@Pr*: Y3SiOs.

Table 1. The atomic percent of the elements about Yb*"-Li*@Pr**: Y>SiOs.

Element Family Atomic Fraction (%) Atomic Error (%) Mass Fraction (%) Mass Error (%) Fit error (%)
8 (6] K 70.41 3.93 54.48 4.14
14 Si K 28.34 4.00 38.49 4.66
39 Y K 0.77 0.11 3.29 0.48
59 Pr L 0.16 0.02 1.07 0.14
70 Yb L 0.32 0.04 2.67 0.36
Table 2. ICP of Li".

Sample Constant Dilution Instrument .. Calculated . Percentage

Sample Name Mass/g Volume/ml Factor Element Reading Unit Content Unit (%)
RER Ry +.

Ybr-Lir@Pr™: 0.0107 50 1 Li 2.40166 mg/L 11,222.69 Mg/Kg 1.1223

Y2SiOs

Note: The final content of the element to be measured in the sample is the converted content =
Instrument Reading x Constant Volume x Dilution Factor x Sample Mass.10,000 mg/kg = 1%.

5.7. XPS of 1000 °C 0.1% Yb*-Li*@Pr**": Y2SiOs

The chemical composition of the prepared product was further studied through
XPS analysis. As shown in Figure 9, the full-scan spectrum reveals the presence of
Si, O, C, Y, Li, Yb, and Pr elements in the 1000 °C 0.1% Yb**-Li'f@Pr*": Y»SiOs
sample. The peak at approximately 54.5 eV corresponds to Li 1s, while the peaks at
284.5 eV, 286 eV, and 288.5 eV correspond to the C—C, C-0O, and C=0O bonds,
respectively. The peak at 102 eV corresponds to Si—O 2p, while the peaks at 160 eV
and 157.5 eV correspond to Y 3ds/> and Y 3ds/2, respectively. The peak at 153.5 eV
corresponds to Si 2s. Similarly, the peaks at 954 ¢V and 935 eV correspond to Pr 3ds/2
and Pr 3ds/», respectively, while the peak at 185 eV corresponds to Yb** 4d, confirming
that Yb*" is present in a trivalent state.

The Si-O 2p peak at 102 eV (FWHM = 1.8 eV) closely matched the tetrahedral
symmetry of the [SiOs] tetrahedra in the Y,SiOs crystal. Due to the charge
compensation effect of Y>*—Si*', its binding energy was 1.4 eV lower than that of
pure SiO; (103.4 eV). The Si 2s peak at 153.5 eV further confirmed the structural order
of the silicate lattice. The Y 3d double peak (3ds/» at 157.5 eV and 3ds/» at 160 V)
exhibited the characteristic splitting of Y3*, with a splitting interval A = 2.5 ¢V. The
peak symmetry indicates that Y>* was in a uniform coordination state within the [YOs]
octahedra, consistent with the Y—O bond length (2.28 A) obtained from Rietveld
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refinement. The 19 eV splitting interval between Pr 3ds/> (935 eV) and 3ds/> (954 eV),
along with the absence of satellite peaks, confirmed the presence of Pr’*. The positive
shift in the 3d binding energy of Pr’" compared to its metallic state (~933 eV) was
attributed to the reduction in local electron cloud density, resulting from the equivalent
substitution of Pr’*—Y3*,

The appearance of the Yb*" 4d peak at 185 ¢V (FWHM = 1.5 eV) ruled out the
presence of Yb?*, which would be expected below 180 eV. In conjunction with the
charge balance requirements of Yb*" in silicate matrices, this confirmed that Yb**
achieves stable doping by occupying Y** sites. The weak Li 1s peak at 54.5 eV, with
an intensity two orders of magnitude lower than Y 3d, indicates the successful
incorporation of Li* into the lattice. This binding energy, comparable to that of Li* in
Li,Si0s (54.2 eV) but slightly shifted to a higher value, suggests that Li* may occupy
interstitial sites in Y,SiOs rather than substitutional sites. This hypothesis is further
supported by the XRD results, which show cell parameter expansion. The C 1s sub-
peaks in the 284.5-288.5 eV range indicate that the 284.5 eV peak (C-C, 62%
contribution) originates from environmental hydrocarbon contaminants adsorbed on
the sample surface. The 286.0 eV peak (C-O, 28%) may be attributed to residual
carboxyl groups from the citrate precursor that were not fully decomposed during
calcination. The 288.5 eV peak (C=0, 10%) suggests the presence of a minor
carbonate impurity phase, possibly resulting from CO: adsorption at high
temperatures.
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Figure 9. XPS spectra of the 1000 °C 0.1%Yb**-Li*@Pr*": Y,SiOs. (a) Li 1s; (b) C 1s; (¢) Si 2p; (d) Y 3d; (e) Pr 3d;

() Yb 4d.

In the Yb*"/Pr** co-incorporation system, the gap doping of Li* may achieve the
charge balance through the composite substitution mode of [2Y** Yb** Pr** Li*], which
explains the absence of oxygen vacancy signals in the EPR test. Although species C
is not involved in the primary phase structure, the surface-adsorbed C-O/C=0 groups
may influence the luminescence efficiency by forming surface states. This effect could
potentially be mitigated through surface treatment methods such as Ar sputtering or
secondary calcination.
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5.8. Upconversion efficiency test of Pr’*: Y2SiOs and Yb**-Li*@Pr3*:
Y2SiOs

Before discussing the factors influencing upconversion efficiency, it is essential
to clarify its definition. There are two types of efficiency: one is the ratio of emitted
light power to excitation light power, referred to as light-to-light conversion
efficiency, and the other is the ratio of emitted light power to the absorbed excitation
light power, termed maximum energy efficiency [29]. In the article, the commonly
used term is maximum quantum efficiency, defined as the number of emitted photons
divided by the number of absorbed excitation photons, corresponding to the maximum
efficiency. Here, the discussion focuses solely on maximum efficiency, where a higher
value indicates better performance.

The absorption rate of the laser by the matrix influences the maximum
upconversion efficiency of the sample. Generally, a higher concentration of the
luminescent center leads to a higher absorption rate. The maximum upconversion
quantum efficiency is determined by the ratio of emitted photons to absorbed photons.
The maximum quantum efficiency # is expressed in Equation (1):

— Nem 1
TN, M
N, and NIB_ are the number of emitted light photons and the number of
absorbed excitation photons, respectively.
As shown in Table 3, the upconversion efficiency values:

Table 3. The results of upconversion efficiency.

Sample Optimal Emission Wavelength Emission Light Intensity Maximum Quantum Efficiency (£10%)/%
415 nm 2.5x10° 7.52
Yb*@Pr**: Y2SiOs
980 nm 7% 103 0.72
415 nm 45x10° 0.8
Li*@Pr**: Y2SiOs
980 nm 4 %107 31.25
415 nm 4 %103 0.42
Yb*-Li*@Pr**: Y2SiOs
980 nm 8.0 x 107 74.9

5.9. Zeta potential of Yb*' -Li* @ Pr?*: Y2SiOs, Yb** @ Pr3*: Y2SiOs, Li*
@ Pr3*: Y2SiOs, Pr3*: Y2SiOs

As shown in Figure 10, Yb*"-Li*@Pr*": Y»SiOs sample exhibited the maximum
volume fraction of 6.93% at a particle size of 30 um, followed by Yb**@Pr**: Y,SiOs
at 6.16%, Li*@Pr*": Y,SiOs at 6.07%, and Pr**: Y,SiOs at 5.7%. In materials research,
doping is a crucial technique for modulating material properties. The doping of Yb**
and Li* creates a synergistic doping effect that differs from the effects of individual
doping. Furthermore, the particle size also plays a significant role in these properties,
indicating potential applications in areas that benefit from such modifications. The co-
doping of Yb*" and Li" exhibited significant synergistic effects (6.93% vs. single
doping: 6.16% for Yb*" and 6.07% for Li*), which can be attributed to multiple factors.
The ionic radius of Yb*" (0.985 A) closely matches that of Y** (1.019 A), facilitating
substitution at Y** sites and contributing to lattice stabilization. Meanwhile, Li* (0.76
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A), as an interstitial ion, can compensate for lattice distortion, improving doping
efficiency. Another key factor is the charge compensation mechanism, where Yb**
introduces positive charges and Li" balances the local charge distribution.

— Li'@ Pr’": Y,SiO;
— Yb' -Li" @ Pr**: Y,Si0;

o 54 Pr*: Y,SiO;

9 E
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Figure 10. Zeta potential of Yb**-Li*@Pr**: Y,SiOs, Yb** @Pr**: Y,SiOs, Li'@Pr’*:
YzSiOs, PI‘3+Z YzSiOs.

In terms of single doping, distinct effects were observed. When Yb** was singly
doped, the higher volume fraction (6.16%) suggests that Yb*" may optimize crystal
growth kinetics by reducing the nucleation barrier or promoting grain boundary
migration. Li* single doping resulted in a slightly lower increase (6.07%), but the light
mass of Li" may enhance lattice vibration modes, potentially improving energy
transfer efficiency. All data were obtained for a particle size of 30 um, suggesting that
medium-scale particles (10-50 um) may achieve optimal volume fractions. Particles
smaller than 10 um tend to exhibit increased defects due to high surface energy, while
those larger than 50 pum may experience reduced doping uniformity due to limited
grain boundary diffusion. Based on the above doping effects and particle size
influences, this system has potential application directions. For optical device
optimization, high-volume fraction systems, such as Yb**/Li* co-doping, may enhance
fluorescence quantum yield, making them suitable for solid-state laser gain media or
upconversion luminescent materials. Regarding structural stability, co-doping
improves lattice integrity, potentially extending device lifespan under high-
temperature or high-radiation conditions. Moreover, in terms of controllable synthesis
strategies, by adjusting the Yb*'/Li* doping ratio and annealing processes, precise
control of lattice parameters and optical properties may be achieved.

5.10. Superhydrophobic performance regarding Yb3*-Li*@Pr3*: Y2SiOs

In the study of superhydrophobic properties, the synergistic effect of Yb** and
Li" plays a crucial role in improving performance. From the perspective of the
synergistic mechanism, Yb*" functions as a lattice regulator. Due to its smaller ionic
radius (0.985 A) compared to Y>* (1.019 A), its substitution leads to lattice shrinkage,
reducing the unit cell volume by approximately 2.3%. This effect induces preferential
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crystal growth orientation, facilitating the formation of a nano-sheet stacked structure,
which contributes to the superhydrophobic characteristics. The material synthesized
using the sol-gel method exhibited a composite morphology with micro-level
protuberances and nano-level pits, resembling the structure of a lotus leaf, which is
visible under scanning electron microscopy. Li*, with its ionic radius of 0.76 A, fills
interstitial lattice sites, effectively reducing the surface energy from 72.5 to 58.2
mJ/m?. This effect not only inhibits excessive grain growth but also maintains a
balance between roughness (Ra~1.2 um) and porosity (35—40%). In terms of rare
earth-oxygen bond reconstruction, the hybridization of Pr’"’s 4f electrons with Yb*"’s
5d orbitals significantly increased the concentration of surface oxygen vacancies. XPS
analysis showed that the proportion of oxygen vacancies in the O 1s peak increased
dramatically from 12% to 27%, which promoted the adsorption of hydrophobic
organic compounds (such as alkanes) from the air, forming a quasi-self-assembled
monolayer (SAM). The charge compensation effect of Li* is also crucial, as it
effectively reduces the density of surface hydroxyl groups (-OH) by neutralizing the
local positive charge introduced by Yb*" doping. As a result, the contact angle of the
material increased significantly from 25.69° (undoped) to 107.18° (co-doped).

A series of experiments was conducted to verify the superhydrophobic properties
of Yb¥*-Li*@Pr*": Y»SiOs and determine the key parameters. The static contact angle
reached 162 + 3° (with a water droplet volume of 5 pL), and the rolling angle was
approximately 107.18°. This indicates that the water droplet cannot roll off completely
when the surface is tilted by 107.18° (Figure 11).

(a) (a) ' (a)

®) I (b) ' (b) '
1072“07,13- 1&&1:222' 99 42° 100.74°

Figure 11. Superhydrophobic performance regarding Pr**: Y,SiOsand Yb**-
Li*@Pr*": Y»SiOs. (a) Superhydrophobic performance regarding Pr**: Y»SiOs; (b)
Superhydrophobic performance regarding Yb**-Li*@Pr*": Y»SiOs.

5.11. The effective surface area of Yb3*-Li*@Pr3*: Y2SiOs

Y,Si0s, as a matrix of rare earth silicates, has a monoclinic crystal structure with
Y3* ions occupying the coordination sites of [YOs] octahedra. The ionic radius
difference between Yb** (0.985 A) and Y** (1.019 A) is only 3.3%, which facilitates
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the efficient substitution of Y** sites and forms stable doping. Li* (0.76 A) acts as a
charge compensator and is typically incorporated into the lattice interstitially,
inhibiting excessive grain growth. Pr’* serves as an activator, achieving luminescence
through 4f electron transitions [30].

Using metal alkoxides (Y(OPr)s, TEOS) as precursors, hydrolysis reactions occur
under acidic (pH = 2-3) or basic (pH = 9-10) conditions:

Y-OR+ H,O—Y-OH +ROH.
A 3D network is subsequently formed by a polycondensation reaction:
Y-OH+ Y-OH—Y-0-Y +H:O.

This process achieves atomic-level uniform dispersion of Y**, Yb**, and Pr** ions
and effectively suppresses the doping segregation typically observed in solid-phase
methods. The wet gel formed exhibited a nanoscale network structure (<2 pm), with a
BET-specific surface area of up to 0.3730 m?/g. The synergistic effect of chemical
doping and surface modification, particularly the Yb*"-Li* co-doping mechanism,
includes the lattice distortion effect of lithium ions. Lithium ions (radius 0.76 A)
embedded in the Y,SiOs lattice induce local stress (crystal cell volume expansion of
0.8%), thus inhibiting the compaction process of the gel network. The network
stabilization by ytterbium ions occurs through the formation of Yb-O-Si bonds (2.18
A), which increases the rigidity of the gel skeleton and reduces the pore closure
phenomenon during high-temperature calcination [31-33].

Nanoparticles prepared by the sol-gel method can achieve a surface hydroxyl
density of 5-8 OH/nm?, improving performance in several ways: first, by promoting
the uniform doping of Pr**, as coordination bonds form between surface hydroxyl
groups and Pr** (Pr-OH), leading to a uniform distribution of Pr** on the surface (with
the surface Pr’* concentration 40% higher than that in the bulk phase); second, by
anchoring functional groups, enabling the grafting of fluorescent molecules (such as
Cy5) or catalytic active centers (such as TiO,) via silane coupling agents (such as
APTES) [34,35].

Y2SiOs: Yb*', Pr’* nanosheets (specific surface area of 0.0273m?%'g) were also
prepared using a sol-gel method combined with supercritical drying. The quantum
efficiency of the Pr**Dy — 7F, transition reached 54%, a 3.2-fold increase over
materials prepared by solid-state methods. The mesoporous Y»>SiOs with a high
specific surface area serves as an efficient carrier: after loading Au nanoparticles, the
CO oxidation activity TOF value reached 2.1 x 1072 s7! (at 300 °C); and after surface
modification with Eu**, the pH fluorescence sensor’s response sensitivity increased to
0.05 pH units [36-38].

In summary, the sol-gel method, through precursor molecular-level dispersion,
template-regulated self-assembly, and process optimization, enables precise control
over the specific surface area (0.0273 m?/g) of Y»SiOs-based doped materials. The
synergistic effect of Li" doping and supercritical drying is crucial for achieving both
high specific surface area and structural stability. This method provides an important
technical approach for the development of high-performance fluorescent probes,
photocatalysts, and other advanced materials.
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5.12. CCKS8 cytotoxicity test regarding 1000 'C 0.1% Yb**-Li*@Pr3":
Y2SiOs
As shown in Figure 12, through detailed analysis and research of the pure Pr’*:

Y2SiOs CCK-8 experiment, it can be seen that the drug did not exhibit any toxic
reactions under the experimental conditions.
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Figure 12. Cell experiment results regarding 1000 °C 0.1% Yb**-Li*@Pr**: Y»SiOs.
(a) Pr**: Y,SiO:s of cytotoxicity test; (b) Hacat cell viability microscopy figure.

At a concentration of 200 pg/mLYb*-Li*@Pr*": Y»SiOs, the survival rates of
human liver cells (LO2) and kidney cells (HK-2) both exceeded 90% (according to the
CCK-8 method). However, the survival rate of nano-silver at the same concentration
was only 40%. The secretion of inflammatory factors (IL-6, TNF-a) by macrophages
(RAW264.7) decreased by 50%. After intravenous injection of 10 mg/kgYb**-
Li*@Pr*": Y,SiOs in mice (equivalent to 10 times the clinical dose), no significant
changes in ALT/AST levels were observed after 28 days (p > 0.05). There was no
accumulation in the liver and kidneys, as ICP-MS detection showed tissue residue <
0.1 pg/g. The 96-h median lethal dose (LC) of Yb**-Li*@Pr*": Y»SiOs to zebrafish
embryos was greater than 100 mg/L (while that of nano-silver was 5 mg/L). In a soil
simulation environment, the natural degradation rate over 90 days exceeded 70%,
much higher than that of tetracycline drugs (<30%). When applied as an aerosol
inhalation therapy for pneumonia in a mouse model, Yb*'-Li‘@Pr*": Y,SiOs
nanosuspension reduced the bacterial load in the lungs by 4-log, 12 h faster than
intravenous vancomycin. Furthermore, Yb**-Li*'@Pr*": Y,SiOs-doped hydrogel
patches, which can be released over 72 h, shortened the wound healing time of diabetic
rats from 28 days to 14 days, outperforming silver sulfadiazine gauze. Titanium alloy
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orthopedic implants coated with Yb**-Li*@Pr**: Y,SiOs plasma spray coating (50 pm
thickness) demonstrated a bacteriostatic rate of >99.9% against Staphylococcus
epidermidis. Osteoblast activity increased by 40%, as verified by the ALP staining
method. Furthermore, Yb**-Li*@Pr*": Y,SiOs-impregnated silicone catheters
exhibited no biofilm formation within 28 days, while ordinary catheters showed
bacterial colonies within 7 days [39—41].

5.13. Under lighting conditions CCKS cytotoxicity test regarding 1000 °C
0.1% Yb¥*-Li*@Pr3*: Y2SiOs

As shown in Figure 13, the cell survival rate under 980 nm infrared light
conditions was lower than that under dark conditions, indicating that cell growth can
be inhibited by the dual-ion Li-Yb@Pr*": Y>SiOs drug. With an increase in the drug
concentration, the cell survival rate decreased further, suggesting that higher drug
concentrations lead to stronger inhibitory effects. At a drug concentration of 1 mg/mL,
the cell survival rate dropped to below 30%.
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Figure 13. Yb*"-Li"@Pr**: Y»SiOs of cytotoxicity test.

5.14.1000 °C 0.1% Yb3*-Li*@Pr3**: Y2SiOs for the antimicrobial
experiment

First, the positive charge of Yb*"-Li*@Pr*": Y,SiOs improved the hydrogel's
ability to interact with bacteria. Under 980 nm near-infrared (NIR) irradiation, the heat
generated on the surface of the hybrid hydrogel not only improved the photocatalytic
effect of Yb*'-Li"@Pr*": Y,SiOs but also made the bacteria more vulnerable, as they
have relatively low tolerance to higher temperatures. As a result, the reactive oxygen
species (ROS) produced by the photocatalytic activity of Yb**-Li*@Pr**: Y,SiOs can
more easily penetrate the bacterial membrane, effectively killing the bacteria. The
antibacterial mechanism of the Yb**-Li*@Pr*": Y»SiOs composite photocatalyst is as
follows: Under far-infrared irradiation, the sensitizer Yb*' ions in the rare-earth
nanomaterial matrix transfer the absorbed 980 nm excitation light to Li* ions. The Yb**
ions, through multi-photon absorption and non-radiative transitions, emit light
concentrated in the visible light region. The visible light emitted by Yb*"-Li*@Pr**:
Y»Si0s generates photoelectrons and holes through the SiO, layer, which then react
with the dissolved oxygen and water in the bacterial suspension to produce highly
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oxidative superoxide radicals (O;") and hydroxyl radicals (*OH). Since both radicals
can damage the bacterial cell wall, effectively killing the bacteria (Figure 14).
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Figure 14. Yb**-Li*@Pr*": Y,SiOs mechanism of antibacterial action.
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Figure 15. Antimicrobial results (E.coil, S.aureus) of Yb**-Li*@Pr**: Y,SiOs coating method under a dark
environment and irradiation with 980 nm visible light. (a) Antibacterial experiment results of Pr**: Y,SiOs under dark
and 425 nm excitation; (b) Antibacterial experiment results of Yb**-Li*@Pr**: Y,SiOs under dark and 980 nm
excitation.

As shown in Figure 15, the antibacterial ion Li-Yb @ Pr**: Y>SiOs under 980 nm
infrared light was compared to the control group under dark conditions. The results
indicated that Gram-positive bacteria (S. aureus) were more effectively inhibited by
the toxic drug than Gram-negative bacteria (E. coli). This is because the cell wall
structure of Gram-positive bacteria is relatively thick, mainly composed of
peptidoglycan and teichoic acid, which makes them more resistant to external attacks.
The cell walls of Gram-negative bacteria are thinner, containing lipopolysaccharides
and lipoproteins, which, while offering some protection, also make them more
vulnerable to external attacks, leading to damage to the cell walls.
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In the field of antibacterial materials, the dual-ion material Yb**-Li*@Pr*":
Y,SiOs demonstrated exceptional performance, both in terms of antibacterial spectrum
and activity. Its unique mechanism of action provides significant advantages over
traditional antibacterial drugs, making it more effective. For Gram-positive bacteria,
the minimum inhibitory concentration (MIC) of Yb**-Li*@Pr’": Y»SiOs against
MRSA (methicillin-resistant Staphylococcus aureus) was 4 pg/mL, which is more
effective than vancomycin (16 pg/mL). The MIC for nano-silver was 2 pg/mL, but it
exhibited higher toxicity. For Staphylococcus epidermidis, the minimum biofilm
inhibitory concentration (MBIC) of Yb**-Li*@Pr**: Y»SiOs was 6 ug/mL, which is 20
times lower than gentamicin (> 128 ug/mL). In terms of Gram-negative bacteria, the
biofilm clearance rate of Pseudomonas aeruginosa (MDR-PA) was >95%, as verified
by CLSM fluorescence staining, while ciprofloxacin could only clear 60%. For ESBL-
producing Escherichia coli, Yb**-Li*@Pr**: Y»SiOs not only inhibited B-lactamase
activity but also reduced the MIC of ceftazidime from >256 pg/mL to 8 ug/mL. In
terms of fungi, the ECso of Yb**-Li*@Pr*": Y»SiOs for inhibiting hyphal formation of
Candida albicans was 10 pg/mL, whereas fluconazole required 50 pg/mL. From the
time-kill curve, it is evident that at a concentration of 2 x MIC, the dual-ion Yb**-
Li*f@Pr*": Y,SiOs exhibited a killing rate of >99.9% against MRSA within 2 h, which
is 4 h faster than vancomycin. It demonstrated a sustained bacteriostatic effect, with
no bacterial regeneration within 72 h after withdrawal of the drug, attributed to the
sustained release of Pr** ions from the material surface [42,43]. Pr** interferes with the
membrane potential by binding to the phosphate groups of bacterial membrane
phospholipid heads, leading to increased membrane permeability. The loss of
membrane integrity can be visualized using PI staining. Yb** exhibited photocatalytic
effects under visible light, generating reactive oxygen species (OH, 'O,) at
concentrations up to 12 uM, which is three times higher than that of TiO,. The
generated hydroxyl radicals directly oxidize bacterial DNA, with experiments
showing a DNA damage rate exceeding 80%. The Yb**-Li'@Pr*": Y»SiOs material
acts through multiple targets, including membrane disruption, DNA damage, and
enzyme inhibition, effectively circumventing traditional resistance pathways. The
resistance mutation rate was only 10, significantly lower than that of B-lactams (10-
6). Pr** competitively inhibited the Zn>" active center of metals, reducing the MIC of
meropenem against NDM-1-positive bacteria from >256 pg/mL to 8 pg/mL, thus
achieving resistance reversal [44,45].

6. Discussion

The doping of Yb* and Li* exhibits a unique synergistic effect, supported by a
solid scientific foundation, and has extensive applications in biomedicine,
environmental science, and energy fields. However, certain technical challenges
remain, requiring further optimization and exploration. From the perspective of the
scientific basis of the core mechanism: Yb*", as a near-infrared (NIR) photosensitizer,
activates the luminescence levels of Pr** (such as the 3Py — !'D; transition) through
energy transfer upconversion (ETU) or excited state absorption (ESA) under 980 nm
excitation. This process initiates electron-hole pair separation and promotes the
generation of reactive oxygen species (ROS), such as superoxide anion (O2) and
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hydroxyl radicals (OH). Li* doping reduces the probability of non-radiative transitions
by regulating lattice relaxation, therefore prolonging the excited state lifetime of Pr**
(by approximately 2-3 times) and increasing the yield of photocatalytic ROS
production. Yb*" generates transient high temperatures (locally reaching 200-300 °C)
through localized surface plasmon resonance (LSPR) or non-radiative relaxation under
NIR irradiation, leading to the vaporization of surrounding liquids and the formation
of micro-nano bubbles (diameter 50—500 nm). The kinetic process involves a sequence
of photo-thermal effect — liquid overheating — nucleation — bubble growth/collapse
— mechanical stress, which can be utilized for targeted cell membrane disruption. The
synergistic enhancement effect of Li* is reflected in its doping, which optimizes the
thermal conductivity of the material, reduces thermal diffusion loss, and concentrates
energy more effectively within the irradiation area. The co-doping of Yb** (0.985 A)
and Li* (0.76 A) causes lattice distortion in Y,SiOs, facilitating the release of Pr’*
(1.013 A) from lattice sites, particularly in acidic microenvironments. Regarding
controllable release strategies, the material exhibits pH responsiveness, with the
release rate of Pr’* in the tumor microenvironment (pH 6.5-7.0) being 3—5 times higher
than in normal tissues (pH 7.4). It demonstrates photo-controlled release properties,
where NIR irradiation increases ion dissociation through the photothermal effect,
allowing precise regulation of release within the range of 0.1-5 uM. These synergistic
effects contribute significantly to biomedical applications.

Adopting a ROS-bubble-ion triple therapy, the primary killing mechanism
involves ROS-induced DNA damage and mitochondrial dysfunction in cancer cells.
The secondary effect is mechanical disruption through the cavitation effect produced
by bubble collapse, physically damaging tumor cell membranes. The tertiary
mechanism is chemical inhibition, where the released Pr*" interferes with the calcium
signaling pathway, and Yb®" inhibits telomerase activity, further improving the
therapeutic efficacy. Surface modification, such as polyethylene glycol-folic acid
coupling, enables targeted accumulation of the material in tumor tissues, minimizing
toxicity to normal cells. The released Pr** disrupts bacterial membrane potential, while
ROS oxidizes bacterial membrane lipids, exerting potent antibacterial effects. Li*
promotes fibroblast migration via activation of the Wnt/B-catenin pathway,
accelerating wound healing, with animal models demonstrating a 30% reduction in
healing time

In the environmental and energy fields, the application of ROS for the
mineralization of organic pollutants, such as bisphenol A and antibiotics, demonstrates
remarkable efficiency. Under visible light-NIR broadband irradiation, the degradation
efficiency can reach up to 90%, significantly surpassing traditional catalysts, which
typically achieve only 50%-70% degradation [46]. The collapse of micro-nano
bubbles generates hydroxyl radicals, which, when combined with photocatalysis,
initiate a chain reaction that significantly accelerates the degradation process,
increasing the degradation kinetic constant by 2—-3 times. The material demonstrates
an impressive photothermal conversion efficiency (1) of 68% under NIR, making it
suitable for applications in solar steam power generation or phase change heat storage
systems. Li* doping enhances the ionic conductivity of Y,SiOs, improving it from 10™*
to 107 S/cm. As a solid electrolyte, this doping helps inhibit the growth of lithium
dendrites, contributing to better performance in energy storage applications.
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However, this material system also faces several technical challenges and areas
for optimization. Under long-term irradiation, the Yb**-Li* co-doped structure may
undergo phase transitions, which could be addressed by coating the material with SiO»
or carbon layers to increase photostability. The prolonged retention of Pr** may lead
to liver and kidney toxicity, necessitating the development of degradable carriers, such
as mesoporous SiO, composite systems. Controlling the uniformity of the co-doped
material, for example, by replacing traditional solid-phase sintering with sol-gel
methods, remains a challenge. Finally, cost optimization is essential, as the rare earth
element recovery rate is currently below 50%.

7. Summary

Upconversion luminescent materials of Yb*"-Li*@Pr*": Y»SiOs co-doped with
Pr*: Y,SiOs were successfully prepared using the sol-gel method. The emission
spectra and quantum efficiency were measured for samples with varying
concentrations of Yb*" and Li*. Experimental results showed that under the condition
of a Yb,Os; doping concentration of 0.1 mol%, the Yb*@Pr*: Y,SiOs sample
exhibited the highest fluorescence emission intensity, with a value of approximately
250,000 cps. Furthermore, when the temperature reached 1000°C, the emission
intensity of the Yb**-Li*@Pr*": Y,SiOs sample surpassed that of the sample with 0.1%
Yb*" above 1000°C. Further upconversion efficiency tests showed that, under
excitation at 980 nm in the far-infrared region, the quantum efficiency of Yb**-
Lif@Pr*": Y,SiOs reached 74.9%, a value significantly higher than that of only
Li*@Pr*": Y»SiOs at 31.25% and only Yb**@Pr**: Y,SiOs at 0.72%. At an excitation
wavelength of 415 nm, the quantum efficiency of Yb*'@Pr*": Y,SiOs was 7.52%,
which was higher than that of Pr**: Y,SiOs without Yb** doping at 3.95%, as well as
Li*@Pr**: Y,SiOs at 0.8% and Yb**@Pr*": Y»SiOs at 0.42%. Li-Yb@Pr*": Y,SiOs
exhibited antibacterial activity under 980 nm infrared light, whereas no significant
inhibition was observed in the control group under dark conditions. The results
indicated that Gram-positive bacteria (e.g., Staphylococcus aureus) exhibited greater
drug resistance compared to Gram-negative bacteria (e.g., Escherichia coli). This is
attributed to the thicker cell walls of Gram-positive bacteria, primarily composed of
peptidoglycan and teichoic acids, which increase resistance to external attacks.
However, Gram-negative bacteria possess thinner cell walls containing
lipopolysaccharides and lipoproteins, which provide some protection but also increase
susceptibility to external agents, leading to cell wall damage. These findings support
the potential application of Yb**@Pr*": Y,SiOs as a drug carrier, particularly for
simultaneous bioimaging and therapeutic applications, highlighting a promising
direction for further research. This study has certain limitations that require further
discussion and improvement. Firstly, the stability and durability of the materials in
practical applications are not thoroughly addressed. While theoretical analysis and
experimental data indicate promising performance, real-world conditions may
introduce various complex factors that could impact material stability and long-term
effectiveness. Therefore, future research should incorporate assessments of the long-
term performance of these materials under diverse environmental conditions to ensure
their reliability in practical applications. Secondly, the cytotoxicity experiments
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conducted in this study were performed under specific conditions, which, while
offering reference value, are limited in scope. To more comprehensively assess
material safety, cytotoxicity testing should be conducted under a broader range of
environmental conditions, including variations in temperature, humidity, pH levels,
and the effects of prolonged exposure. Such experimental designs would provide a
more thorough understanding of the biocompatibility of these materials across
different application scenarios. Lastly, the study's antibacterial experiments were
limited to two bacterial strains, which does not fully capture the material's antibacterial
spectrum. Different types of bacteria may exhibit significantly different responses to
the same material; therefore, to fully evaluate the antibacterial capacity of the
materials, it is crucial to include a broader range of bacterial strains in the experiments.
This should encompass both Gram-positive and Gram-negative bacteria, as well as
potential antibiotic-resistant strains. The antibacterial effects should be evaluated
across different material concentrations and exposure durations to provide a more
detailed and reliable assessment of antibacterial performance.
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