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Alzheimer's disease (AD), marked by the misfolding/aggregation of p-amyloid (Ap), is a major global health
challenge. Polyoxometalates (POMs), as anionic therapeutic agents, exhibit potential in depolymerizing Ap
fibrils, inhibiting Ap fibrillation, and acting as a photocatalyst. To achieve targeted reactive oxygen species
(ROS) amplification, we developed a chitosan-modified near-infrared (NIR)-responsive upconversion
nanoplatform, UCNPs(Tm/Er)@SiO,@GPS@CH, as a targeted carrier for POMs. The nanoplatform was
constructed by sequentially modifying upconversion nanoparticles (UCNPs) with a silica layer,
3-glycidoxypropyltrimethoxysilane (GPS, as a linker), and chitosan (CH, a cationic biomacromolecule).
The cationic CH layer enabled efficient loading of anionic POMs through electrostatic interactions with an
optimal POM loading capacity of 415.41 pg mg™* that positively correlated with CH modification levels.
Under NIR irradiation, the nanoplatform triggered a photodynamic effect with abundant ROS. Notably,
compared with the control group and Ap monomer group, the ROS generation in the Ap fibril group was
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approximately doubled, which further enhanced the targeted therapeutic efficacy of the system. By inte-
grating NIR responsiveness, cationic chitosan, targeted ROS generation, and low systemic toxicity, the
nanoplatform provides a novel strategy for the photooxidative treatment of AD and offers insights into the
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1. Introduction

As the most prevalent cause of dementia, Alzheimer’s disease
(AD) is estimated to account for 60% to 80% of such cases.'”
AD, a neurodegenerative disorder associated with cognitive
impairment, is pathologically defined by the accumulation of
two hallmark lesions: extracellular p-amyloid (Ap)-containing
plaques and intracellular tau-containing neurofibrillary
tangles.>* There is no established way to prevent AD, and cur-
rently, no cure exists for this neurodegenerative disorder.”> Due
to the large number of people worldwide suffering from AD
and the devastating effects of dementia on individuals,
families, communities, and healthcare systems, finding
approaches to prevent, slow progression of, better manage,
and cure AD is a top priority for global research centers.®™® At
present, a growing number of studies indicate that the toxicity
of Ap monomers and fibrils was significantly reduced after
specific photooxidation reactions.”* Therefore, a promising
research hotspot in AD therapy involves modifying the chemi-
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design of chitosan-modified upconversion nanoparticle-based drug carrier systems.

cal structure of Af. This can be achieved by regulating the oxi-
dation reaction of AP through photodynamic therapy (PDT),
thereby inhibiting AP aggregation and promoting its
degradation.” ™

Photodynamic therapy (PDT) is an emerging therapeutic
approach that enables effective local control of targeted con-
ditions. It can be applied to kill tumor cells and bacteria by
activating photosensitizers with specific wavelengths to
produce cytotoxic substances, namely reactive oxygen species
(ROS)."® Although PDT was mainly aimed at tumor treatment
at first,"” with the deepening of research, PDT showed great
potential in photooxidation inhibition and depolymerization
of AB.'® Specifically, the mechanism of catalytic oxidation of
AP by PDT can be described as the oxidation of amino acids
(methionine, tyrosine and histidine) on the Af peptide chain
by ROS produced via PDT, which increases the hydrophilicity
of the AB surface and reduces the aggregation of A.">** One
of the first conditions for the application of PDT in the treat-
ment of brain diseases is that the light source can pass
through the skull to reach the treatment site. Among many
light sources used in PDT, near infrared (NIR) light falls within
the biological window of the infrared spectrum
(700-1700 nm). It exhibits excellent tissue penetrability and
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minimal damage to human tissues, enabling it to penetrate
extracranial tissues and reach the human brain.>'%?°
Therefore, the PDT drug system with NIR as the excitation
light source has been widely used in the treatment of AD.

Lanthanide (Ln*")-doped upconversion nanoparticles
(UCNPs) are capable of absorbing several low-energy photons
(NIR light) and emitting photons with higher energy (UV/Vis
light).?’* UCNPs are considered as excellent materials for
constructing optically controlled intelligent nano-systems,
because they exhibit excellent luminescence properties and
good physical and chemical properties,**™° and their lumine-
scence properties can be flexibly regulated through an
extended multi-shell structure.’’”2° In addition, functional
modification of UCNPs through certain physical and chemical
means can bind photosensitizers, hydrophilic groups, target-
ing groups or specific antibodies to their surface, thus realiz-
ing PDT in deep tissues, improving selectivity, and reducing
side effects.’** Additionally, P. Kowalik et al. discovered that
upconversion nanomaterials (NaYF,:20%Yb,0.2%Tm@Si0,)
excited at 980 nm can enable PDT without photosensitizers.*®
Therefore, a NIR-responsive multifunctional therapeutic plat-
form can be realized via appropriate modification of UCNPs,
which integrates functions including imaging, targeted drug
delivery, and PDT in deep tissues.

Anionic drugs are an important part of the drug research
and clinical treatment system, including short interfering RNA
(siRNA), B-lactam antibiotics, polyoxometalates (POMs), and so
on. A major issue limiting the use of anionic drugs lies in
their highly negative charge, especially siRNA and POMs. Their
charge not only blocks free diffusion across cell membranes
but also risks repulsion by the anionic cell membrane surface.
Thus, there is an urgent need for suitable carriers that can
form stable complexes with anionic drugs, provide protection,
ensure delivery to deep tissue, and bridge the gap between cell
culture and animal models to enable efficient in vivo delivery
of anionic drugs. Polyoxometalates (POMs) are a class of polya-
nionic clusters composed of discrete early transition metal
oxides. Wells-Dawson POMs are one of the most classic arche-
types of POM architectures, with the general formula
[XaM;506,]"" (X = heteroatom, e.g. P; M = metal atom, e.g
W).?* This structure corresponds to an 18-nuclear heteropolya-
nion formed by the edge-sharing fusion of two trivacant
Keggin-type fragments. Its central moiety features a belt-like
framework composed of two tetrahedral XO, units, which is
encircled by an array of 12 equatorial metal atoms. These
metal atoms occupy the cores of MOy octahedra that are inter-
connected in an alternating pattern of corner-sharing and
edge-sharing linkages. On either side of the central belt, three
edge-sharing MO octahedra assemble into a cap-like motif,
which encapsulates the upper and lower facets of the overall
framework, respectively.’® Dawson-type POMs possess high
thermal and chemical stability and show promise in the bio-
medical field due to their low cost, excellent redox properties,
high thermal stability, and biocompatibility.>***” Based on the
above advantages, POMs have become a hot research direction
in many fields, such as anticancer therapy,®® antibacterial
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treatment, anti-Alzheimer’s disease research.®® It has been
found that POM inhibition can reduce Ap-induced cytotoxicity
by inhibiting Af aggregation through noncovalent interactions
(hydrogen bonding, electrostatic attraction, hydrophobic inter-
action, n-n stacking, etc.), thereby affecting the physical and
chemical properties of Ap.°~*> Furthermore, POMs, with their
broad absorption spectrum and excellent chemical properties,
can be used as photothermal agents, photocatalysts, and
photosensitizers in combination with optical therapies to
inhibit and depolymerize AP aggregation.*®** Li et al. found
that POMs can generate ROS under UV irradiation, which
oxidize A to increase its hydrophilicity, thereby inhibiting Ap
aggregation and degrading AB oligomers.** However, the depth
of penetration of UV light into tissues is limited, which makes
it difficult to be applied to the treatment of brain diseases.
Moreover, one of the important factors hindering the in vivo
application of POMs is their poor targeting, which may easily
interact with other physiological proteins before reaching the
lesion site, resulting in toxic side effects and reduced thera-
peutic efficacy.

Chitosan (CH), a fully biodegradable and biocompatible
natural polymer, is recognized as safe by the United States
Food and Drug Administration (US FDA). Nanoparticles pre-
pared from chitosan or its derivatives generally possess posi-
tively charged surfaces, which are excellent carriers for the
anionic drugs.*>™*® Herein, we developed a NIR-responsive
chitosan-modified UCNP nanocarrier system to deliver anionic
drugs POMs. This strategy can enhance tissue penetration
depth, achieve in situ excitation of POMs, reduce the toxic side
effects of POMs, and improve the photo-oxidation inhibition
and depolymerization of Af. In the above strategy, the UCNPs
are three-layer core-shell upconversion materials, p-NaYF,:Tm/
Yb@NaYF,@ NaYF,:Er/Yb@NaYF, (denoted as UCNPs(Tm/Er)),
which exhibit different photoresponses to low-power and high-
power NIR light and can integrate imaging function and drug
carriers into a single system. For these multi-shell upconversion
nanomaterials, the inner NaYF, layer typically serves as an inert
isolation layer and/or energy regulation layer, which separates
the dopants into two different layers to maximize the efficiency
of the upconversion processes as doping all of the lanthanide
ions in one layer would lead to nonradiative energy transfers
and lower upconversion efficiencies. The primary purpose of the
outer NaYF, layer is to realize surface defect passivation, regu-
late energy transfer, and optimize luminescence dynamics.
Under high-power NIR irradiation, UCNPs(Tm/Er) absorb NIR
light and convert it to UV light to stimulate POMs to photo-
oxidize AP, while under low-power NIR irradiation, they convert
NIR to Vis light for imaging. In addition, we investigated the
effects of the ratio of UCNPs@SiO,@GPS@CH to POMs, pH
value, and the degree of CH modification on the drug loading
capacity of UCNPs@SiO,@GPS@CH-POMs (denoted as
UCNPs@CH-POMs). Subsequently, the ROS production with
and without Af is also evaluated. This innovative design of a
NIR-responsive multifunctional anionic drug carrier represents
a significant breakthrough in photodynamic strategies for the
potential alleviation of Af cytotoxicity.

This journal is © The Royal Society of Chemistry 2026
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2. Materials and methods
2.1. Materials

Rare earth chlorides (YCl;-6H,0, YbCl;-6H,0, TmCl;-6H,0,
and ErCl;-6H,0) and sodium tungstate dihydrate
(Na,WO0,-2H,0, 99.5%) were supplied by Aladdin Reagents
(Shanghai, China). Phosphoric acid (H;PO,4) was bought from
Hongyan Reagent Factory (Tianjin, China). Potassium chloride
(KCl) and hydrochloric acid (HCI) were sourced from Luoyang
Chemical Reagent Factory and Yantai Shuangshuang Chemical
Co., Ltd, respectively. 3-Aminopropyltriethoxysilane (APTES)
and 2,4-dinitro-phenylhydrazine (DNPH) were bought from
Maclean’s (Shanghai, China). Sigma-Aldrich (St Louis, MO,
USA) provided oleic acid, octadecene, (3-glycidyloxypropyl)tri-
methoxysilane (GPS), chitosan (CH, molecular weight:
190 000-300 000 Da), 1,3-diphenylisobenzofuran (DPBF), and
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). Af peptide was
sourced from MedChemExpress (Shanghai, China). The
DCFH-DA-based ROS kit was obtained from Beyotime
Biotechnology (Shanghai, China). All other chemicals used
were of analytical grade.

2.2. Synthesis of §-NaYF,:Tm/Yb (UCNPs(Tm))

B-NaYF,:Tm/Yb upconversion nanoparticles (UCNPs) were syn-
thesized under a high-purity nitrogen atmosphere. First, an
aqueous rare earth chloride solution containing 700 pL of 2 M
YCl;, 600 pL of 1 M YbCl;, and 370 pL of 0.02 M TmCl; was
added into a 100 mL round-bottom flask preloaded with
30 mL of 1-octadecene and 12 mL of oleic acid. Under nitrogen
protection, water was removed via vacuum evaporation, and
the mixture was gradually heated to 140 °C until a clear, homo-
geneous solution was obtained. Upon cooling the solution to
55 °C, a 10 mL methanol (MeOH) dispersion of ammonium
fluoride (8 mmol) and sodium hydroxide (5 mmol) was added,
and the mixture was stirred for 30 min. MeOH was then evap-
orated under vacuum at 55 °C. The reaction temperature was
rapidly increased to 300 °C and held for 1.5 h. After cooling
the mixture to 70 °C, excess ethanol (EtOH) was added, fol-
lowed by centrifugation at 8000 rpm for 5 min to collect the
p-NaYF,:Tm/Yb UCNPs.

2.3. Synthesis of §-NaYF,:Tm/Yb@NaYF,

The synthesis of f-NaYF,:Tm/Yb@NaYF, was conducted under
a high-purity nitrogen atmosphere with a nitrogen flow rate of
60 mL min~". A 2 M YCl; aqueous solution (900 pL) was added
to a mixed solution consisting of 30 mL 1-octadecene and
12 mL of oleic acid. The mixture was subjected to vacuum to
remove water, and then gradually heated to 140 °C until a
clear, homogeneous solution was obtained. After cooling the
solution to 80 °C, an n-hexane dispersion of p-NaYF,:Tm/Yb
core nanoparticles (5 mL, 60 mg mL™') was added. Then,
n-hexane was removed under vacuum and the temperature was
raised to 140 °C. Upon cooling the solution to 55 °C, a MeOH
dispersion (10 mL) containing 7 mmol ammonium fluoride
and 4.4 mmol sodium hydroxide was added to the above
mixture, followed by a 30-minute reaction.

This journal is © The Royal Society of Chemistry 2026
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2.4. Synthesis of f-NaYF,:Tm/Yb@NaYF,@NaYF:Er/Yb

A rare earth salt solution (1.4 mmol YCl;3-6H,0, 0.35 mmol
YbCl;-6H,0, and 0.035 mmol ErCl;-6H,0) was added to a
mixed solution of 12 mL oleic acid and 30 mL 1-octadecene, at
a stirring speed of 2000 rpm. The following steps are the same
as those for synthesizing B-NaYF,:Tm/Yb@NaYF, core-shell
nanoparticles, with two key differences: the aforementioned
NaYF,:Tm/Yb@NaYF, nanoparticles serve as the core (5 mL,
60 mg mL "), and NaYF, epitaxial shell growth depends on the
YCl;-6H,0 precursor.

2.5. Synthesis of §-NaYF,:Tm/Yb@NaYF,@NaYF:Er/'Yb@NaYF,

A rare earth salt solution (1.8 mmol YCl;-6H,0) was added
into a mixed solution of 12 mL oleic acid and 30 mL 1-octade-
cene, and stirred thoroughly. The following steps are the same
as those for synthesizing f-NaYF,:Tm/Yb@NaYF, core-shell
nanoparticles, with two key adjustments: the core material was
replaced with f-NaYF,:Tm/Yb@NaYF,@NaYF,:Er/Yb nano-
particles, and YCl;-6H,0O was employed as the precursor of epi-
taxial shell growth.

2.6. Synthesis of UCNPs(Tm/Er)@8SiO, nanoparticles

UCNPs(Tm/Er) were coated with SiO, according to a previous
study.’ A 100 mL round-bottom flask was charged with 3.6 mL
hexanol, 3.6 mL Triton X-100, and 14 mL cyclohexane, which
were mixed thoroughly. Following this, 680 pL of water was
added and stirred into the mixture. A suspension of 160 mg
UCNPs(Tm/Er) in 2 mL cyclohexane was prepared and added
to the reaction solution. With intensive stirring, 100 uL TEOS
was subsequently introduced. After adding 160 uL ammonia to
the mixture, the reaction was allowed to proceed for 24 h. The
resulting UCNPs(Tm/Er)@SiO, was isolated by centrifugation
at 8000 rpm for 5 min, and rinsed three times with EtOH and
water sequentially.

2.7. Synthesis of UCNPs(Tm/Er)@SiO,@GPS nanoparticles

50 mg UCNPs(Tm/Er)@SiO, was diffused in 10 mL of H,O
with ultrasonic treatment for 30 min. After that, 100 pL of
(3-glycidylpropyloxy)trimethoxysilane (GPS) was added and
continuously stirred for 24 h at room temperature. The
obtained solution was condensed and refluxed at 70 °C for 2 h
and then cooled to room temperature. The UCNPs(Tm/Er)
@Si0,@GPS were precipitated via centrifugation at 9000 rpm
for 8 min at room temperature.

2.8. Synthesis of UCNPs(Tm/Er)@Si0,@GPS@CH
nanoparticles

100 mg UCNPs(Tm/Er)@SiO,@GPS was ultrasonically dis-
persed in 10 mL of H,0. Then, 100 pL of chitosan (CH) was
added, and stirring was maintained at room temperature for
24 h. Afterward, the pH value of the obtained solution was
tuned to weak alkalinity with a NaOH solution, and unreacted
CH was separated via centrifugation. The precipitate was cen-
trifugally washed with deionized water twice to obtain the
UCNPs(Tm/Er)@Si0,@GPS@CH.
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2.9. Preparation of a-K¢P,W;306,-14H,0 (POMs)

a-KgP,W;506,-14H,0 (POM) was synthesized according to the
literature.”® Under vigorous stirring, a solution of 150 g
Na,WO0,-2H,0 (0.455 mol) in 175 mL deionized water was acid-
ified by adding 125 mL of 4 M HCI (0.50 mol) in fractions.
Once the turbid solution became clear again, 125 mL of 4 M
H;3PO, (0.50 mol) was slowly introduced, resulting in a pale
yellow, clear solution. This solution was refluxed for at least
24 h, with the yellow color deepening noticeably over the reac-
tion period. After cooling to room temperature, 75 g KCI was
added to the solution, and the resulting precipitated solid was
filtered and air-dried via aspiration. The crude product was
dissolved in 325 mL of deionized water. Insoluble impurities
were removed by filtration and the clear filtrate was heated to
approximately 80 °C for at least 72 h, then cooled to room
temperature and finally stored in a 4 °C refrigerator. After
several days, well-crystallized yellow a-KgP,W;506,:14H,0 was
harvested. POMs were dissolved in water to prepare POM solu-
tions with concentrations of 6 mg mL™", 4 mg mL™", 3 mg
mL™", and 2 mg mL ™.

2.10. Preparation of UCNPs(Tm/Er)@SiO,@GPS@CH-POMs
(UCNPs@CH-POMs)

19 mg UCNPs(Tm/Er)@SiO0,@GPS@CH was dispersed in 5 mL
of H,O and ultrasonicated for 30 min. Then, 5 mL of POM
solution (6 mg mL™", 4 mg mL™", 3 mg mL™", and 2 mg mL™")
was added and stirred for 24 h at room temperature in the
dark. The solution was centrifuged (12000 rpm, 5 min) and
the supernatant and UCNPs@CH-POMs were collected.

2.11. POM load assessment of UCNPs@CH-POMs

The control group was employed to establish a standard curve
for the POM concentration-absorbance relationship. The solu-
tions of the control group are POM solutions without a
UCNPs@SiO,@GPS@CH-POMs nanocarrier. They were pre-
pared by diluting 1 mL of POM solutions (6 mg mL™", 4 mg
mL~", 3 mg mL™", and 2 mg mL™") with 1 mL of deionized
water to achieve a 1:1 dilution. The experimental group was
used for the detection of drug release behavior. For this group,
at predetermined time points, the supernatant was obtained
by centrifuging the UCNPs@SiO,@GPS@CH-POM drug-
loading system at 12 000 rpm for 5 minutes, and the resulting
supernatant was then used as the test solution. The two
groups were diluted by the same factor, and the UV-Vis absorp-
tion spectra were collected five times respectively. The loading
x of POMs per mg of UCNPs@SiO,@GPS@CH nanoparticles
was calculated using eqn (1).

V.
(p1 — pa) X vl x (V2 +V3)

X = = (1)

Here, p; and p, are the average values of the mass concen-
trations corresponding to the absorption peaks of the control
group and the experimental group, V; is the total volume of
the reaction solution, V, is the volume of the solution taken
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out during dilution, V; is the volume of deionized water added
during dilution, and M is the mass of UCNPs.

The utilization rate of POMs after drug loading reaction is
calculated using eqn (2).

Total dosage — Drug loading
Total dosage

Utilization ratio of drugs =

(2)

2.12. POM release assessment of UCNPs@CH-POMs

Ultrasonic dispersion of UCNPs@CH-POMs in 2 mL H,O or
PBS buffer. After 5 min, it was centrifuged (12 000 rpm, 1 min)
and the supernatant was taken to record the UV-Vis absorption
spectrum. After this, the supernatant was put back into the
drug-loading system of UCNPs@CH-POMs and the above oper-
ations were repeated until the peak value of the UV-Vis absorp-
tion spectrum did not increase significantly.

2.13. Preparation of Af solution

A human Ap;_4, (ApP) monomer (1 mg) was dispersed in 1 mL
hexafluoroisopropanol (HFIP), and then oscillated at 4 °C for
2 h for further dissolution. The solution was stored as a stock
at —20 °C. The HFIP was evaporated with a gentle nitrogen
stream when it was used, and then mixed in an equal volume
of deionized water to prepare the Ap solution.’® This solution
was oscillated for 1 min and then incubated at 37 °C for 1 day
to induce A fibril formation.

2.14. Evaluation of reactive oxygen species generation

In the experiment, different groups were prepared by mixing
5 mg of UCNPs(Tm/Er)@SiO,@GPS@CH-POMs, 1 pL of A
fibril solution (240 pM), and 1 pL of DCFH-DA (10 pM) in
500 pL of phosphate buffer. The solution was homogenized for
approximately 1 minute at room temperature using a vortex
mixer. Following irradiation with a 980 nm laser (3.10 W
cm™?), fluorescence measurements were taken every 5 min
over 30 min at 525 nm (excited at 488 nm) using a fluorescence
spectrophotometer (FLS1000, UK). In this study, 2,7-dichloro-
fluorescein diacetate (DCFH-DA) was employed as a probe for
detecting reactive oxygen species (ROS). Upon excitation of
UCNPs(Tm/Er)@Si0,@GPS@CH-POMs by a 980 nm laser, ROS
are generated, which oxidize DCFH to form dichlorofluores-
cein (DCF). The fluorescence intensity of DCF exhibits a posi-
tive correlation with ROS levels. DCF emits a characteristic
fluorescence signal at 525 nm when excited at 488 nm, and
this optical parameter was used for the quantitative analysis of
DCF via a fluorescence spectrophotometer. In this experiment,
a 980 nm laser was used to generate ROS, while 488 nm light
served as the excitation source for DCF fluorescence.

2.15. Evaluation of singlet oxygen generation

1,3-Diphenylisobenzofuran (DPBF) is a 'O, fluorescent probe.
'0, oxidizes DPBEF, resulting in reduced absorption of DPBF at
410 nm. For the experiment, various sample groups were pre-
pared by combining 10 pL of 1 mg mL™" POMs, 5 mg of
UCNPs(Tm/Er)@SiO,@GPS@CH, and 2 pM A (fibrils or

This journal is © The Royal Society of Chemistry 2026
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monomers), and 50 uM DPBF in 500 pM DMSO. These sample
sets were vortex-mixed for approximately 1 minute at room
temperature to ensure thorough mixing. After irradiation with
a 980 nm laser (3.10 W cm™>), the absorption intensity of
DPBF was recorded every 5 min for a total of 30 min using a
UV-Vis spectrophotometer (UV-1700).

3. Results and discussion
3.1. Characterization of UCNPs(Tm/Er)

In this study, we gradually synthesized three-layer core-shell
upconversion nanoparticles (UCNPs(Tm/Er)) by a co-precipi-
tation method. The illustration of the UCNPs(Tm/Er) structure
is shown in Fig. 1a. A transmission electron microscope (TEM)
and Image] were used to characterize and analyze the crystal
morphology and particle size distribution of the nanoparticles
at each stage. As shown in Fig. 1b-e, the f-NaYF,:Tm/Yb core
nanoparticles exhibit a nearly ellipsoid shape with a uniform
morphology. After being coated with the first NaYF, shell, the
NaYF,:Tm/Yb@NaYF, core-shell nanoparticles exhibit a
capsule-like morphology with uniform particle size and good
monodispersity. By randomly measuring a number of par-
ticles, the statistical plots of particle size distribution were
obtained, as summarized in Fig. S1 and Fig. S2. It can be seen
that the particle size of UCNPs increases gradually with the
increase in the number of shell layers. The average length and
width of UCNPs(Tm/Er) are 86 + 1 nm and 45 + 2 nm, respect-
ively. After the p-NaYF,:Tm/Yb core nanoparticles are coated
with three layers, their width increases by approximately
13 nm, while their length increases by about 48 nm. This indi-
cates that the growth rate along the [001] crystal plane is
higher than that along the [100] crystal plane. The high-resolu-
tion TEM image (Fig. 1f), electron diffraction pattern (Fig. 1g),
and X-ray diffraction pattern (Fig. 1h) show that UCNPs(Tm/Er)
are hexagonal B crystal structures. Fig. 1i shows the upconver-
sion luminescence spectra of UCNPs(Tm/Er) upon irradiation
with NIR light, including low-power density (15 W cm ™) and
high-power density (500 W cm™>). The upconversion lumine-
scence mechanism of UCNPs(Tm/Er) is described as follows:
Y?* absorbs 980 nm light, followed by energy transfer from
Yb** ions to Tm*" or Er*" ions.’”?® Under low-power NIR exci-
tation (Fig. 1j), UCNPs(Tm/Er) exhibit characteristic upconver-
sion luminescence originating from Er’* ions. Under high-
power NIR excitation (Fig. 1k), UCNPs(Tm/Er) exhibit upcon-
version luminescence due to both Tm*" and Er’" ions.
Emission peaks at 347, 365, 450, and 475 nm are attributed to
the characteristic f-f transitions of Tm** ions (‘I - *F,4, 'D, —
*Hg, 'D, — °F,, 'G4 — *Hs, respectively). Emissions centered at
409, 520, and 540 nm are due to the characteristic f-f tran-
sitions of Er** ions (*Hejz = 115/, “Hi1z = “Iis5, and Sz, —
115/, respectively).

In order to improve the water solubility of nanoparticles, a
silica shell was coated on UCNPs(Tm/Er) to get UCNPs(Tm/Er)
@Si0, by the microemulsion method. UCNPs(Tm/Er)@SiO, were
characterized by TEM, Fourier transform infrared spectroscopy
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(FTIR), and energy dispersive spectroscopy (EDS). As shown in
Fig. 2a, the TEM image indicates that the silica-coated nano-
particles remain a capsule-like morphology with good monodis-
persity. A further magnified TEM image (Fig. 2b) shows a uni-
formly coated silica layer with a thickness of approximately
10 nm. Moreover, EDS elemental mapping images of UCNPs(Tm/
Er)@SiO, (Fig. 2c and d) confirmed the presence of O, F, Na, Si,
Y, Er, Tm, and Yb, and their mass percentages were also analyzed
(Fig. S3 and Table S1). These results indicate the successful prepa-
ration of UCNPs(Tm/Er)@SiO,.

Before coating CH onto the surface of UCNPs(Tm/Er)
@Si0,, GPS was employed to introduce epoxy groups onto the
nanoparticle surface. According to the dynamic light scattering
(DLS) analysis results (Fig. 3a), the hydrodynamic diameter of
the nanoparticles exhibited a slight increase after being coated
with the silica layer and functionalized with GPS.
Subsequently, the grafting of CH onto the surface of UCNPs
(Tm/Er)@SiO, resulted in a significant increase in the hydro-
dynamic diameter (about 345 nm) attributed to the high mole-
cular weight of CH (190 000-300 000 Da). Thermogravimetric
analysis (TGA) was employed to further characterize the
surface modification. As shown in Fig. 3b, the weight loss of
UCNPs(Tm/Er) was approximately 17% because of the
anchored oleic acid ligands on the surface. After SiO, coating,
the weight of UCNPs(Tm/Er)@SiO, decreases to 96% at 100 °C,
which is attributed to the evaporation of adsorbed H,O. The
final weight of UCNPs(Tm/Er)@SiO, remains stable at 95%,
corresponding to an actual weight loss of about 1%. Similarly,
the weight loss of UCNPs(Tm/Er)@SiO,@GPS and UCNPs(Tm/
Er)@SiO0,@GPS@CH is approximately 3% and 5%, respect-
ively. In the FTIR spectra (Fig. 3c), the characteristic vibrational
signals of oleic acid in UCNPs(Tm/Er) (-CHj: 2927 c¢cm™’,
2850 cm™'; -C=0: 1352 cm™*, 1593 cm™ ') were absent follow-
ing SiO, coating. Furthermore, two new FTIR bands at
797 cm™* and 1083 cm™! were observed, which are attributed
to the symmetric and asymmetric stretching vibrations of the
Si-O-Si bond, respectively. After the surface of UCNPs(Tm/Er)
@8Si0, was modified with GPS, a broad band with weak
absorption intensity appeared in the FTIR spectrum at the
666 cm ™" band, which was caused by the out-of-plane bending
vibration of C-OH on GPS. Further surface modification with
CH introduces a new band at 770 cm ™" which is caused by the
distortion of N-H in NH,. These results indicate that GPS and
CH have been successfully modified on the surface of UCNPs
(Tm/Er)@SiO,.

In addition, the surfaces of UCNPs(Tm/Er), UCNPs(Tm/Er)
@Si0,, UCNPs(Tm/Er)@SiO,@GPS, and  UCNPs(Tm/Er)
@Si0,@GPS@CH are detected by X-ray photoelectron spec-
troscopy (XPS) (Fig. 3d and Fig. S4). The C 1s spectrum of UCNPs
(Tm/Er) (Fig. S4a) exhibits four peaks at 282.8, 284.9, 286.1, and
288.7 eV, corresponding to the C-OOH, C-C, C-OH/C-O-C, and
O-C=O0 groups of oleic acid, respectively. Similarly, the C 1s
spectra of UCNPs(Tm/Er)@SiO, (Fig. S4d), UCNPs(Tm/Er)
@Si0,@GPS (Fig. S4g), and UCNPs(Tm/Er)@SiO,@GPS@CH
(Fig. S4j) display peaks analogous to those of UCNPs(Tm/Er).
Furthermore, in the C 1s spectrum of UCNPs(Tm/Er)@SiO,@GPS
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(@) Schematic diagram of the core—shell structure of UCNPs(Tm/Er). TEM images of (b) NaYF4:Yb/Tm, (c) NaYF4:Yb/Tm@NaYF,, (d) NaYF4:Yb/

Tm@NaYF,@NaYF4:Yb/Er, and (e) NaYF4:Yb/Tm@NaYF;@NaYF4:Yb/Er@NaYF, (UCNPs(Tm/Er)). (f) High-resolution electron microscopy image, (g) electron
diffraction pattern, and (h) XRD pattern of UCNPs(Tm/Er). (i) Normalized upconversion emission spectra of UCNPs(Tm/Er) under 980 nm NIR light exci-
tation. Photograph of UCNPs(Tm/Er) with the irradiation of (j) low-power NIR light (15 W cm~2) and (k) high-power NIR light (500 W cm™3).

and UCNPs(Tm/Er)@SiO,@GPS@CH, the relative intensity of the
C-OH/C-O-C peak at 286.2 and 286.1 eV increases, which is
attributed to the epoxide groups of GPS and hydroxyl (-OH)
groups of CH, respectively. The Si 2p spectrum of UCNPs(Tm/Er)
show no peaks (Fig. S4b), while a strong peak at 103.5 eV appears
in the high-resolution Si 2p spectrum of UCNPs(Tm/Er)@SiO,

3714 | Dalton Trans., 2026, 55, 3709-3722

(Fig. S4e). This peak is attributed to the O-Si-O groups in the
silica shell, confirming the successful synthesis of UCNPs(Tm/Er)
@Si0,. As shown in Fig. S4h and S4k, strong peaks at 103.5 eV
also appear in the Si 2p spectra of UCNPs(Tm/Er)@SiO,@GPS
and UCNPs(Tm/Er)@SiO,@GPS@CH, but the peak intensity of
UCNPs(Tm/Er)@SiO,@GPS@CH is slightly lower due to the
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Fig. 2 (a) TEM images of UCNPs(Tm/Er)@SiO,, (b) magnified image of the area marked by the white square in (a). (c and d) EDS maps of O, F, Na, Si,

Y, Er, Tm, and Y elements in UCNPs (Tm/Er)@SiO.

masking effect of its CH shell. The N 1s spectra of UCNPs(Tm/
Er), UCNPs(Tm/Er)@SiO,, and UCNPs(Tm/Er)@SiO,@GPS show
no peaks (Fig. S4c, S4f and S4i). For UCNPs(Tm/Er)
@Si0,@GPS@CH, its N 1s spectrum (Fig. S4l) exhibits two peaks
at 399.9 eV and 402.2 eV, assigned to the -NH, and protonated
-NH*" groups of CH, respectively. These XPS data verify that
UCNPs(Tm/Er) were first successfully coated with SiO,, then func-
tionalized with GPS, and finally modified with CH.

This journal is © The Royal Society of Chemistry 2026

In the following experiments, only UCNPs(Tm/Er)
@Si0,@GPS@CH was used for loading POMs. In subsequent
descriptions, UCNPs(Tm/Er)@SiO,@GPS@CH is abbreviated
as UCNPs@CH.

3.2. Enhancement of POM loading performance on UCNPs@CH

The structure of POMs was characterized via FTIR. Compared
with previous literature, the FTIR results (Fig. S5 and Table S2)

Dalton Trans., 2026, 55, 3709-3722 | 3715


https://doi.org/10.1039/d5dt03121d

Published on 04 February 2026. Downloaded on 5/2/2026 9:46:49 PM.

View Article Online

Paper Dalton Transactions
(a) (b)
37.54 UCNPs(Tm/Er)@S$i0,@GPS@CH 100'
UCNPs(Tm/Er) UCNPs(Tm/Er)@ SiOy u(.l’/\///
UCNPs(Tm/Er)@SiO, il
P
95 -
X
-’
N
-]
20901
=
85— UCNPs(Tm/Er)
—— UCNPs(Tm/Er)@SiO,
—— UCNPs(Tm/Er)@SiO,@GPS
——— UCNPs(Tm/Er)@SiO,@GPS@CH
0 100 200 300 400 500 600 700 800 100 200 300 400 500 600 700
Diameter (nm) Temperature (°C)
(¢) (d)
UCNPs(Tm/Er)@Si0,@GPS@CH ‘ UCNPs(Tm/Er)
\/'"v—\[\f\/w' VR O NS PR P
o
UCNPs(Tm/Er)@SiO,@GPS
@ > l'(‘XPs(Tm/Er)'{iSi():
= s .
s b Sty
= 5 | o S A
2 UCNPS(Tm/Er)@Si0, = UCNPs(Tm/Er)@SiO,@GPS
< e
- Si,
b= o — A
UCNPs(Tm/Er) UCNPs(Tm/Er)@SiO,@GPS@CH
Siyp
L
4000 3000 2000 1000 500 0 300 600 900 1200
Wavelength (nm) Blndlng energy (eV)
Fig. 3 (a) Hydrodynamic particle size distribution determined by dynamic light scattering (DLS), (b) thermogravimetric analysis plots, (c) FTIR

spectra, and (d) XPS spectra of UCNPs(Tm/Er), UCNPs(Tm/Er)@SiO,, UCNPs(Tm/Er)@SiO,@GPS, and UCNPs(Tm/Er)@SiO,@GPS@CH.

demonstrated that Dawson-structured POMs were successfully
synthesized. The UV-Vis absorption spectra of POM solutions
with different concentrations (0.048-0.24 mg mL™") are pre-
sented in Fig. S6. Based on the absorbance and corresponding
mass concentration of POMs at the maximum absorption peak
(4 =295 nm), a standard curve of POMs in deionized water was
constructed (Fig. 4a). Within the concentration range of
0.048-0.24 mg mL™", the correlation coefficient (R?) is close to
1, confirming a strong linear relationship between POM con-
Consequently, the linear
regression equation derived from this curve can be employed
to quantify the concentration of POMs in solution. The POM
loading capacity of UCNPs@CH is further determined by com-
paring the UV-Vis absorption spectra of the solution before
and after the loading process.

In the initial POM loading experiment, the concentrations
of POMs and UCNPs@CH were set to 1 mg mL™" and 0.03 mg
mL~", respectively. As shown in Fig. S7, the UV-Vis absorption
spectra of the supernatant before and after the POM-loading
process are nearly identical, with minor differences likely

centration and absorbance.

arising from operational or instrumental errors. This result
indicates two possibilities: either POMs do not absorb onto
UCNPs@CH or the amount of adsorbed POMs is too low to be

3716 | Dalton Trans., 2026, 55, 3709-3722

detected. To optimize the POM-loading conditions, the
dosages of POMs and UCNPs@CH nanoparticles were
increased in the subsequent experiments, where their concen-
trations were adjusted to 6 mg mL™" and 2 mg mL™", respect-
ively. However, the UV-vis spectra of the supernatant before
and after the POM loading remained similar (Fig. S8), indicat-
ing that POMs do not adsorb onto UCNPs@CH. Theoretically,
the negatively charged POMs should adsorb onto positively
charged UCNPs@CH via electrostatic interactions. Thus, we
hypothesize that the quantity of CH on UCNPs@CH is insuffi-
cient to load POMs. In subsequent experiments, we aim to
increase the CH content on UCNPs@CH during the modifi-
cation process.

3.2.1. pH adjustment for UCNPs@CH purification and
optimization of POM loading performance. The high-water
solubility of CH molecules under weakly acidic conditions pre-
vents the centrifugal separation of UCNPs@CH, which may
thus remain in the supernatant. To address this issue, after
modifying UCNPs@SiO,@GPS with CH, the solution pH was
adjusted to a weakly alkaline value prior to centrifugal separ-
ation. The resulting UCNPs@CH was then used for POM
loading. As shown in Fig. S9, the UV-Vis absorption spectra of
the supernatants before and after the drug-loading process

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 (a) Standard curve of POMs in deionized water. (b) Fitting curve of the POM utilization rate at different concentrations after increasing CH
content on UCNPs@CH via weakly alkaline pH adjustment. (c) Fitting curve of the POM utilization rate at different concentrations after the two-step
CH modification. (d) POM release curve of UCNPs@CH-POMs prepared with 3.0 mg mL™ POM:s.

were significantly different, indicating the successful loading
of POMs onto UCNPs@CH. The POM loading capacity of
UCNPs@CH at different POM concentrations was calculated
using eqn (1). The results are summarized in Table 1. These
data indicate that the POM loading capacity of UCNPs@CH
increased with increasing POM concentration, and optimal
loading was achieved when the POM concentration reached
3.0 mg mL™". Additionally, the POM utilization rates were cal-
culated via eqn (2), and the corresponding curve (Fig. 4b) was
fitted. The curve reveals that the POM utilization rate
decreased as the POM concentration increased. Thus, further

Table1 POM loading amount on UCNPs@CH after pH-adjusted
purification

Concentration

POM loading amount
of POMs (mg mL™")

on UCNPS@CH (pg mg™")

3.0 51.903
1.5 35.52
1.0 24.28

This journal is © The Royal Society of Chemistry 2026

increasing the POM loading capacity of UCNPs@CH by raising
the POM concentration is impractical, as this approach would
lead to significant POM waste.

3.2.2. Enhancement of the CH modification level on
UCNPs@CH and optimization of POM loading performance.
Since POM loading is determined by the positively charged CH
on UCNPs@CH, the extent of CH modification on UCNPs@CH
is identified as the second factor influencing POM loading, fol-
lowing pH adjustment. To enhance CH content, a secondary
CH modification step was introduced. The increase in CH
content is expected to provide more interaction sites between
POMs and UCNPs@CH. Experimental results after the two-
step CH modification are presented in Fig. S10 and Fig. 4c,
and the calculated POM loading capacities are summarized in
Table 2. A comparison between Table 1 and Table 2 reveals a
significant enhancement in POM loading capacity after the
second CH modification. At POM concentrations of 3.0, 1.5,
and 1.0 mg mL™", the loading capacity increased by 8.0, 4.2,
and 2.3 times, respectively. These results confirm that multiple
CH modification cycles are a feasible strategy to improve POM
loading on UCNPs@CH. Additionally, the POM utilization

Dalton Trans., 2026, 55, 3709-3722 | 3717
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Table 2 POM loading amount on UCNPs@CH after the two-step CH
modification

Concentration
of POMs (mg mL™")

POM loading amount
on UCNPs@CH (ug mg™")

3.0 415.41
1.5 149.56
1.0 55.66

curve (Fig. 4c) shows that the utilization rate increases with
rising POM concentration.

To evaluate whether the POM delivery system leaks POMs,
the supernatants of UCNPs@CH-POMs were analyzed via
UV-Vis absorption spectra every five minutes (Fig. S11). The
absorbance values showed a slight increase. As shown in the
drug release rate plot (Fig. 4d), the release rate of POMs is very
low, which indicates that POMs in the UCNPs@CH-POMs
system are relatively stable. This stability is advantageous, as it
allows UCNPs@CH-POMs to reduce the toxic side effects
caused by the binding of free POMs to proteins during the
delivery process.
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3.3. Evaluation of ROS generation by NIR-irradiated
UCNPs@CH-POMs

The photooxidative capacity of UCNPs@CH-POMs is hypoth-
esized to be pivotal for inhibiting A fibrillation and disassem-
bling preformed A fibrils, primarily by the production of ROS
including hydroxyl radicals ("OH) and 'O,. To evaluate the
photooxidative capacity of UCNPs@CH-POMs under different
conditions, 2',7"-dichlorofluorescein diacetate (DCFH-DA) and
1,3-diphenylisobenzofuran (DPBF) were used as probes to
quantify total ROS and '0,, respectively.

DCFH-DA itself is non-fluorescent. In the presence of ROS,
it is oxidized to DCF (2',7"-dichlorofluorescein), which emits
green fluorescence (524 nm) under 488 nm excitation light.
The DCFH-DA kit was therefore used to verify whether
UCNPs@CH-POMs can generate ROS, which is an essential
prerequisite for photodynamic therapy of AD. As shown in
Fig. S12, the fluorescence intensity of DCF at 524 nm barely
increased in the UCNPs@CH-POM solution under dark con-
ditions, indicating negligible ROS production. In contrast,
under NIR light irradiation (Fig. 5a and b), the fluorescence
intensities of DCF in the UCNPs@CH-POM group and
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Fig. 5 Fluorescence spectra of DCF in the solution of (a) UCNPs@CH-POMs + DCFH-DA, (b) UCNPs@CH-POMs + A monomers + DCFH-DA, and
(c) UCNPs@CH + POMs + A fibrils + DCFH-DA with NIR irradiation for a certain time. (d) The time-dependent fluorescence intensity profiles at

524 nm for all four experimental groups.
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UCNPs@CH-POMs with Ap monomer group exhibited similar
increasing rates and trends. This indicates that
UCNPs@CH-POMs can produce ROS under NIR irradiation
and that Ap monomers have no effect on ROS production.
Notably, the fluorescence intensity of DCF at 524 nm in the
UCNPs@CH-POM with AP fibril group was significantly
enhanced after NIR light irradiation (Fig. 5c). Given that the
isoelectric point (pI) of AP is about 5.3, AP fibrils exhibit a
negatively charged surface that can interact with CH through
electrostatic and hydrophobic interactions. We hypothesized
that the Ap fibrils may serve as nanoscale surfaces for the
accumulation of UCNPS@CH-POMs. This accumulation could
enhance the utilization of the UV light emitted by the UCNPs,
thereby promoting increased ROS production.

Fig. 5d presents the time-dependent fluorescence intensity
profiles at 524 nm for all four experimental groups. Within the
first 15 minutes, there was almost no difference in fluo-
rescence intensity among the groups. However, distinct differ-
ences emerged after 15 minutes. Compared with the Af
monomer group, the UCNPs@CH-POM with AP fibril group
exhibited a more pronounced ROS generation effect. These
results indicate that for PDT using UCNPs@CH-POMs,
irradiation with 980 nm NIR light for more than 15 minutes is
required to achieve a significant therapeutic effect.

In summary, the photodynamic effect of UCNPs@CH-POMs
leads to the generation of large amounts of ROS at the site of
AP aggregates, which is capable of oxidizing and disassem-

(a) (b)

View Article Online

Paper

bling the aggregates. In regions without AP aggregates, ROS
production is minimal, avoiding significant damage to normal
cells. Thus, UCNPs@CH-POMs can alleviate A fibril-induced
neurotoxicity and reduce drug-related side effects, making it a
promising candidate for PDT in AD.

Singlet oxygen (*0,), an important type of ROS, can depoly-
merize AP aggregates but has an extremely short half-life
(10-320 ns). DPBF can be rapidly oxidized by 'O, to an endo-
peroxide, which further decomposes into 1,2-dibenzoylben-
zene. This reaction reduces the absorbance peak of DPBF. The
extent of 'O, generation is directly proportional to the decrease
in the absorption intensity of DPBF.

Under 980 nm NIR irradiation (3.10 W c¢m™?), UV-Vis
absorption spectra of DPBF solutions were measured every
5 minutes, and were used as a control group. In the control
group, the absorbance of DPBF at 417 nm did not decrease
obviously, indicating that DPBF did not decompose under NIR
irradiation (Fig. 6a). Similarly, the DPBF with POM group also
exhibited no notable change in 417 nm absorbance under NIR
irradiation, confirming negligible 'O, generation (Fig. 6b). The
absorbance decrease at 417 nm in Fig. 6¢ was nearly identical
to that in the control group, suggesting that UV light emitted
by UCNPs (upon NIR absorption) failed to efficiently activate
POMs to produce '0,. Notably, UCNPs@CH-POMs incubated
with AB fibrils demonstrated higher 'O,-generating capacity
than those incubated with Ap monomers under identical con-
ditions (Fig. 6d and e). The slope of the absorbance decay
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Fig. 6 UV-Vis absorption spectra of (a) DPBF, (b) DPBF + POMs, (c) DPBF + UCNPs@CH-POMs, (d) DPBF + UCNPs@CH-POMs + A monomers, and
(e) DPBF + UCNPs@CH-POMs + A fibrils were measured after NIR irradiation every 5 minutes in DMSO. (f) The time-dependent fluorescence inten-

sity profiles at 417 nm for all five experimental groups.
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curve (Fig. 6f) reflects the capacity of yielding 'O,. Compared
to the control group, other groups showed minimal slope
changes, indicating low 'O, production overall. While these
results do not definitively confirm effective Af fibril depoly-
merization by UCNPs@CH-POMs, they demonstrate a more
robust and stable photodynamic effect on Ap fibrils relative to
monomers.

ROS includes '0,, hydroxyl radical ("OH), and superoxide
anions ("O,7). Comparing the detection results of ROS and
10,, significant ROS production was observed, whereas 10,
generation was negligible. This suggests that the primary ROS
generated by the UCNPs@CH-POM system is not likely to be
10, but other reactive oxygen species, such as ‘OH or 'O,".

4. Conclusion

In conclusion, we successfully developed a multishelled NIR-
responsive  upconversion nanoplatform, UCNPs(Tm/Er)
@Si0,@GPS@CH, and systematically explored its performance
as an anionic drug carrier using POMs as the model drug. The
resulting UCNPs@CH-POM drug-loaded system exhibited a
uniform capsule-like morphology, excellent monodispersity,
and unique NIR-tunable luminescence (wavelength and color
adjustable via NIR irradiation power), confirming its potential
as a light-controlled intelligent nanocarrier. For POM loading,
experimental data revealed a positive correlation between the
CH modification level and POM loading capacity, which was
attributed to electrostatic interactions between negatively
charged POMs and positively charged CH. In the absence of
980 nm NIR irradiation, the UCNPs@CH-POM system
remained stable in solution, minimizing POMs-related side
effects during delivery and improving POM utilization at target
sites. Under 980 nm NIR irradiation, the system triggered a
photodynamic effect, generating abundant ROS that may
efficiently depolymerize preformed A fibrils and inhibit Ap
fibrillation. Notably, Ap fibrils promoted ROS generation by
providing nanoscale surfaces for the accumulation of
UCNPs@CH-POMs (via charge-mediated adsorption), thereby
enhancing the utilization of the UV light emitted by the
UCNPs, and further improving the system’s targeted thera-
peutic efficacy. The UCNPs(Tm/Er)@CH-POM nanoplatform
integrates NIR responsiveness, tunable luminescence, and tar-
geted drug delivery, making it a promising candidate for both
generalized anionic drug delivery and specific AD photo-
dynamic therapy. This work not only provides a versatile nano-
carrier design but also offers new insights into the application
of upconversion materials in photooxidative treatment of neu-
rodegenerative diseases such as AD.
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