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Abstract: The development of nanosystems, which can photooxygenate amyloid-β (Aβ), detect the
Tau protein, and inhibit effectively the Tau aggregation, is increasingly important in the diagnosis
and therapy of Alzheimer’s disease (AD). Herein, UCNPs-LMB/VQIVYK (UCNPs: upconversion
nanoparticles, LMB: Leucomethylene blue, and VQIVYK: Biocompatible peptide) is designed as a
HOCl-controlled released nanosystem for AD synergistic treatment. Under exposure to high levels of
HOCl, the released MB from UCNPs-LMB/VQIVYK will produce singlet oxygen (1O2) under red
light to depolymerize Aβ aggregation and reduce cytotoxicity. Meanwhile, UCNPs-LMB/VQIVYK
can act as an inhibitor to decrease Tau-induced neurotoxicity. Besides, UCNPs-LMB/VQIVYK can be
used for upconversion luminescence (UCL) due to its unexceptionable luminescence properties. This
HOCl-responsive nanosystem offers a new therapy for AD treatment.

Keywords: upconversion; reactive oxygen species; Alzheimer’s disease; amyloid-β; Tau protein

1. Introduction

Alzheimer’s disease (AD), which gradually influences the physical and mental health
of the elderly over 65 years old, is an irreversible and fatal neurodegenerative disease [1–3].
Unfortunately, no drugs have been proven to reverse the progress of AD. Hence, most
studies focused on slowing down the progression of its deterioration and relieving the pain
of the patients. AD has two main hallmarks: the extracellular deposition or misfolding
of amyloid-β (Aβ) peptide and the intracellular aggregation of the hyperphosphorylated
Tau protein, which lead to the formation of senile plaques and neurofibrillary tangles,
respectively [4–6]. Aβ42, composed of 42 amino acids, abnormally assembles and rapidly
transforms into highly toxic fibrils in AD brains [7,8]. Besides, Tau is a kind of water-soluble
protein found primarily in the axons of mature neurons, whereas the hyperphosphory-
lated Tau protein is water-insoluble and it aggregates in nerve cells, causing attendant
cytotoxicity [9,10]. It has been reported that nanoparticles can target Aβ and produce ROS
to photooxygenate Aβ [11]. However, the hyperphosphorylated Tau protein also plays
a key role in the AD progress. Therefore, nanoparticles that are capable of transporting
drugs to the diseased region, suppressing and oxygenating Aβ42 fibers, and targeting and
inhibiting hyperphosphorylation Tau at the same time will become a potential therapy
for AD treatment. To the best of our knowledge, no nanosystem has been reported to be
capable of doing that.

In recent years, more and more nanomaterials have not only been used for in vivo
bioimaging [12,13], but have also been used as drug delivery vehicles due to their tiny
sizes [14,15], good luminous efficacy, excellent biocompatibility, and high drug-loading
efficiency. Among many nanomaterials, the lanthanide-doped upconversion nanoparticles
(UCNPs) have become a research hotspot because they have various unique advantages in

J. Funct. Biomater. 2023, 14, 207. https://doi.org/10.3390/jfb14040207 https://www.mdpi.com/journal/jfb

https://doi.org/10.3390/jfb14040207
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jfb
https://www.mdpi.com
https://doi.org/10.3390/jfb14040207
https://www.mdpi.com/journal/jfb
https://www.mdpi.com/article/10.3390/jfb14040207?type=check_update&version=1


J. Funct. Biomater. 2023, 14, 207 2 of 12

addition to those mentioned above, such as deep light penetration, multimodal imaging
capabilities, superior biostability, and tunable biodistribution [16–25]. Under near-infrared
(NIR) light irradiation, UCNPs can exhibit strong upconversion luminescence (UCL)
for locating UCNPs in cells and AD mice [26]. By modifying functionalization ligands,
such as poly(etherimide) (PEI), UCNPs can become water-soluble and more biocompati-
ble [27]. Thus, this UCNPs-PEI-based nanovehicle can be combined with UCL imaging for
AD therapy.

Several novel phototherapies have emerged for treating human diseases including
photodynamic therapy (PDT) and photothermal therapy (PTT) [28–31]. In addition, pho-
tochemical oxygenation and depolymerizing Aβ aggregation by photosensitizing have
been reported recently [11,32]. Under red light, methylene blue (MB) will effectively yield
singlet oxygen (1O2) owing to its wonderful photosensitizing property and high singlet
oxygen yield [33,34]. Meanwhile, MB can be used as a drug for inhibiting the aggrega-
tion of the Tau protein [35,36]. However, because MB has a short systemic half-life and
cannot gather in the affected regions, it is vital to devise a medicinal delivery system to
transport MB.

In this paper, leucomethylene blue (LMB) and biocompatible peptide VQIVYK were
conjugated to UCNPs (UCNPs-LMB/VQIVYK) and used as a multifunctional treatment
platform for AD treatment (Figure 1). VQIVYK is a key short peptide of the Tau protein,
which can be combined with Tau protein with abnormal aggregation trends. Therefore,
the coupling of UCNP and VQIVYK can enhance the cell uptake and application effect
of UCNP in vivo through receptor-mediated endocytosis [36,37]. MB would be released
by HOCl accordingly in the AD brain to inhibit Tau aggregation [38]. Moreover, under
red light (>630 nm), the excited MB would produce 1O2 to suppress and oxygenate Aβ

aggregation, resulting in the degradation of Aβ aggregates. More importantly, the released
MB can inhibit the aggregation of the Tau protein. Meanwhile, UCNPs with high NIR-to-
visible upconversion efficiency can be used for UCL imaging. The Aβ-oxygenating and
Tau-inhibiting abilities of UCNPs-LMB/VQIVYK can reduce the cytotoxicity and become a
promising treatment for AD.
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2. Materials and Methods
2.1. Synthesis of UCNPs-LMB/VQIVYK

Synthesis of LMB: dichloromethane (DCM, 10 mL) was added to the mixture of
methylene blue (MB, 5.00 g, 15.65 mmol, 1.0 eq) and Na2CO3 (10 g, 94.34 mmol, 6.0 eq),
and stirred continuously under the protection of nitrogen at 40 ◦C. Then, the aqueous
solution of sodium hydrosulfite (Na2S2O4, 10.89 g, 12.52 mmol, 0.8 eq) was quickly dropped
into the above mixed solution and continuously stirred for 0.5 h. Cooling the reaction
solution with an ice water bath until the reactants were layered. Triphosgene (BTC, 3.24 g,
10.88 mmol, 3.47 eq) dissolved in 10 mL DCM was added to the reaction solution and
stirred continuously for 2 h in an ice water bath and nitrogen atmosphere. The final reaction
solution was extracted with DCM, dried with anhydrous sodium sulfate, evaporated on
the rotary evaporator to remove the solvent, and then the product LMB was purified by
column chromatography.

LMB (5 mg), EDC (40 mg), and NHS (60 mg) were dissolved in DMF (5 mL) and
stirred vigorously for 1 h. UCNPs–PEI (50 mg) was added after the acyl chloride activation.
The above solution was mixed for 12 h and UCNPs-LMB was separated by centrifuging.

The peptide VQIVYK was conjugated to UCNPs (UCNPs-LMB/VQIVYK) following a
similar method.

2.2. ThT Fluorescence Assay

The fibrillation of Aβ42, VQIVYK, and Tau protein was detected by using the fluores-
cent dye thioflavin T (ThT) with a Hitachi F-4600 Fluorescence Spectrophotometer.

Aβ42 monomer (20 µM) PBS solution was incubated with or without 0.5 mg mL−1

UCNPs-LMB/VQIVYK at 37 ◦C for 48 h. For every 4 h at the first 12 h and every 12 h at
the following 36 h, 50 µL of the solution was added into 250 µL of ThT solution (10 µM, in
PBS, pH 7.4) and incubated in dark for 30 min. Then, the fluorescence signal (excitation at
440 nm) was recorded at an emission wavelength of 485 nm.

The freeze-dried VQIVYK was dissolved in PBS at a concentration of 1200 µM. The
monomerized PBS solution of VQIVYK (1.2 µM, 17 µL) was then added to black 96-well
flat-bottomed plates containing ThT (4 mM, 1 µL) in PBS (pH 7.4), sodium heparin (40 µM,
1 µL) in PBS (pH 7.4), UCNPs-LMB/VQIVYK (12 mg mL−1, 83 µL) with or without HOCl
(4 mM, 2 µL), and PBS to yield final concentrations of 100 µM VQIVYK, 20 µM of ThT, and
0.5 mg mL−1 UCNPs-LMB/VQIVYK with or without HOCl (5 µM). The unsealed plates
were then placed in a microplate reader (Infinite M200, Tecan, Switzerland) at 37 ◦C, and
the fluorescence of amyloid-bound ThT was monitored with an interval of 1 min for 20 min
using excitation and emission wavelengths of 440 and 485 nm, respectively. The plates
were shaken for 10 s before each reading with an orbital shaking amplitude of 3 mm.

The freeze-dried Tau was dissolved in PBS (pH 7.4) at a concentration of 4 µM. Briefly,
Tau (0.5 µM), ThT (0.5 µM) in PBS (pH 7.4), UCNPs-LMB/VQIVYK + HOCl (0.5 mg mL−1),
and PBS were added to black 96-well flat-bottomed plates, after which Tau polymerization
(aggregation) was initiated by the addition of sodium heparin (3 × 10−3 mg mL−1) and
incubation at 37 ◦C. The fluorescence of Tau protein-bound ThT was monitored with an
interval of 1 h for 24 h using excitation and emission wavelengths of 440 and 485 nm,
respectively. The plates were shaken for 10 s before each reading with an orbital shaking
amplitude of 3 mm.

2.3. Cytotoxicity Assay

To estimate the biocompatibility of UCNPs-LMB/VQIVYK, an MTT cell assay was
performed on the PC12 cells.

Firstly, PC12 cells were seeded in 96 well culture plates to grow 24 h in order to
divide and expand. Then PC12 cells (5 × 103 per well) were incubated with different
concentrations of UCNPs-LMB/VQIVYK for 12 h. After culture, 10 µL MTT solution
was added to treat cells as instructed. MTT can bind to succinate dehydrogenase in the
mitochondria of living cells to form blue purple crystalline formazan and deposit it in cells,
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while dead cells do not have this function. After 4 h of treatment, the blue purple crystals
were dissolved in dimethyl sulfoxide (DMSO) and their absorption values were measured
at a wavelength of 490 nm using a microplate reader [39].

The CCK-8 assay was used to evaluate the cytotoxicity of Aβ42. Firstly, Aβ42 (20 µM)
was mixed with UCNPs-LMB/VQIVYK (0.5 mg mL−1, with or without HOCl) and pre-
treated with 650 nm laser (0.15 W/cm2) for 5 min. Then the mixture was co-incubated
with PC12 cells for 12 h, whereas only Aβ42 was added as a control group. CCK-8 was
added into 96 well plates after 12 h and the absorption values were measured using a
microplate reader. The cytotoxicity of Tau was also detected using the CCK-8 assay. Firstly,
Tau (0.5 µM) was induced by heparin, and the subsequent processing steps are consistent
with those above.

3. Results
3.1. Synthesis and Characterization of the UCNPs-LMB/VQIVYK Nanosystems

The product LMB (white solid, yield 42.5%; ethyl acetate/petroleum ether = 1/10) was
purified by column chromatography (Figures S1 and S2 in Supporting Information), 1H
NMR (400 MHz, CDCl3) δ 7.38 (d, J = 8.1 Hz, 2H), 6.69 (d, J = 2.8 Hz, 2H), 6.61 (dd, J = 8.9,
2.8 Hz, 2H), 2.95 (s, 12H). According to the transmission electron microscope (TEM) image
and X-ray diffraction (XRD) pattern, as shown in Figure 2A,B, the obtained NaYF4:Yb,
Er@NaGdF4:Yb (UCNPs) had a highly crystalline hexagonal phase with an average di-
ameter of 60 nm. PEI was attached to UCNPs to improve the aqueous solubility [40–43].
After surface modification, the hydrodynamic size of UCNPs-PEI and UCNPs-LMB was
61.58 and 65.21 nm (UCNPs-LMB), respectively (Figure 2C). The corresponding zeta poten-
tials, which were measured by a Zetasizer Nano-ZS, were 48.8 and 27.4 mV, respectively
(Figure 2D). Meanwhile, the thermogravimetric (TGA) results also supported the loading
of the PEI coating onto UCNPs decomposed at ≈400 ◦C upon heating (Figure 2E).
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Figure 2. The characterization of UCNPs-LMB/VQIVYK nanosystems: (A) TEM image of UCNPs
dispersed in cyclohexane, (B) XRD patterns of β-NaYF4:Yb, Er@NaGdF4:Yb nanoparticles (UCNPs).
The standard card of β-NaYF4 (JCPDS 16-0334) was given as a reference, (C) the size distribu-
tion and (D) zeta potential of UCNPs-PEI and UCNPs-LMB/VQIVYK by dynamic light scattering,
(E) the thermogravimetric (TGA) result of UCNPs-LMB/VQIVYK, and (F) FT-IR spectra of UCNPs-
PEI, UCNPs-LMB, and UCNPs-VQIVYK.
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Fourier transform infrared spectrophotometer (FT-IR) spectroscopy also confirmed the
existence of amine groups, LMB, and VQIVYK attached to UCNPs (Figure 2F). As shown in
the picture, the strong band at 3300 cm−1 was assigned to the stretching vibration of NH2,
suggesting that a large number of NH2 groups existed on the surface. The UCNPs-LMB
and UCNPs-VQIVYK showed the same bending vibration of the amide bond at 1650 cm−1.
Besides, the characteristic band of lysine (720 cm−1) in VQIVYK appeared, indicating the
successful linkage of VQIVYK onto UCNPs.

3.2. Drug Loading and Releasing Properties

The oxidation state of MB showed strong absorbance in the red light region(600–700 nm),
whereas the reduced state of MB did not have the absorbance in this region. Acyl chloride-
modified MB was anchored onto the UCNPs by a facile amide condensation reaction to form
UCNPs-LMB/VQIVYK, in which the MB was in a reduced state.

The observed UCNPs-PEI and UCNPs-LMB/VQIVYK both emitted upconverting
visible fluorescence (Figure 3A) of Er3+ at 409 nm (2H9/2→4I15/2), 521 nm (2H11/2→4I15/2),
540 nm (4S3/2→4I15/2), and 655 nm (4F9/2→4I15/2) under a NIR irradiation of 980 nm. After
the addition of HOCl, the peak at 655 nm for UCNPs-LMB/VQIVYK decreased because
of the energy transfer between UCNPs and free MB through Förster resonance energy
transfer (FRET), and the peak at 655 nm of UCNPs-PEI red emission matched well with
the absorbance spectrum of the oxidation state of MB. After the addition of HOCl, the
concentration of MB increased to 2.87 µM (Figure 3B), as calculated from the calibration
curve (Figure S3 in Supporting Information) of absorbance at 650 nm. Meanwhile, UCNPs-
LMB/VQIVYK can be used for UCL imaging, whereas the change of MB absorption can be
used for the detection of the existence of HOCl in the AD brain.
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3.3. Photodynamic Effect of UCNPs-LMB/VQIVYK on Suppressing Aβ42 Aggregation 

Figure 3. Drug loading and releasing properties: (A) the UCL emission spectra of UCNPs-PEI,
UCNPs-LMB/VQIVYK, UCNPs-LMB/VQIVYK + HOCl, and UCNPs-LMB/VQIVYK + HOCl dis-
persed in deionized water after centrifugation at λex = 980 nm and (B) the UV-vis absorption spectra
of the supernatant of UCNPs-LMB/VQIVYK dispersed in deionized water with (red line) or without
(black line) HOCl under vigorously stirring for 12 h, UCNPs-LMB/VQIVYK: 0.5 mg mL−1.

3.3. Photodynamic Effect of UCNPs-LMB/VQIVYK on Suppressing Aβ42 Aggregation

DPBF was selected as a singlet oxygen capture agent and an indicator probe to detect
the 1O2 generation capacity of UCNPs-LMB/VQIVYK nanocomposites (Figure 4A). When
UCNPs-LMB/VQIVYK was exposed to the 650-nm light of 0.31 W/cm2 in the presence
of HOCl, it was found that the absorption intensity of DPBF decreased significantly. This
experiment proved that the material has a good ability to generate 1O2.
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Figure 4. Photodynamic effect of UCNPs-LMB/VQIVYK on suppressing Aβ42 aggregation: (A) the
variation trend of the absorbance of DPBF mixed with UCNPs-LMB/VQIVYK + HOCl under the
980-nm laser irradiation, (B) fluorescence spectra of ThT under different conditions as labeled,
(C) CD spectra of Aβ under different conditions as labeled, and (D) fluorescence spectra of ThT under
different conditions as labeled, UCNPs-LMB/VQIVYK: 0.5 mg mL−1.

As the Aβ42 aggregation could be oxidized with MB under light, we performed multi-
ple photochemical analyses to investigate whether UCNPs-LMB/VQIVYK could inhibit
Aβ42 aggregation under NIR. As shown in Figure 4B,D, the thioflavin T (ThT, for detecting
Aβ42 and Tau aggregation [44,45]) showed that the dissociated MB strongly suppressed
Aβ42 aggregation after the addition of HOCl upon 4 min of NIR irradiation. However, ac-
cording to the control experiment (Figure S4 in Supporting Information), NIR has no effect
on Aβ42 protein aggregation. Then, the UCNPs-LMB/VQIVYK and HOCl mixture was
centrifuged to obtain the supernatant containing MB. The ThT assay and circular dichroism
(CD) (Figure 4C) showed that the photosensitized MB photooxygenated Aβ42 aggregates.
When Aβ42 fibrils were incubated with UCNPs-LMB/VQIVYK + HOCl, the CD spectrum
exhibited large positive and negative peaks at 200 and 226 nm, respectively, which can be
attributed to the typical β-sheet secondary structure. Under NIR illumination, the negative
peak gradually disappeared in a time-dependent manner. These results corroborated that
Aβ42 aggregates can be disintegrated by NIR-induced UCNPs-LMB/VQIVYK.

3.4. UCNPs-LMB/VQIVYK Restrained Tau Protein Aggregation

In order to observe the suppression effect of MB on Tau aggregation, we first performed
multiple analyses on a six amino acid peptide VQIVYK. Meanwhile, the aggregation of
VQIVYK fragments is similar to those generated by the full-length Tau [46,47]. Therefore,
we chose this fragment as a simple model system [35,37,48–52].

First, we performed kinetic ThT experiments to demonstrate that UCNPs-LMB/VQIVYK
can inhibit VQIVYK aggregation in the absence of heparin (Figure 5A). The fluorescence of
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VQIVYK in the absence of heparin increased rapidly within 8 min and reached a plateau,
whereas both UCNPs-LMB/VQIVYK + HOCl and supernate with MB can inhibit the rate of
VQIVYK aggregation by reducing the slope to decrease ThT fluorescence. Besides, HOCl was
proved to have no influence on the VQIVYK aggregation. Next, we used CD spectroscopy to
investigate the secondary structure of VQIVYK in different conditions. Figure 5B shows that
in the presence of heparin VQIVYK adopted a β-sheet structure characterized by a negative
peak at 250 nm. After the addition of supernatant, the CD results showed a reduced positive
peak, indicating the ability of UCNPs-LMB/VQIVYK to suppress VQIVYK aggregation.
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Figure 5. The effects of UCNPs-LMB/VQIVYK on Tau protein aggregation: (A) fluorescence spectra
of ThT, (B) CD spectra of VQIVYK under different conditions, and (C) the kinetics of heparin-induced
Tau protein formation without or with the addition of UCNPs-LMB/VQIVYK, and HOCl were
monitored by ThT fluorescence from 0 to 24 h, with Tau: 0.5 µM, heparin: 3 × 10−3 mg mL−1,
UCNPs-LMB/VQIVYK: 0.5 mg mL−1, HOCl: 10 µM, λex = 440 nm, and λem = 495 nm.

Then, the effect of UCNPs-LMB/VQIVYK on inhibiting Tau aggregation was studied
by ThT assay. Heparin-induced Tau aggregation increased rapidly within 20 h (Figure 5C).
The dissociative MB from the mixture of UCNPs-LMB/VQIVYK can reduce the level of
ThT fluorescence caused by Tau protein aggregation. These results further demonstrated
the efficient anti-aggregation ability of UCNPs-LMB/VQIVYK.

3.5. Release of MB in Cells

In order to evaluate whether UCNPs-LMB/VQIVYK nanocomposites can release MB
in response to endogenous HOCl in PC12 cells, the fluorescence intensity of MB in cells was
first detected by an enzyme microplate meter. As illustrated in Figure S5 (Supporting Infor-
mation), when the PC12 cells were co-incubated with UCNPs-LMB/VQIVYK at different
time, only a small amount of released MB could be detected and the fluorescence intensity
of MB increased slightly with time. When pre-incubated with LPS for 15 min, the PC12 cells
were induced to produce endogenous HOCl. It was found that the fluorescence intensity
of MB increased significantly with the extension of time. This experiment confirmed that
UCNPs-LMB/VQIVYK nanocomposites can react with endogenous HOCl to release MB.

In order to further evaluate the ability of UCNPs-LMB/VQIVYK nanocomposites
to release MB in cells, confocal laser scanning microscopy was selected to image PC12
cells. When the PC12 cells were incubated with UCNPs-LMB/VQIVYK for 1 h, the fresh
medium was replaced. After 2 and 6 h of incubation, fluorescent cell images were obtained
(Figure 6A). With the prolongation of incubation time, no obvious MB fluorescence signal
was observed whereas an obvious UCNPs fluorescence signal was observed, which proved
that UCNPs-LMB/VQIVYK nanocomposites had good cell membrane penetration and
cell imaging ability, and they could enter PC12 cells although no MB was released. When
the PC12 cells were incubated with UCNPs-LMB/VQIVYK for 1 h, the fresh medium was
replaced, and LPS and PC12 cells were incubated for 15 min. Then, they were incubated for
2 and 6 h, and the fluorescent cell images were obtained (Figure 6B). With the prolongation
of incubation time, obvious UCNPs fluorescence signal and MB fluorescence signal can
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be observed and they increased gradually, which evidenced that the PC12 cells produce
endogenous HOCl in the presence of LPS, and UCNPs-LMB/VQIVYK nanocomposites
can release MB.
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Figure 6. The effects of LPS on the MB release of UCNPs-LMB/VQIVYK in PC12 cells. PC12
cells were incubated (A) without and (B) with LPS for 15 min, and then incubated with UCNPs-
LMB/VQIVYK for 2 and 6 h for confocal fluorescence imaging, with UCL (λex = 980 nm, 540± 50 nm),
MB (λex = 650 nm, 685 ± 50 nm), DAPI, merged images, UCNPs-LMB/VQIVYK: 0.5 mg mL−1, and
scale bar: 10 µm.

3.6. UCNPs-LMB/VQIVYK Reduced the Cytotoxicity of Aβ42/Tau

In order to evaluate the biological safety of UCNPs-LMB/VQIVYK nanocompos-
ites, we first tested the effect of different concentrations of UCNPs-LMB/VQIVYK on
the survival rate of PC12 cells by the MTT method. As shown in Figure 7A, the PC12
cells and UCNPs-LMB/VQIVYK nanocomposites (0 to 500 µg/mL) were cultivated to-
gether for 12 h, and the cell survival rate was above 90%. It proved that the toxicity of
UCNPs-LMB/VQIVYK nanocomposites was very low, and they are suitable for biological
experiments. Next, we studied whether UCNPs-LMB/VQIVYK nanocomposites could
reduce the cytotoxicity of Aβ42 aggregates under different conditions by measuring the cell
survival rate. The CCK8 experiment (Figure 7B) was used to investigate the cell survival
rate of PC12 cells under different conditions. The control group was the cells incubated
with a normal culture medium, and their cell activity was 100%. When the PC12 cells
were cultivated with Aβ42 for 12 h, the survival rate of PC12 cells decreased to 42.58%.
When the Aβ42 aggregates were mixed with UCNPs-LMB/VQIVYK (with or without
HOCl) and pretreated with a 650 nm laser (0.15 W/cm2) for 5 min. The mixture was incu-
bated with PC12 cells for 12 h, and the cell survival rate increased to 80.23% and 64.02%,
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respectively. This implied that in the presence of Aβ42-aggregates-induced cytotoxicity,
UCNPs-LMB/VQIVYK also had a certain protective effect on PC12 cells. However, in
contrast, in the presence of HOCl, it can induce UCNPs-LMB/VQIVYK to release MB in
large quantities, thus degrading Aβ42 aggregates and effectively protecting PC12 cells
from the toxic effects of Aβ42 aggregates. In addition, the effects of UCNPs-LMB/VQIVYK
nanocomposites on reducing the cytotoxicity of Tau aggregates were studied. As shown in
Figure 7C, when the heparin-induced Tau protein aggregates and PC12 cells were incubated
together for 12 h, the cell survival rate decreased to 60.84% relative to the control group.
When the heparin-induced Tau protein was mixed with UCNPs-LMB/VQIVYK (with or
without HOCl) and incubated with PC12 cells for 12 h, the cell survival rate increased to
86.50% and 77.70%, respectively. This indicated that UCNPs-LMB/VQIVYK also had a
certain protective effect on PC12 cells in the face of cytotoxicity induced by Tau aggregates.
But in contrast, in the presence of HOCl, it can induce UCNPs-LMB/VQIVYK to release MB
in large quantities, enhance the effect of inhibiting Tau protein aggregation, and effectively
protect PC12 cells from the toxic effect of Tau aggregates.
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Figure 7. The effects of UCNPs-LMB/VQIVYK on the cytotoxicity of Aβ42 aggregates/Tau protein:
(A) the survival rate of PC12 cells incubated with UCNPs-LMB/VQIVYK nanocomposites (0 to
500 µg/mL) for 12 h, as measured by the MTT method. The CCK8 experiment on the survival rate
of PC12 cells incubated with UCNPs-LMB/VQIVYK and (B) Aβ42 aggregates or (C) Tau protein
with or without HOCl. 1: control group; 2: Aβ42; 3: Aβ42 + UCNPs-LMB/VQIVYK; 4: Aβ42 +
UCNPs-LMB/VQIVYK + HOCl; I: control group; II: Tau; III: Tau + UCNPs-LMB/VQIVYK; and IV:
Tau + UCNPs-LMB/VQIVYK + HOCl, UCNPs-LMB/VQIVYK: 0.5 mg mL−1. Statistical significance
is assessed by an unpaired Student’s two-sided t-test. ** p < 0.01.

4. Discussion

At present, the pathogenesis of Alzheimer’s disease is still unclear, which makes it
hard to find an effective cure for this disease. Therefore, the realization of effective di-
agnosis and treatment for Alzheimer’s disease is a significant challenge for the scientific
community [53,54]. In recent years, with the development of nanotechnology and the con-
tinuous intersection of nanotechnology and biomedicine, more and more researchers have
turned their attention to the application of nanomaterials in the diagnosis and treatment of
Alzheimer’s disease [55]. Among many nanomaterials, lanthanide-doped upconversion
nanoparticles (NaYF4: 20% Yb and 2% Er@NaGdF4: 2% Yb) have been selected as lumi-
nescent nuclei and drug carriers due to their good luminescent stability, deep penetration,
and multimodal imaging capabilities [39]. Because UCNPs have poor water solubility
and need to be modified with functional ligands on their surfaces to improve their water
solubility and biocompatibility. We chose polyethylene imine (PEI) to replace the OA
portion of the surface of UCNPs. UCNPs-LMB/VQIVYK was synthesized by covalently
linking the reduced MB to the surface of UCNPs-NH2 using coupling reagents EDC and
NHS. The UCNPs-LMB multifunctional nanocomposite can be excited by the 980 nm NIR
light. Because of the overexpressed reactive oxygen species in the AD patients’ brains, this
multifunctional nanocomposite can respond to HOCl rapidly, leading to the controlled
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release of fluorophore MB, and it acted as an effective inhibitor for inhibiting Tau protein
aggregation, as proved by the ThT fluorescence test and circular dichroism test [56]. Er3+

was doped into UCNPs, and it can be used as an activator for converting the 980 nm NIR
light to visible light at 655 nm. The 655 nm light activated photosensitizer MB for producing
singlet oxygen (1O2), and it can degrade Aβ aggregates and reduce its biotoxicity to the
surrounding tissues. Both in vitro and cell experiments showed that the UCNPs-LMB mul-
tifunctional nanocomposite could respond to HOCl rapidly and release MB for effectively
inhibiting Tau protein aggregation and photo-depolymerizing Aβ aggregates under NIR
light irradiation. The cytotoxicity assay showed that the UCNPs-LMB multifunctional
nanocomposite had high biocompatibility. More importantly, UCNPs-LMB can reduce the
cytotoxicity of AD pathological protein to PC12 cells and improve cell viability. A novel
HOCl-responded drug delivery nanosystem (UCNPs-LMB/VQIVYK) was successfully
designed, and it will provide a new diagnosis and treatment system for AD treatment.

5. Conclusions

A nanosystem UCNPs-LMB/VQIVYK has been successfully developed, and it is
capable of oxygenating Aβ42 fibers and inhibiting hyperphosphorylation Tau at the same
time. A series of characterizations have been carried out to verify the successful synthesis
of the material and the potential ability to treat AD through ThT fluorescence experiment
and CD spectrum. Our work can provide a new viewpoint on AD therapy.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jfb14040207/s1, Figure S1. Synthesis roadmap of LMB; Figure S2. 1H
NMR of LMB in CDCl3; Figure S3. The standard curve of MB in aqueous solution; Figure S4. Effect of
NIR on ThT fluorescence of Aβ42 protein aggregation; Figure S5. MB release test of UCNPs-LMB in
PC12 cells with or without LPS. Table S1. English acronym meaning and full name.

Author Contributions: Conceptualization, L.Q., Y.S. and C.L.; methodology, L.Q., G.L. (Guangzhi Li)
and C.L.; software, G.L. (Guangzhi Li); validation, L.Q., Y.S. and G.L. (Guanglei Lv); formal analysis,
C.L.; investigation, Y.S.; resources, G.L. (Guanglei Lv) and C.L.; data curation, L.Q. and Y.S.; writing—
original draft preparation, L.Q. and Y.S.; writing—review and editing, G.L. (Guanglei Lv) and C.L.;
supervision, G.L. (Guanglei Lv) and C.L.; project administration, C.L.; funding acquisition, G.L.
(Guanglei Lv) and C.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant
number 51872263, 52272156 and 52250077).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The corresponding author will make the data available upon reason-
able request.

Acknowledgments: The authors would like to thank Xiaoju Li and Haiyan Sui from Shandong
University Core Facilities for Life and Environmental Sciences for their help with the TEM.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mattson, M.P. Pathways towards and away from Alzheimer’s disease. Nature 2004, 430, 631–639. [CrossRef] [PubMed]
2. Blennow, K.; de Leon, M.J.; Zetterberg, H. Alzheimer’s disease. Lancet 2006, 368, 387–403. [CrossRef] [PubMed]
3. Yang, J.R.; Chi, W.J.; Shi, W.J.; Zhang, L.; Yan, J.W. An in situ-triggered and chemi-excited photooxygenation system for Aβ

aggregates. Chem. Eng. J. 2023, 456, 140998. [CrossRef]
4. He, Z.; Guo, J.L.; McBride, J.D.; Narasimhan, S.; Kim, H.; Changolkar, L.; Zhang, B.; Gathagan, R.J.; Yue, C.; Dengler, C.; et al.

Amyloid-beta plaques enhance Alzheimer’s brain tau-seeded pathologies by facilitating neuritic plaque tau aggregation. Nat.
Med. 2018, 24, 29–38. [CrossRef]

5. McCoy, D.E.; Feo, T.; Harvey, T.A.; Prum, R.O. Structural absorption by barbule microstructures of super black bird of paradise
feathers. Nat. Commun. 2018, 9, 1. [CrossRef]

https://www.mdpi.com/article/10.3390/jfb14040207/s1
https://www.mdpi.com/article/10.3390/jfb14040207/s1
http://doi.org/10.1038/nature02621
http://www.ncbi.nlm.nih.gov/pubmed/15295589
http://doi.org/10.1016/S0140-6736(06)69113-7
http://www.ncbi.nlm.nih.gov/pubmed/16876668
http://doi.org/10.1016/j.cej.2022.140998
http://doi.org/10.1038/nm.4443
http://doi.org/10.1038/s41467-017-02088-w


J. Funct. Biomater. 2023, 14, 207 11 of 12

6. Zhu, L.; Zhang, J.; Wang, F.; Wang, Y.; Lu, L.; Feng, C.; Xu, Z.; Zhang, W. Selective amyloid beta oligomer assay based on abasic
site-containing molecular beacon and enzyme-free amplification. Biosens Bioelectron 2016, 78, 206–212. [CrossRef]

7. Hardy, J.; Selkoe, D.J. The Amyloid Hypothesis of Alzheimer’s Disease: Progress and Problems on the Road to Therapeutics.
Science 2002, 297, 353. [CrossRef]

8. Hamley, I.W. The amyloid beta peptide: A chemist’s perspective. Role in Alzheimer’s and fibrillization. Chem. Rev. 2012,
112, 5147–5192. [CrossRef]

9. Jeganathan, S.; von Bergen, M.; Mandelkow, E.-M.; Mandelkow, E. The Natively Unfolded Character of Tau and Its Aggregation
to Alzheimer-like Paired Helical Filaments. Biochemistry 2008, 47, 10526–10539. [CrossRef] [PubMed]

10. Jara, C.; Aranguiz, A.; Cerpa, W.; Tapia-Rojas, C.; Quintanilla, R.A. Genetic ablation of tau improves mitochondrial function and
cognitive abilities in the hippocampus. Redox Biol. 2018, 18, 279–294. [CrossRef]

11. Du, Z.; Gao, N.; Wang, X.; Ren, J.; Qu, X. Near-Infrared Switchable Fullerene-Based Synergy Therapy for Alzheimer’s Disease.
Small 2018, 14, e1801852. [CrossRef] [PubMed]

12. Gu, Y.; Guo, Z.; Yuan, W.; Kong, M.; Liu, Y.; Liu, Y.; Gao, Y.; Feng, W.; Wang, F.; Zhou, J.; et al. High-sensitivity imaging of
time-domain near-infrared light transducer. Nat. Photonics 2019, 13, 525–531. [CrossRef]

13. Kuang, Y.; Xu, J.; Wang, C.; Li, T.; Gai, S.; He, F.; Yang, P.; Lin, J. Fine-Tuning Ho-Based Red-Upconversion Luminescence by
Altering NaHoF4 Core Size and NaYbF4 Shell Thickness. Chem. Mater. 2019, 31, 7898–7909. [CrossRef]

14. Chen, W.; Ouyang, J.; Liu, H.; Chen, M.; Zeng, K.; Sheng, J.; Liu, Z.; Han, Y.; Wang, L.; Li, J.; et al. Black Phosphorus
Nanosheet-Based Drug Delivery System for Synergistic Photodynamic/Photothermal/Chemotherapy of Cancer. Adv. Mater.
2017, 29, 1603864. [CrossRef] [PubMed]

15. Karimi, M.; Zangabad, P.S.; Mehdizadeh, F.; Malekzad, H.; Ghasemi, A.; Bahrami, S.; Zare, H.; Moghoofei, M.; Hekmatmanesh,
A.; Hamblin, M.R. Nanocaged platforms: Modification, drug delivery and nanotoxicity. Opening synthetic cages to release the
tiger. Nanoscale 2017, 9, 1356–1392. [CrossRef] [PubMed]

16. Gamelin, D.R.; Güdel, H.U. Design of Luminescent Inorganic Materials: New Photophysical Processes Studied by Optical
Spectroscopy. Acc. Chem. Res. 2000, 33, 235–242. [CrossRef] [PubMed]

17. Chen, G.; Qiu, H.; Prasad, P.N.; Chen, X. Upconversion nanoparticles: Design, nanochemistry, and applications in theranostics.
Chem. Rev. 2014, 114, 5161–5214. [CrossRef]

18. Eliseeva, S.V.; Bunzli, J.C. Lanthanide luminescence for functional materials and bio-sciences. Chem. Soc. Rev. 2010, 39, 189–227.
[CrossRef] [PubMed]

19. Gai, S.; Li, C.; Yang, P.; Lin, J. Recent progress in rare earth micro/nanocrystals: Soft chemical synthesis, luminescent properties,
and biomedical applications. Chem. Rev. 2014, 114, 2343–2389. [CrossRef]

20. Gargas, D.J.; Chan, E.M.; Ostrowski, A.D.; Aloni, S.; Altoe, M.V.; Barnard, E.S.; Sanii, B.; Urban, J.J.; Milliron, D.J.; Cohen, B.E.; et al.
Engineering bright sub-10-nm upconverting nanocrystals for single-molecule imaging. Nat. Nanotechnol. 2014, 9, 300–305.
[CrossRef]

21. Haase, M.; Schafer, H. Upconverting nanoparticles. Angew. Chem. Int. Ed. 2011, 50, 5808–5829. [CrossRef] [PubMed]
22. Huang, P.; Zheng, W.; Zhou, S.; Tu, D.; Chen, Z.; Zhu, H.; Li, R.; Ma, E.; Huang, M.; Chen, X. Lanthanide-doped LiLuF(4)

upconversion nanoprobes for the detection of disease biomarkers. Angew. Chem. Int. Ed. 2014, 53, 1252–1257. [CrossRef]
23. Liu, C.; Hou, Y.; Gao, M. Are rare-earth nanoparticles suitable for in vivo applications? Adv. Mater. 2014, 26, 6922–6932. [CrossRef]

[PubMed]
24. Zhang, Y.; Zhang, L.; Deng, R.; Tian, J.; Zong, Y.; Jin, D.; Liu, X. Multicolor barcoding in a single upconversion crystal. J. Am.

Chem. Soc. 2014, 136, 4893–4896. [CrossRef]
25. Zhou, J.; Liu, Z.; Li, F. Upconversion nanophosphors for small-animal imaging. Chem. Soc. Rev. 2012, 41, 1323–1349. [CrossRef]
26. Zhu, D.; Liu, F.; Ma, L.; Liu, D.; Wang, Z. Nanoparticle-based systems for T(1)-weighted magnetic resonance imaging contrast

agents. Int. J. Mol. Sci. 2013, 14, 10591–10607. [CrossRef] [PubMed]
27. Ni, D.; Zhang, J.; Bu, W.; Xing, H.; Han, F.; Xiao, Q.; Yao, Z.; Chen, F.; He, Q.; Liu, J.; et al. Dual-Targeting Upconversion

Nanoprobes across the Blood–Brain Barrier for Magnetic Resonance/Fluorescence Imaging of Intracranial Glioblastoma. ACS
Nano 2014, 8, 1231–1242. [CrossRef]

28. Allison, R.; Moghissi, K.; Downie, G.; Dixon, K. Photodynamic therapy (PDT) for lung cancer. Photodiagnosis Photodyn. Ther. 2011,
8, 231–239. [CrossRef]

29. Chang, M.; Wang, M.; Chen, Y.; Shu, M.; Zhao, Y.; Ding, B.; Hou, Z.; Lin, J. Self-assembled CeVO4/Ag nanohybrid as photocon-
version agents with enhanced solar-driven photocatalysis and NIR-responsive photothermal/photodynamic synergistic therapy
performance. Nanoscale 2019, 11, 10129–10136. [CrossRef]

30. Dreaden, E.C.; Mackey, M.A.; Huang, X.; Kang, B.; El-Sayed, M.A. Beating cancer in multiple ways using nanogold. Chem. Soc.
Rev. 2011, 40, 3391–3404. [CrossRef]

31. Zhou, B.; Li, Y.; Niu, G.; Lan, M.; Jia, Q.; Liang, Q. Near-Infrared Organic Dye-Based Nanoagent for the Photothermal Therapy of
Cancer. ACS Appl. Mater. Interfaces 2016, 8, 29899–29905. [CrossRef] [PubMed]

32. Nishita, M.; Park, S.Y.; Nishio, T.; Kamizaki, K.; Wang, Z.; Tamada, K.; Takumi, T.; Hashimoto, R.; Otani, H.; Pazour, G.J.; et al.
Ror2 signaling regulates Golgi structure and transport through IFT20 for tumor invasiveness. Sci. Rep. 2017, 7, 1. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.bios.2015.11.048
http://doi.org/10.1126/science.1072994
http://doi.org/10.1021/cr3000994
http://doi.org/10.1021/bi800783d
http://www.ncbi.nlm.nih.gov/pubmed/18783251
http://doi.org/10.1016/j.redox.2018.07.010
http://doi.org/10.1002/smll.201801852
http://www.ncbi.nlm.nih.gov/pubmed/30028575
http://doi.org/10.1038/s41566-019-0437-z
http://doi.org/10.1021/acs.chemmater.9b01944
http://doi.org/10.1002/adma.201603864
http://www.ncbi.nlm.nih.gov/pubmed/27882622
http://doi.org/10.1039/c6nr07315h
http://www.ncbi.nlm.nih.gov/pubmed/28067384
http://doi.org/10.1021/ar990102y
http://www.ncbi.nlm.nih.gov/pubmed/10775316
http://doi.org/10.1021/cr400425h
http://doi.org/10.1039/B905604C
http://www.ncbi.nlm.nih.gov/pubmed/20023849
http://doi.org/10.1021/cr4001594
http://doi.org/10.1038/nnano.2014.29
http://doi.org/10.1002/anie.201005159
http://www.ncbi.nlm.nih.gov/pubmed/21626614
http://doi.org/10.1002/anie.201309503
http://doi.org/10.1002/adma.201305535
http://www.ncbi.nlm.nih.gov/pubmed/24616057
http://doi.org/10.1021/ja5013646
http://doi.org/10.1039/C1CS15187H
http://doi.org/10.3390/ijms140510591
http://www.ncbi.nlm.nih.gov/pubmed/23698781
http://doi.org/10.1021/nn406197c
http://doi.org/10.1016/j.pdpdt.2011.03.342
http://doi.org/10.1039/C9NR02412C
http://doi.org/10.1039/c0cs00180e
http://doi.org/10.1021/acsami.6b07838
http://www.ncbi.nlm.nih.gov/pubmed/27758099
http://doi.org/10.1038/s41598-016-0028-x
http://www.ncbi.nlm.nih.gov/pubmed/28127051


J. Funct. Biomater. 2023, 14, 207 12 of 12

33. Tardivo, J.P.; Del Giglio, A.; de Oliveira, C.S.; Gabrielli, D.S.; Junqueira, H.C.; Tada, D.B.; Severino, D.; de Fátima Turchiello, R.;
Baptista, M.S. Methylene blue in photodynamic therapy: From basic mechanisms to clinical applications. Photodiagnosis Photodyn.
Ther. 2005, 2, 175–191. [CrossRef]

34. Wainwright, M.; McLean, A. Rational design of phenothiazinium derivatives and photoantimicrobial drug discovery. Dyes
Pigments 2017, 136, 590–600. [CrossRef]

35. Wischik, C.M.; Edwards, P.C.; Lai, R.Y.; Roth, M.; Harrington, C.R. Selective inhibition of Alzheimer disease-like tau aggregation
by phenothiazines. Proc. Natl. Acad. Sci. USA 1996, 93, 11213. [CrossRef] [PubMed]

36. Belostozky, A.; Richman, M.; Lisniansky, E.; Tovchygrechko, A.; Chill, J.H.; Rahimipour, S. Inhibition of tau-derived hexapeptide
aggregation and toxicity by a self-assembled cyclic d,l-alpha-peptide conformational inhibitor. Chem. Commun. (Camb) 2018,
54, 5980–5983. [CrossRef]

37. Goux, W.J.; Kopplin, L.; Nguyen, A.D.; Leak, K.; Rutkofsky, M.; Shanmuganandam, V.D.; Sharma, D.; Inouye, H.; Kirschner, D.A.
The formation of straight and twisted filaments from short tau peptides. J. Biol. Chem. 2004, 279, 26868–26875. [CrossRef]

38. Sourav, S.; Thimmaiah, G. Unambiguous Detection of Elevated Levels of Hypochlorous Acid in Double Transgenic AD Mouse
Brain. ACS Chem. Neurosci. 2019, 10, 4847–4853. [CrossRef]

39. Wang, M.; Chang, M.Y.; Li, C.X.; Chen, Q.; Hou, Z.Y.; Xing, B.G.; Lin, J. Tumor-Microenvironment-Activated Reactive Oxygen
Species Amplifier for Enzymatic Cascade Cancer Starvation/Chemodynamic /Immunotherapy. Adv. Mater. 2022, 34, 2106010.
[CrossRef]

40. Hou, Z.; Zhang, Y.; Deng, K.; Chen, Y.; Li, X.; Deng, X.; Cheng, Z.; Lian, H.; Li, C.; Lin, J. UV-Emitting Upconversion-Based
TiO2 Photosensitizing Nanoplatform: Near-Infrared Light Mediated in Vivo Photodynamic Therapy via Mitochondria-Involved
Apoptosis Pathway. ACS Nano 2015, 9, 2584–2599. [CrossRef]

41. Teng, B.; Han, Y.; Zhang, X.; Xiao, H.; Yu, C.; Li, H.; Cheng, Z.; Jin, D.; Wong, K.L.; Ma, P.; et al. Phenanthriplatin(iv) conjugated
multifunctional up-converting nanoparticles for drug delivery and biomedical imaging. J. Mater. Chem. B 2018, 6, 5059–5068.
[CrossRef]

42. Wang, J.; Zhao, C.; Zhao, A.; Li, M.; Ren, J.; Qu, X. New insights in amyloid beta interactions with human telomerase. J. Am.
Chem. Soc. 2015, 137, 1213–1219. [CrossRef] [PubMed]

43. Jin, J.; Gu, Y.-J.; Man, C.W.-Y.; Cheng, J.; Xu, Z.; Zhang, Y.; Wang, H.; Lee, V.H.-Y.; Cheng, S.H.; Wong, W.-T. Polymer-Coated
NaYF4:Yb3+, Er3+ Upconversion Nanoparticles for Charge-Dependent Cellular Imaging. ACS Nano 2011, 5, 7838–7847. [CrossRef]

44. Guller, A.E.; Nadort, A.; Generalova, A.N.; Khaydukov, E.V.; Nechaev, A.V.; Kornienko, I.A.; Petersen, E.V.; Liang, L.; Shekhter,
A.B.; Qian, Y.; et al. Rational Surface Design of Upconversion Nanoparticles with Polyethylenimine Coating for Biomedical
Applications: Better Safe than Brighter? ACS Biomater. Sci. Eng. 2018, 4, 3143–3153. [CrossRef]

45. Brambilla, D.; Le Droumaguet, B.; Nicolas, J.; Hashemi, S.H.; Wu, L.P.; Moghimi, S.M.; Couvreur, P.; Andrieux, K. Nanotechnolo-
gies for Alzheimer’s disease: Diagnosis, therapy, and safety issues. Nanomedicine 2011, 7, 521–540. [CrossRef] [PubMed]

46. Yu, H.; Li, M.; Liu, G.; Geng, J.; Wang, J.; Ren, J.; Zhao, C.; Qu, X. Metallosupramolecular complex targeting an α/β discordant
stretch of amyloid β peptide. Chem. Sci. 2012, 3, 3145–3153. [CrossRef]

47. von Bergen, M.; Friedhoff, P.; Biernat, J.; Heberle, J.; Mandelkow, E.M.; Mandelkow, E. Assembly of τ protein into Alzheimer
paired helical filaments depends on a local sequence motif (306VQIVYK311) forming β structure. Proc. Natl. Acad. Sci. USA 2000,
97, 5129. [CrossRef] [PubMed]

48. Inoue, M.; Hirata, A.; Tainaka, K.; Morii, T.; Konno, T. Charge-Pairing Mechanism of Phosphorylation Effect upon Amyloid
Fibrillation of Human Tau Core Peptide. Biochemistry 2008, 47, 11847–11857. [CrossRef]

49. Chemerovski-Glikman, M.; Frenkel-Pinter, M.; Mdah, R.; Abu-Mokh, A.; Gazit, E.; Segal, D. Inhibition of the Aggregation
and Toxicity of the Minimal Amyloidogenic Fragment of Tau by Its Pro-Substituted Analogues. Chemistry 2017, 23, 9618–9624.
[CrossRef]

50. Frenkel-Pinter, M.; Richman, M.; Belostozky, A.; Abu-Mokh, A.; Gazit, E.; Rahimipour, S.; Segal, D. Selective Inhibition of
Aggregation and Toxicity of a Tau-Derived Peptide using Its Glycosylated Analogues. Chemistry 2016, 22, 5945–5952. [CrossRef]

51. KrishnaKumar, V.G.; Paul, A.; Gazit, E.; Segal, D. Mechanistic insights into remodeled Tau-derived PHF6 peptide fibrils by
Naphthoquinone-Tryptophan hybrids. Sci. Rep. 2018, 8, 71. [CrossRef]

52. Wang, C.K.; Northfield, S.E.; Huang, Y.H.; Ramos, M.C.; Craik, D.J. Inhibition of tau aggregation using a naturally-occurring
cyclic peptide scaffold. Eur. J. Med. Chem. 2016, 109, 342–349. [CrossRef] [PubMed]

53. Javed, M.; Ahmad, M.I.; Javed, H.; Naseem, S. D-ribose and pathogenesis of Alzheimer’s disease. Mol. Biol. Rep. 2020,
47, 2289–2299. [CrossRef]

54. Golde, T. The Pathogenesis of Alzheimer’s Disease and the Role of Aβ42. CNS Spectr. 2014, 12, 4–6. [CrossRef] [PubMed]
55. Bilal, M.; Barani, M.; Sabir, F.; Rahdar, A.; Kyzas, G.Z. Nanomaterials for the treatment and diagnosis of Alzheimer’s disease: An

overview. NanoImpact 2020, 20, 100251. [CrossRef]
56. Qiao, L.Y.; Shen, Y.; Zhang, S.Y.; Wang, M.; Lv, G.L.; Dou, Q.Q.; Li, C.X. H2O2-responsive multifunctional nanocomposite for the

inhibition of amyloid-β and Tau aggregation in Alzheimer’s disease. BMEMat 2023, 1, e12011. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/S1572-1000(05)00097-9
http://doi.org/10.1016/j.dyepig.2016.09.015
http://doi.org/10.1073/pnas.93.20.11213
http://www.ncbi.nlm.nih.gov/pubmed/8855335
http://doi.org/10.1039/C8CC01233D
http://doi.org/10.1074/jbc.M402379200
http://doi.org/10.1021/acschemneuro.9b00554
http://doi.org/10.1002/adma.202106010
http://doi.org/10.1021/nn506107c
http://doi.org/10.1039/C8TB01034J
http://doi.org/10.1021/ja511030s
http://www.ncbi.nlm.nih.gov/pubmed/25564872
http://doi.org/10.1021/nn201896m
http://doi.org/10.1021/acsbiomaterials.8b00633
http://doi.org/10.1016/j.nano.2011.03.008
http://www.ncbi.nlm.nih.gov/pubmed/21477665
http://doi.org/10.1039/c2sc20372c
http://doi.org/10.1073/pnas.97.10.5129
http://www.ncbi.nlm.nih.gov/pubmed/10805776
http://doi.org/10.1021/bi8010994
http://doi.org/10.1002/chem.201701218
http://doi.org/10.1002/chem.201504950
http://doi.org/10.1038/s41598-017-18443-2
http://doi.org/10.1016/j.ejmech.2016.01.006
http://www.ncbi.nlm.nih.gov/pubmed/26807864
http://doi.org/10.1007/s11033-020-05243-7
http://doi.org/10.1017/S1092852900025876
http://www.ncbi.nlm.nih.gov/pubmed/17192766
http://doi.org/10.1016/j.impact.2020.100251
http://doi.org/10.1002/bmm2.12011

	Introduction 
	Materials and Methods 
	Synthesis of UCNPs-LMB/VQIVYK 
	ThT Fluorescence Assay 
	Cytotoxicity Assay 

	Results 
	Synthesis and Characterization of the UCNPs-LMB/VQIVYK Nanosystems 
	Drug Loading and Releasing Properties 
	Photodynamic Effect of UCNPs-LMB/VQIVYK on Suppressing A42 Aggregation 
	UCNPs-LMB/VQIVYK Restrained Tau Protein Aggregation 
	Release of MB in Cells 
	UCNPs-LMB/VQIVYK Reduced the Cytotoxicity of A42/Tau 

	Discussion 
	Conclusions 
	References

