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Abstract: Design of amyloid β-protein (Aβ) inhibitors is considered an effective strategy for the
prevention and treatment of Alzheimer’s disease (AD). However, the limited blood–brain barrier
(BBB) penetration and poor Aβ-targeting capability restricts the therapeutic efficiency of candidate
drugs. Herein, we have proposed to engineer transthyretin (TTR) by fusion of the Aβ-targeting
peptide KLVFF and cell-penetrating peptide Penetratin to TTR, and derived a fusion protein, KLVFF-
TTR-Penetratin (KTP). Moreover, to introduce the scavenging activity for reactive oxygen species
(ROS), a nanocomposite of KTP and manganese dioxide nanoclusters (KTP@MnO2) was fabricated by
biomineralization. Results revealed that KTP@MnO2 demonstrated significantly enhanced inhibition
on Aβ aggregation as compared to TTR. The inhibitory effect was increased from 18%, 33%, and 49%
(10, 25, and 50 µg/mL TTR, respectively) to 52%, 81%, and 100% (10, 25, and 50 µg/mL KTP@MnO2).
In addition, KTP@MnO2 could penetrate the BBB and target amyloid plaques. Moreover, multiple
ROS, including hydroxyl radicals, superoxide radicals, hydrogen peroxide, and Aβ-induced-ROS,
which cannot be scavenged by TTR, were scavenged by KTP@MnO2, thus resulting in the mitigation
of cellular oxidative damages. More importantly, cell culture and in vivo experiments with AD
nematodes indicated that KTP@MnO2 at 50 µg/mL increased the viability of Aβ-treated cells from
66% to more than 95%, and completely cleared amyloid plaques in AD nematodes and extended
their lifespan by 7 d. Overall, despite critical aspects such as the stability, metabolic distribution,
long-term biotoxicity, and immunogenicity of the nanocomposites in mammalian models remaining
to be investigated, this work has demonstrated the multifunctionality of KTP@MnO2 for target-
ing Aβ in vivo, and provided new insights into the design of multifunctional nanocomposites of
protein–metal clusters against AD.

Keywords: Alzheimer’s disease; amyloid β-protein; transthyretin; manganese dioxide nanoclusters;
BBB penetration

1. Introduction

Alzheimer’s disease (AD) stands as one of the most prevalent neurodegenerative dis-
eases, with clinical characteristics of memory deficit, cognition impairment, communicative
decline, emotional disorder, and disabling behavior. It is a complex and multifactorial
disease with pathological mechanisms such as amyloid β-protein (Aβ) aggregation, tau
protein hyperphosphorylation, neuroinflammation, and synaptic dysfunction [1,2]. One of
the pathologic features of AD is extracellular amyloid plaque deposition, resulting from the
gradual accumulation and aggregation of amyloid β-protein (Aβ) in the cerebrum [3]. The
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amyloid cascade hypothesis suggests that aggregation of Aβ monomers into oligomers and
mature fibrils is a major factor contributing to the pathologic dysfunction of neurons [4,5].
Therefore, the exploration of inhibition of Aβ aggregation is considered integral to the
prevention and treatment of AD [6,7]. However, accurate delivery of drugs to the lesion
site deeply seated in the brain requires drugs to pass through the blood–brain barrier
(BBB), which is a major obstacle for AD treatment [8,9]. In the AD patient’s brain, Aβ can
interact with corresponding receptors to activate downstream pathways, leading to the
production of reactive oxygen species (ROS). Meanwhile, due to the imbalance of metal ion
homeostasis, transition metal ions such as Cu2+, Zn2+, and Fe3+ can produce ROS through
Fenton-like reactions [10–14]. These excess ROS can lead to mitochondrial dysfunction,
resulting in oxidative stress. Therefore, the design of Aβ inhibitors with multifunctionality
including BBB penetration and ROS scavenging capability is of great significance for the
treatment of AD.

Currently, a variety of Aβ inhibitors have been reported, including biomacromolecules
(e.g., peptides and proteins), small molecules (e.g., epigallocatechin gallate and curcumin),
and functional nanoparticles (e.g., polymer nanoparticles, gold nanoparticles, and carbon
dots) [15–21]. Of those, protein-based inhibitors have attracted increasing attention because
of their favorable biocompatibility, facile modification, and mature methodology [22,23].
Several proteins existing in plasma and cerebrospinal fluid have been validated for their po-
tential to bind to Aβ and interfere with the aggregation [24–27]. Among them, transthyretin
(TTR) has demonstrated efficacy in inhibiting Aβ fibrillogenesis. TTR, initially identified as
prealbumin, serves as a principal transport protein for the delivery of thyroxine and retinol
and exists as a symmetric tetrameric complex (~55 kDa) [28,29]. It has been demonstrated
that TTR can bind to various Aβ species; monomeric TTR tends to bind to Aβ monomers,
while tetrameric TTR shows preferential interaction with Aβ aggregates [25]. Besides,
previous investigations indicated that TTR monomers showed higher affinity for Aβ than
tetramers, probably due to the buried hydrophobic inner sheet of TTR tetramers [30]. Fur-
thermore, Ghadami et al. found that TTR can inhibit primary and secondary nucleation of
Aβ and alleviate Aβ-mediated cytotoxicity [31]. However, the inhibition capability of TTR
is lower than basified human serum albumin [32], and its low BBB penetration and lack of
ROS scavenging activity disallowed it from being a qualified AD-targeting drug. Therefore,
it needs to be formulated for better applications.

Cell-penetrating peptides (CPPs) have been widely used for improving intracellular
delivery and BBB penetration efficiency [33,34]. Currently, CPPs can be categorized into
three types: cationic, amphiphilic, and hydrophobic CPPs [35]. Cationic CPPs typically
consist of less than 30 amino acid residues that can help deliver micro- and macromolecules
into living cells. Various endocytic pathways coexist during the cellular internalization,
including endocytosis, direct translocation, and pathways regulated by clathrin, caveolin,
and flotillin [36]. The penetration efficiency of cationic CPPs is intricately linked to the
cationic residues, which would interact with the negatively charged moieties of proteo-
glycans on the cellular membrane [37]. Penetratin (Pen) is a representative cationic CPP
derived from the Antennapedia homeodomain with the amino acid sequence of RQIKIWFQN-
RRMKWKK [36,38]. Although Pen-functionalized nanoparticles can cross the BBB, the
nanoparticles still hardly accumulated in the lesion site due to the lack of targeting capa-
bility. As for delivery of Aβ inhibitors, KLVFF from the central hydrophobic core (CHC)
region of Aβ can serve as an Aβ-targeting peptide [39]. For instance, Plissonneau et al.
grafted KLVFF onto nanoparticles, thereby conferring upon them the ability to recognize
and bind to amyloid plaques in the mouse hippocampus [40]. Thus, the incorporation
of Pen and KLVFF in a therapeutic agent is anticipated to augment targeted delivery to
amyloid plaques in the brain, thereby enhancing its efficacy.

Recently, various substances with notable ROS scavenging activity have been identi-
fied, such as manganese-, carbon-, molybdenum-, and cerium-based nanomaterials [41–44].
Manganese dioxide (MnO2) has attracted broad attention in the biomedical field owing
to its excellent catalytic efficiency, robust stability, and facile preparation process [45–47].
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MnO2 exhibits multienzyme activities, including intrinsic superoxide dismutase, peroxi-
dase, and catalase-like enzyme activities. These properties enable it to effectively scavenge
harmful ROS within cells. For example, Gao et al. synthesized HSA-MnO2 nanocomposites
(HMn NCs) through a one-step biomineralization process, which exhibited considerable
potential in efficiently scavenging multiple intracellular ROS [48]. Therefore, the combi-
nation of protein and MnO2 emerged as one of the sensible choices for conferring ROS
scavenging activity to AD therapeutic agents.

To address the challenges of low BBB penetration, Aβ-targeting capability, and ROS
scavenging activity of TTR, this work is proposed to synthesize MnO2 nanoclusters within
multifunctional fusion proteins for efficient clearance of amyloid plaques and ROS. Herein,
KLVFF-TTR-Pen (KTP) was firstly constructed by fusing TTR with KLVFF at the N-terminal
and Pen at the C-terminal. On the one hand, BBB penetration and Aβ-targeting can be
introduced into this system. On the other hand, it is expected that the hydrophobicity of
KLVFF and Pen may lead to an enhanced inhibitory efficiency of KTP. After that, in order
to incorporate ROS scavenging activity, KTP@MnO2 (a nanocomposite of KTP and MnO2
nanoclusters) was fabricated via biomineralization. The inhibitory effects of KTP@MnO2,
KTP, and TTR against Aβ aggregation were investigated. Then, an array of experiments was
performed to evaluate the BBB penetration, Aβ-targeting, and ROS scavenging activities
of KTP@MnO2. Finally, the therapeutic effects of KTP@MnO2 were explored through
cellular and in vivo experiments to broaden the applications of protein and metal-based
nanocluster complexes in inhibiting Aβ aggregation.

2. Results and Discussion
2.1. Protein Purification and Characteristics of KTP@MnO2

KTP was constructed by fusing TTR with KLVFF at the N-terminal and Pen at the
C-terminal. KTP was chosen for subsequent experiments based on pre-experimental find-
ings, demonstrating its superior efficacy compared to KLVFF-TTR in inhibiting Aβ aggrega-
tion and theoretical considerations, suggesting that KTP possesses the ability to target Aβ

in a manner not achievable by TTR-Penetratin (Figure S1). For the expression of TTR and
KTP protein, recombinant vectors pCold II-TTR and pCold II-KTP were constructed and
transformed into the Escherichia coli BL21 (Figure S2a,b). The purified TTR was composed
of monomers (~15 kDa) and dimers (~35 kDa) (Figure S2c), and KTP contained monomers
(~20 kDa) and dimers (~45 kDa) (Figure S2d). It has been demonstrated that both TTR
monomers and dimers could bind to Aβ species [49], therefore, proteins utilized in the
following fabrication experiments were the mixtures of monomers and dimers. As shown
in Figure 1, KTP solution was first mixed with manganese chloride (MnCl2), and then the
composites of KTP and MnO2 nanoclusters were formed by a biomineralization process
under alkaline conditions [44,50], which were designated as KTP@MnO2. KTP@MnO2 was
relatively uniform with an average size of approximately 8 nm (Figure 2a), and it contained
several MnO2 nanoclusters with a size of about 1 nm (Figure 2b). The conformations of dif-
ferent inhibitors were determined by CD spectroscopy (Figure 2c). TTR presented β-sheet
conformation with a negative peak near 216 nm and a positive peak before 200 nm, which
is consistent with the literature [51]. KTP presented α-helix conformation with double
negative peaks at 220 nm and 208 nm, and a positive peak before 200 nm. KTP@MnO2
maintained a conformation similar to KTP, but the content of secondary structures changed.
The increase in the negative ellipticity of KTP@MnO2 around 220 nm and 208 nm indi-
cated the increase in α-helix content. The elemental composition and valence distribution
were investigated by XPS survey (Figure 2d,e). The XPS full scan spectrum showed that
KTP@MnO2 was mainly composed of C, N, O, and Mn elements (Figure 2d). Moreover, the
high-resolution Mn2p XPS spectra of KTP@MnO2 showed two peaks at 641.9 and 653.4 eV
(Figure 2e), which corresponded to the characteristic peaks of Mn2p in MnO2, indicating
the successful synthesis of KTP@MnO2. The ζ-potential of TTR was −2.1 mV, and it was
increased to 15.8 mV for KTP (Figure 2f) due to the introduction of positively charged
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KLVFF and Pen [38,52]. Notably, due to the negatively charged MnO2, the ζ-potential of
KTP@MnO2 decreased to 13.4 mV [53].
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2.2. Inhibition of Aβ40 Fibrillization

A ThT fluorescence assay was employed to examine the inhibitory efficiency of vari-
ous inhibitors, since ThT dyes can bind to the β-sheet structure of Aβ species and exhibit
enhanced fluorescence signal. As observed in the aggregation kinetics of Aβ40 (Figure S3),
Aβ40 fibrillization exhibited a sigmoidal curve with a distinct lag period (nucleation phase).
Normalized ThT fluorescence intensity after 160 h co-incubation obtained from the kinetic
curve of Aβ40 in Figure S3 was presented in Figure 3a. TTR, KTP, and KTP@MnO2 inhibited
Aβ40 fibrillization in a concentration-dependent manner, as evidenced by the decreased
ThT fluorescence intensity in the plateau phase. TTR inhibited the 18%, 33%, and 49% ThT
fluorescence intensity of Aβ40 at 10, 25, and 50 µg/mL, respectively. In comparison, KTP
possessed a stronger inhibitory capability than TTR, reducing ThT fluorescence intensity
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by approximately 34%, 66%, and 100% at 10, 25, and 50 µg/mL, respectively. Remarkably,
KTP@MnO2 showed the most potent inhibitory capability, completely inhibiting the ag-
gregation of Aβ40 at 50 µg/mL, and suppressing about 52% and 81% ThT fluorescence
intensity at 10 and 50 µg/mL. The inhibitory capability of KTP@MnO2 was significantly
stronger than that of human serum albumin (HSA), an Aβ-binding protein, which reduced
ThT fluorescence intensity by 20% at 0.5 µM (33.3 µg/mL). Furthermore, KTP@MnO2
demonstrated greater inhibition compared to the nanocomposite formed by the combina-
tion of HSA and MnO2 (25 µg/mL and 50 µg/mL of HSA@MnO2 inhibited 64% and 72%
of ThT fluorescence intensity, respectively) [48]. It is considered that the high inhibitory
capability of KTP was attributed to the introduction of positively charged and hydrophobic
KLVFF and Pen, which enhanced the electrostatic and hydrophobic interactions between
KTP and Aβ40. This inference was corroborated by isothermal titration calorimetry assay
(Figure S4). The ∆G values for the binding of TTR and KTP to Aβ40 were determined
to be −36.83 and −48.43 kJ/mol, respectively, signifying the spontaneous nature of their
binding events with Aβ40. Furthermore, the ∆G and Kd values between KTP and Aβ40 were
calculated to be smaller than those of TTR, suggesting a stronger binding affinity between
KTP and Aβ40. In addition, it is considered that the introduction of MnO2 nanoclusters
could stabilize the conformation of KTP, resulting in robust inhibitory capability. The lag
time (Tlag) obtained from the kinetic curve of Aβ40 in Figure S3 is listed in Table S1. It
can be seen that Tlag increased with the addition of TTR, which was attributed to TTR
being able to affect the primary nucleation and secondary nucleation of Aβ40 by binding to
Aβ40 oligomers [31]. Tlag became shorter with the addition of KTP, indicating KTP could
accelerate nucleation and promote the early aggregation of Aβ40 [32,54]. However, the Tlag
of KTP@MnO2 was longer than that of KTP, suggesting that the introduction of MnO2 can
extend the Tlag [48].

To get insight into the conformational transition of Aβ40, CD spectroscopy was per-
formed (Figures 3b and S5). After 160 h of incubation, Aβ40 formed a typical β-sheet
structure with negative peak at 216 nm and positive peak near 195 nm (Figure 3b, black
line). The ellipticity value of Aβ40 changed with the addition of KTP or KTP@MnO2.
Significantly, with 50 µg/mL of KTP or KTP@MnO2, the typical β-sheet structure disap-
peared, indicating that the aggregation of Aβ40 was completely inhibited. The BeStSeL
algorithm was employed to evaluate the impact of the inhibitor on the secondary structure
compositions of Aβ40. As illustrated in Table S2, helix and antiparallel β-sheet structures
coexisted in Aβ40 before incubation, whereas antiparallel β-sheets decreased and parallel
β-sheets increased after incubation. The reason for the change in secondary structure from
antiparallel to parallel β-sheets is that antiparallel β-sheets could cause instability in the
salt bridge within Aβ, which promotes the aggregation of Aβ40 to form mature fibrils with
lower energy [55–57]. The content of parallel β-sheet structures of Aβ40 decreased slightly
after co-incubation with TTR. Notably, co-incubation with KTP or KTP@MnO2 led to the
complete elimination of parallel β-sheet structures in Aβ40. This result demonstrated that
inhibitors may have altered the aggregation pathway of Aβ40, which no longer aggregated
into fibrils. Moreover, the morphology of Aβ40 aggregates co-incubated with inhibitors
was observed by AFM (Figure 3c). Aβ40 aggregated into dense, elongated, and intertwined
fibrils. The number and length of Aβ40 fibrils decreased with increasing concentrations of
inhibitors, and at the same concentration, Aβ40 co-cultured with KTP@MnO2 contained the
fewest fibrils. Fibrils were observed in Aβ40 co-incubated with 50 µg/mL TTR, whereas
fibrils disappeared in Aβ40 co-incubated with 50 µg/mL KTP and KTP@MnO2. Taken
together, CD spectroscopy and AFM imaging further verified the results of ThT fluores-
cence experiments. KTP@MnO2 could effectively inhibit Aβ40 aggregation. Due to the
introduction of the Aβ-targeting peptide-KLVFF and BBB-penetrating peptide-Pen into
KTP@MnO2, it is expected to possess the functionalities of Aβ targeting and BBB penetra-
tion. Therefore, the BBB penetration and Aβ targeting of KTP@MnO2 will be investigated
in detail next.
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Figure 3. Inhibition of Aβ40 aggregation. (a) Normalized ThT fluorescence intensity of Aβ40 incubated
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(50 µg/mL) at 160 h. (c) AFM images of Aβ40 incubated with different concentrations of inhibitors at
160 h. Scale bars are 2 µm.

2.3. BBB Penetration

The feasibility of Pen to enhance the BBB penetration of inhibitors was assessed
through Transwell experiments [58–61]. As illustrated in Figure 4a, a tightly connected
monolayer of cell membranes was formed by inoculation of bEnd.3 cells onto the Tran-
swell membrane, and Cy5-labelled TTR, KTP, and KTP@MnO2 were added to the upper
chamber, individually. Subsequently, the solution in the lower chamber was collected for
quantitative analysis of BBB penetration at 3 h and 6 h. The linear correlation between the
concentration and fluorescence intensity is established in Figure S6, and the quantitative
BBB penetration ratio was calculated by measuring the fluorescence intensity in the lower
chamber (Figure 4b). The penetration efficiencies of TTR were 2.3% and 6.5% at 3 and
6 h, respectively. In contrast, the penetration efficiency of KTP was significantly higher,
reaching 15.7% and 35.0% at 3 and 6 h. KTP@MnO2 showed a slight decrease in penetration
efficiency compared to KTP, with penetration efficiencies of 14.4% and 30.1% at 3h and 6 h.
This slight decline in penetration efficiencies may be attributed to the larger particle size
of KTP@MnO2. Significantly, the penetration efficiency of KTP@MnO2 surpasses that of
nanomedicine modified by the brain-targeting peptide RVG (25% penetration efficiency
after 10 h in the same model) [58], and aligns closely with that of another Pen-modified
protein agent (17.5% penetration efficiency after 3 h and 31.1% after 6 h with the same
model) [32]. Overall, the elevated BBB penetration of KTP@MnO2 can be ascribed to the
synergistic effects of Pen and KLVFF, wherein the positive charge and hydrophobicity
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(lipophilicity) play pivotal roles in the penetration and internalization processes. The above
results demonstrated the great potential of KTP@MnO2 to penetrate the BBB and be utilized
as an anti-Aβ aggregation agent.
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Figure 4. (a) Schematic representation of inhibitors crossing the BBB model. (b) Quantitative analysis
of the BBB penetration efficiency of TTR, KTP, and KTP@MnO2. Statistical significance level was
expressed by asterisk (in comparison with the TTR group, *** p < 0.001). (c) In vivo targeting capability
of different inhibitors. C. elegans were stained with Aβ-specific probe ThT (green emission) and
incubated with Cy5-labelled inhibitors (red emission). Scale bars are 50 µm. The amyloid plaques
were marked by white arrows.

2.4. Targeting Amyloid Plaques in C. elegans

To validate Aβ plaques targeting capability of different inhibitors, the Aβ plaques were
stained with ThT and incubated with Cy5-labelled inhibitor (TTR, KTP, or KTP@MnO2).
As depicted in Figure S7, Aβ exhibited green fluorescent plaques, and a small amount of
red fluorescence can be observed in the green regions, indicating that TTR possessed weak
binding ability with Aβ plaques. Remarkably, the effective colocalization phenomenon
of green-on-red fluorescence for KTP and KTP@MnO2 samples indicated that KTP and
KTP@MnO2 had a higher binding ability with Aβ plaques.

CL2006 nematodes, an AD mutant nematode capable of expressing Aβ42 in the muscle
of the body wall, were subjected to targeting experiments. As demonstrated in Figure 4c,
CL2006 nematodes incubated with Cy5-labelled KTP or Cy5-labelled KTP@MnO2 not only
exhibited green fluorescence of ThT, but also displayed red fluorescence of Cy5 at the
corresponding positions. However, in CL2006 nematodes incubated with Cy5-labelled TTR,
predominantly only green fluorescence was observed. The above results suggested that
KTP and KTP@MnO2 possessed the ability to target amyloid plaques in CL2006 nematodes.
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2.5. ROS Scavenging Activity

·OH can oxidize 2-deoxy-D-ribose to form malondialdehyde, which reacts with TBA
to generate 3,5,5-trimethyloxazole-2,4-dione with a strong absorption at 532 nm. The
scavenging activity of inhibitors against ·OH was examined by measuring their inhibitory
efficiency on 2-deoxy-D-ribose oxidation [62]. As shown in Figure S8, the absorbance did
not change after the addition of TTR or KTP. In contrast, the addition of KTP@MnO2 led to a
notable decrease in the absorbance, indicating that KTP@MnO2 has ·OH scavenging activity.
KTP@MnO2 scavenged approximately 45% and 60% of ·OH at 10 and 50 µg/mL (Figure 5a),
which is consistent with the fact that high-valent manganese induces the conversion of ·OH
to water and molecular oxygen [63].
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·O2
− can catalytically reduce NBT to form formazan with maximum absorption at

560 nm. Therefore, the ·O2
− scavenging activity of inhibitors was determined by assess-

ing the inhibition on formazan formation [64–66]. As demonstrated in Figure 5b, the
absorbance of the control group increased with the duration of illumination, implying
the production of ·O2

−. In comparison to the control group, TTR or KTP induced slight
changes in absorbance. By contrast, KTP@MnO2 significantly reduced the absorbance to
30% at 10 min, demonstrating a superior ·O2

− scavenging efficiency. Two main reasons
can be responsible for the·O2

− scavenging activity of KTP@MnO2. Firstly, MnO2 can cat-
alyze the disproportionation reaction of ·O2

− to generate water and molecular oxygen [46].
Secondly, Mn2+ can be produced during the catalytic process, and can chelate with phos-
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phate ligands in the physiological environment, thereby enhancing the disproportionation
of·O2

− [47,67,68].
Moreover, H2O2 was found to be scavenged by KTP@MnO2 in vitro. As depicted in

Figure 5c, KTP@MnO2 at 50 µg/mL reduced the H2O2 level by more than 15%, whereas
TTR and KTP lowered the H2O2 level by less than 3%, highlighting the superior H2O2 scav-
enging activity of KTP@MnO2. Overall, the in vitro ROS scavenging activity of KTP@MnO2
was satisfactory, with the ability to eliminate ·OH, ·O2

−, and H2O2, holding the promise to
scavenge free radicals in the protein aggregation process.

DCFH-DA was used to detect intracellular ROS levels. The intensity and distribution
of green fluorescence were measured to evaluate ROS levels in cells. After incubation
with Aβ40, cells showed prominent green fluorescence, whereas cells in the control group
displayed no green fluorescence, indicating that Aβ40 induced the substantial production
of ROS in the cells (Figure 5d). TTR and KTP partially mitigated Aβ40-induced ROS, but
distinct green fluorescence was still observed. Encouragingly, the addition of KTP@MnO2
significantly diminished the green fluorescence, suggesting that KTP@MnO2 can effectively
eliminate intracellular ROS and mitigate oxidative damage to cells.

Thus, KTP@MnO2 with Aβ targeting and inhibition, BBB penetration, and multiple
ROS scavenging activities hold exciting promise for efficient and multi-target treatment of
AD. The therapeutic effect of KTP@MnO2 in cells and nematodes will be showcased in the
following section.

2.6. Inhibition of Aβ-Induced Cytotoxicity and Scavenging Amyloid Plaques in C. elegans

MTT assays were conducted with SH-SY5Y cells to evaluate the detoxification effect.
As can be seen from Figure 6a, within the tested concentration range (10–100 µg/mL),
inhibitors showed no obvious cytotoxicity, maintaining more than 90% cell viability. When
pre-cultured Aβ40 was co-cultured with SH-SY5Y cells for 24 h, a notable decrease in
cell activity to 66% was observed (Figure 6b). With the increase in the concentration of
inhibitors, the cell activity of Aβ40 treatment increased. Notably, the cytotoxicity induced
by Aβ40 was completely inhibited by KTP@MnO2 at 50 µg/mL.

The impact of inhibitors on suppressing in vivo Aβ40 amyloid plaque formation
was investigated using wild-type N2 and AD mutant CL2006 nematodes. After stain-
ing with ThT, distinct green fluorescent spots were observed in adult CL2006 nematodes
(Figure 6c). As a control, no such fluorescent spots were observed in wild-type N2 nema-
todes (Figure 6d). CL2006 nematodes were administered with 50 µg/mL of inhibitor at the
L4 larval stage and cultured for 3 days before being stained with ThT. The green fluorescent
spots in CL2006 nematodes treated with TTR decreased slightly (Figure 6e), and those in
CL2006 nematodes treated with KTP decreased significantly (Figure 6f). More importantly,
the green fluorescent spots in CL2006 nematodes treated with KTP@MnO2 completely
disappeared (Figure 6g), indicating that KTP@MnO2 at a concentration of 50 µg/mL com-
pletely inhibited the deposition of Aβ plaques in CL2006 nematodes. Furthermore, the
accumulation of Aβ in CL2006 nematodes could lead to motility impairment and paralysis,
which resulted in nematode death within 12 days (Figure 6h). Therefore, the potential of
inhibitors to extend the longevity of CL2006 nematodes was evaluated through a lifespan
assay. TTR, KTP, and KTP@MnO2 prolonged the lifespan of CL2006 nematodes by 4, 6, and
7 days, respectively, and the lifespan of CL2006 nematodes treated with KTP or KTP@MnO2
was consistent with that of N2 nematodes. The above results indicate that KTP@MnO2
significantly inhibits amyloid aggregation and deposition in vivo, attenuating Aβ-induced
toxicity and thereby prolonging the lifespan of CL2006 nematodes.
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Figure 6. Cell viability and C. elegans (N2 and CL2006) assays. (a) Viability of SH-SY5Y cells
determined by MTT assay. (b) The detoxification of different inhibitors on Aβ40-induced cytotoxicity.
The concentration of Aβ40 was 25 µM. Statistical significance level was expressed by asterisk (in
comparison with the control group, *** p < 0.001), pound sign (in comparison with Aβ group,
# p < 0.05, ## p < 0.01, ### p < 0.001) and plus sign (in comparison with TTR group, +++ p < 0.001).
(c–g) ThT fluorescence imaging of amyloid plaques in N2 and CL2006 nematodes. CL2006 at L4 stage
were incubated with different inhibitors for 3 d. ThT (green emission) was used as an Aβ-specific
fluorescence probe to stain all nematodes at the end of incubation. The amyloid plaques were marked
by white arrows. Scale bars are 50 µm. (h) Survival curves of CL2006 nematodes treated with
different inhibitors.

However, it should be noted that there are several limitations of using C. elegans as an
AD model. Some AD-related genes such as β-secretase, are deficient in C. elegans, which
prevents the organism from endogenously producing β-amyloid peptides. Additionally,
C. elegans lacks many mammalian features, including the circulatory system, myelinated
neurons, hippocampus, and adaptive immune system. Therefore, further testing using
other models such as zebrafish and mouse models is necessary before considering clinical
trials. Furthermore, when applied to the human body, KTP@MnO2 may be readily cleared
by the hepatobiliary system, and the cationic KTP@MnO2 may adsorb negatively charged
serum proteins, leading to agglomeration in the circulation. Thus, future studies need to
focus on detailed in vivo experiments to test the clinical applicability of nanocomposites.
In this paper, the effect of KTP@MnO2 on Aβ was investigated, and it may be worthwhile
to consider its effect on other pathogenic amyloids (e.g., tau proteins, pancreatic amyloid,
α-synuclein, etc.), or to explore its effect on cross-aggregation between different amyloids.
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3. Materials and Methods
3.1. Materials

Synthesized plasmids (pCold II-TTR and pCold II-KTP) were obtained from GE-
NEWIZ (Suzhou, China). Tryptone, yeast extract, and agar powder were purchased
from Oxoid (Berkshire, UK). Aβ40 (>95%, lyophilized powder) was obtained from GL
Biochem (Shanghai, China). Ampicillin (AMP), Isopropyl β-D-Thiogalactoside (IPTG),
Thioflavin T (ThT), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) were received from Sigma-Aldrich (St. Louis,
MO, USA). The reactive oxygen assay kit and catalase assay kit were purchased from
Beyotime Biotechnology (Shanghai, China). Fetal bovine serum (FBS), Dulbecco’s modified
Eagle’s medium/Ham’s F-12 (DMEM/F12), Dulbecco’s modified Eagle’s medium (DMEM),
penicillin-streptomycin were purchased from Gibco (Grand Island, NY, USA). Human neu-
roblastoma SH-SY5Y cells were from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). Mouse brain microvascular endothelial cells (bEnd.3) were purchased
from Beijing Dingguo Biotechnology Co., Ltd. (Beijing, China). The wild-type N2 strain
and the transgenic CL2006 strain of Caenorhabditis elegans (C. elegans) were obtained from
the Caenorhabditis Genetics Center at the University of Minnesota (Minneapolis, MN,
USA). Other chemicals were all of the highest purity and available from local sources.

3.2. Protein Expression and Purification

The constructed plasmids mentioned above were transformed into Escherichia coli BL21.
The strain was cultured overnight for 12 h at 37 ◦C, 220 rpm using liquid LB medium (1%
tryptone, 0.5% yeast powder, 1% NaCl, and 100 µg/mL ampicillin) to obtain the primary
seed solution. Fresh prepared LB medium was inoculated with the above seed solution,
and cultured at 37 ◦C, 220 rpm until OD600 value reached 0.6~0.8, and then induced with
1 mM IPTG for 4~6 h. The fermentation broth was collected by centrifuging for 30 min at
4 ◦C, 5000 rpm. After full suspension with lysis buffer (20 mM Tris-HCl, 500 mM NaCl,
20 mM imidazole, pH 8.0) and standing in an ice bath for 30 min, the cells were crushed
with an ultrasonic cell crusher (JY92-IIN, Scientz, Ningbo, China) and centrifuged (4 ◦C,
10,000 rpm, 30 min) to collect the supernatant. To separate the target protein KTP, the
supernatant was passed through an Ni affinity chromatography column, followed by
removal of nonspecifically adsorbed heterogeneous proteins with washing buffer (20 mM
Tris-HCl, 500 mM NaCl, 60 mM imidazole, pH 8.0), and elution with elution buffer (20 mM
Tris-HCl, 500 mM NaCl, 500 mM imidazole, pH 8.0). The target proteins were lyophilized
and stored after dialysis.

3.3. Synthesis and Characterization of KTP@MnO2

For synthesis using KTP as template, KTP was mixed with Mn2+, and the pH value was
adjusted to alkaline with C4H13NO. The reaction of 2Mn2+ + 4OH− + O2 → 2MnO2 + 2H2O
was triggered and KTP@MnO2 nanoparticles could be obtained by biomineralization.
Briefly, MnCl2 (0.5 mM, 10 mL) aqueous solution was slowly dropped into protein aqueous
solution (1 mg/mL, 10 mL) and incubated for 20 min with vigorous stirring. Then, 50 µL of
C4H13NO (25% aqueous solution) was dropwise added into the reaction solution, followed
by vigorous stirring for 2 h to obtain KTP@MnO2. The reaction product was dialyzed
against deionized water for 2 d (MWCO: 7000 Da), and the insoluble large particles were re-
moved by syringe filter (0.45 µm). Finally, the KTP@MnO2 was lyophilized and refrigerated
at −20 ◦C.

The morphology and size distribution of KTP@MnO2 were observed by transmis-
sion electron microscope (TEM) (JEM-2100F, JEOL, Tokyo, Japan). The conformation of
KTP@MnO2 was measured by circular dichroism spectrometer (J-180, Jasco, Tokyo, Japan).
The element composition and surface chemistry of KTP@MnO2 were measured with an
X-ray photoelectron spectrometer (XPS) (Kalpha, Thermo Fisher, Waltham, MA, USA)
with single X-ray source Al Kα excitation (1486.6 eV). The ζ-potential of KTP@MnO2 was
measured by a Zetasizer (Nano ZS90, Malvern Panalytical Ltd., Malvern, UK).
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3.4. Preparation of Aβ Monomer

Aβ40 powder was dissolved in HFIP to 1 mg/mL, and ultrasonically treated in an
ice bath to destroy the pre-existing Aβ40 fibrils. Then it was freeze-dried using a vacuum
freeze dryer (Labconco, Kansas City, MO, USA) to obtain lyophilized Aβ40. Before use, the
treated Aβ40 was dissolved in 20 mM NaOH to 275 µM and ultrasonically treated in an ice
bath until complete dissolution. The treated solution was centrifuged at 4 ◦C and 16,000× g
for 20 min, and then 75% supernatant was carefully collected as Aβ40 stock solution for
later use.

3.5. ThT Fluorescent Assay

ThT can bind to β-sheet rich structures in Aβ aggregates to show enhanced fluores-
cence intensity (excitation and emission at 440 and 480 nm, respectively). The aggregation
kinetics of Aβ40 were determined by in situ culture. Aβ40 monomer, ThT, and inhibitors
with different concentrations were mixed and added to a 96-well plate, in which the final
concentration of Aβ40 and ThT was 25 µM. Then, the 96-well plate was measured by
microplate reader (TECAN Infinite, Salzburg, Austria). The temperature was 37 ◦C and the
measurement time interval was 10 min. The final fluorescence intensity was obtained by
subtracting the background fluorescence. The results of the ThT fluorescence experiments
were normalized and fitted using sigmoidal Boltzmann curves:

y =y0 +
ymax − y0

1+ e−(t − t1/2)k
(1)

where y is the fluorescence intensity at time t, y0 and ymax are the minimum and maximum
fluorescence intensity during the aggregation process, respectively, t1/2 is the corresponding
time when the fluorescence value reaches half of the maximum value, and k is the growth
rate constant. The lag time (Tlag) was then calculated using the following equation:

Tlag = t1/2 −
2
k

(2)

3.6. Circular Dichroism (CD) Spectroscopy

The effect of inhibitors on the secondary structures of Aβ40 aggregates was inves-
tigated using a CD spectrometer (J-810, Jasco, Japan). The ellipticity between 190 and
260 nm of Aβ40 (25 µM) co-cultured with different concentrations of inhibitors was deter-
mined using a 1 mm quartz cell with a bandwidth of 2 nm and a spectral scanning speed
of 100 nm/min. Data were averaged over three consecutive scans and the spectrum of
inhibitor alone was subtracted from that of the mixture of Aβ with inhibitor.

3.7. Atomic Force Microscopy (AFM)

The morphology of Aβ40 aggregates was observed in the tap mode of AFM (CSPM5500,
Benyuan, Beijing, China). The sample (50 µL) was dropwise added into a freshly peeled
clean and flat mica sheet and left for 5 min, followed by rinsing with ultrapure water to
remove salt from the samples, and finally dried using a spin coater (KW-A4, IMECAS,
Beijing, China) at 1000 rpm for 60 s.

3.8. Isothermal Titration Calorimetry (ITC)

An isothermal titration calorimeter (Affinity ITC, TA, New Castle, DE, USA) was
employed to ascertain the interaction force between inhibitor and Aβ40. The freshly
prepared Aβ monomer solution (25 µM) and the inhibitor solution underwent degassing
for 10 min. Subsequently, 500 µL of the Aβ monomer solution was introduced into the
cuvette, while 100 µL of the inhibitor solution was loaded into the injection needle. The
sample underwent titration 25 times at 37 ◦C, with a titer volume of 2 µL, while the stirring
speed was maintained at 100 rpm. The obtained results were adjusted by utilizing the
dilution heat of inhibitor titration buffer as a reference background.



Molecules 2024, 29, 1405 13 of 18

3.9. In Vitro BBB Transportation Studies

The in vitro BBB model was constructed using bEnd.3 cells according to previous
reports [58,69]. bEnd.3 cells (100 cells/µL, 250 µL) were seeded on 24-well Transwell
filters (Corning, Glendale, AZ, USA). The transendothelial electrical resistance (TEER),
measured with a Millicell-ERS voltohmmeter (Millipore, Sherwood, OR, USA), exceeding
150 Ω × cm2 indicated the formation of tightly connected cell layer membrane. Meanwhile,
Cy5-labelled inhibitor (0.5 mg/mL, 50 µL) was added to the upper chamber, and PBS buffer
(pH 7.4, 1 mL) was used to replace the culture medium in the lower chamber. A 200 µL
sample from the lower chamber was collected at 3 h and 6 h, followed by detection of the
fluorescence intensity at 710 nm (excitation wavelength 630 nm). Since the fluorescence
intensity was linearly related to the concentration, the penetration efficiency was estimated
according to the following equation:

Penetration efficiency(%) =
100% × (Ib − Ic)

Ia − Ic
(3)

where Ib and Ia are the fluorescence intensity of the lower chamber and the theoretical equi-
librium fluorescence intensity of sample, respectively, and Ic is the background fluorescence
intensity of the control group.

3.10. In Vitro ROS Scavenging Experiment

Hydroxyl radicals (·OH) were produced by the Fenton reaction of FeSO4-H2O2 [62].
Thiobarbituric acid (TBA) was used to determine the amount of ·OH. ·OH can degrade
2-deoxy-D-ribose to malondialdehyde, which reacts with TBA to produce reddish-brown
3,5,5-trimethyloxazolidine-2,4-dione with the maximum absorption at 532 nm. A quantity
of 50 µL of a mixed solution containing ascorbic acid (80 µM), 2-deoxy-D-ribose (20 mM),
and FeSO4 (80 µM) was added into 100 µL of inhibitor solution. The reaction was initiated
by adding 50 µL of H2O2 (880 µM). After incubation at 37 ◦C for 90 min, the solution was
mixed with TBA (100 µL, 0.4%, w/v) and trichloroacetic acid solution (100 µL, 6%, w/v) and
boiled for 15 min. After cooling to room temperature and centrifugation, the absorbance of
supernatant at 532 nm was measured. The experiment was set up in four parallel groups
so as to calculate the mean and standard deviation.

Superoxide radical (·O2
−) was produced by reoxidation of photo-reduced riboflavin

under aerobic conditions [64,65]. ·O2
− can react with nitrobluetetrazolium (NBT) to gener-

ate blue formazan with maximum absorption at 560 nm. Briefly, 120 µL of inhibitor solution
was configured, followed by the addition of PB buffer (50 mM, pH 7.8, 600 µL), methionine
solution (130 mM, 120 µL), nitrobluetetrazolium solution (750 µM, 120 µL), EDTA·Na2
solution (100 µM, 120 µL), and riboflavin solution (20 µM, 120 µL). The solutions were
mixed and exposed to 30,000 lux of light for several minutes and then the absorbance of
the reaction system at 560 nm was measured. The experiment was set up in four parallel
groups so as to calculate the mean and standard deviation.

Hydrogen peroxide (H2O2) scavenging activity was assessed using a catalase assay
kit. In brief, inhibitor solution was treated with excess H2O2 (250 mM) for 5 min at 25 ◦C.
Following the reaction, the remaining H2O2 was treated with peroxidase to generate the
red product, and the absorbance at 520 nm was subsequently measured.

3.11. Cell Viability Assay

Cytotoxicity was examined by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. SH-SY5Y cells were added to 96-well plates at a density of 8000 cells/well
(80 µL) and incubated for 24 h. Subsequently, 20 µL of a mixed solution (containing 25 µM
Aβ40 and different concentrations of inhibitors) that had been preincubated for 24 h was
added, and the incubation was continued for 24 h. After that, MTT solution (10 µL,
5.5 µg/mL in PBS buffer) was added into each well and cultured for 4 h. The 96-well
plates were centrifuged at 1500 rpm for 10 min to remove the medium, and then 100 µL of
DMSO was added to dissolve and release the bluish-purple formazan crystals. Finally, the
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absorbance at 570 nm was determined. Six parallels were set up for each set of samples.
Wells treated with PBS buffer served as controls. Cell viability was calculated according to
the following equation:

Cell viability(%) =
100% × (ODTreated − ODBackground)

ODControl − ODBackground
(4)

where ODTreated and ODControl present the absorbance at 570 nm for groups treated with
different samples and PBS buffer, respectively, and ODBackground is the absorbance of the
background group.

3.12. Intracellular ROS Scavenging

The ROS scavenging capability of inhibitors was detected by dichlorodihydrofluores-
cein diacetate (DCFH-DA) assay (Beyotime, Shanghai, China, S0033S). SH-SY5Y cells were
added to 96-well plates (8000 cells/well) and incubated for 24 h. Subsequently, 20 µL of a
mixed solution (containing 25 µM Aβ40 and different concentrations of inhibitors) that had
been preincubated for 24 h was added, and the incubation was continued for 24 h. After
that, a DCFH-DA fluorescent probe (10 µM dissolved in serum-free medium, 100 µL) was
added and the cells were incubated in a dark environment for 30 min. The cell morphology
and its fluorescence were observed using a TE2000-U inverted fluorescence microscope
(Nikon, Tokyo, Japan).

3.13. C. elegans Strain Experiments

Two species of C. Elegans were used in the study, which were a wild-type nematode
(N2) and a transgenic AD nematode (CL2006). Nematodes were cultured in nematode
growth medium using E. coli OP50 spread. The nematode growth medium (pH 6.0)
contained 1 mM CaCl2, 1 mM MgSO4, 5 µg/mL cholesterol, 250 mM KH2PO4, 17 g/L agar,
2.5 g/L peptone, and 3 g/L NaCl.

The ability of inhibitors to target Aβ plaques within nematodes was examined by
ThT-Cy5 dual fluorescence assay. For imaging of Aβ plaques in nematodes, adult CL2006
nematodes were picked and fixed in 4% paraformaldehyde at 4 ◦C for 24 h. Then the
nematodes were stained with ThT solution (10 µM) and Cy5-labelled inhibitor solution
(50 µg/mL) for 4 h. The stained nematodes were observed using the inverted fluorescence
microscope described above.

To investigate the ability of inhibitors to scavenge Aβ plaques in nematodes, CL2006
nematodes at the L4 period were picked and cultured in fresh nematode growth medium
containing inhibitor (50 µg/mL, 300 µL). After incubation for 72 h, nematodes were fixed
in 4% paraformaldehyde for 24 h and stained with ThT solution (10 µM). The stained
nematodes were placed under the inverted fluorescence microscope for observation.

In the nematode longevity assay, L4-period nematodes were picked and transferred to
fresh nematode growth medium (50 nematodes/plate) (containing 300 µL of 50 µg/mL
inhibitor). The number of surviving nematodes was observed and recorded daily until
all nematodes died. Among the criteria for determining nematode death were that the
nematodes did not respond to mechanical stimulation by the platinum wire and no head
movement of the nematodes was observed. Every 3 days, the surviving nematodes from
each group were transferred to fresh nematode growth medium to ensure adequate food
for the nematodes.

3.14. Statistical Analysis

All data were expressed as mean values ± standard deviation. All statistical analyses
were conducted using a one-way analysis of variance (ANOVA) followed by a statistical
comparison using a Tukey test, and p < 0.05 or less was accepted as statistically significant.
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4. Conclusions

In this study, a fusion protein, KLVFF-TTR-Pen, derived from TTR, was engineered
by incorporating the Aβ-targeting peptide KLVFF and cell-penetrating peptide penetratin
(Pen) into TTR. Subsequently, a nanocomposite of KTP and MnO2 nanoclusters, denoted
as KTP@MnO2, was synthesized through a biomineralization process, which was fur-
ther explored as a multifunctional inhibitor against Alzheimer’s β-amyloid fibrillogenesis.
KTP@MnO2 demonstrated remarkable efficacy in inhibiting Aβ fibrillization, surpassing
the performance of KTP and TTR. The BBB penetration and Aβ-targeting of KTP@MnO2
were validated by transwell experiments and fluorescence microscopy. Additionally,
KTP@MnO2 can scavenge various ROS, including ·OH, ·O2

−, H2O2, and Aβ-induced
ROS, mitigating cellular oxidative damage. KTP@MnO2 attenuated Aβ-mediated cyto-
toxicity and prolonged the lifespan of CL2006 nematodes from 12 d to 19 d by in vivo
deposition of Aβ plaques. This work provided a new insight into the development of
potential multifunctional amyloid inhibitors based on protein and metal nanoclusters.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules29061405/s1, Table S1: Lag time (Tlag) of Aβ40 aggregation in
the absence or presence of different inhibitors; Table S2: The content of the secondary structure of
Aβ40; Figure S1: Aggregation kinetics of Aβ40 incubated with TTR-derived proteins; Figure S2: Con-
struction of pCold II-TTR and pCold II-KTP expression vector and SDS-PAGE of TTR and KTP; Figure
S3: Aggregation kinetics of Aβ40 incubated with different concentrations of TTR, KTP or KTP@MnO2;
Figure S4: ITC binding isotherm for the titration of TTR and KTP to Aβ40; Figure S5: CD spectra
of Aβ40 incubated with inhibitors; Figure S6: Linear standard curve of Cy5 fluorescence intensity
of TTR, KTP or KTP@MnO2 versus their concentrations; Figure S7: In vitro targeting capability of
different inhibitors; Figure S8: Scavenging ability of ·OH by different concentrations of inhibitors.

Author Contributions: Conceptualization, X.D.; Methodology, X.D.; Formal analysis, X.D.; Resources,
H.L. and Y.W.; Data curation, H.L.; Writing—original draft, H.L.; Writing—review & editing, W.L.;
Supervision, X.D. and Y.S.; Project administration, Y.S.; Funding acquisition, Y.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China
(No. 22178259).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

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

References
1. Wu, W.; Huang, J.; Han, P.; Zhang, J.; Wang, Y.; Jin, F.; Zhou, Y. Research Progress on Natural Plant Molecules in Regulating the

Blood-Brain Barrier in Alzheimer’s Disease. Molecules 2023, 28, 7631. [CrossRef]
2. Anand, B.G.; Wu, Q.; Karthivashan, G.; Shejale, K.P.; Amidian, S.; Wille, H.; Kar, S. Mimosine Functionalized Gold Nanoparticles

(Mimo-AuNPs) Suppress β-Amyloid Aggregation and Neuronal Toxicity. Bioact. Mater. 2021, 6, 4491–4505. [CrossRef]
3. Salazar, J.; Samhan-Arias, A.K.; Gutierrez-Merino, C. Hexa-Histidine, a Peptide with Versatile Applications in the Study of

Amyloid-β(1-42) Molecular Mechanisms of Action. Molecules 2023, 28, 7138. [CrossRef] [PubMed]
4. Alzheimer’s Association. 2021 Alzheimer’s Disease Facts and Figures. Alzheimers Dement. 2021, 17, 327–406. [CrossRef] [PubMed]
5. Cabaleiro-Lago, C.; Quinlan-Pluck, F.; Lynch, I.; Dawson, K.A.; Linse, S. Dual Effect of Amino Modified Polystyrene Nanoparticles

on Amyloid β Protein Fibrillation. ACS Chem. Neurosci. 2010, 1, 279–287. [CrossRef] [PubMed]
6. Kreiser, R.P.; Wright, A.K.; Block, N.R.; Hollows, J.E.; Nguyen, L.T.; LeForte, K.; Mannini, B.; Vendruscolo, M.; Limbocker, R.

Therapeutic Strategies to Reduce the Toxicity of Misfolded Protein Oligomers. Int. J. Mol. Sci. 2020, 21, 8651. [CrossRef] [PubMed]
7. Zhao, L.; Li, D.; Qi, X.; Guan, K.; Chen, H.; Wang, R.; Ma, Y. Potential of Food-Derived Bioactive Peptides in Alleviation and

Prevention of Alzheimer’s Disease. Food Funct. 2022, 13, 10851–10869. [CrossRef] [PubMed]
8. Akhtar, A.; Andleeb, A.; Waris, T.S.; Bazzar, M.; Moradi, A.R.; Awan, N.R.; Yar, M. Neurodegenerative Diseases and Effective

Drug Delivery: A Review of Challenges and Novel Therapeutics. J. Control. Release 2021, 330, 1152–1167. [CrossRef]
9. Chen, L.; Cruz, E.; Oikari, L.E.; Padmanabhan, P.; Song, J.; Gotz, J. Opportunities and Challenges in Delivering Biologics for

Alzheimer’s Disease by Low-Intensity Ultrasound. Adv. Drug Deliver. Rev. 2022, 189, 114517. [CrossRef]

https://www.mdpi.com/article/10.3390/molecules29061405/s1
https://www.mdpi.com/article/10.3390/molecules29061405/s1
https://doi.org/10.3390/molecules28227631
https://doi.org/10.1016/j.bioactmat.2021.04.029
https://doi.org/10.3390/molecules28207138
https://www.ncbi.nlm.nih.gov/pubmed/37894616
https://doi.org/10.1002/alz.12328
https://www.ncbi.nlm.nih.gov/pubmed/33756057
https://doi.org/10.1021/cn900027u
https://www.ncbi.nlm.nih.gov/pubmed/22778827
https://doi.org/10.3390/ijms21228651
https://www.ncbi.nlm.nih.gov/pubmed/33212787
https://doi.org/10.1039/D2FO02278H
https://www.ncbi.nlm.nih.gov/pubmed/36219143
https://doi.org/10.1016/j.jconrel.2020.11.021
https://doi.org/10.1016/j.addr.2022.114517


Molecules 2024, 29, 1405 16 of 18

10. Chen, J.F.; Xu, T.H.; Yan, Y.; Zhou, Y.R.; Jiang, Y.; Melcher, K.; Xu, H.E. Amyloid Beta: Structure, Biology and Structure-Based
Therapeutic Development. Acta Pharmacol. Sin. 2017, 38, 1205–1235. [CrossRef]

11. Stock, A.J.; Kasus-Jacobi, A.; Pereira, H.A. The Role of Neutrophil Granule Proteins in Neuroinflammation and Alzheimer’s
Disease. J. Neuroinflamm. 2018, 15, 240. [CrossRef]

12. Kong, Y.; Liu, C.; Zhou, Y.; Qi, J.; Zhang, C.; Sun, B.; Wang, J.; Guan, Y. Progress of RAGE Molecular Imaging in Alzheimer’s
Disease. Front. Aging Neurosci. 2020, 12, 227. [CrossRef]

13. Bhatt, S.; Puli, L.; Patil, C.R. Role of Reactive Oxygen Species in the Progression of Alzheimer’s Disease. Drug Discov. Today
2021, 26, 794–803. [CrossRef] [PubMed]

14. Savelieff, M.G.; Nam, G.; Kang, J.; Lee, H.J.; Lee, M.; Lim, M.H. Development of Multifunctional Molecules as Potential
Therapeutic Candidates for Alzheimer’s Disease, Parkinson’s Disease, and Amyotrophic Lateral Sclerosis in the Last Decade.
Chem. Rev. 2019, 119, 1221–1322. [CrossRef] [PubMed]

15. Matsubara, T.; Nakai, M.; Nishihara, M.; Miyamoto, E.; Sato, T. Ganglioside Nanocluster-Targeting Peptidyl Inhibitor Prevents
Amyloid β Fibril Formation on the Neuronal Membrane. ACS Chem. Neurosci. 2022, 13, 1868–1876. [CrossRef] [PubMed]

16. Salamanova, E.; Atanasova, M.; Dimitrov, I.; Doytchinova, I. Effects of Curcumin and Ferulic Acid on the Folding of Amyloid-β
Peptide. Molecules 2021, 26, 2815. [CrossRef] [PubMed]

17. Singh, N.A.; Mandal, A.K.A.; Khan, Z.A. Potential Neuroprotective Properties of Epigallocatechin-3-Gallate (EGCG). Nutr. J.
2016, 15, 60. [CrossRef] [PubMed]

18. Chu, J.; Zhang, W.; Liu, Y.; Gong, B.; Ji, W.; Yin, T.; Gao, C.; Liangwen, D.; Hao, M.; Chen, C.; et al. Biomaterials-Based
Anti-Inflammatory Treatment Strategies for Alzheimer’s Disease. Neural Regen. Res. 2024, 19, 100–115. [CrossRef] [PubMed]

19. Jeon, S.G.; Cha, M.Y.; Kim, J.I.; Hwang, T.W.; Kim, K.A.; Kim, T.H.; Song, K.C.; Kim, J.J.; Moon, M. Vitamin D-Binding Protein-
Loaded PLGA Nanoparticles suppress Alzheimer’s Disease-Related Pathology in 5XFAD Mice. Nanomedicine 2019, 17, 297–307.
[CrossRef] [PubMed]

20. Hou, K.; Zhao, J.; Wang, H.; Li, B.; Li, K.; Shi, X.; Wan, K.; Ai, J.; Lv, J.; Wang, D.; et al. Chiral Gold Nanoparticles Enantioselectively
Rescue Memory Deficits in a Mouse Model of Alzheimer’s Disease. Nat. Commun. 2020, 11, 4790. [CrossRef]

21. Zhang, M.; Mao, X.; Yu, Y.; Wang, C.; Yang, Y.; Wang, C. Nanomaterials for Reducing Amyloid Cytotoxicity. Adv. Mater. 2013, 25,
3780–3801. [CrossRef]

22. Goyal, D.; Shuaib, S.; Mann, S.; Goyal, B. Rationally Designed Peptides and Peptidomimetics as Inhibitors of Amyloid-β (Aβ)
Aggregation: Potential Therapeutics of Alzheimer’s Disease. ACS Comb. Sci. 2017, 19, 55–80. [CrossRef]

23. Craik, D.J.; Fairlie, D.P.; Liras, S.; Price, D. The future of peptide-based drugs. Chem. Biol. Drug Des. 2013, 81, 136–147. [CrossRef]
24. Moon, M.; Song, H.; Hong, H.J.; Nam, D.W.; Cha, M.Y.; Oh, M.S.; Yu, J.; Ryu, H.; Mook-Jung, I. Vitamin D-Binding Protein

Interacts with Aβ and Suppresses Aβ-Mediated Pathology. Cell Death Differ. 2013, 20, 630–638. [CrossRef] [PubMed]
25. Costa, R.; Goncalves, A.; Saraiva, M.J.; Cardoso, I. Transthyretin Binding to A-Beta peptide-Impact on A-Beta Fibrillogenesis and

Toxicity. FEBS Lett. 2008, 582, 936–942. [CrossRef] [PubMed]
26. DeMattos, R.B.; Parsadanian, M.; O’Dell, M.A.; Harmony, J.A.K.; Bales, K.R.; Cirrito, J.R.; May, P.C.; Taylor, J.W.; Aronow,

B.J.; Holtzman, D.M. ApoE and Clusterin Cooperatively Suppress Aβ Levels and Deposition: Evidence that ApoE Regulates
Extracellular Aβ Metabolism In Vivo. Neuron 2004, 41, 193–202. [CrossRef] [PubMed]

27. Mi, W.; Pawlik, M.; Sastre, M.; Jung, S.S.; Radvinsky, D.S.; Klein, A.M.; Sommer, J.; Schmidt, S.D.; Nixon, R.A.; Mathews, P.M.; et al.
Cystatin C Inhibits Amyloid-β Deposition in Alzheimer’s Disease Mouse Models. Nat. Genet. 2007, 39, 1440–1442. [CrossRef]
[PubMed]

28. Schwarzman, A.L.; Tsiper, M.; Wente, H.; Wang, A.; Vitek, M.P.; Vasiliev, V.; Goldgaber, D. Amyloidogenic and Anti-
Amyloidogenic Properties of Recombinant Transthyretin Variants. Amyloid 2004, 11, 1–9. [CrossRef] [PubMed]

29. Gales, L.; Saraiva, M.J.; Damas, A.M. Structural Basis for the Protective Role of Sulfite against Transthyretin Amyloid Formation.
BBA Proteins Proteom. 2007, 1774, 59–64. [CrossRef] [PubMed]

30. Cao, Q.; Anderson, D.H.; Liang, W.Y.; Chou, J.; Saelices, L. The Inhibition of Cellular Toxicity of Amyloid-β by Dissociated
Transthyretin. J. Biol. Chem. 2020, 295, 14015–14024. [CrossRef] [PubMed]

31. Ghadami, S.A.; Chia, S.; Ruggeri, F.S.; Meisl, G.; Bemporad, F.; Habchi, J.; Cascella, R.; Dobson, C.M.; Vendruscolo, M.; Knowles,
T.P.J.; et al. Transthyretin Inhibits Primary and Secondary Nucleations of Amyloid-β Peptide Aggregation and Reduces the
Toxicity of Its Oligomers. Biomacromolecules 2020, 21, 1112–1125. [CrossRef] [PubMed]

32. Wang, W.; Liu, W.; Xu, S.; Dong, X.; Sun, Y. Design of Multifunctional Agent Based on Basified Serum Albumin for Efficient In
Vivo β-Amyloid Inhibition and Imaging. ACS Appl. Bio Mater. 2020, 3, 3365–3377. [CrossRef] [PubMed]

33. Soe, T.H.; Watanabe, K.; Ohtsuki, T. Photoinduced Endosomal Escape Mechanism: A View from Photochemical Internalization
Mediated by CPP-Photosensitizer Conjugates. Molecules 2021, 26, 36. [CrossRef] [PubMed]

34. Zhang, L.; Xu, J.; Wang, F.; Ding, Y.; Wang, T.; Jin, G.; Martz, M.; Gui, Z.; Ouyang, P.; Chen, P. Histidine-Rich Cell-Penetrating
Peptide for Cancer Drug Delivery and Its Uptake Mechanism. Langmuir 2019, 35, 3513–3523. [CrossRef] [PubMed]

35. Wadhwani, P.; Epand, R.F.; Heidenreich, N.; Burck, J.; Ulrich, A.S.; Epand, R.M. Membrane-Active Peptides and the Clustering of
Anionic Lipids. Biophys. J. 2012, 103, 265–274. [CrossRef]

36. Liu, C.; Jiang, K.; Tai, L.; Liu, Y.; Wei, G.; Lu, W.; Pan, W. Facile Noninvasive Retinal Gene Delivery Enabled by Penetratin. ACS
Appl. Mater. Interfaces 2016, 8, 19256–19267. [CrossRef]

https://doi.org/10.1038/aps.2017.28
https://doi.org/10.1186/s12974-018-1284-4
https://doi.org/10.3389/fnagi.2020.00227
https://doi.org/10.1016/j.drudis.2020.12.004
https://www.ncbi.nlm.nih.gov/pubmed/33306995
https://doi.org/10.1021/acs.chemrev.8b00138
https://www.ncbi.nlm.nih.gov/pubmed/30095897
https://doi.org/10.1021/acschemneuro.2c00047
https://www.ncbi.nlm.nih.gov/pubmed/35729803
https://doi.org/10.3390/molecules26092815
https://www.ncbi.nlm.nih.gov/pubmed/34068636
https://doi.org/10.1186/s12937-016-0179-4
https://www.ncbi.nlm.nih.gov/pubmed/27268025
https://doi.org/10.4103/1673-5374.374137
https://www.ncbi.nlm.nih.gov/pubmed/37488851
https://doi.org/10.1016/j.nano.2019.02.004
https://www.ncbi.nlm.nih.gov/pubmed/30794963
https://doi.org/10.1038/s41467-020-18525-2
https://doi.org/10.1002/adma.201301210
https://doi.org/10.1021/acscombsci.6b00116
https://doi.org/10.1111/cbdd.12055
https://doi.org/10.1038/cdd.2012.161
https://www.ncbi.nlm.nih.gov/pubmed/23257976
https://doi.org/10.1016/j.febslet.2008.02.034
https://www.ncbi.nlm.nih.gov/pubmed/18295603
https://doi.org/10.1016/S0896-6273(03)00850-X
https://www.ncbi.nlm.nih.gov/pubmed/14741101
https://doi.org/10.1038/ng.2007.29
https://www.ncbi.nlm.nih.gov/pubmed/18026100
https://doi.org/10.1080/13506120410001667458
https://www.ncbi.nlm.nih.gov/pubmed/15185492
https://doi.org/10.1016/j.bbapap.2006.10.015
https://www.ncbi.nlm.nih.gov/pubmed/17175208
https://doi.org/10.1074/jbc.RA120.013440
https://www.ncbi.nlm.nih.gov/pubmed/32769117
https://doi.org/10.1021/acs.biomac.9b01475
https://www.ncbi.nlm.nih.gov/pubmed/32011129
https://doi.org/10.1021/acsabm.0c00295
https://www.ncbi.nlm.nih.gov/pubmed/35025379
https://doi.org/10.3390/molecules26010036
https://www.ncbi.nlm.nih.gov/pubmed/33374732
https://doi.org/10.1021/acs.langmuir.8b03175
https://www.ncbi.nlm.nih.gov/pubmed/30673275
https://doi.org/10.1016/j.bpj.2012.06.004
https://doi.org/10.1021/acsami.6b04551


Molecules 2024, 29, 1405 17 of 18

37. Liu, C.; Tai, L.; Zhang, W.; Wei, G.; Pan, W.; Lu, W. Penetratin, a Potentially Powerful Absorption Enhancer for Noninvasive
Intraocular Drug Delivery. Mol. Pharm. 2014, 11, 1218–1227. [CrossRef]

38. Tooyserkani, R.; Lipinski, W.; Willemsen, B.; Lowik, D.W.P.M. Activation of Cell-Penetrating Peptide Fragments by Disulfide
Formation. Amino Acids 2020, 52, 1161–1168. [CrossRef]

39. Phongpradist, R.; Thongchai, W.; Thongkorn, K.; Lekawanvijit, S.; Chittasupho, C. Surface Modification of Curcumin Mi-
croemulsions by Coupling of KLVFF Peptide: A Prototype for Targeted Bifunctional Microemulsions. Polymers 2022, 14, 443.
[CrossRef]

40. Plissonneau, M.; Pansieri, J.; Heinrich-Balard, L.; Morfin, J.F.; Stransky-Heilkron, N.; Rivory, P.; Mowat, P.; Dumoulin, M.;
Cohen, R.; Allemann, E.; et al. Gd-Nanoparticles Functionalization with Specific Peptides for β-Amyloid Plaques Targeting.
J. Nanobiotechnol. 2016, 14, 60. [CrossRef]

41. Battaglini, M.; Marino, A.; Carmignani, A.; Tapeinos, C.; Cauda, V.; Ancona, A.; Garino, N.; Vighetto, V.; La Rosa, G.; Sinibaldi,
E.; et al. Polydopamine Nanoparticles as an Organic and Biodegradable Multitasking Tool for Neuroprotection and Remote
Neuronal Stimulation. ACS Appl. Mater. Interfaces 2020, 12, 35782–35798. [CrossRef]

42. Wang, X.; Han, Q.; Liu, X.; Wang, C.; Yang, R. Multifunctional Inhibitors of β-Amyloid Aggregation Based on MoS2/AuNR
Nanocomposites with High Near-Infrared Absorption. Nanoscale 2019, 11, 9185–9193. [CrossRef]

43. Fu, S.; Chen, H.; Yang, W.; Xia, X.; Zhao, S.; Xu, X.; Ai, P.; Cai, Q.; Li, X.; Wang, Y.; et al. ROS-Targeted Depression Therapy via
BSA-Incubated Ceria Nanoclusters. Nano Lett. 2022, 22, 4519–4527. [CrossRef]

44. Liu, X.; Wang, Q.; Zhao, H.; Zhang, L.; Su, Y.; Lv, Y. BSA-Templated MnO2 Nanoparticles as Both Peroxidase and Oxidase Mimics.
Analyst 2012, 137, 4552–4558. [CrossRef]

45. Park, E.; Li, L.Y.; He, C.; Abbasi, A.Z.; Ahmed, T.; Foltz, W.D.; O’Flaherty, R.; Zain, M.; Bonin, R.P.; Rauth, A.M.; et al. Brain-
Penetrating and Disease Site-Targeting Manganese Dioxide-Polymer-Lipid Hybrid Nanoparticles Remodel Microenvironment of
Alzheimer’s Disease by Regulating Multiple Pathological Pathways. Adv. Sci. 2023, 10, e2207238. [CrossRef] [PubMed]

46. Jiang, X.; Gray, P.; Patel, M.; Zheng, J.; Yin, J.J. Crossover Between Anti- and Pro-Oxidant Activities of Different Manganese Oxide
Nanoparticles and Their Biological Implications. J. Mat. Chem. B 2020, 8, 1191–1201. [CrossRef] [PubMed]

47. Liu, S.; Li, K.; Shao, D.; Shen, Q.; Huang, S.; Ji, H.; Xie, Y.; Zheng, X. Dual Enzyme-Like Activities of Transition Metal-Doped MnO2
Nanocoatings and Their Dependence on the Electronic Band Structure and Ionic Dissolution. Appl. Surf. Sci. 2020, 534, 147649.
[CrossRef]

48. Gao, W.; Liu, W.; Dong, X.; Sun, Y. Albumin–Manganese Dioxide Nanocomposites: A Potent Inhibitor and ROS Scavenger
Against Alzheimer’s β-Amyloid Fibrillogenesis and Neuroinflammation. J. Mater. Chem. B 2023, 11, 10482–10496. [CrossRef]
[PubMed]

49. Tsuzuk, K.; Fukatsu, R.; Yamaguchi, H.; Tateno, M.; Imai, K.; Fujii, N.; Yamauchi, T. Transthyretin Binds Amyloid β Peptides,
Aβ1-42 and Aβ1-40 to Form Complex in the Autopsied Human Kidney-Possible Role of Transthyretin for Aβ Sequestration.
Neurosci. Lett. 2000, 281, 171–174. [CrossRef] [PubMed]

50. Tian, L.; Chen, Q.; Yi, X.; Chen, J.; Liang, C.; Chao, Y.; Yang, K.; Liu, Z. Albumin-Templated Manganese Dioxide Nanoparticles for
Enhanced Radioisotope Therapy. Small 2017, 13, 1700640. [CrossRef] [PubMed]

51. Liu, L.; Hou, J.; Du, J.; Chumanov, R.S.; Xu, Q.; Ge, Y.; Johnson, J.A.; Murphy, R.M. Differential Modification of Cys10 Alters
Transthyretin’s Effect on Beta-Amyloid Aggregation and Toxicity. Protein Eng. Des. Sel. 2009, 22, 479–488. [CrossRef] [PubMed]

52. Arai, T.; Sasaki, D.; Araya, T.; Sato, T.; Sohma, Y.; Kanai, M. A Cyclic KLVFF-Derived Peptide Aggregation Inhibitor Induces the
Formation of Less-Toxic Off-Pathway Amyloid-β Oligomers. ChemBioChem 2014, 15, 2577–2583. [CrossRef] [PubMed]

53. Zeng, D.; Wang, L.; Tian, L.; Zhao, S.; Zhang, X.; Li, H. Synergistic Photothermal/Photodynamic Suppression of Prostatic
Carcinoma by Targeted Biodegradable MnO2 Nanosheets. Drug Deliv. 2019, 26, 661–672. [CrossRef] [PubMed]

54. Wood, S.J.; Maleeff, B.; Hart, T.; Wetzel, R. Physical, Morphological and Functional Differences between pH 5.8 and 7.4 Aggregates
of the Alzheimer’s Amyloid Peptide Aβ. J. Mol. Biol. 1996, 256, 870–877. [CrossRef] [PubMed]

55. Cerf, E.; Sarroukh, R.; Tamamizu-Kato, S.; Breydo, L.; Derclaye, S.; Dufrêne, Y.F.; Narayanaswami, V.; Goormaghtigh, E.;
Ruysschaert, J.-M.; Raussens, V. Antiparallel β-Sheet: A Signature Structure of The Oligomeric Amyloid β-Peptide. Biochem. J.
2009, 421, 415–423. [CrossRef] [PubMed]

56. Elkins, M.R.; Wang, T.; Nick, M.; Jo, H.; Lemmin, T.; Prusiner, S.B.; DeGrado, W.F.; Stöhr, J.; Hong, M. Structural Polymorphism of
Alzheimer’s β-Amyloid Fibrils as Controlled by an E22 Switch: A Solid-State NMR Study. J. Am. Chem. Soc. 2016, 138, 9840–9852.
[CrossRef]

57. Zanjani, A.A.H.; Reynolds, N.P.; Zhang, A.; Schilling, T.; Mezzenga, R.; Berryman, J.T. Amyloid Evolution: Antiparallel Replaced
by Parallel. Biophys. J. 2020, 118, 2526–2536. [CrossRef]

58. Xu, M.; Zhou, H.; Liu, Y.; Sun, J.; Xie, W.; Zhao, P.; Liu, J. Ultrasound-Excited Protoporphyrin IX-Modified Multifunctional
Nanoparticles as a Strong Inhibitor of Tau Phosphorylation and β-Amyloid Aggregation. ACS Appl. Mater. Interfaces 2018, 10,
32965–32980. [CrossRef]

59. Yin, T.; Xie, W.; Sun, J.; Yang, L.; Liu, J. Penetratin Peptide-Functionalized Gold Nanostars: Enhanced BBB Permeability and NIR
Photothermal Treatment of Alzheimer’s Disease Using Ultralow Irradiance. ACS Appl. Mater. Interfaces 2016, 8, 19291–19302.
[CrossRef]

https://doi.org/10.1021/mp400681n
https://doi.org/10.1007/s00726-020-02880-x
https://doi.org/10.3390/polym14030443
https://doi.org/10.1186/s12951-016-0212-y
https://doi.org/10.1021/acsami.0c05497
https://doi.org/10.1039/C9NR01845J
https://doi.org/10.1021/acs.nanolett.2c01334
https://doi.org/10.1039/c2an35700c
https://doi.org/10.1002/advs.202207238
https://www.ncbi.nlm.nih.gov/pubmed/36808713
https://doi.org/10.1039/C9TB02524C
https://www.ncbi.nlm.nih.gov/pubmed/31967629
https://doi.org/10.1016/j.apsusc.2020.147649
https://doi.org/10.1039/D3TB01763J
https://www.ncbi.nlm.nih.gov/pubmed/37909060
https://doi.org/10.1016/S0304-3940(00)00834-X
https://www.ncbi.nlm.nih.gov/pubmed/10704770
https://doi.org/10.1002/smll.201700640
https://www.ncbi.nlm.nih.gov/pubmed/28544324
https://doi.org/10.1093/protein/gzp025
https://www.ncbi.nlm.nih.gov/pubmed/19549717
https://doi.org/10.1002/cbic.201402430
https://www.ncbi.nlm.nih.gov/pubmed/25262917
https://doi.org/10.1080/10717544.2019.1631409
https://www.ncbi.nlm.nih.gov/pubmed/31257941
https://doi.org/10.1006/jmbi.1996.0133
https://www.ncbi.nlm.nih.gov/pubmed/8601838
https://doi.org/10.1042/BJ20090379
https://www.ncbi.nlm.nih.gov/pubmed/19435461
https://doi.org/10.1021/jacs.6b03715
https://doi.org/10.1016/j.bpj.2020.03.023
https://doi.org/10.1021/acsami.8b08230
https://doi.org/10.1021/acsami.6b05089


Molecules 2024, 29, 1405 18 of 18

60. Johnsen, K.B.; Burkhart, A.; Melander, F.; Kempen, P.J.; Vejlebo, J.B.; Siupka, P.; Nielsen, M.S.; Andresen, T.L.; Moos, T. Targeting
Transferrin Receptors at the Blood-Brain Barrier Improves the Uptake of Immunoliposomes and Subsequent Cargo Transport into
the Brain Parenchyma. Sci. Rep. 2017, 7, 10396. [CrossRef]

61. Lichtenstein, D.; Meyer, T.; Bohmert, L.; Juling, S.; Fahrenson, C.; Selve, S.; Thunemann, A.; Meijer, J.; Estrela-Lopis, I.; Braeuning,
A.; et al. Dosimetric Quantification of Coating-Related Uptake of Silver Nanoparticles. Langmuir 2017, 33, 13087–13097. [CrossRef]
[PubMed]

62. Lee, F.; Lim, J.; Reithofer, M.R.; Lee, S.S.; Chung, J.E.; Hauser, C.A.E.; Kurisawa, M. Synthesis and Bioactivity of a Conjugate
Composed of Green Tea Catechins and Hyaluronic Acid. Polym. Chem. 2015, 6, 4462–4472. [CrossRef]

63. Singh, N.; Savanur, M.A.; Srivastava, S.; D’Silva, P.; Mugesh, G. A Redox Modulatory Mn3O4 Nanozyme with Multi-Enzyme
Activity Provides Efficient Cytoprotection to Human Cells in a Parkinson’s Disease Model. Angew. Chem. Int. Ed. 2017, 56,
14267–14271. [CrossRef] [PubMed]

64. Lee, S.I.; Yang, J.H.; Kim, D.K. Antioxidant Flavonoids from the Twigs of Stewartia Koreana. Biomol. Ther. 2010, 18, 191–196.
[CrossRef]

65. Szilagyi, I.; Labadi, I.; Hernadi, K.; Palinko, I.; Nagy, N.V.; Korecz, L.; Rockenbauer, A.; Kele, Z.; Kiss, T. Speciation Study of an
Imidazolate-Bridged Copper(II)-Zinc(II) Complex in Aqueous Solution. J. Inorg. Biochem. 2005, 99, 1619–1629. [CrossRef]

66. Xie, J.; Wang, N.; Dong, X.; Wang, C.; Du, Z.; Mei, L.; Yong, Y.; Huang, C.; Li, Y.; Gu, Z.; et al. Graphdiyne Nanoparticles with
High Free Radical Scavenging Activity for Radiation Protection. ACS Appl. Mater. Interfaces 2019, 11, 2579–2590. [CrossRef]

67. Barnese, K.; Gralla, E.B.; Valentine, J.S.; Cabelli, D.E. Biologically Relevant Mechanism for Catalytic Superoxide Removal by
Simple Manganese Compounds. Proc. Natl. Acad. Sci. USA 2012, 109, 6892–6897. [CrossRef] [PubMed]

68. Barnese, K.; Gralla, E.B.; Cabelli, D.E.; Valentine, J.S. Manganous Phosphate Acts as a Superoxide Dismutase. J. Am. Chem. Soc.
2008, 130, 4604–4606. [CrossRef]

69. Burkhart, A.; Thomsen, L.B.; Thomsen, M.S.; Lichota, J.; Fazakas, C.; Krizbai, I.; Moos, T. Transfection of Brain Capillary
Endothelial Cells in Primary Culture with Defined Blood-Brain Barrier Properties. Fluids Barriers CNS 2015, 12, 19. [CrossRef]
[PubMed]

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.

https://doi.org/10.1038/s41598-017-11220-1
https://doi.org/10.1021/acs.langmuir.7b01851
https://www.ncbi.nlm.nih.gov/pubmed/28918629
https://doi.org/10.1039/C5PY00495K
https://doi.org/10.1002/anie.201708573
https://www.ncbi.nlm.nih.gov/pubmed/28922532
https://doi.org/10.4062/biomolther.2010.18.2.191
https://doi.org/10.1016/j.jinorgbio.2005.05.001
https://doi.org/10.1021/acsami.8b00949
https://doi.org/10.1073/pnas.1203051109
https://www.ncbi.nlm.nih.gov/pubmed/22505740
https://doi.org/10.1021/ja710162n
https://doi.org/10.1186/s12987-015-0015-9
https://www.ncbi.nlm.nih.gov/pubmed/26246240

	Introduction 
	Results and Discussion 
	Protein Purification and Characteristics of KTP@MnO2 
	Inhibition of A40 Fibrillization 
	BBB Penetration 
	Targeting Amyloid Plaques in C. elegans 
	ROS Scavenging Activity 
	Inhibition of A-Induced Cytotoxicity and Scavenging Amyloid Plaques in C. elegans 

	Materials and Methods 
	Materials 
	Protein Expression and Purification 
	Synthesis and Characterization of KTP@MnO2 
	Preparation of A Monomer 
	ThT Fluorescent Assay 
	Circular Dichroism (CD) Spectroscopy 
	Atomic Force Microscopy (AFM) 
	Isothermal Titration Calorimetry (ITC) 
	In Vitro BBB Transportation Studies 
	In Vitro ROS Scavenging Experiment 
	Cell Viability Assay 
	Intracellular ROS Scavenging 
	C. elegans Strain Experiments 
	Statistical Analysis 

	Conclusions 
	References

