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Aβ-induced neurotoxicity and apoptosis in vitro by inhibiting ROS-mediated oxidative damage and mitochondrial dysfunction
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Abstract

Amyloid-β(Aβ) deposition was an important pathomechanisms of Alzheimer’s disease (AD). Aβ generation
was highly regulated by beta-site amyloid precursor protein cleaving enzyme 1 (BACE1), which is a prime
drug target for AD therapy. Silence of BACE1 function to slow down Aβ production was accepted as an
effective strategy for combating AD. Herein, BACE1 interfering RNA, metallothionein (MT) and ruthenium
complexes ([Ru(bpy)2dppz]2+) were all loaded in prussian blue nanoparticles (PRM-siRNA). PRM-siRNA
under near-infrared light (NIR) irradiation showed good photothermal effect and triggered instantaneous
opening of blood-brain barrier (BBB) for enhanced drug delivery. BACE1 siRNA slowed down Aβ production
and Cu2+ chelation by metallothionein (MT) synergistically inhibited Aβ aggregation. Ruthenium (Ru)
could real-timely track Aβ degradation and aggregation. The results indicated that PRM-siRNA significantly
blocked Aβ aggregation, and attenuated Aβ- induced neurotoxicity and apoptosis in vitro by inhibiting ROS-
mediated oxidative damage and mitochondrial dysfunction through regulating Bcl-2 family. PRM-siRNA
in vivo effectively improved APP/PS1 mice learning and memory by alleviating neural loss, neurofibrillary
tangles and activation of astrocytes and microglial cells in APP/PS1 mice by inhibiting BACE1, oxidative
damage and tau phosphorylation. Taken together, our findings validated that BACE1 siRNA-loaded prussian
blue nanocomplexes showed enhanced BBB penetrability and AD synergy therapy.

Keywords : amyloid-β · Alzheimer’s disease; BACE1; blood-brain barrier; prussian blue nanoparticles

1. INTRODUCTION

Alzheimer’s disease (AD), commonly known as dementia, is a progressive neurodegenerative disease that
usually results in memory loss, poor judgment, mood swings and aphasia in AD patients. At present,
Alzheimer’s disease patients account for more than half of the dementia population and show a growing
trend of youthfulness. But the specific pathological mechanism leading to AD has not been fully explained.
AD patients have a large accumulation of β-amyloid (Aβ) in the brain, and this accumulation of Aβ in the
brain produces reactive oxygen species (ROS) that trigger oxidative damage to cellular components, such as
DNA, lipids and proteins. Meanwhile, Cu2+, Zn2+, and Fe2+ are abundantly enriched in the area around
senile plaques [1-4]. Current research generally indicates that metal ions can induce Aβ aggregation and play
an important regulatory role in the process of Aβ aggregation into fibers [5-7]. The aggregation of metal
ions and Aβ enhances the neurotoxicity of Aβ[8-11]. Additionally, the presence of the blood brain barrier
(BBB) is a major obstacle to the treatment of AD. While, the BBB effectively blocks harmful substances
from entering the brain, it also blocks over 99% of conventional drugs, resulting in poor efficacy of drugs
used to treat neurodegenerative diseases. But currently, clinical treatment for AD has not shown significant
therapeutic effects in slowing down disease progression. Therefore, the development of novel AD therapeutics
is imperative.

Aggregated amyloid peptide (Aβ), hyperphosphorylation of tau protein, and neuroinflammation are the key
pathological features of AD. The amyloid protein (APP) is affected by the BACE-1 gene, and the abnormal
accumulation of Aβ is caused by the sequential cleavage of amyloid precursor protein (APP). Impaired
BACE-1 (β-site APP cleavage enzyme 1) and γ secretase activity is considered a key causative event in
AD[12-15]. Therefore, the strategy of reducing the activity of BACE-1 and thereby reducing the level of
Aβ is considered a potential treatment for AD [16, 17]. By blocking the expression of disease-causing genes,
small interfering RNA (siRNA) has high target specificity, a low effective dose and a relatively simple drug
development process, providing a promising treatment method for the treatment of brain diseases [18-21]. It
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has been reported that the delivery of small interfering RNA (siRNA-BACE-1) to the brains of mice through
tail vein injection can partially reduce the neuropathological features of AD[22-24]. Besides, recent studies
have shown that nanodelivery methods have great potential to overcome these challenges[19].

Nanoparticles have unique structural advantages, easy surface functionalization, easy modification and the
ability to cross the BBB and thus have attracted wide attention for the treatment of AD. Prussian blue (PB)
is a clinical drug approved by the FDA for the treatment of thallium poisoning or radiation exposure[25, 26].
Due to the unique advantages of prussian blue, such as similarity in size with biomolecules, high surface-
to-volume ratio, easy surface modification and functionalization, excellent solubility, and stability, it has
promising applications in biomedical fields[27-30]. Prussian blue-like nanoparticles have good light-to-heat
conversion efficiency under near-infrared irradiation (NIR) and may have certain advantages in improving
BBB permeability[31-35]. Metallothionein (MT) is currently used to chelate metal ions and has been reported
in many studies [36, 37]. MT can chelate Cu2+ to inhibit nerve cell damage and enhance neuromodulation.
MT has great biological significance in a variety of neurodegenerative brain diseases (such as AD) [38, 39].
The combination of [Ru(bpy)2dppz]2+ with Aβ fibers will produce specific fluorescence[40], which can be used
to real-timely track the Aβ degradation and aggregation.

In the present study, small interfering RNA (BACE1 siRNA), metallothionein (MT) and ruthenium com-
plexes ([Ru(bpy)2dppz]2+) were all loaded in prussian blue nanoparticles (PRM-siRNA). PRM-siRNA under
NIR triggered instantaneous BBB opening for enhanced drug delivery. BACE1 siRNA slowed down Aβ pro-
duction, and MT chelated Cu2+, which synergistically inhibited Aβ aggregation. Ruthenium (Ru) real-timely
tracked Aβ degradation and aggregation. The results indicated that PRM-siRNA treatment significantly
blocked Aβaggregation, and subsequently attenuated Aβ- induced neurotoxicity and apoptosis in PC12 and
primary neurons by inhibiting ROS-mediated oxidative damage and mitochondrial dysfunction through reg-
ulating Bcl-2 family expression. PRM-siRNA administration in vivo effectively improved APP/PS1 mice
learning and memory by alleviating neural loss, neurofibrillary tangles and activation of astrocytes and
microglial cells in APP/PS1 mice by inhibiting BACE1 expression, oxidative damage and tau phosphory-
lation. Taken together, our findings validated the rational design that BACE1 siRNA-loaded prussian blue
nanocomplexes displayed enhanced BBB penetrability and synergy therapy for human AD.

2. RESULTS

2.1 Synthesis and characterization of PRM-siRNA

From Figure 1A and 1B, it can be seen that the synthesized Prussian blue nanoparticles are uniformly shaped
cubes with a size of approximately 60 nm. EDX spectroscopy analysis shows the elemental distribution of
Prussian blue nanoparticles (Figure 1C, 1D and 1E). Figure 1F and 1G show that PRM-siRNA is covered
by nanoparticles, presumably formed by the modification of ruthenium complexes on the surface of PB
nanoparticles. The EDX spectra (Figure 1H, 1I and 1J) show the elemental distribution of PRM-siRNA
NPs. The FTIR spectrum (Figure 1K) at 1671 cm-1 is the absorption peak of the amide stretching vibration
in MT, while 2120 cm-1 is the absorption peak of the stretching vibration peak of the carbon and nitrogen
triple bond. All these experimental results indicated that siRNA and MT were successfully loaded into the
PR. The UV spectrum is shown in Figure 1L. PB has a characteristic UV peak of Prussian blue nanoparticles
at 700 nm, and PRM-siRNA has a significant blueshift compared with the UV spectrum of PB, which may
be caused by the addition of siRNA and MT.

[Ru(bpy)2dppz]2+ on PRM-siRNA NPs can specifically bind to the aggregation products of β amyloid (Aβ)
and produce fluorescence [40]. In both solution and cells, PRM-siRNA fluoresce when bound to Aβ fibril,
whereas Aβ fibril alone do not fluoresce (Figure 1M and 1O). As shown in Figure 1N, the fluorescence of
the experimental group of Aβ+Cu2++NPs was stronger than that of the experimental group of Aβ+NPs,
which may be due to the addition of Cu2+ enhancing the aggregation of Aβ fibrils. The crystal structure
of PRM-siRNA was determined by X-ray diffraction, and the XRD pattern showed that the position of the
diffraction peak of PRM-siRNA was consistent with the Prussian blue nanoparticle standard card (PDF# 52-
1907) (Figure 1P). The XPS pattern of PRM-siRNA (Figure 1Q) shows that PRM-siRNA has the electronic
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orbital peak of ruthenium, which also confirms the successful modification of the ruthenium complex. Figure
1R Gel retardation experiments demonstrated that PR could effectively wrap siRNA (complete siRNA
loading weight ratio: 1:1, 2.5:1, 5:1, 10:1, 15:1, 20:1, agarose gel retardation analysis; from left to right).

2.2 ΠΡΜ-σιΡΝΑ ινηιβιτεδ Αβ αγγρεγατιον

ThT analysis was used to assess the ability of nanoparticles to prevent the assembly of Aβ fibrils or to
disassemble Aβ42fibrils. The interaction of ThT with amyloid aggregates results in a significantly enhanced
fluorescence signal. As shown in Figure 1S, PRM-siRNA effectively depolymerized Aβ aggregates after
coincubation with Aβ aggregates, and the depolymerization effect was concentration dependent. Figure
1T shows the ThT fluorescence intensity decreased as the incubation time changed, indicating a decrease
in the number of Aβ aggregates. Considering the key role of Cu2+ in AD, the therapeutic significance
of Cu2+ capture by PRM-siRNA was investigated. After adding PRM-siRNA to the Cu2+ solution, the
concentration of residual Cu2+ in the supernatant decreased significantly within 5 min, indicating that
PRM-siRNA NPs could effectively capture Cu2+, which was measured by atomic absorption spectrometry
(Figure 1U). To further observe whether the nanoparticles could inhibit the aggregation of β-amyloid, we
incubated the Aβ protein monomer with different nanoparticles. Figure 1V shows that the fluorescence
intensity was significantly lower after PRM-siRNA treatment than after Aβ treatment alone, indicating that
PRM-siRNA has an inhibitory effect on the formation of Aβ fibrils. In addition, we found that NIR light
excitation significantly enhanced the effect of PRM-siRNA on the formation of Aβ fibrils. As seen in Figure
1W and 1X, compared with that of PR, the soluble Aβ content of the supernatant of the reaction system
was significantly increased and the average particle size of Aβ aggregates was reduced, indicating that PRM-
siRNA has a stronger ability to depolymerize Aβ aggregates, which is similar to the results monitored by
ThT experiments.

TEM analysis was used to determine the inhibitory effect of the PRM-siRNA on the morphology of assembled
Aβ42 oligomers. When Aβ protein and Cu2+ exist together, because Cu2+ [8] will induce the aggregation
of Aβ, after 48 h, a large amount of Aβ protein aggregation occurs (Figure S1A.) After adding NPs to
the preincubated Aβ fibers, the fibrosis of the Aβ protein in the NP group was significantly reduced. PR
reduced most of the long fibers to short fibers and in the PRM-siRNA group, Aβ protein binds to NPs and
becomes spherical aggregates (shown in red circles in Figure S1B). Therefore, the TEM data confirmed that
PRM-siRNA is involved in the inhibition of Aβ fibrosis.

The Aβ monomer sample was incubated with different NPs for 48 h to observe whether there was aggregate
formation by an atomic force microscope. Figure 2A shows that after 48 hours of incubation of Aβ samples,
the formation of branched fibers was observed (shown as red boxes in the figure). With the addition of
Cu2+, Aβ formed a large number of branched fibers. On the other hand, when Aβ, Cu2+, and PR were
incubated for 48 h, only short fibers were formed, and long fibers were almost invisible. Only spherical
aggregates were observed in the Aβ, Cu2+, and PRM-siRNA groups. The AFM experiment showed that
NPs effectively inhibited the aggregation and fibrosis of Aβ amyloid, which was consistent with the results
of ThT fluorescence analysis and TEM analysis.

2.5 ἣανγε ιν τηε σεςονδαρψ ςονφορματιον οφ Αβ

Studies have shown that the formation of Aβ aggregates and fibers usually involves the transformation of
the α-helical structure into β-sheets, and the presence of metal ions will accelerate the aggregation of Aβ in
solution [3-5, 9]. Therefore, we used circular dichroism spectroscopy (CD spectroscopy) to study the changes in
protein secondary structure to verify the inhibitory effect of NPs on Aβ protein aggregation. The proportion
of β-sheets and CD signal strength are directly related to the number of Aβ fibers. Figure 2B shows the
changes in the CD spectrum of Aβ after 48 h of incubation with different NPs. When Aβ alone exists, there
is a positive peak at 195 nm and a negative peak at 218 nm, which indicates that there is a β-sheet structure
and Aβ has fibers. When Aβ was incubated with Cu2+, the intensity of the positive and negative peaks at
195 nm increased, and the intensity of the negative peak at 218 nm increased, indicating the existence of
abundant fibrotic protein. For the mixture of Aβ + Cu2+ + NPs, the intensity of the positive peak at 195
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nm decreases, and the intensity of the negative peak at 218 nm decreases. Moreover, compared with PR, the
peak intensity of PRM-siRNA is lower, indicating that Aβ fibrosis is lower, and it can be seen from Figure
2C that the change in the secondary conformation of Aβ is similar to that of PRM-siRNA concentration is
also related. These results provide important support for the capacity of PRM-siRNA NPs to disintegrate
Aβ42 fibrils in vivo .

2.6 ΠΡΜ-σιΡΝΑ βλοςκεδ Αβ-ινδυςεδ ΡΟΣ προδυςτιον ιν Π῝12 ςελλς.

To investigate whether the toxicity of Aβ is mediated by ROS induced by Aβ fibrils, the fluorescent probe
DCFH-DA was used to detect changes in ROS levels. The production of ROS in PC12 cells was detected by
the fluorescence intensity of DCF. Figure 2G shows the fluorescence image of ROS generation in PC-12 cells
in the presence of a mixture of Aβ, Aβ + Cu2+, and Aβ/NPs with DCFH-DA as a fluorescent probe. Figure
2H shows that in the Aβ and Aβ + Cu2+ groups, the stronger fluorescence intensity indicates that more
ROS are produced by Aβ fibrils, and higher ROS levels will cause cell toxicity. The fluorescence intensity of
the PRM and PRM-siRNA groups was very weak, and the ROS level was very low, indicating that PRM-
siRNA can reduce the increase in Aβ-induced ROS levels, thereby reducing the ROS-mediated increase in
cytotoxicity. From Figure 2H, the ROS intensity detected by flow cytometry can also be seen in this result.
The ROS levels of the Aβ and Aβ + Cu2+ groups were higher than those of the other groups. These data
indicate that PR and PRM-siRNA can reduce the amount of ROS, thereby reducing the cytotoxicity induced
by Aβ fibrils.

2.7 ΠΡΜ-σιΡΝΑ ιμπροvεδ τηε ςελλ υλτραστρυςτυρε ιν Αβ-τρεατεδ ςελλς

To observe the effect of Aβ fibrils on cell integrity, transmission electron microscopy was used to observe
ultrathin sections of PC12 cells treated with NPs. Ultrathin cell sections can be used to observe changes
in the internal structure of cells due to their ultrathin characteristics. Significant changes in the internal
structure of cells exposed to Aβ or Aβ+Cu2+ was significantly observed. Such as, the cells disintegrated,
the cytoplasm leaked from the cell, the structure of the nucleus was ambiguous, the organelles were not
obvious, so many cell fragments around, and some hollow parts were observed (Figure 2I). The PRM-siRNA
group cell morphology and the blank group showed no obvious change that the nucleus was visible, and the
cytoplasm was obvious. The above results indicated that Aβ damaged the nuclear structure and integrity of
the cell, but PRM-siRNA improved the cell ultrastructure in Aβ-treated cells.

2.8 ΠΡΜ-σιΡΝΑ ρεδυςεδ τηε Αβ φιβροσις ιν ςελλς

To further evaluate Aβ fibrosis in PC12 cells, fluorescence detection was performed in the presence of Cu2+,
PR or PRM-siRNA with 0.05% ThT and DAPI (1 μg/mL) solution. Figure S2A illustrated that the Aβ group
produced stronger green fluorescence, and the Aβ + Cu2+ group had stronger fluorescence than that of Aβ
group, indicating that more Aβ fibers were produced. The PR group had lower green fluorescence intensity,
indicating that NPs reduced the aggregation of Aβ fibers. The green fluorescence of PRM-siRNA group was
the lowest, indicating that PRM-siRNA greatly reduced the fibrosis of Aβ monomers. This conclusion was
further confirmed by the change in relative fluorescence intensity (Figure S2B). These results indicated that
PRM-siRNA prevented Aβ monomers from forming Aβ fibrils in vivo .

2.9 ΡΜ-σιΡΝΑ ινηιβιτεδ Αβ-ινδυςεδ ςψτοτοξιςιτψ ανδ αποπτοσις

Aβ fibers showed severe toxic to nerve cells [8, 41, 42], which will affect the normal growth of cells and lead-
ing to symptoms of AD. To examine the cytotoxic of Aβ fibrils, CCK-8 assay was employed to detect the
Aβ-induced cells cytotoxicity in PC12 cells. As shown in Figure 3A, the CCK-8 results clearly showed
that Aβ fibrils treatment caused obvious cytotoxicity, and combined treatment of Aβ and Cu2+ showed en-
hanced cytotoxicity. Cell viability dynamically monitored by xCELLigence RTCA system further confirmed
the cytotoxicity (Figure 3B). Moreover, LIVE/DEAD assay by calcein (AM) and propidium iodide (PI)
staining further confirmed that Aβ or Aβ+ Cu2+ induced significant PC12 cells death (Figure 3C). How-
ever, PRM-siRNA co-treatment significantly inhibited Aβ-induced cytotoxicity and apoptosis in PC12 cells.
Meanwhile, PRM-siRNA co-treatment significantly improved the PC12 cells morphology in Aβ-treated cells.
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As shown in Figure S3, cells exposed to Aβ or Cu2+ alone both showed light cell morphological changes,
such as decrease of cell number, cell shrinkage and loss of neurites connection. Combined treatment of Aβ
and Cu2+showed enhanced cell morphological damage. However, PRM-siRNA co-treatment significantly
improved cell morphology in Aβ-treated cells, which further confirmed the protective effects.

To explore cell death mechanism, TUNEL-DAPI and JC-1 staining were used to examine the cell apoptosis.
As shown in Figure 2SC and Figure 2D, cells exposed to Aβ or Cu2+ alone both showed significant apoptosis
and loss of mitochondrial membrane potential. Combined treatment of Aβ and Cu2+ showed enhanced cell
apoptosis and the loss of mitochondrial membrane potential. Furthermore, annexin V/PI co-staining by flow
cytometry further confirmed that Aβ or Aβ+ Cu2+ induced significant PC12 cells apoptosis (Figure 3D).
However, PRM-siRNA co-treatment significantly inhibited Aβ-induced apoptosis and the loss of mitochon-
drial membrane potential in PC12 cells. The results indicated that PRM-siRNA inhibited the production of
Aβ fibrils and attenuated Aβ fibrils-induced cytotoxicity and apoptosis by inhibiting mitochondrial dysfunc-
tion. The relative fluorescence intensity further confirmed this conclusion this (Figure S2D, Figure 2E and
Figure 2F). Taken together, these results revealed that PRM-siRNA had the potential to inhibit the produc-
tion of Aβ fibrils and attenuate Aβ fibrils-induced cytotoxicity and cell apoptosis by inhibiting mitochondrial
dysfunction.

2.10 ΠΡΜ-σιΡΝΑ συππρεσσεδ Αβ-ινδυςεδ νευροτοξιςιτψ βψ ινηιβιτινγ ΡΟΣ-μεδιατεδ

οξιδατιvε δαμαγε ανδ ρεγυλατινγ Βςλ-2 φαμιλψ ιν ρατ πριμαρψ νευρονς

The protective effects and underlying mechanism of PRM-siRNA against Aβ were further explored in rat
primary neurons. As shown in Figure A-D, CCK-8 result indicated that PRM-siRNA (5-20 μM) showed
no significant cytotoxicity towards primary neurons. Aβ treatment significantly inhibited neural viability
with a dose-dependent manner. However, PRM-siRNA co-treatment effectively inhibited Aβ-induced neural
cytotoxicity, and the neural morphological improvement by tublin staining further confirmed this protective
effect. To further explore the molecular, Mito-SOX and DCFH-DA probes were used to detect the ROS
accumulation. Mito-tracker and JC-1 probes were used to detect the mitochondrial dysfunction. The re-
sults indicated that Aβ treatment caused obvious generation of superoxide anions and ROS (Figure 4E),
and triggered the loss of mitochondrial membrane potential and mitochondrial fragmentation (Figure 4H).
Moreover, Aβ treatment subsequently caused oxidative damage. As shown in Figure 4F, Aβ treatment time-
dependently activated the phosphorylation of ATM, p53, and histones, indicating that Aβ caused significant
DNA damage. Figure 4J showed that Aβ treatment also caused Bcl-2 family expression imbalance. How-
ever, PRM-siRNA co-treatment significantly attenuated Aβ-induced neurotoxicity, inhibited mitochondrial
dysfunction and ROS generation, and suppressed Bcl-2 family expression imbalance and oxidative damage.
Taken together, these results indicated that PRM-siRNA had the potential to suppress Aβ-induced neuro-
toxicity by inhibiting ROS-mediated oxidative damage and regulating Bcl-2 family in rat primary neurons.

2.11 PRM-siRNA under NIR showed enhanced BBB permeability

To evaluate the in vivo protective mechanism, the BBB permeability of PRM-siRNA was firstly explored by
establishing anin vitro BBB model with human umbilical vein endothelial cells (HUVECs) using a Trans-
well microplate. As shown in Figure 5B and E, the TEER value of PRM-siRNA under NIR irradiation
showed a significant decrease with a time-dependent manner, indicating that PRM-siRNA by photothermal
effect under NIR irradiation instantaneously opened the BBB for enhanced drug delivery. The in vivo
photothermal imaging in mice further confirmed the enhanced BBB drug delivery. As shown in Figure 5A
and D, mice after injection with PRM-siRNA by tail vein showed significant increase of brain temperature
under NIR irradiation which was higher than that of PRM-siRNA alone. The TEER value before and
after the injection of PRM-siRNA furthered confirmed that PRM-siRNA by photothermal effect under NIR
irradiation instantaneously opened the BBB and enhanced the BBB permeability for drug delivery (Figure
5F). Thein vivo real-time fluorescence imaging in APP/PS1 double transgenic mice further confirmed the
enhanced BBB permeability. As shown in Figure 5G and H, APP/PS1 mice after NIR irradiation (808 nm,
0.2 W/cm2) showed obvious enhanced red fluorescence in the mice heads with a time-dependent manner,
which was higher than that of mice treated with PRM-siRNA alone (without NIR irradiation). The bright
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red fluorescence of detached brain further confirmed this conclusion. PRM-siRNA can bind Aβ and show
red fluorescence, and these results clearly validated that PRM-siRNA opened the BBB and accumulated in
mice brain. Taken together, these results above all revealed that PRM-siRNA under NIR irradiation had
the potential to instantaneously open the BBB and enhance the BBB permeability for drug delivery.

2.12 PRM-siRNA alleviated neural loss, neurofibrillary tangles and activation of astrocytes
and microglial cells in APP/PS1 mice

To evaluate the in vivo protective mechanism, several brain tissue staining was employed to explore the
neural loss, neurofibrillary tangles and activation of astrocytes and microglial cells in APP/PS1 mice. Iba-1
and GFAP staining results indicated that APP/PS1 mice showed significant activation of astrocytes and
microglia (Figure 6A). NeuN and Nissl staining indicated that APP/PS1 mice showed significant loss of
neuron number and nissl bodies (Figure 6B and D). Sliver staining results suggested that the brain of
APP/PS1 mice showed neurofibrillary tangles (Figure 6C). Mechanism investigation suggested that the
brain of APP/PS1 mice showed significant BACE1 decrease (Figure 6E) and tau hyperphosphorylation
(Figure 6F). Moreover, Bcl-2 family imbalance, Tau hyperphosphorylation and oxidative damage (Ser139-
histone and Ser15-p53) detected by western blotting all found in APP/PS1 mice brain (Figure 5C). However,
PRM-siRNA under NIR irradiation significantly inhibited the loss of neuron and Nissl bodies, attenuated the
activation of astrocytes and microglia, and blocked the neurofibrillary tangles and tau hyperphosphorylation.
Mechanism study revealed that PRM-siRNA under NIR irradiation significantly inhibited BACE1 expression,
attenuated tau hyperphosphorylation and oxidative damage (Ser139-histone and Ser15-p53), and balanced
the Bcl-2 family expression. The statistics results further confirmed these protective effects (Figure S4A-F).
Taken together, these results above all suggested that PRM-siRNA under NIR irradiation alleviated neural
loss, neurofibrillary tangles and activation of astrocytes and microglial cells in APP/PS1 mice by inhibiting
tau hyperphosphorylation and BACE1 expression, attenuating oxidative damage and regulating Bcl-2 family
expression.

2.18 PRM-siRNA improved APP/PS1 mice learning and memory

Morris water maze was employed to examine the improvement of APP/PS1 mice learning and memory. After
a 5-days training, all APP/PS1 mice were given a water maze test. As shown in Figure 7A-G, APP/PS1 mice
showed slow swim speed, high escape latency, more times crossing the target platform and short residence
time, indicating that APP/PS1 mice showed significant dysfunction in learning and memory ability. The
mice nesting experiment further confirmed these observations and obtained similar results (Figure 7H and
I). However, PRM-siRNA under NIR irradiation significantly improved the mice swim speed, escape latency,
times crossing the target platform and residence time, which were all better than that of AD+NRI and PRM-
siRNA. These results indicated PRM-siRNA under NIR irradiation had the potential to improve APP/PS1
mice learning and memory.

2.19 Biosafety evaluation of PRM-siRNA

The biological safety of PRM-siRNA was evaluated by H&E staining of the main organs and blood biochem-
ical indicators of mic. As shown in Figure S5A, the histological characteristics of the PR, PRM-siRNA,
PRM-siRNA+NIR treatment groups and the blank group were similar, and there was no obvious damage
or inflammation in any major organs. The hemolysis rate experiment was carried out on PRM-siRNA,
and it was found that no significant hemolysis occurred when the concentration of PRM-siRNA increased
to 100 μg/mL. Blood biochemical examination were performed on the mice, and the changes in the blood
biochemical indicators of the mice after treatment were observed. As shown in Figure S5C- F, the levels
of blood glucose, uric acid, cholesterol, and alanine aminotransferase (blood sugar, liver function, kidney
function) all showed no significant changes in all groups. The results indicated that PRM-siRNA has good
biocompatibility and few side in vivo .

2.20 Results of mouse brain tissue sequencing data

Small RNA sequencing was performed on the mouse brain (AD mice and NP-treated group). The quality
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and length of fragments were analyzed, linker sequences, contaminating sequences, and low-quality bases
were removed, and clean small RNA sequences were obtained. In total, the AD group generated 28.405459
million raw reads with Q30 over 96.91%. After removing low-quality sequences (length < 35 bp; Q < 20), the
retained clean reads totaled 28.333720 million. The siRNA-MT-PB-Ru NP group yielded 24.866828 million
raw reads and 24.806266 million clean reads (Table S1). All error rates are low. Statistical analysis showed
that the total number of reads in the sequencing samples was high, and the rate of high-quality reads was
high. The results showed that the quality of the sequencing data is great.

2.21 Gene expression analysis

Transcriptome changes between AD mice and PRM-siRNA-treated mice were analyzed. A Venn diagram
showed overlapping sets of differentially expressed genes obtained for AD and NP treatment libraries after
24 h of exposure (Figure 8A). We compared the differential gene expression between the treatment group
(PRM-siRNA NPs) and the AD mouse group. Clustering analysis of the expression patterns of genes with
significant differences (Figure 8B) can effectively find common points in expression between different genes,
and the similarity of gene functions can be inferred based on the similarity in expression. Figure 8C showed
the comparison between the AD group and the NP treatment group. Compared with the AD group, 1527
genes were up-regulated and 367 genes were down-regulated in the NP treatment group. The volcano plot of
the difference in gene expression between the AD group and the NP-treated group also showed this situation
(Figure 8D). However, the gene expression difference analysis of the NP treatment group vs. the control
(normal mice) showed that 546 genes were upregulated and 973 genes were downregulated (Figure. 8E).
The volcano plot of gene expression differences between the NP-treated group and the control group (normal
mice) also showed changes in gene expression (Figure 8F). This result indicated that the difference in gene
expression between the AD group and NP-treated group showed that the expression of related genes in the
AD group was more upregulated than that in the NP-treated group, which may be because AD in mice affects
gene expression. Compared with the control group (normal mice), the gene expression after NP treatment
was upregulated and downregulated in a relatively normal range, which may be due to the treatment of
NPs, which restored the AD mice to a relatively normal state. The specific gene expression differences were
specifically analyzed in the subsequent GO and KEGG analyses.

2.22 GO enrichment analysis

GO (Gene Ontology) is a database established by the Gene Ontology Consortium. Its purpose is to stan-
dardize the biological terms of genes and gene products in different databases and to define and describe the
functions of genes and proteins. The GO function significant enrichment analysis of the differential genes
can explain the functional enrichment of the differential genes and clarify the differences between samples
at the gene function level. As shown in Figure S6 and Figure 8G, GO enrichment legend plot, GO analysis
identified a total of 8 terms related to cellular components, 17 terms for biological processes, and 1 term
for molecular functions (AD versus NPs treatment group). Regarding biological process ontology, the most
represented categories were regulation of neuron differentiation (GO: 0045664), cell morphogenesis involved
in neuron differentiation (GO: 0048667), neuron differentiation (GO: 0030182), neuron development (GO:
0048666), and generation of neurons (GO: 0048699). The results showed that the neuronal differentiation
and growth of AD mice were greatly improved after the AD mice were treated with PRM-siRNA NPs.
PRM-siRNA NPs effectively improved neuronal development in AD mice.

2.23 Pathway Analysis by KEGG

KEGG (Kyoto Encyclopedia of Genes and Genomes) is a public database for genome deciphering. The
study of biological pathways is critical to understanding and advancing genomics research. KEGG analysis
revealed nine KEGG pathways. As shown in Figure S7 and Figure 8H, we selected pathways related to
human diseases and organic systems for further analysis, and the AD versus NP genomic KEGG analysis
showed that the AD group was significantly enriched in AD pathways compared with the PRM-siRNA NP
group. The results showed that after treatment with PRM-siRNA NPs, the gene expression of mice could
be affected to a certain extent to achieve the purpose of treating AD.
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3. DISCUSSION AND CONCLUTION

Prussian blue nanoparticles were synthesized using hydrothermal synthesis, and ruthenium complexes
([Ru(bpy)2dppz]2+) were modified on Prussian blue nanoparticles by electrostatic adsorption. siRNA and
metallothionein (MT) were modified on the nanoparticles using the cosolubilization method. Small interfer-
ing RNAs (siRNAs) combined with metallothionein-modified ruthenium-containing Prussian blue nanopar-
ticles were synthesized (PRM-siRNA). The morphological characteristics and particle size distribution of the
nanoparticles were analyzed by transmission electron microscopy, scanning electron microscopy, and dynamic
light scattering. PRM-siRNA was a square nanoparticle of 60±4 nm. Transmission electron microscopy, ato-
mic force microscopy, CD spectroscopy, and ThT staining were used to observe the extent of Aβ fibrillation
in vitro , and the results showed that PRM-siRNA could inhibit the aggregation and disassembly of Aβ
protofibrils in vitro .

At the cellular level, pheochromocytoma (PC12) cells and primary neuronal cells were cultured in vitro ,
and a neuronal injury model was constructed using Aβ. The experimental results showed that PRM-siRNA
inhibited Aβ-induced neuronal activity in vitro in a dose-dependent manner. PRM-siRNA ameliorated
mitochondrial dysfunction and inhibited apoptosis by regulating Bcl-2 family genes. Immunofluorescence
results showed that PRM-siRNA inhibited Aβ-induced ROS production and attenuated Aβ-induced DNA
damage, as evidenced by reduced phosphorylation levels of DNA damage markers. PRM-siRNA attenuated
Aβ-induced oxidative damage and reduced Aβ protofibril-induced cytotoxicity by inhibiting free radical
production.

At the animal level, APP/PS1 double transgenic mice were used as the AD mouse model, and the results
of mouse behavioral assays showed that PRM-siRNA could effectively improve the learning and memory
ability of AD mice. Immunofluorescence staining experiments showed that PRM-siRNA effectively inhibited
neuronal apoptosis, neurofibrillary tangles and reduced niche vesicles. The results of in vivo mechanistic
studies showed that PRM-siRNA significantly inhibited the activation of microglia and astrocytes and sup-
pressed Tau protein phosphorylation in AD mice. Importantly, H&E staining results and blood biochemical
indices showed good biocompatibility of the drug. Brain tissue gene expression sequencing results showed
that PRM-siRNA could function in AD mice and affect the expression of relevant genes in mice, thus im-
proving the symptoms of AD mice. Importantly, PRM-siRNA administration in vivo effectively improved
APP/PS1 mice learning and memory by alleviating neural loss, neurofibrillary tangles and activation of
astrocytes and microglial cells in APP/PS1 mice by inhibiting BACE1 expression, oxidative damage and
tau phosphorylation. Taken together, our findings validated the rational design that BACE1 siRNA-loaded
prussian blue nanocomplexes displayed enhanced BBB penetrability and synergy therapy for human AD.

4. MATERIALS AND METHODS

4.1 Materials

Polyvinylpyrrolidone (PVP-K30), [Ru(bpy)2dppz]2+, potassium ferricyanide (K3[Fe(CN)6]), and metalloth-
ionein (MT) were purchased from Sinopharm Chemical Reagent Co., Ltd. Metallothionein (MT) and siRNA-
BACE1 were purchased from Shanghai Jima Pharmaceutical Technology Co., Ltd. Thioflavin T (ThT), Cell
Counting Kit-8 (CCK-8) assay kit, and AM/PI assay kit were purchased from Sigma.

4.2 Synthesis of Prussian blue nanoparticles (PB NPs)

First, 1.5 g of polyvinylpyrrolidone (PVP-K30) was added to 20 mL of ultrapure water, and the pH of the
solution was adjusted to 2 with 6 mol/L hydrochloric acid and stirred for 5-10 min at room temperature
to form a clear and transparent solution. Then, 45 mg of K3[Fe(CN)6] was added to the solution, and the
solution was placed in a reaction kettle and heated at 80 °C for 2 h. Subsequently, the solution was cooled to
room temperature, the precipitate was centrifuged (13000 g, 30 min) and washed after adding an appropriate
amount of acetone, and the precipitate was dried under vacuum at 60 °C for 10 h to obtain Prussian blue
nanoparticles (PB NPs)[25].

4.3 Synthesis of Ru@PB
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PVP-K30 (200 mg) and 20 mg of [Ru(bpy)2dppz]2+ were dissolved in 15 mL of ultrapure water, followed by
the addition of 2 mL of formaldehyde and sufficient mixing. Two milligrams of PB NPs were added to the
above mixed solution, and the reaction was continued at 150 °C for 6 h. The precipitate was collected by
centrifugation (13000 g, 30 min) and washed three times with acetone, ethanol and water. The ruthenium
complex-modified Prussian blue nanoparticles (PR NPs) were dried under vacuum at 60 for 10 h to obtain[43].

4.4 Synthesis of MT-Ru@PB

Metallothionein (MT) peptides were encapsulated on the surface of PR NPs using a cosolubilization method.
In a typical synthesis, PR NPs were dissolved in ultrapure water and then stirred at room temperature for
6 h (pH=5.0) with the slow addition of aqueous MT solution. Subsequently, the solution was centrifuged
at 13,000 x g for 30 min to collect the precipitate, and the MT-encapsulated PR NPs (PRM NPs) were
obtained after washing the precipitate three times with ultrapure water.

4.5 Synthesis of PRM-siRNA

PRM NPs were resuspended in RNase-free ultrapure water. The 20 μM siRNA solution was mixed well with
different weights of PRM NPs, and the siRNA was loaded onto the prepared nanoparticles by incubation for
20 min at room temperature to form nanocomposites (PRM-siRNA NPs).

4.6 Characterization

The morphology of PB NPs and PRM-siRNA NPs was observed by transmission electron microscopy (TEM,
HT7700; Hitachi, Japan) and scanning electron microscopy (SEM, S-4800; Hitachi; Japan). The crystal form
of PRM-siRNA NPs was detected by XRD, and the ruthenium elemental composition of the mesopores was
determined by EDX (X-Max N 150; Oxford; UK). The size distribution and zeta potential of the different
nanoparticles were measured by using a Malvern Nanzo-ZS nanoparticle size analyzer. Characterization was
further performed by using Nicolet 6700 Fourier transform infrared spectroscopy (FT-IR) and a Hitachi 3010
spectrophotometer for ultraviolet-visible (UV-vis) absorption spectrum analysis. The ability of the polymer
to concentrate siRNA was evaluated by agarose gel electrophoresis. Briefly, nanocomposites/siRNAs with
different N/P ratios were electrophoresed on a 2% (w/v) agarose gel containing 0.1 μL/mL GelRed in 1×TBE
running buffer at 120 V for 25 min. The sample was detected under a 302 nm ultraviolet illuminator and
photographed using a fluorescence chemical imaging system.

4.7 Δετερμινατιον οφ σολυβλε Αβ ςοντεντ

The degree of Aβ aggregation can be further determined by measuring the percentage of soluble Aβ in the
supernatant of the reaction system. Aβ and different nanomaterials were incubated in PBS buffer for 48
h (37, 100 rpm). The solution was centrifuged at 20,000 rpm for 20 min and repeated three times. The
concentration of soluble Aβ was determined by measuring the protein concentration of the supernatant with
a BCA kit.

4.8 Real-Time Cellular Analysis

Real-time cellular analysis (RTCA, xCELLigence System, ACEA Biosciences Inc., Santiago, America) was
used to examine the real-time growth kinetics of PC12 cells treated with PRM-siRNA. Briefly, 100 μl of
medium was added to the e-plate, and background readings were recorded, followed by inoculation of the
cell suspension (100 μl) onto the e-plate at a density of 2 × 104 cells/well. The cell growth index was monitored
every 10 min, and when the cells entered the logarithmic growth phase, the cells were washed once with
fresh medium to remove any cell debris. Afterward, fresh medium containing different concentrations of
PRM-siRNA was added to each well, and the cell growth index was measured every 10 min for 75 h with
RTCA.

4.9 Cell viability assay

PC12 cells (1×104 cell/well) were added to a 96-well plate and placed in a cell culture incubator for 24
h before adding nanoparticles and continuing to incubate for 12 h. Subsequently, 10 μl of CCK-8 assay
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solution was added and incubated at 37 for 2 h. The absorbance of each well was detected at 450 nm by a
multifunctional enzyme marker. PC12 cells were grown in six-well plates for 48 h. PR, PRM, and PRM-
siRNA (20 μg/ml) were then added to the six-well plates. After coculture for 24 h, the cells were stained with
an AM/PI mixture for 5 min, observed and recorded by fluorescence microscopy. AM can stain all nuclei
with green fluorescence, while propidium iodide (PI) can only stain damaged nuclei with red fluorescence.

4.10 Flow cytometry analysis

PC12 cells (5×105 cells/well) were inoculated and grown in six-well plates for 48 h, after which PR, PRM
and PRM-siRNA (20 μg/ml) were added. After coculture for 24 h, cells were collected by digestion with
EDTA-free trypsin, followed by the addition of 5 μl of Annexin V-EGFP and 5 μL of PI, and the reaction
was performed for 20 min at room temperature, protected from light, and observed and detected by flow
cytometry. Similarly, the cells collected after treatment were resuspended in 10 μM of 2’,7’-dichlorofluorescein
diacetate (DCFH-DA) and incubated at 37 °C for 20 min. Afterward, cells were washed three times in the
culture medium to completely remove DCFH-DA that had not entered the cells, and flow cytometry was
observed for detection.

4.11 Isolation and culture of rat neuronal cells

Newborn rats were selected to obtain brain tissue through aseptic craniotomy, the cerebral cortex tissue was
separated, the cerebral cortex was repeatedly washed with dissecting fluid, and then the brain tissue was fully
broken up and 5 mL of 0.25% trypsin was added. After digestion for 10 min, serum was added to terminate
the digestion, and the cells were collected by centrifugation after filtering through a 200 mesh filter. The
collected cells were resuspended in medium (80 mL DMEM high sugar medium, 10 mL fetal bovine serum,
10 mL calf serum, 1% penicillin and streptomycin, and 10 μg/L nerve growth factor) at 37 °C and 5% CO2

for 24 h. After 4 days, 4 μg/mL agranulocyte was added to inhibit glial cells, and then the isolated neurons
were used for subsequent experiments.

4.12 Western blotting

After treating neurons with 10-40 μM Aβ for 48 h, cells were collected and lysed with cell lysis solution. The
protein concentration was determined with a Bio-Rad kit, and protein separation was performed by 8% SDS-
PAGE. The proteins were transferred to a polyvinylidene fluoride membrane, which was incubated with 5%
bovine serum albumin (BSA) for 2 h at room temperature and then probed with primary antibodies (Bax,
Bad, Bcl-2, Bcl-xL, β-actin) overnight at 4. Blots were washed and incubated with appropriate secondary
antibodies for 1 h at room temperature and finally detected with a chemiluminescence kit.

4.13 Observation of neuronal morphological changes

Neuronal cells were cotreated with 20 μg/mL PRM-siRNA and 20 μM Aβ for 48 h before being fixed with
3.7% formaldehyde solution for 20 min at room temperature. Subsequently, the cells were washed three times
for 5 min each with PBS containing 0.1% Triton X-100. Tubulin-Tracker Red was diluted in PBS containing
2.5% bovine serum albumin (BSA) and 0.1% Triton X-100 at a ratio of 1:100. Then, 100 μL of the diluted
Tubulin-tracker Red staining solution was added dropwise to each slide and incubated for 60 min at room
temperature and protected from light. The slides were then washed three times with PBS containing 0.1%
Triton X-100 for 5 min each, after which they could be directly observed by fluorescence microscopy.

4.14. In vitro transport studies of the BBB

To detect changes in BBB permeability, Transwell plates were used to construct a BBB model. Briefly,
PC12 cells were seeded in the lower wall of Transwell plates (0.4 μm pore size) and cultured in DMEM
containing 10% fetal bovine serum and 1% dual antibiotics for 2 days. Human umbilical vein endothelial
cells (HUVECs) were seeded in the upper chamber of Transwell plates at a density of 1.0 × 105cells/well and
cocultured with PC12 cells for 5 days. After culturing, dense cell layers were formed, and transendothelial
layer resistance (TEER) was detected. Successful model construction was indicated when TEER was greater
than 100 Ω. Subsequently, serum-free medium and 20 μg/mL PRM-siRNA were added to the upper chamber
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and irradiated by NIR (808 nm) for 10 min. TEER values were measured at 15 min, 30 min, 45 min, 60
min, 2 h, 4 h, 8 h, 16 h and 24 h.

4.15 Drug accumulation in mouse brain

APP/PS1 double transgenic mice were used as the AD mouse model. After injecting PRM-siRNA into
the tail vein, the mice were irradiated with NIR (808 nm, power 0.2 W/cm2) for 10 min on the head.In
vivo fluorescence imaging was performed on the mice at 0, 0.5, 1, 4 and 6 h. The mice were subsequently
dissected, and their major organs were fluorescently imaged.

4.16 Behavioral experiments

APP/PS1 transgenic mice and wild-type mice (WT) of the same age were used for the experiments. In the
Morris water maze experiment, the pool of the water maze was 100 cm in diameter and 50 cm in height,
and the water temperature was kept at 21±2. The movement trajectories of the mice were recorded by a
video tracking system. During the first 4 days of training, a hidden platform was placed in the middle of
the target quadrant. During the 4-day training period, mice were placed into the maze pool from different
quadrants and trained to find the target platform, and the time for the mice to find the platform was the
latency period. If the platform was not found after 60 seconds, the latency period was 59 seconds, and the
mice were guided to find the platform area and stay there for a period of time. On Day 5, the platform in
the target quadrant was removed, the mice were tested for 60 s, and the number of times the mice crossed
the original platform placement area and the time they stayed in the target quadrant were recorded and
counted. Before the nesting experiment, six pieces of paper towels of the same size (5 cm x 5 cm) were
placed in the bedding of each cage. The mice were placed in a separate cage, and the nesting condition of
the mice was recorded after one day and three days. The index grading standard of the nesting experiment
is: 0= no pit and no paper towel; 1= shallow pit without broken tissue; 2= There are pits, shredded or whole
paper towels. 3= the pad pit surrounded by broken or whole paper towels, forming a cup-shaped nest; 4=
Shredded paper towels form a spherical nest and cover the mouse.

4.17 Transcriptomic analysis

Total RNA was extracted from the tissue using TRIzol(r) Reagent according to the manufacturer’s instruc-
tions (Invitrogen), and genomic DNA was removed using DNase I (TaKaRa). Then, RNA quality was
determined using a 2100 Bioanalyzer (Agilent) and quantified using an ND-2000 (NanoDrop Technologies).
High-quality RNA samples (OD260/280=1.8˜2.2, OD260/230[?]2.0, RIN[?]6.5, 28S:18S[?]1.0) were used to
construct a sequencing library.

Small RNA-seq libraries were prepared according to the TruSeq Small RNA sample preparation kit from
Illumina (San Diego, CA). The total RNA was separated into different fragment sizes by polyacrylamide
gel electrophoresis (PAGE). Small RNA fragments were selected preferentially 18˜30 bp in size. Reverse
transcription followed by PCR was used to create cDNA constructs based on the small RNA ligated with
3’ and 5’ adapters. The cDNA was purified and recovered by PAGE gel, and the product was dissolved in
EB solution for subsequent labeling. Finally, library quality was assessed on the Agilent Bioanalyzer 2100
system. Paired-end libraries were sequenced by Illumina NovaSeq 6000 sequencing (150 bp*2, Shanghai
BIOZERON Co., Ltd).

The software was used to quantitatively analyze the expression levels of miRNAs in each sample for subse-
quent analysis of differential expression between different samples. After the read counts of miRNAs were
obtained, the miRNA expression differences between samples were analyzed for multiple groups of samples
([?]2 groups), and the differentially expressed miRNAs among the samples were identified. Target gene pre-
diction software was used to predict the target genes of all known and newly predicted miRNAs, and GO
and KEGG functional annotation and functional enrichment research were conducted on the target genes.

4.18 Statistical analysis

Quantitative data were indicated as mean +- standard deviation (SD). Statistical significance was assessed
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by the Student’st-test and assumed at a value of *P <0.05, **P <0.01,***P <0.001.

Scheme 1 . Synthesis route and proposed signal mechanism of PRM-siRNA NPs against AD.
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Figure. 1 Characterization of PB NPs and PRM-siRNA . Physicochemical properties of PRM-
siRNA. (A) and (B) are SEM images and TEM images (C) of PB NPs respectively. (D) and (E) are
EDX mapping analysis of PB NPs. (F) and (G) are SEM images and TEM images (H) of PRM-siRNA
NPs, respectively. (I) and (J) are mapping analysis of PRM-siRNA NPs. (K) FT-IR spectra of PB NPs
and PRM-siRNA NPs. (L) UV-vis absorption spectra of PB NPs, M-siRNA and PRM-siRNA NPs. (M)
Fluorescence changes of Aβ fibrils and different NPs binding solutions. (N) Relative fluorescence intensity
changes. (O) Fluorescence changes of Aβ fibrils combined with different NPs in PC12 cells. Each value
represents the mean standard deviation (n=3).(P) XRD analysis of PRM-siRNA NPs. (Q) XPS analysis
of PRM-siRNA NPs. (R) Agarose gel retardation assay of PRM-siRNA NPs. (S) Changes in normalized
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ThT fluorescence of preformed Aβ aggregates were incubated with different concentrations of Nanoparticles
for 48 h at 30 °C. (T) The normalized ThT fluorescence of Aβ aggregates in the presence of PR (30 μM)
and PRM-siRNA NPs (30μM) under different incubation duration. (U) Change of free Cu ion concentration
in solution within 1 h after adding PRM-siRNA NPs. C0 is the initial concentration of Cu ion, and C
is the concentration of Cu ion at different time points. (V) Fibrillation kinetics of Aβ42 monomer by the
development of ThT binding in the presence of PR, PRM and PRM-siRNA NPs under NIR or without
NIR illumination. (W) The percentage of soluble Aβ42 monomer with different nanoparticles and different
concentrations of nanoparticles incubated at 30 °C for 48 h. (X) DLS measures the change in particle size
after treatment with different drugs. The average particle size of Aβ aggregates is about 900-1000 nm, and
the particle size after drug treatment is about 150 nm, which is similar to the particle size of the drug itself.

Φιγυρε 2. ΠΡΜ-σιΡΝΑ ρεδυςεδ τηε Αβ φιβροσις ιν ςελλς. (A) AFM analysis of Aβ aggregation
in the presence or absence of PR and PRM-siRNA. Aβ was incubated with different nanomaterials for 48 h,
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the morphological changes of Aβ aggregates were observed using an AFM. The red box indicates the region
where the Aβ aggregates are amplified. CD spectroscopy analysis of Aβ fibril secondary structure: (B)
Changes in Aβ secondary structure after 48 h incubation at 37 in the presence or absence of PR and PRM-
siRNA were monitored by CD spectroscopy. (C) Changes in Aβ secondary structure after 48 h incubation at
37 °C in the presence of different concentrations of PRM-siRNA.Fluorescence images (D) and fluorescence
intensity (E and F) of the effect on mitochondrial membrane potential of PC-12 cells in the presence of
mixtures of Aβ, Aβ+Cu2+ and Aβ/NPs and different concentrations of PRM-siRNA. Green fluorescence
indicates JC-1 monomer, which indicates low mitochondrial membrane potential. Red fluorescence indicates
JC-1 aggregation, indicating a high mitochondrial membrane potential. (G) Fluorescence image of ROS
generation in PC-12 cells in the presence of a mixture of Aβ, Aβ+Cu2+ and Aβ/NPs with DCFH-DA as
a fluorescent probe. (H) ROS changes in PC12 cells detected by flow cytometry. (I)TEM images of PC12
cells after 12 hours of treatment with different NPs. The blank group was treated with PBS. Each value
represents the mean standard deviation (n = 3).

16



P
os

te
d

on
12

M
ar

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

02
36

10
.0

79
19

91
7/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Φιγυρε 3. ΠΡΜ-σιΡΝΑ ινηιβιτεδ Αβ-ινδυςεδ αποπτοσις Π῝12 ςελλς . (A) Effect of Aβ
monomers on PC12 cell viability in the absence and presence of Cu2+, PB and PRM-siRNA. (*p <0.05, **p
<0.01, compared to control groups). (B) Dynamic monitoring of the cytotoxicity using the xCELLigence
RTCA system. (C) Live/Dead cells assay. Cells were treated with Aβ fibers and/or different concentrations
of PRM-siRNA for 24 h and then fluorescent microscopic images of PC12 cells were obtained by LIVE-DEAD
staining. (D) Cell apoptosis detection. Cells after treatment were analyzed by Annexin V/PI staining with
flow cytometer. Each value represents the mean standard deviation (n = 3).
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Figure 4. PRM-siRNA attenuated primary neurons apoptosis by inhibiting ROS-mediated
oxidative damage, mitochondrial dysfunction and regulating Bcl-2 family. (A) Tublin staining
for neural morphological detection. Primary neurons were treated with 20 μg/mL of PRM-siRNA and 20
μM Aβ42 for 48 h, changes in neuronal morphology were observed by Tublin under fluorescence microscopy.
(B) Aβ42-induced neuronal toxicity. (C) Cytotoxicity of PRM-siRNA towards neurons. (D) PRM-siRNA
inhibited Aβ42-induced neuronal toxicity. (E) PRM-siRNA inhibited Aβ42-induced ROS generation. (F)
Aβ42induced DNA damage in a time-dependent manner.

Protein expression was examined by western blotting. (G) PRM-siRNA attenuated Aβ42-induced DNA
damage. (H) PRM-siRNA inhibited Aβ42-induced neuronal mitochondrial dysfunction. (I) PRM-siRNA
attenuated Aβ42-induced abnormal expression of Bcl-2 family proteins. (J) Aβ42dose-dependently affected
the expression of Bcl-2 family proteins. All experiment were at least done for three times.
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Figure 5. PRM-siRNA under NIR showed enhanced BBB permeability. (A) Photothermal imag-
ing. NPs drug was injected through tail vein and photothermal imaging was obtained by NIR irradiation.
(B) Schematic diagram of the principle of Transwell or TEER (time-dependent transendothelial cell resis-
tance) measurement to evaluate the permeability of co-cultured cells by measuring the top (inner chamber)
and basal (outer chamber) chamber electrode resistance. The inner chamber cells are human umbilical vein
endothelial cells and the outer chamber cells are PC12 cells. (C) WB images of mouse brain tissue treated
with different nanoparticles. (1): WT. (2) AD. (3) AD + PRM-siRNA. (4) AD + PRM-siRNA + NIR. (D)
Changes of head temperature in mice with NIR irradiation time. (E) TEER values change after the addition
of NPs. (F) Changes in TEER values before and after NPs treatment. (G) Fluorescence distribution of (H)
PRM-siRNA and (H) PRM-siRNA + NIR in mice. All experiment were at least done for three times.
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Figure 6. PRM-siRNA alleviated neural loss, neurofibrillary tangles and activation of astro-
cytes and microglial cells in APP/PS1 mice. (A) PRM-siRNA inhibited APP/PS1 mice activation
of astrocytes and microglial cells. GFAP and IBA-1 staining was conducted in mice brain tissue. (B) Nissl
staining. (C) Silver staining for neurofibrillary tangles. (D) NeuN-DAPI staining for neural death. (E)
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BACE1 expression in APP/PS1 mice. (F) P-Tau immunofluorescence staining. All experiment were at least
done for three times.

Figure 7.PRM-siRNA improved learning and memory of APP/PS1 mice. MWM (Morris water
maze) experiment. (A) The APP/PS1 mice of different groups found the change in the escape latency of
the hidden platform during the five-day training period. (B) In the test period without a hidden platform,
the effect of nanomaterials on the percentage of APP/PS1 mice target quadrant occupancy. (C) The effect
of nanomaterials on the escape latency of APP/PS1 mice during the test period without a hidden platform.
(D) During the test period without a hidden platform, the effect of nanomaterials on the number of times
APP/PS1 mice cross the target platform. (E) During the training period, the effect of nanomaterials on the
average swimming speed of APP/PS1 mice. (F) During the test period, the effect of nanomaterials on the
average swimming speed of APP/PS1 mice. Each value represents the mean standard deviation (n = 3).
(G) Changes in the path of mice during the test period after removing the hidden platform. On the 6th day,
a spatial probe test was carried out. The path of the mouse in the water maze was recorded in 60 s. (H) and
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(I) The nesting behavior of AD mice was quantified, and WT mice of the same age were used as controls.
Representative images from 0 to 3 days. The data are present as mean S.E. **p<0.01.

Figure 8. Differentially expressed genes analyzed in mouse brain tissue (AD mice vs. NPs
treated AD mice, normal mice control).(A) The Venn diagram shows the overlap of differentially
expressed genes obtained from sequencing genes after AD and NPs treatment. (B) Cluster analysis of
differentially expressed genes. Red cluster indicates up-regulated; blue cluster indicated down-regulated. (C)
Scatter plot of Pearson correlation coefficient between NPs and AD groups. (D) Volcano plot of differentially
expressed genes between NPs and AD groups. (E) Scatter plot of Pearson correlation coefficient between NPs
and control groups. (F) Volcano plot of differentially expressed genes between NPs and control groups. (G)
Statistical enrichment of differential expression genes in GO terms. (H) Statistical enrichment of differential
expression genes in KEGG pathway.
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