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Purpose: Polydopamine (PDA) has been recognized as an antioxidant and anti-inflammatory agent. However, the difficulty to cross
blood-brain barrier (BBB) limits PDA’s neuroprotective effects in the brain. Here, we aimed to construct PDA-rabies virus
glycoprotein (RVG) by modifying the RVG29 polypeptide on PDA nanoparticles (NPs) and investigate whether PDA-RVG improved
the cognitive function and pathology of Alzheimer’s Disease (AD) by inhibiting oxidative stress and inflammatory response.
Methods: We prepared and characterized PDA NPs and tested whether PDA improved AD pathology in APP/PS1 mice. To facilitate
PDA’s penetration across BBB, we modified RVG29 on PDA and examined its brain-specific targeting ability and biocompatibility. We
further tested the effects of PDA-RVG on oxidative stress, inflammatory response and ferroptosis in both in vitro and in vivo AD models.
Results: PDA demonstrated robust reactive oxygen species (ROS)-scavenging activity and eftectively reduced AP deposition and the
expression of APP and PS1 in APP/PS1 mice. PDA-RVG successfully crossed BBB in an in vitro BBB model. Meanwhile, compared
with PDA, PDA-RVG intravenous injection exhibited good brain-specific targeting ability. Moreover, the hematological analysis
revealed no significant differences between the PDA-RVG and control groups. In the in vitro AD experiment, PDA-RVG reduced
ROS, inducible nitric oxide synthase, and pro-inflammatory cytokines levels in BV2 cells. Besides, PDA-RVG decreased ROS and
apoptosis, while increased glutathione peroxidase4 (GPX4) and the viability of PC12 cells. More importantly, intravenous delivery of
PDA-RVG improved cognitive function assessed by Morris water maze, and upregulated the ferroptosis-protective proteins Ferritin
Heavy Chain 1 and GPX4 expression, while PDA alone did not lead to cognitive improvement.

Conclusion: PDA reduces AD pathology, which is possibly attributed to its ability to scavenge ROS, ameliorate the inflammatory
microenvironment and inhibit ferroptosis. Intravenous delivery of PDA-RVG has good brain-specific targeting ability and biocompat-
ibility, and improves cognitive function in AD mice. This study provides a safe, effective, and promising therapeutic strategy for AD
via oxidative stress-associated target.
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Introduction

Alzheimer’s disease (AD), as the leading cause of dementia, accounts for 60% to 80% of cases. AD and related
dementias contribute significantly to progressive decline in daily activities among older adults.'” The extracellular
accumulation and aggregation of amyloid-p (AP) and intracellular neurofibrillary tangles, which are composed of
hyperphosphorylated tau, are the neuropathological hallmarks of AD.**

In spite of unremitting efforts, there are still limited effective therapeutic options for AD. Recent trials of disease-
modifying therapies targeting A, such as donanemab and lecanemab, show promise in slowing cognitive and functional
decline.>® However, these treatments are costly and associated with specific adverse effects, which indicates an investigation
of additional treatment avenues is warranted.” The disturbance of the balance between the overproduction of reactive oxygen
species (ROS) and the cellular antioxidant defense system is called oxidative stress, which is considered as a key contributor to
the evolution of AD.® Oxidative stress is considered as an early crucial central factor in the pathogenesis of AD, which may
lead to AP deposition and tau protein dimerization and its subsequent hyperphosphorylation.9’10 Ferroptosis, characterized as
an iron-dependent regulated necrosis resulting from extensive lipid peroxidation-induced membrane damage, represents the
cell death modality most intricately linked to oxidative stress.'' More importantly, ferroptosis is related to AD pathogenesis
via multiple mechanisms.'? Accordingly, the antioxidant and anti-ferroptosis therapies may provide new approaches to
discovering and developing novel anti-AD drugs.

Dopamine, an endogenous nitrogenous organic compound, represents the predominant catecholamine neurotransmit-
ter in the human brain."? Clinically, dopamine is widely used to treat various diseases such as Parkinson’s disease, renal
failure, and ischemic shock.'* Dopamine monomers self-assemble into polydopamine (PDA), which gains broad
biomedical application due to its excellent biocompatibility and biodegradability.'> PDA serves as an antioxidant capable
of inhibiting inflammatory responses and oxidative stress.'® It can eliminate ROS through redox reactions, radical
trapping, and hydrogen atom transfer.'” The properties of PDA-its small particle size, modifiability, and biocompatibility-
make it particularly advantageous for treating brain disorders, especially those characterized by prominent oxidative
stress and neuroinflammation such as AD.'® Previous study has demonstrated that PDA nanoparticles (NPs) reduce
neuroinflammation in AD model."

However, about 98% of small molecule drugs and nearly 100% of macromolecular drugs cannot penetrate the blood-brain
barrier (BBB) to access brain tissue.”” It has been reported that PDA has poor brain-targeting ability.?' Thus, enabling PDA
NPs to effectively target to the brain and exert its biological effects remains challenging, which always requires the assistance
of a drug delivery system. Rabies virus glycoprotein 29 (RVG29), a 29-amino acid peptide derived from RVG, exhibits unique
specificity for binding to nicotinic acetylcholine receptors (nAChRs) in the brain.?* This binding triggers receptor-mediated
transcytosis, enabling the drug to easily penetrate the BBB and enter the brain.>>** Correspondingly, the modification with
RVG29 peptides nanomedicines facilitates their entry to the brain and binding to nAChR on the surface of endothelial cells.
During subsequent endocytosis, this complex is encapsulated in endosomal vesicles, taken up by endothelial cells, and
released into brain tissue through intricate transport pathways.>> This property endows RVG29 significant advantages in drug
delivery systems, which enables more effective delivery of drugs, nucleic acids, and NPs into neurons. Previous studies have
revealed that RVG29 enables nanomedicines to penetrate BBB and act on neurons in AD treatment.”*?” In addition,
RVG29 has been used to assist PDA in targeted delivery to brain in ischemic stroke.”®

We first studied whether PDA NPs decreased AD pathology in this study. Then we constructed PDA-RVG by
modifying the RVG29 polypeptide on its surface to enhance its brain-targeting efficacy. We further investigated whether
PDA-RVG improved the cognitive function by ROS clearance, inflammation inhibition, and ferroptosis reduction.

Materials and Methods

Materials

Dopamine hydrochloride and NH,-PEG-COOH (Mw=2000 Da) were purchased from Shanghai Ponsure Biotech, Inc.
Dulbecco’s modified Eagle medium (DMEM), trypsin, and fetal bovine serum (FBS) were purchased from Gibco. Ammonia,
FeCl,, and 1,10-phenanthroline were purchased from Macklin Biochemical Co., Ltd., and 1-ethyl-3-(3-(dimethylamino)
propyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) were from Sigma. The reagents/kits used for biological
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analyses were fluorescein isothiocyanate (FITC, Aladdin Holdings Co., Ltd)., calcein-AM/PI (Dojindo Co., Ltd)., erastin
(MedChemExpress), 3,3'-diaminobenzidine (DAB, TCI Co. Ltd)., C11 BODIPY (GlpBio Technology, Inc)., Cell Counting
Kit-8 (CCK-8, Beyotime Institute of Biotechnology Co., Ltd)., 2, 7-dichlorodihydrofluorescein diacetic acid (DCFH-DA)
(Beyotime Institute of Biotechnology Co., Ltd). The ELISA kits were purchased from Neobioscience Technology Co, Ltd.
FITC-Dextran (40 kD), Acriflavine and Rhodamine B (RhB) were purchased from Adamas-beta. Fluorimetric Fluorescamine
Protein Quantitation Kit was purchased from AAT Bioquest.

Synthesis of PDA NPs and PDA-RVG NPs

Normal PDA NPs were synthesized in an alkaline solution. 10 mL of water was used to disperse 0.5 g of dopamine
hydrochloride, which was then added to a mixture of distilled water (90 mL) and ethanol (40 mL). The ammonia solution
(2 mL) was then added and agitated for a whole day. The reaction product was centrifuged at 15000 rpm for 15 minutes
to obtain a precipitate, which was washed 3 times with deionized water.

The following protocol was used to obtain the RVG29-modified PDA. NHS/EDC (100 mM) was used to activate the
PDA NPs. Then an equimolar amount of NH,-PEG-COOH was added to the PDA NPs solution in five aliquots, followed by
2 hours of stirring the mixture. Unreacted NH2-PEG-COOH and NHS/EDC were removed by centrifugation. After re-
suspending the precipitate, the RVG29 solution was added and stirred for 2 hours. The solution was repeatedly washed with
distilled water for further analysis.?’ The peptide quantitation of RVG29 was performed as Supplementary Method 1.

Characterization of the PDA NPs and PDA-RVG NPs

After dropping PDA and PDA-RVG NPs solution onto a copper mesh, we collected transmission electron microscopy
(TEM) images of the NPs using a TEM operated at 80 kV to examine the morphology and structure. The NPs’ hydration
particle size and zeta potential were evaluated by dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern
Instruments Ltd., Worcestershire, UK) (Supplementary Method 1).

ROS Scavenging Tests

The electron spin resonance (ESR) spectrum (ESR 5000, Bruker, Germany) was used to study the ability of PDA and
PDA-RVG to scavenge the hydroxyl radical (+OH) and hydroperoxyl radical (-OOH). 5,5-dimethyl-1-pyrroline-Noxide
(DMPO) (5 pL; 10 mM) served as the trapping agent and was dissolved in phosphate buffer saline (PBS) (45 pL; 10
mM) in a typical assay. Subsequently, Fe*" (20 uL; 50 mM) was added to catalyze the production of -OH from H,O,
(30 uL; 50 mM). The amount of -OH was quantified based on the intensity of the ESR amplitude. Meanwhile, superoxide
anions (O, ) was produced by adding 70 pg of KO, into 200 pL of the 18-crown-6 in dimethyl sulfoxide (DMSO)
solution (0.7 mM) and then trapped by DMPO (50 pL). The ESR performance, with or without adding NPs, was
evaluated to determine the superoxide dismutase (SOD)-like enzyme activity of PDA and PDA-RVG.

Verification of Fusion

The fusion of PDA and RVG29 polypeptide was investigated using the Forster resonance energy transfer (FRET) method.
In this section, two dyes were used: Acriflavine and RhB. After adding these dyes separately into PDA and RVG29
polypeptide, RVG29 polypeptide in various ratios (5:1, 3:1, 2:1, and 1:1) was mixed with PDA and amide condensation for
3 hours. The fluorescence spectra of each sample from 500 nm to 650 nm was measured using a Tecan Spark20M
microplate reader after excitation at 460 nm. The five microliters of fused PDA-RVG suspension on a glass slide with
glycerol gelatin were fixed to further validate the fusion. A simple physical mixture without a fusion process was used as
a control. Fluorescence images were obtained using a fluorescence microscope (Als, Nikon, Japan).

Cell Culture

The Chinese Academy of Science Cell Bank was the source of the PC12 and BV2 cell lines. BV2 and PC12 cells were
cultured in DMEM (Gibco) supplemented with 10% FBS (Gibco) and 1% penicillin-streptomycin (PS, Gibco). All cells
were kept in a humidified incubator at 37°C and 5% CO,. To establish the in vitro AD model, BV2 and PC12 cells were
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treated with Ap42 of 20 uM. The cells were randomly divided into control, AB42, AB42+PDA and AB42+PDA-RVG
groups.

In vitro BBB Penetration Assay

In vitro BBB model was established as previous report.*® 2x10° b.End3 cells were seeded into a Transwell chamber with
a filter diameter of 2.0 pm, and the whole was placed in a 12-well plate and incubated at 37 °C for 24 hours. The culture
medium in the upper chamber was replaced 0.5 mL daily, while 1.5 mL of culture medium in the lower chamber was
replaced every 2-3 days. The tight connectivity of the BBB was verified by measuring the transendothelial electrical
resistance (TEER) of the co-cultured model using a Millicell ERS instrument to ensure 100% cell confluence
(Supplementary Method 1). Also, the BBB permeability assays were performed as Supplementary Method 1.

The chamber was transferred to a culture plate inoculated with PC12 cells and the 12-well plate was equilibrated at 37
°C for 1 day. The Transwell chamber was filled with 20 uL. of PDA or PDA-RVG NPs at a concentration of 1 mg/m,
which were then put in the incubator. After 4 hours, the cells were washed with PBS, fixed with 4% paraformaldehyde,
and stained with the nuclear marker DAPI, followed by further observation under a laser confocal microscope.

Animals

Male C57/BL6-Tg transgenic mice (APP695swe/PSEN1-dE9, APP/PS1) aged 9 months were purchased from Shanghai
Model Organisms Center, Inc. Mice were kept in a 12 h/12 h light-dark cycle with free access to food and water under
standard laboratory conditions (temperature: 22 + 2°C; humidity: 40%). The mice were randomly divided into control
(sham operation), PDA, and PDA-RVG groups. Sham-operated mice were subjected to the same procedure while only
normal saline of equal dose was injected.

The mice were euthanized by cervical dislocation in accordance with American Veterinary Medical Association
(AVMA) guidelines. Our animal studies were conducted in accordance with the Guideline for Ethical Review of
Animal Welfare published by China (GB/T 35892-2018), and were approved by Institutional Animal Care and Use
Committee of Shanghai Sixth People’s Hospital Affiliated to Shanghai Jiao Tong University School of Medicine
(No. 2024-0239).

Drug Injection

Isoflurane was used to anesthetize the mice via a mask (3% for induction, 1.5% for maintenance in 70% nitrous oxide
and 30% oxygen). PDA was dissolved in normal saline to prepare a solution with a concentration of 1 mg/mL. PDA
solution of 6 pL was intracerebroventricularly injected at the rate of 2 pl/min with a stereotaxic frame at 1.0 mm
lateral to the midline, 0.5 mm posterior to the coronal suture and at a depth of 1.5 mm from the surface of the brain.
The tests were performed at 1 d, 3 d and 7 d after PDA intracerebroventricular injection. PDA-RVG was also prepared
into a 1 mg/mL solution. Different from PDA, PDA-RVG was injected intravenously at the dose of 100 pL daily for 20
consecutive days, after which the measurements were performed. All mice were put into the cage for keeping warm
after drug injection.

Brain-Specific Targeting Study of PDA-RVG in APP/PSI| Mice

APP/PS1 mice were injected with sulfated cyanine 5.5 (Cy5.5)-labeled NPs (PDA and PDA-RVG). All the NPs were
adjusted to carry an equal fluorescent intensity and delivered to the mice via tail vein injection. The fluorescence in the
brain was quantified using a live imaging device at 1, 2, 6, 12, and 24 hours after injection. Then the mice were
sacrificed, and the brain was divided into five equal parts along the coronal plane.

Biocompatibility Evaluation of PDA-RVG

The safety of PDA-RVG was further evaluated in vivo. PDA-RVG was intravenously administered into the mice (n=5)
every other day for one week. The body weight was recorded. Blood samples were collected for the purposes of
hematological and hemochemical analysis.
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Intracellular ROS Assessment

Cells from different treatment groups were incubated with 10 pyM DCFH-DA (Reactive Oxygen Species Assay Kit,
Beyotime, S0033M) for 20 minutes at 37°C. After incubation, the cells were washed three times with PBS to remove
excess DCFH-DA, followed by further examination under a fluorescence microscope (BZ-X810, Keyence, Japan).

Immunohistochemistry
At 3 days after PDA injection, APP/PS1 mice (n=4) were anesthetized. Subsequently, they were perfused with normal
saline solution followed by 4% ice-cold paraformaldehyde via the left cardiac ventricle. The brain tissues were then
removed and underwent gradient dehydration. Serial coronal sections with a thickness of 10 um were cut using a freezing
microtome, and the sections were blocked with 10% goat serum after washing. The sections were incubated overnight at
4 °C with an anti-AB,_4, rabbit polyclonal antibody (1:500, Abcam, Cambridge, UK). Then, they were incubated for
1 h at 37 °C with horseradish peroxidase (HRP) coupled secondary goat anti-rabbit IgG (1:500, Abcam).*’

For quantitative AP plaque counting, six non-overlapping fields per coronal section in the ipsilateral or contralateral
cortex were randomly selected under high-power magnification (x400). The mean value across these fields was defined
as the AP plaque count. Field selection was conducted by an investigator blinded to group assignments.

Immunofluorescence

BV2 and PCI12 cells underwent fixation using 4% paraformaldehyde (30 min), subsequent permeabilization with 0.1%
Triton X-100 (10 min), and final blocking with 5% goat serum albumin (BSA) (30 min). The cells were incubated
overnight at 4°C with anti-inducible nitric oxide synthase (iNOS) and anti-glutathione peroxidase4 (GPX4) rabbit
polyclonal antibodies (1:500, Abcam), followed by incubated with FITC labeled goat anti-rabbit secondary antibodies
(1:500, Abcam) for 1 hour at 37°C. Afterwards, the stained cells were examined using a fluorescence microscope (BZ-
X810, Keyence, Japan).*?

Enzyme-Linked Immunosorbent Assay (ELISA)

The concentrations of different inflammatory cytokines including interleukin-13 (IL-1pB), IL-6, and tumor necrosis factor-
o (TNF-a) were determined by ELISA. The supernatant from BV2 cell cultures was collected and stored at —80°C to
prevent protein degradation. According to the manufacturer’s instructions, the cytokine concentrations were measured
using a double-antibody sandwich ELISA kit, and absorbance was measured at 450 nm using an automated microplate
reader.

Apoptosis Assays

PC12 cells were seeded into 6-well plates, and after 12 hours, apoptosis was examined. Immediately afterward, the cells
were treated with 20 uM AB42 for 8 hours and co-cultured with the NPs. An annexin V-FITC/ propidium iodide (PI)
apoptosis detection kit was applied to detect apoptosis in the cell samples in accordance with the manufacturer’s
instructions. The fluorescence intensity was examined with flow cytometry (NovoCyte Adv, Agilent, USA).

Live/Dead Cell Staining Imaging

For the live/dead staining, PC12 cells were seeded into 6-well plates and cultured for 12 hours. After treated with 20 uM
AP42 for 8 hours, the viability of the PC12 cells in each group was confirmed with the Calcein-AM and PI staining kit
according to the instructions of manufacturer. The fluorescence images were obtained via a fluorescence microscope.

Western Blot

The cortex tissues were homogenized and the Western blot was performed as our previous report.>® Anti-amyloid
precursor protein (APP) (1:1000, Abcam), anti-presenilinl (PSEN1) (1:1000, Abcam), anti-Ferritin Heavy Chain 1
(FTHI) (1:1000, Abcam), and anti-GPX4 (1:1000, Abcam) rabbit polyclonal antibodies were used as primary antibodies.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) functioned as an internal control.
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Quantitative Real-Time Polymerase Chain Reaction (qQRT-PCR) Analysis

Total RNA was extracted from the cortical tissue using Trizol Reagent (Sigma-Aldrich, St Louis, USA). Then, the
PrimeScript™™ RT reagent kit (Takara, Shiga, Japan) was used to reverse-transcrib RNA from each sample was to cDNA.
Using an ABI PRISM 7500 system (Applied BioSystems, Waltham, USA), the qRT PCR was carried out via a SYBR
Green Master Mix (TaKaRa, Japan). The mRNA expression levels were normalized to GAPDH gene using the 2 **CT
method.>* Table 1 included the sequences of the primers.

Morris Water Maze (MWM) Test

Spatial learning and memory were assessed via MWM test following established protocols.*>® A black circular pool
(120 cm diameter x 60 cm height), divided into four quadrants, contained water maintained at 25+2°C. Multiple extra-
maze cues were observable from the pool area, likely serving as spatial orientation references for the mice. The cues kept
a fixed spatial position during the entire experiment. A 10-cm-diameter escape platform was placed 2 cm beneath the
water surface in the target quadrant. Mice were assigned to random entry points in four water quadrants and subjected to
a five-day training protocol for submerged platform navigation. Each of these 5 days consisted of 4 trials with 2-minute
inter-trial intervals. Mice were given 60 seconds to find the platform. They were guided to the platform and allowed to
spend 10 seconds on the platform in case of the failure to find the platform. Mice were then patted dry with a cloth and
put back into a warm cage after each trail. For data analyses, a latency time of 60 seconds was assigned to mice that
failed to reach the platform without guidance. The formal test was conducted at day 6, in which the mice were allowed
a maximum of 180 seconds. After 3 tests were completed, the average score was recorded. The video tracking system
(Dig-Behav, Jiliang Co. Ltd., Shanghai, China) automatically calculated the latency to reach the platform, the distance
traveled, and the swimming speed. Each group contained 5 mice and the observers were blinded to the groups.

Rotarod Test

Rotarod test was performed by using a Rotarod apparatus (IITC Life Science, Woodland Hills, USA) to test the motor
coordination and balance of mice. Before testing, mice were habituated and pretrained on the Rotarod (15 rpm) for
5 minutes over 3 days. On the test day, mice were subjected to a rotarod trial starting at 4 rpm and accelerating linearly to
40 rpm over 300 seconds; their latency to fall was recorded. Each mouse was tested over 3 trials with 15-minute intervals
between trials, and then the average latency to fall was recorded.’

Statistical Analysis

All data were presented as mean + standard deviations after a normal distribution test was performed. Statistical analysis
was carried out using SPSS22.0. Depending on the number of groups, ecither a two-tailed Student ¢ test or one-way
analysis of variance (ANOVA) was employed for statistical comparisons. When ANOVA indicated significant differ-
ences, Tukey’s honestly significant difference (HSD) test was used for intergroup comparisons. Student ¢ test was used to
compare the differences of hematological and hemochemical parameters, Western blot and qRT-PCR analysis of FTH1
and GPX4 between control and PDA-RVG groups. ANOVA followed by Tukey’s HSD test was used for comparison
among the groups in AP plaque counting, Western blot and qRT-PCR analysis of APP and PSEN1, immunofluorescence

Table | Primer Sequences Used for qRT-qPCR

Gene | Forward Primer (5'-3') Reverse Primer (5'-3")

App GCAATGATCTCCCGCTGGTA AACTTTGGGTTGACACGCTG

Psenl TGGAGACTGGAACACAACCA AATGGCGAGCAGGAGTAATG

Gpx4 CAGGAGCCAGGAAGTAAT CAGCCGTTCTTATCAATGAG

Fthl GCCGAGAAACTGATGAAGCTGC | GCACACTCCATTGCATTCAGCC

GAPDH | AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
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analysis in BV2 and PC12 cells, ELISA analysis for inflammatory cytokines, MWM test, and Rotarod test. The statistical
significance level was defined as P<0.05. GraphPad Prism 9.00 software was utilized for figure creation.

Results

Preparation, Characterization, and Multiple Enzyme-Mimicking Activities of PDA

In this study, PDA NPs with ROS scavenging ability were successfully prepared using classical methods. After stirring for
24 hours, dopamine self-polymerized into PDA NPs in an aqueous solution containing ethanol and ammonia. TEM imaging was
performed to determine the morphological features and particle size distribution of PDA NPs (Figure 1A and B). TEM images
showed the successful synthesis of PDA NPs, with uniform particle size distribution and an average size distribution of
approximately 100 nm to 120 nm. According to the high-angle annular dark field (HAADF) images and associated area-
elemental mappings, C, N, and O elements coexisted in the prepared PDA NPs (Figure 1C). DLS analysis revealed that the PDA
particle size was 154.90 + 0.99 nm, and the zeta potential was approximately —35.86 + 0.49 mV, indicating good drug stability
(Figure 1D).

As mentioned above, the pathological process of AD disease is greatly impacted by oxidative stress and neuroinflamma-
tion triggered by excessive ROS. Effectively scavenging excessive ROS to restore a normal microenvironment is crucial for
alleviating AD pathology. Therefore, we investigated the scavenging capability of PDA on typical ROS, such as ‘OH and -O,
. The generator of -OH was the system of Fe*" with H,O,. The characteristic peak intensity of -OH/DMPO at a ratio of 1:2:2:1
was reduced significantly with unique operations. Meanwhile, with the administration of PDA, there was a reduction in the
peak intensity of ‘OH in a concentration-dependent manner (Figure 1E). In the 18-crown-6/DMSO solution, the ‘O,
generated by the ionization of potassium superoxide was captured by DMPO to form DMPO-OH, which exhibited
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Figure | Characterization and ROS enzyme-mimicking ability of PDA NPs. (A and B) TEM images of PDA NPs, scale bar: 500 nm and 100 nm. (C) High-angle annular dark-field
images and associated area-elemental mappings of PDA NPs, with the images of HAADF, N, C, and O elements, respectively, Scale bar: 100 nm. (D) Size distribution analysis and
zeta potential of PDA NPs. (E and F) Electron paramagnetic resonance curve of the scavenging activated oxygen, including ‘OH (E) and ‘O, (F), with DMPO as the spin trap. The
values of Y-axis were not displayed as all the curves were plotted in a single graph to clearly present the details and differences of the curves.
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a 1:1:1:1 signal peak in the ESR spectrum. The intensity of the (O, ") peak was decreased by PDA, suggesting that PDA can
scavenge (-O, ) and the scavenging ability increases with increasing concentration. (Figure 1F).

The Effect of PDA on AP Deposition in APP/PS| Mice

Immunohistochemistry showed that AP plaques in the ipsilateral and contralateral cortex were reduced at 3 day after
intracerebroventricular injection of PDA (P<0.05). Notably, AP staining was further decreased in the ipsilateral cortex
than in the contralateral cortex (P<0.01) (Figure 2). It indicated that PDA alleviated AD pathology, and a better effect
was observed in the brain region closer to the injection site.

The Effect of PDA on AD-Related Proteins in APP/PS| Mice

Western blot revealed that APP protein was decreased at 1 day after PDA intracerebroventricularly injected and
maintained decreasing during 7 days (P<0.001) (Figure 3A). A down-regulation trend in the App gene was also observed
after PDA was injected, and the statistical difference was observed at 3 days (P<0.05) (Figure 3B). Similarly, PDA
reduced PSENI1 protein at 3 days and 7 days, and the Pesnl gene was decreased at 3 days after PDA administration
(P<0.05) (Figure 3C and D).

Preparation, Fabrication, and Multiple Enzyme-Mimicking Activities of PDA-RVG

The morphology of centrifugally purified PDA-RVG was directly observed using TEM. As shown in Figure 4A, the
particles exhibited regular spherical shapes with uniform distribution and no obvious adhesion. The average particle size
and distribution of PDA-RVG were determined by DLS measurement, which showed the average particle size was
172.37 £ 1.66 nm, and the size distribution of the PDA-RVG was unimodal, indicating the formation of the expected
monodisperse NPs (Figure S1A). Zeta-potential analysis revealed a significant increase from —35.86 + 0.60 mV for bare
PDA to —21.63 + 1.62 mV for PDA-RVG following RVG29 conjugation (Figure S1B). This positive shift is consistent
with the successful presentation of the cationic peptide, which was further quantified at a density of 18.13 pg of RVG29
peptide per mg of PDA (Figure S1C).

As shown in Figure SID and E, Fourier transform infrared (FTIR) spectroscopy was employed to provide direct
chemical evidence for the successful conjugation of RVG29 to the PDA NPs. The FTIR spectra clearly exhibited the
appearance of several characteristic absorption bands that were absent in the spectrum of bare PDA, forming a robust
evidence chain for successful immobilization. Specifically, we observed: (i) the emergence of the Amide I band at
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Figure 2 The effect of PDA on A deposition. It was shown in immunohistochemistry and quantitative analysis that AP plaques in both ipsilateral and contralateral cortex
were reduced at 3 d after intracerebroventricular injection of PDA compared with the control group. (A) control group; (B) PDA group; (C) quantitative analysis; *P<0.05,
**P<0.01.
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~1650 cm™ " and the Amide II band at ~1540 cm ™', confirming the presence of the peptide backbone on the PDA surface;
(ii) distinct new peaks at ~1200 cm ' and ~1140 cm ™', which served as a unique fingerprint for the guanidyl group of the
arginine residues within the RVG29 sequence; and (iii) a new peak at ~1400 cm ™, attributed to the symmetric stretching
of carboxylate ions (COO ) from the aspartic acid and/or glutamic acid residues of the peptide. The collective presence
of these RVG29-specific peaks unequivocally verified the successful conjugation of the peptide onto the PDA NPs.

To verify the successful modification of RVG29 polypeptide on the surface of PDA, we used two different dyes to
label PDA and RVG29 polypeptide, forming a FRET pair. When the two fluorescent dyes were in close proximity, the
energy generated by Naphtalimide (NBD) (at 520 nm) can be transferred non-radiatively to RhB, resulting in excitation
light at 580 nm. By mixing PDA and RVG29 polypeptide in different proportions and covalently binding them through
amide condensation, we applied excitation light at 460 nm to the sample. We detected the emission intensity in the range
of 500-650 nm. Compared with the use of PDA-NBD alone, the addition of RVG29-RhB and covalent binding increased
fluorescence intensity at 580 nm and decreased at 520 nm, indicating the most significant FRET effect. When PDA-NBD
and RVG29-RhB were physically mixed in equal proportions without covalent binding through amide condensation, no
significant fluorescence emission peak was observed at 580 nm (Figure 4B, blank line). This may be due to the significant
shortening of the distance between PDA and RVG29 polypeptide caused by covalent bonds, leading to energy transfer
from PDA-NBD at 520 nm to RVG29-RhB, which produced excitation light at 580 nm. In addition, under fluorescence
microscopy, compared with the red and green fluorescence separation exhibited by simple physical mixing of PDA and
RVG29 polypeptide, PDA-RVG exhibited superimposed yellow fluorescence (Figure 4C). In summary, the above results
confirm the successful encapsulation of RVG29 polypeptide in PDA.

More importantly, the decrease of the intensity of ‘OH by PDA-RVG was similar to that by PDA, which in turn
verified that the RVG29 polypeptide hardly affected the catalytic performance (Figure 4D). The capability of PDA-RVG
to scavenge ‘O, was also detected through the application of ESR analysis. The ESR findings revealed that PDA-RVG
significantly lowered the intensity of ‘O, with a ratio of 1:1:1:1 (Figure 4E). That is, PDA-RVG has a superior SOD

activity.
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Figure 4 Characterization and ROS enzyme-mimicking ability of PDA-RVG NPs. (A) TEM images of PDA-RVG NPs, scale bar: 100 nm. (B) PDA (Naphtalimide) fused with
increasing RVG29 polypeptide (RhB), and the fluorescence spectrum was recorded. (C) Confocal fluorescence images of PDA-RVG and a physical mixture of PDA and
RVG29 polypeptide (green: PDA; red: RVG29 polypeptide; Scale bar: 10 um). (D and E) Electron paramagnetic resonance curve of the scavenging activated oxygen including
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Brain-Specific Targeting Ability and Biocompatibility Evaluation of PDA-RVG

An in vitro BBB model was constructed using Transwell chambers to investigate the ability of PDA-RVG modified by
RVG29 polypeptide engineering to cross the BBB. The integrity of the in vitro BBB model was rigorously validated. The
TEER values increased over time, stabilizing at a plateau of approximately 220 Q-cm?, indicative of a tight cell
monolayer (Figure S2A). This was complemented by a dextran-FITC permeability assay, which showed no significant
paracellular diffusion of the tracer after 7 days in culture (Figure S2B). Together, these data confirmed the formation of
a functional endothelial barrier, providing a validated model for the subsequent assessment of NP penetration.

PDA-RVG was added to the small chamber, and the fluorescence content of PDA-RVG in PC12 cells in the outer
chamber was detected after 24 hours (Figure SA). PDA was used as a control. As shown in Figure 5B, compared with
PDA, the modification with RVG29 polypeptide exhibited more fluorescence accumulation in PC12 cells, indicating that
RVG29 polypeptide modification can impart the ability of PDA-RVG to cross the BBB, which was beneficial for its
delivery through the intravenous drug delivery system to the brain of AD mice.

We further examined the brain-targeting ability of PDA-RVG and its biodistribution in vivo. First, we intravenously
injected Cy5.5-labeled PDA and PDA-RVG and then performed in vivo brain-specific targeting ability on APP/PS1 mice
at different time points (1 hour, 2 hours, 6 hours, 12 hours, and 24 hours) after treatment. The fluorescence signal of
Cy5.5 was detected in the brain 1 hour after injection, gradually increased over time with a peak at 6 hours and lasted at
least 24 hours (Figure 5C). It is worth noting that much higher fluorescence intensity in the brain was observed in
Cy5.5-PDA-RVG group than Cy5.5-PDA group with broader fluorescence expression at all five time points. Moreover, to

confirm the presence of PDA-RVG in the brain, brain tissue was removed 24 hours after injection and divided into five
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Figure 5 Brain-specific targeting ability and biocompatibility evaluation of PDA-RVG. (A) Schematic showing the application of PDA-RVG and the in vitro model of the BBB
with b.End.3 cells and PCI2 cells for permeability studies. (B) Representative photomicrographs of FITC-load PDA and PDA-RVG in PCI2 cells showed that PDA-RVG
exhibited more fluorescence accumulation compared with PDA. The larger image represents merge of the right two smaller images including NPs (Green) and DAPI (Blue).
Scale bar: 50 um; (C) Representative in vivo imaging system (IVIS) images of AD mice demonstrated that higher fluorescence intensity in the brain was observed in
Cy5.5-PDA-RVG group than Cy5.5-PDA group with broader fluorescence expression at all five time points (I hour, 2 hours, 6 hours, 12 hours, and 24 hours). (D)
Representative IVIS images of the brain and brain slices from AD mice at 24 hours post-injection revealed that PDA-RVG group had higher fluorescence intensity than PDA
group. The color bar below Figure (C and D) indicates the fluorescence intensity, with yellow representing the highest and black the lowest intensity. (E) Hematology and
blood biochemistry tests containing blood routine, liver and kidney function revealed no significant differences between the PDA-RVG and control groups, indicating PDA-
RVG presented good biocompatibility.

equal slices according to the coronal plane. The PDA-RVG group also had the higher fluorescence intensity of brain
tissue compared with PDA group (Figure 5D).

To evaluate the biocompatibility of PDA-RVG, mice were injected intravenously with normal saline or PDA-RVG
every other day for one week, and then blood was collected for testing. Hematological analysis containing blood routine,
liver and kidney function revealed no significant differences between the PDA-RVG and control groups, indicating that
PDA-RVG presented good biocompatibility. (Figure SE).

The Effect of PDA-RVG on Oxidative Stress and Inflammatory Response in vitro

The ROS scavenging effects of NPs are frequently determined by DCFH-DA fluorescent probe. AB42 stimulation
significantly increased intracellular ROS levels in BV2 cells, which was inhibited by PDA or PDA-RVG treatment
(Figure 6A).
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Figure 6 The effect of PDA-RVG on oxidative stress and inflammatory response in vitro. (A) Confocal microscopy images of BV2 cells stained with DCFH-DA showed that
APB42 significantly increased intracellular ROS levels, which was inhibited by PDA or PDA-RVG treatment. Scale bar: 50 um. (B) PDA or PDA-RVG treatment blocked the
increase of iINOS (green) and DAPI (blue) double-labeled BV2 cells induced by AB42. Scale bar: 20 um. (C) ELISA revealed that PDA or PDA-RVG treatment significantly
reduced IL-1B, IL-6, and TNF-o levels compared with the AB42 group. **P<0.01, ***P<0.001, ****P<0.0001.

Immunofluorescence staining showed that AB42 activated microglia and increased iNOS expression, and both PDA
and PDA-RVG blocked the above effects (Figure 6B). In addition, we also detected the levels of pro-inflammatory
cytokines IL-1B, IL-6, and TNF-a to evaluate the anti-inflammatory properties of PDA-RVG in vitro. Compared with
AB42 group, PDA or PDA-RVG treatment significantly reduced IL-1f, IL-6, and TNF-a levels secreted by BV2 cells
(Figure 6C).

The Cytoprotective Effects of the PDA-RVG in vitro
Dihydroethidium (DHE) probe was used as a ROS detector in this section. PC12 cells showed significantly increased
intracellular DHE fluorescence signals after AB42 stimulation, which was attenuated by PDA or PDA-RVG treatment
(Figure 7A).

Immunofluorescence results showed that intracellular GPX4 protein was decreased after AB42 administration, which
was suppressed by PDA or PDA-RVG (Figure 7B). It indicates that PDA-RVG is capable of inhibiting cellular

ferroptosis by clearing ROS and reducing the process of cellular lipid peroxidation.

12 https: International Journal of Nanomedicine 2026:21



Chu et al

A

Control AB42 AB42 + PDA AB42 + PDA-RVG

723
1’4

C

DAPI

1075

) e} 0
2 2
Q4 Q3 s Tas Q3 o Ja4 Q3 o Jas Q3
10.96% 5.19% ~ 1033% 28.25% 11.24% 9.14% 11.56% 12.04%
© © ©
o 9 = 9 E|
e < <
® 2w 2w
o 4 o o ‘C_> k|
54 S = o
=8 o LoQ2 N oo N
o NS |e0.26% L 3.59% S ]51.34%: 20.08% S |84.49%* 5.13% B
) . . r ) e . . . =) T T T T =) T T T T
- 105 108 10723 4105 0 10° 106 1072 4105 0o 10° 108 1072 4105 o 10° 108 1072
FITC-A FITC-A FITC-A
Annexin V

Dead

Figure 7 The cytoprotective effects of the PDA-RVG in vitro. (A) PCI2 cells showed significantly increased intracellular ROS levels evaluated by DHE fluorescence signals
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Annexin V-FITC and Pl in flow cytometric analysis. (D) PDA or PDA-RVG significantly increased live PC12 cells stained with Calcein-AM (green) as well as decreased dead
cells stained with Pl (red). Scale bar: 50 pum.

We further performed quantitative analysis of apoptotic cells using flow cytometry, and the results displayed that
AP42 increased the proportion of early and late apoptotic PC12 cells to 20.08% and 28.25%, respectively, while the
proportion of healthy cells were decreased by 38.92%. PDA or PDA-RVG blocked Ap42-induced apoptosis in PC12
cells, with the proportion of healthy cells increasing to 84.49% and 84.45%, respectively (Figure 7C).
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Figure 8 MWM evaluated the effect of PDA-RVG on cognitive function. The escape latency for locating the platform decreased in each group with more training trials, and
PDA-RVG reduced the latency at 4 days and 5 days (*P<0.05 vs control, # P<0.05 vs control and PDA) (A). PDA-RVG intravenous injection in the formal test on day 6
reduced the latency (B) and swimming distance (C) compared with the control and PDA groups, which was visually displayed in the trajectory map and heat map (D). The
circle in the second quadrant represents the escape platform (D). No statistical differences in swimming speed (E) and fall latency in the Rotarod test (F) were revealed
among the control, PDA, and PDA-RVG groups. ***P<0.001, ****P<0.0001.

Finally, after incubation with PDA or PDA-RVG for 8 hours, the viability of PC12 cells was assessed using Calcein
AM/PI fluorescence staining. PDA or PDA-RVG significantly increased live PC12 cells and reduced dead cells induced
by AP42, which may be due to the inhibition of the ROS accumulation and subsequent apoptosis by PDA (Figure 7D).

The Effect of PDA-RVG on Cognitive Function in APP/PSI Mice

The escape latency during platform location decreased significantly in all groups with increased training trials in the
MWM place navigation test, and the statistical difference between PDA-RVG and control and PDA groups started
from day 4 (P<0.05) (Figure 8A). In the formal test on day 6, the mice subjected to PDA-RVG injection exhibited less
latency and swimming distance than the control and PDA group, which was visually displayed in the trajectory map and
heat map (Figure 8B-D). However, there was no statistical differences in swimming speed among the three groups
(Figure 8E). The Rotarod test was used to assess mice’s motor coordination and balance dysfunction,®® and similar fall
latency was revealed among the three groups (Figure 8F). The above results indicate PDA-RVG improved cognitive
function independent of the impairment of vision and movement ability.

The Effect of PDA-RVG on Ferroptosis in APP/PS| Mice

Western blot showed both FTH1 and GPX4 proteins were elevated by PDA-RVG (Figure 9A). Moreover, the Fthl gene
was also increased, while the Gpx4 gene displayed an unexpected decrease by PDA-RVG, which may be a negative
feedback effect due to protein elevation (Figure 9B). It suggests that to exert the effect of anti-ferroptosis continuously,
the administration of PDA-RVG may be further optimized, and maybe regular injection is a rational option.

Discussion
The current study demonstrated PDA was capable of improving cognitive function and reducing AP deposition in APP/
PS1 mice. The modification of RVG29 granted intravenous delivery of PDA-RVG good brain-specific targeting ability
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Figure 9 The effect of PDA-RVG on the expression of FTHI and GPX4. (A) Both FTHI and GPX4 proteins were elevated by intravenous injection of PDA-RVG in Western
blot. (B) The Fthl gene was also increased, while the Gpx4 gene expression was reduced by PDA-RVG. *P<0.05, **P<0.01, ****P<0.0001.

and biocompatibility. The mechanisms of treatment for AD included ameliorating oxidative stress and inhibiting
inflammatory response and ferroptosis.

More and more evidence supports that NPs present promising potential use in treating AD, especially in reducing AD
pathology.* For instance, gold NPs can reduce AP aggregation, scavenge ROS, inhibit neuroinflammation, influence
neurotransmitter systems, and increase expression of neurotrophic factor in AD.** Similarly, previous studies have demon-
strated PDA reduces AP burden, the mechanism of which includes the strong interaction of PDA with AR monomers/fibrils
through its multiple recognition sites.*' The results are in agreement with our findings in APP/PS1 transgenic mice, which are
co-expressing a chimeric mouse/human APP and a mutant human PSENT and the most extensively utilized AD models. Both
transgenes are implicated in early-onset familial AD, driving Ap deposition and memory impairments that closely resemble
human AD pathology.** As a result, this kind of transgenic mouse has detectable brain Ap plaques, and their AD phenotypes
get into a progressive stage during aging.*’ Since we had demonstrated PDA reduced AB burden, we further investigated the
mechanisms by testing the expression of the two crucial proteins APP and PSEN1, and found they were significantly reduced
by PDA. Interestingly, the Psenl gene appeared to have a “rebound” increase at 7 days, which may be explained by a negative
feedback effect due to protein elevation. It also indicates that PDA’s impact may not be long-lasting and weaken over time,
which requires continuous administration. In addition, as the intracerebroventricular injection is invasive, a more convenient
administration should be further investigated.

In order to conveniently deliver PDA to the brain intravenously, the RVG29 polypeptide derived from the RVG that
can cross the BBB had been engineered and modified onto the surface of PDA. Expectably, we successfully demonstrated
that intravenous delivery of PDA-RVG had good brain-specific targeting ability and biocompatibility. Importantly, PDA-
RVG rather than PDA significantly improved cognitive function assessed by MWM, which is commonly used for
assessing hippocampus-dependent spatial learning and long-term spatial memory of rodents.** This suggests that PDA-
RVG improves cognition by crossing the BBB to elicit neuroprotective effects. Moreover, our data have indicated that
both PDA and PDA-RVG can be regarded as an effective ROS scavenger. To determine whether the effective ROS-
scavenging properties had reliable therapeutic effects, we examined the potential antioxidant and anti-inflammatory roles
in both in vitro and in vivo models. Microglia are the primary immune cells in the brain and play a crucial role in the
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initiation and development of AD.*> Ap42-stimulated BV2 cells are commonly used to evaluate in vitro inflammation
in AD. Increased M1 microglia in the brains of AD mice can promote or maintain inflammatory responses by producing
pro-inflammatory cytokines. Under pathological conditions, M1 microglia produce considerable amount of iNOS.*®
A great deal of NO produced by iNOS reacts with -O2 to generate -ONOO-, which damages tissues and promotes the
development of AD. Therefore, the anti-inflammatory effect of PDA-RVG can be assessed by reducing the proportion of
M1 microglia. In addition, the pro-inflammatory cytokines IL-1B, IL-6, and TNF-o also induce oxidative stress.*’ As
a result, the findings indicate that PDA-RVG inhibits oxidative stress and inflammatory response by inhibiting activated
microglia and reducing the levels of pro-inflammatory factors.

In AD pathology, ROS not only activate microglia and maintain the inflammatory microenvironment within the brain,
but also directly act on neural cells to trigger cell death processes such as apoptosis and ferroptosis, resulting in
neurological impairment. A sufficient accumulation of ROS triggers a series of apoptotic signals, forcing the cell to
undergo programmed cell death.*® Apoptosis-induced neuronal dysfunction leads to AB42 deposition and neurological
dysfunction. Our work using Annexin V/PI detection and Calcein AM/PI fluorescence staining indicates PDA-RVG can
help inhibit neuronal apoptosis, and the loading of RVG does not reduce its cytoprotective properties. In addition,
ferroptosis is an iron-dependent form of programmed cell death driven by oxidative stress, playing a crucial role in the
progression of AD.* FTHI and GPX4 are two crucial ferroptosis-related proteins. FTH1 is one of the subunits of ferritin,
which is responsible for rapid iron detoxification and can convert Fe** to Fe**>° A decrease in FTHI aggravates
oxidative stress and ferroptosis in the AD model.”" Furthermore, GPX4 resists ferroptosis in cells by converting L-OOH
into L-OH and then preventing the generation of lipid ROS. Also, activation of GPX4 can inhibit ferroptosis in AD.>* As
a result, we evaluated the effect of PDA-RVG on ferroptosis by observing the changes in two proteins. We demonstrated
that PDA-RVG inhibited ferroptosis in both AD cell and animal models, suggesting it is also an important effect resulting
from oxidative stress suppression.

The current study also has some limitations. First of all, although PDA-RVG protects against AD, this research is limited to
animal experiments. The efficacy and safety of PDA-RVG in clinical translation should be further investigated. Polymeric NPs
are biocompatible, US Food and Drug Administration-approved materials with the advantage of tunable drug release and easy
surface functionalization.>® As a result, PDA-RVG may be a promising drug for future clinical application. In addition, when
examining the effect of PDA-RVG on oxidative stress in vivo, we had not compared with PDA alone.

Conclusion

In the current work, sufficient doses of PDA demonstrate the ability to scavenge ROS, ameliorate the inflammatory
microenvironment and inhibit ferroptosis in vitro, and effectively reduce AP deposition in vivo. Modifying the RVG29
polypeptide grants intravenous delivery of PDA-RVG good brain-specific targeting ability and biocompatibility.
Compared with PDA alone, intravenous delivery of PDA-RVG significantly improves cognitive function in AD mice.
Disease modifying therapy is the future direction of AD treatment. However, a key challenge is the inefficiency of the
drugs in crossing the BBB. Therefore, the development of NP delivery systems entails the encapsulation of active
components and the exploitation of mechanisms such as transcytosis to achieve BBB penetration.”® Besides, the
nanomedicines are capable of alleviating AD pathology. As the findings of our study, we provide a safe, effective, and
promising therapeutic strategy for AD via oxidative stress-associated target. It broadens the potential applications of the
designed peptide-based brain-targeted drug delivery platform in the biomedical field.
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