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Introduction: Parkinson’s disease (PD) is a multifactor-induced neurodegenerative disease with high incidence in the elderly
population. We found for the first time that the combination of dopamine (DA) and 3-n-butylphthalide (NBP) has great potential
for the synergistic treatment of PD. To further improve the therapeutic performance of the drugs, a brain-targeting liposomal co-
delivery system encapsulating NBP and DA ((NBP+DA)-Lips-RVG29) was designed using a rabies virus polypeptide with 29 amino
acids (RVG29) as the targeting ligand.

Methods: The synergistic neuroprotective effects of NBP and DA were assessed in 6-OHDA-induced PC12 cells. Then, (NBP+DA)-
Lips-RVG29 loading with NBP and DA at an optimal ratio was prepared using the thin-film hydration and sonication method. The
physicochemical and biological characterization of (NBP+DA)-Lips-RVG29 were systemically investigated, and the therapeutic
efficiency and underlying mechanisms of (NBP+DA)-Lips-RVG29 were also explored in vitro and in vivo. Finally, the safety of
(NBP+DA)-Lips-RVG29 was evaluated.

Results: The synergistic effects of NBP and DA peaked at 1:1 (NBP/DA, mol/mol). The functionalized liposomes showed
significantly higher uptake efficiency and blood-brain barrier (BBB) penetration efficiency in vitro. After systemic administration,
(NBP+DA)-Lips-RVG29 prolonged the blood circulation of drugs, enhanced BBB penetration and increased drug accumulation in the
striatum, substantia nigra and hippocampus. Moreover, (NBP+DA)-Lips-RVG29 showed excellent neuroprotective effects in a cellular
PD model of PC12 cells and improved therapeutic efficacy in a PD mouse model. Furthermore, the safety evaluation of (NBP+DA)-
Lips-RVG29 revealed no systemic toxicity.

Conclusion: NBP and DA exhibited the synergistic anti-PD effects. The RVG29-modified liposomes encapsulating NBP and DA
contributed to the accumulation of drugs in the brain lesions area of PD and further improved treatment efficacy. Therefore, (NBP
+DA)-Lips-RVG29 represents a promising strategy for the treatment of PD and other neurodegenerative diseases.
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Introduction

Parkinson’s disease (PD), also known as paralysis agitans, is the second most common neurodegenerative disease after
Alzheimer’s disease. With the arrival of the aging population and the younger onset of PD, the incidence and mortality of
PD are expected to increase markedly over the coming decades.' It is estimated that by 2030, the population of PD
patients in China will account for more than 50% of the global patients.” The main pathological manifestations of PD are
the loss of dopaminergic substantia nigra neurons and the formation of Lewy bodies mainly consisting of misfolded a-
synuclein (a-Syn).” Currently, the available treatments for PD merely improve clinical symptoms but cannot slow or
prevent disease progression.* Thus, there is an urgent need to develop new strategies to improve the effectiveness of PD

treatments.
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However, the pathogenesis of PD remains unclear. Numerous studies have shown that many pathogenic factors are
associated with the development of PD, including oxidative stress,’ mitochondrial dysfunction,® toxic protein
aggregation’ and inflammatory response.® Due to the complex mechanisms of PD, medication for any single factor
may not achieve the ideal therapeutic effect. Therefore, drug combination strategies show bright prospect in PD therapy.

Current drug treatments for PD primarily focus on dopamine (DA) replacement strategy using levodopa (L-DOPA,
a precursor of DA). L-DOPA is the “gold-standard drug available for the treatment of PD. However, only 1% given
L-DOPA could cross the blood-brain barrier (BBB), and then be metabolized into DA to supplement the lack of DA in
the brain.” To date, DA supplementation is the most direct and effective way to relieve the clinical symptoms of PD, but
it could not improve the continuous occurrence of neurodegenerative lesions.'”'! 3-n-butylphthalide (NBP), isolated
from Apium graveolens seeds, is mainly used in the treatment of ischemic stroke.'” It has many pharmacological
activities, such as inhibiting neuroinflammation and apoptosis, promoting the degradation of a-Syn, reducing the
generation and accumulation of reactive oxygen species (ROS) and repairing the neuronal damage.'*'® More impor-
tantly, it has been shown to reduce the loss of DA neurons in preclinical PD models.!” We speculated that NBP could
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make up for the insufficiency of single DA therapy to a certain extent. In our study, we discovered that the combination
of NBP and DA has great potential for the synergistic treatment of PD.

However, it’s difficult for conventional drugs to pass through the BBB, and they have no site-specific distribution in the
brain.'® So, delivery of DA and NBP to the cerebral lesion site of PD with optimal proportional is key to achieving
synergistic efficacy in vivo. Co-encapsulation of dual drugs using nanocarriers can optimize and unify the absorption and
distribution behavior of different drugs in vivo.'” Due to the potential toxicity issues, most nanomaterials are not suitable for
brain-targeted drug delivery. Liposomes, mainly composed of non-toxic phospholipids and cholesterol, possess the properties
such as bio-compatibility, bio-degradability and low toxicity, showing good prospects in clinical application prospects.?’
Moreover, liposomes have a “shell-core” structure, which can realize the simultaneous loading of hydrophilic drugs and
lipophilic drugs. Therefore, liposomes are ideal nanocarriers for the brain-targeted delivery of NBP and DA.

In this study, we constructed a liposomal co-delivery system (NBP+DA)-Lips-RVG29 encapsulating NBP and DA for
the treatment of PD. Liposomes were modified with the brain targeting peptide RVG29. RVG29 is a 29-amino acid
peptide derived from rabies virus glycoprotein.?' It can specifically bind to the highly-expressed acetylcholine receptor
(nAChR) on brain capillary endothelial cells and brain neurons.>> RVG29 is expected to facilitate drugs to efficiently
penetrate the blood-brain barrier (BBB) and target to the diseased region of PD, resulting in the synergistic anti-PD effect
of NBP and DA. In this study, the physicochemical and biological characterization of (NBP+DA)-Lips-RVG29 were
systemically investigated, and the therapeutic efficiency and underlying mechanisms of (NBP+DA)-Lips-RVG29 were
also explored in vitro and in vivo. Together, these findings may provide novel insights into the therapy of PD as well as
other central nervous system diseases.

Materials and Methods

RVG29 peptide (YTIWMPENPRPGTPCDIFTNSRGKRASNG-Cysteine, RVG29-Cys) was synthesized according to
standard solid-phase peptide synthesis by Shanghai Apeptide Co., Ltd. (Shanghai, China). DA (98% purity) was
purchased from Solarbio Science&Technology Co., Ltd. (Beijing, China). NBP (99% purity) was purchased from
Kemike Biomedical Technology Co., Ltd. (Wuhan, China). 6-hydroxydopamine (6-OHDA) was obtained
from Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China). Soybean lecithin (S100) was obtained from Yuan
Leaf Biotechnology Co., Ltd. (Shanghai, China). DSPE-PEG2000-Mal and DSPE-mPEG2000 were supplied by Ponsure
Biotechnology Co., Ltd. (Shanghai, China). Cholesterol was purchased from Macklin Biochemical Co., Ltd. (Shanghai,
China). 1,1'-dioctadecyl-3,3,3’,3'-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD) and 4,6-diamino-
2-phenyl indole (DAPI) were obtained from Biotium (Hayward, California, USA). All other chemicals and reagents were
obtained from commercial sources.

The Preclinical Trail Using Both Cell Lines and Animal Model
PC12 cells (rat adrenal pheochromocytoma cell line) were obtained from the Chinese Academy of Science Cell Bank
(Shanghai, China) and cultured in RPMI-1640 medium (Kaiji Biotechnology Co., Ltd., Jiangsu, China). bEnd.3 cells
(murine brain endothelial cell line) and JAWS II cells (murine dendritic cell line) were purchased from the American
Tissue Culture Collection and cultured in Dulbecco’s Modified Eagles Medium (DMEM, Kaiji Biotechnology Co., Ltd.,
Jiangsu, China). RPMI-1640 and DMEM were supplemented with 10% fetal bovine serum (FBS) and 5% streptomycin/
penicillin.

Kunming mice (male, 40 + 2 g) and Sprague-Dawley rats (male, 200 = 10 g) were purchased from the Dossy
Experimental Animal Co., Ltd. (Chengdu, China). All animal procedures were approved by the Institutional Animal Care
and Ethics Committee of Sichuan University (Chengdu, China, KS2020022).

Synergistic Effects of 3-n-Butylphthalide and Dopamine in the 6-OHDA-Treated PC12

Cells
The synergistic effects of NBP and DA were evaluated in the 6-OHDA-treated PC12 cells.>* PC12 cells were seeded in
96-well culture plates (2 x 10* cells/well) for the cell viability assay or in 12-well culture plates (1 x 10° cells/well) for
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ROS and cell apoptosis assays. When cells nearly grew up to 80-90% confluence, the original cell culture medium was
discarded, then serum- and antibiotics-free medium (control) and various combinations of free NBP and DA (NBP: DA =
1:8-8:1, mol/mol; final drug concentration, 100 puM) were added to each well and the cells were incubated for another
2 h. Next, 6-OHDA was added at a final concentration of 100 uM, and the cells were incubated for another 24 h.

Cell viability was measured using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT)
method as described previously.”> At the end of each treatment, the medium was replaced with 100 uL of MTT solution
(1 mg/mL) and plates were incubated at 37 °C for another 4 h. Then, the insoluble formazan was dissolved in 150 pL of
dimethyl sulfoxide (DMSO). The absorbance was measured at 490 nm using a microplate reader (Varioskan®™ Flash,
Thermo Fisher Scientific, USA). The cell viability (%) was calculated according to the equation: (Aes/Acontror) X 100%.

Intracellular ROS were quantified using a commercial kit (Beyotime, Jiangsu, China) with DCFH-DA as a fluorescent
probe following the manufacturer’s instructions.”* Briefly, cells were loaded with 10 uM 2'7'-
Dichlorodihydrofluorescein diacetate (DCFH-DA) in all wells after treatment. After culturing for 20 min in the dark,
the cells were analyzed using a Cytomics FC500 flow cytometer (Beckman Coulter, Miami, FL, USA).

The quantitative detection of apoptosis in PC12 cells from different groups was conducted by Annexin V-fluorescein
isothiocyanate/propidium iodide (Annexin V-FITC/PI) Apoptosis Detection Kit (Bioscience, Shanghai, China).>> After
incubation, the cells were trypsinized, washed with ice-cold phosphate buffer solution (PBS), resuspended in binding
buffer, and stained with Annexin V-FITC and PI. Then, the cells were incubated at room temperature in the dark and
analyzed by flow cytometry after 15 min.

Preparation and Characterization of Liposomes

Liposomes were prepared by the thin-film hydration and sonication method.?® The lipid compositions S100, DSPE-
mPEG2000, DSPE-PEG2000-Mal and cholesterol (6:1:1:2, w/w/w/w) were dissolved in dichloromethane. The organic
solvent was removed by rotary evaporation at 37 °C to form a uniform lipid film. The thin film was hydrated in 5%
glucose solution and sonicated for 5 min at 100 W to obtain the maleimide-derivatized PEGylated liposomes (Lips-Mal).
The PEGylated liposomes (Lips) were prepared using the same method with S100, DSPE-mPEG2000 and cholesterol
(3:1:1, w/w/w). Then, RVG29-Cys (RVG29-Cys: maleimide group = 6:5, mol/mol) was added to the Lips-Mal solution.
After stirring slowly at room temperature for 24 h, RVG29 peptide-modified liposomes (Lips-RVG29) were prepared via
a maleimide and thiol coupling reaction. The successful conjugation of DSPE-PEG2000-Mal and RVG29 was confirmed
by tricine-sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Tricine-SDS-PAGE). The coupling rate of RVG29
was determined by the Ellman test (Solarbio). The amount of RVG29 on the liposomes was determined using a Micro
BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA), and the modification density of RVG29 on
liposomes (proteins/lipids, mol/mol) was calculated.

NBP- and DA-loaded liposomes (NBP+DA)-Lips and (NBP+DA)-Lips-RVG29 were prepared by adding drugs (total
drugs:lipids = 1:9, w/w) to the organic solution containing lipid components prior to the solvent evaporation. The
liposomes and free drugs were separated by a Sephadex G-75 column (Yuanye, Shanghai, China). Similarly, NBP-Lips-
RVG29, DA-Lips-RVG29, DiD-Lips and DiD-Lips-RVG29 were also successfully prepared.

The size, polydispersity index (PDI) and zeta potential of the liposomes were determined by Zetasizer Nano ZS90
dynamic light scattering (DLS, Malvern, UK). The morphology of Lips, Lips-RVG29 and (NBP+DA)-Lips-RVG29 was
observed by transmission electron microscopy (TEM, H-600, Hitachi, Japan) with 2% aqueous phosphotungstic acid staining.

The amounts of NBP and DA were measured using high-performance liquid chromatography (HPLC, Supplementary
Information). The drug loading capacity (DL) and entrapment efficiency (EE) were calculated using the following
formulas:

EE% =(weight of loaded drug/weight of feeding drug) x 100%

DL% =(weight of loaded drug/total weight of liposomes) x 100%

To investigate the stability of liposomes, Lips, Lips-RVG29, (NBP+DA)-Lips and (NBP+DA)-Lips-RVG29 mixed
with PBS were placed at 4 °C, 25 °C, and 37 °C.?’ Changes in particle size were recorded over time (1, 2, 3,4, 5, 6 and 7
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d). Moreover, the variation in the absorbance of the liposomes was monitored at 37 °C for 48 h to evaluate their serum
stability in the presence of FBS. The absorbance (A) at different time points was measured using a microplate reader at
750 nm, and the transmittance (T) was converted based on absorbance (A): (T% = 1074).®

In vitro Drug Release Study

The in vitro release behavior of NBP and DA from liposomes was investigated using the dialysis method.*’ Briefly, an
aliquot of free NBP+DA, (NBP+DA)-Lips, (NBP+DA)-Lips-RVG29, NBP-Lips-RVG29 and DA-Lips-RVG29 were
added into dialysis bags (MWCO 3500 Da). The dialysis bags were immersed in 40 mL of PBS (pH 7.4) and incubated at
37 °C under constant shaking at 100 rpm. At predetermined time points (0.25, 0.5, 1, 2, 4, 6, 8, 10, 12, 24, 36, 48 and
72 h), 0.1 mL of the external medium was sampled and replaced with an equal volume of fresh PBS. The released NBP
and DA in the medium were measured by the liquid chromatography-tandem mass spectrometry (LC-MS/MS,
Supplementary Information, Table S1).

The Level of nAChR Expression of Three Cell Lines

The level of nAChR expression of three cell lines (PC12, bEnd.3 and JAWSII cells) was measured by Western blotting as
described.*® When reaching 80-90% confluence, cells were collected to make whole cell lysates with RIPA lysis buffer
(Beyotime, Haimen, China). The content of total protein in each group was measured by the Micro BCA Protein Assay
Kit. Next, the samples containing equal amounts of protein were analyzed by SDS-PAGE and transferred onto
a nitrocellulose membrane. The membranes were incubated with mouse anti-B-actin antibody (sc-81178,
Santa Cruz Biotechnology, Dallas, Texas, USA) or rabbit anti-AChR antibody (No. A9808 and A0350, ABclonal,
Wuhan, China) at 4 °C overnight, and then incubated with horseradish peroxidase-labeled goat anti-rabbit IgG (No.
AS014, ABclonal, Wuhan, China) at room temperature for 1 h. The proteins were detected on a ChemiDoc MP System
(Bio-Rad, USA) by Immobilon Western HRP Substrate (Millipore, Massachusetts, USA).

Cellular Uptake of Liposomes in PC12 Cells

The PC12 cells were seeded in 12-well plates (1 x 10° cells/well). When the cells grew up to 80-90% confluence, DiD-
Lips and DiD-Lips-RVG29 were added into the plates at a final DiD concentration of 400 ng/mL. Cells were incubated
for 1,2, 4, 8, 12 and 24 h at 37 °C, respectively. Then, the cells were washed thrice with ice-cold PBS, trypsinized and
resuspended in PBS. Finally, the fluorescence intensity of the cells was recorded using a flow cytometer (Cytomics™ FC
500, Beckman Coulter, USA). PC12 cells were pre-incubated with RVG29 (400 pg/mL) to explore the uptake mechan-
ism. The cellular uptake by bEnd.3 cells and JAWSII cells was studied as a positive or negative control. To study the
effects of temperature and energy inhibitors, PC12 cells were treated with DiD-Lips-RVG29 for 1 h at 4 °C or were
pretreated with sodium azide (NaN;, 1 mg/mL) for 30 min. Moreover, inhibitors including chlorpromazine (clathrin
inhibitor, 10 pg/mL), amiloride (acid-sensing ion channel inhibitor, 20 pg/mL), nystatin (caveolin inhibitor, 25 pg/mL)
and cytochalasin D (actin microfilament inhibitor, 1 pg/mL) were also investigated.

Cellular uptake of Lips-RVG29 was also evaluated by confocal laser scanning microscopy (CLSM, FV1000,
Olympus, Japan). After incubation with DiD, DiD-Lips and DiD-Lips-RVG29 for 1 h, PC12 cells were washed with
PBS and fixed with 4% paraformaldehyde for 15 min. Next, the cytoskeleton and nuclei were stained with FITC-labelled
phalloidin for 30 min and DAPI for 5 min, respectively. Finally, the cells were viewed using a CLSM. Meanwhile,
a group of PCI12 cells were pre-incubated with free RVG29 for 30 min and then treated as described above.

In vivo BBB Penetration Ability of Liposomes in a bEnd.3 Cells-Based BBB Model

For transendothelial transport experiments, an in vitro BBB model was established using bEnd.3 cells according to the
report.*! Briefly, the cells (1 x 10° cells/well) were seeded onto the upper chamber of the transwell (Corning, NY, USA).
After incubation for 7 days, a tight and compact monolayer was formed. Then, the permeability of the model was
measured by using sodium fluorescein (a BBB impermeable dye). In brief, transwell inserts with or without bEnd.3 cells
were treated with 0.5 mL sodium fluorescein solution (2 pg/mL) and the basal compartment were given 1.5 mL Ringer-
HEPES buffer. At the indicated time points (0.25, 0.5, 1, 1.5, 2, 3, 4, 5 and 6 h), 200 pL buffer was taken out from the
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basal compartment, and an equal volume of fresh Ringer-HEPES buffer was added. The samples were analyzed using
a microplate reader at 493 nm to determine the fluorescence intensity and the leakage ratio of sodium fluorescein was
calculated.

Subsequently, the transendothelial transport of liposomes was analyzed using a bEnd.3-based BBB model. Briefly,
0.5 mL (NBP+DA)-Lips or (NBP+DA)-Lips-RVG29 was added to the apical side of the insert at a total drug
concentration of 60 pg/mL, and 1.5 mL Ringer-HEPES buffer was added to the basal compartment. At the indicated
time points (0.25, 0.5, 1, 1.5 and 2 h), 200 pL buffer was collected from the basal compartment, and the same volume of
fresh Ringer-HEPES buffer was added. The samples were analyzed using LC-MS/MS to determine the drug concentra-
tion and the cumulative infiltration volume (total amount of drug accumulated in the basal compartment/initial drug
concentration in the upper chamber) and apparent permeability coefficient (P,p,) of the liposomes were calculated.***
Meanwhile, the transportation of (NBP+DA)-Lips-RVG29 was also investigated at 4 °C.

In vitro Therapeutic Efficacy of Liposomes in 6-OHDA-Induced PC12 Cells

The neuroprotective effects of (NBP+DA)-Lips-RVG29 were investigated in 6-OHDA-induced PC12 cells. PC12 cells
were seeded in 96-well culture plates (2 x 10* cells/well) and 12-well culture plates (1 x 10° cells/well). When cells grew
up to 80-90% confluence, the cells were treated with serum- and antibiotics-free medium (control), free NBP+DA, (NBP
+DA)-Lips, (NBP+DA)-Lips-RVG29, DA-Lips-RVG29 and NBP-Lips-RVG29, and the final concentration of NBP or/
and DA was 100 pM. After 2 h incubation, 6-OHDA was added at a final concentration of 100 uM and cells were
incubated for another 24 h. The cell viability, cell apoptosis and ROS levels were determined as described in Section
“Synergistic effects of NBP and DA”. Meanwhile, the cells were collected, lysed using freeze-thaw cycles, centrifuged at
10000 rpm for 10 min at 4 °C to obtain the supernatant after the treatment. Oxidative stress-related biomarkers including
superoxide dismutase (SOD), reduced glutathione (G-SH), catalase (CAT), antioxidant capacity (T-AOC), and inflam-
matory cytokines including interleukin-6 (IL-6), interleukin-1 (IL-1p), tumor necrosis factor-a (TNF-a) were estimated
by quantitative analysis using commercial reagent kits (Solarbio, Beijing, China).

Pharmacokinetics Study of Liposomes in Sprague-Dawley Rats

SD rats were randomly divided into 3 groups (n = 5). Free NBP+DA, (NBP+DA)-Lips and (NBP+DA)-Lips-RVG29
were administered intravenously at a total drug dosage of 32 mg/kg. Then, the blood samples (approximately 0.3 mL)
were obtained via the orbital venous plexus at scheduled time points (0.083, 0.25, 0.5, 1, 2, 4, 8, 12 and 24 h). All blood
samples were immediately centrifuged at 6000 rpm for 5 min to obtain the plasma supernatants. The drug concentrations
in different plasma samples were determined by LC-MS/MS.

In vivo Biodistribution of Liposomes in Mice

Mice were randomly divided into 3 groups (n = 18) and intravenously administered with free DiD, DiD-Lips or DiD-Lips
-RVG29 at an equivalent dose of 200 pg DiD/kg. Mice were sacrificed to collect the major organs (heart, liver, spleen,
lung, kidney and brain) at 0.5, 1, 2, 4, 8 and 24 h after administration. Then, the organs were washed with saline and
dried with filter paper for ex vivo imaging study.

To further investigate the distribution of liposomal drugs in vivo, mice were randomly divided into 3 groups (n=5) and
intravenously administered with free NBP+DA, (NBP+DA)-Lips or (NBP+DA)-Lips-RVG29 at a total drug dosage of
40 mg/kg. Mice were sacrificed at 1 h after administration. The major organs were collected, weighed and homogenized
with two folds of PBS (g/mL). The concentrations of NBP and DA in the different organs were determined by LC-MS/MS.

In vivo Targeting Ability of Liposomes to Brain Lesions Area of PD

To verify the brain lesions area-targeting ability of (NBP+DA)-Lips-RVG29, the mice were intravenously injected with
free DiD, DiD-Lips or DiD-Lips-RVG29 (200 pg DiD/kg). The mice were sacrificed at 1 h after administration. The
whole brains were isolated and fixed in 4% paraformaldehyde for 48 h. Next, the brain samples were gently washed with
cold normal saline, frozen at —80 °C in cryoembedding media (Sakura, Torrance, CA, USA) and sectioned at 10 pm
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thickness (MEV, SLEE, Germany). The sections were then fixed with 4% buffered paraformaldehyde and sequentially
stained with DAPI. Finally, the sections of striatum, substantia nigra and hippocampus were imaged by CLSM.

In vivo Therapeutic Efficacy of Liposomes in a 6-OHDA-Induced Mouse Model of PD
The 6-OHDA-induced mouse model of PD was established as described previously.>*** The model mice were randomly
divided into six groups (n = 15) and treated respectively with normal saline, NBP+DA, (NBP+DA)-Lips, (NBP+DA)-
Lips-RVG29, DA-Lips-RVG29 and NBP-Lips-RVG29 (the dosage of NBP or/and DA was 26 pumol/kg) via tail vein
injection per 2 days for 10 times. Another sham group was injected with saline in a similar manner and served as the
control group. After 21 days, all mice were sacrificed after behavioral tests, and the brains were harvested for
immunohistochemical staining of tyrosine hydroxylase (TH) and a-Syn expression, LC-MS/MS detection of DA, and
assessment of enzymatic antioxidants and inflammatory factors.

To evaluate the effect of (NBP+DA)-Lips-RVG29 on the impairment of motor function in the 6-OHDA-induced PD
mouse model, we performed pole test and exploratory behavior test. The pole test was performed according to previously
published methods with minor modifications.>® Briefly, the mouse was placed on the top of a rough-surfaced vertical
wooden pole (0.8 mm in diameter, 60 cm in height) with their head facing upside. The time required for the mouse to
reach the bottom of the pole was recorded. If the mouse did not reach the bottom in 5 min, it was guided and the time was
recorded as 5 min. Based on previous studies, the exploratory behavior test was conducted with minor modifications.*®
The test consisted of a polyvinyl chloride (PVC) box as the square arena (42 x 42x42 cm). The mouse was placed in the
center of the arena and acclimatized for 10 min, and the number of rearing within 5 min was recorded.

Then, the mice were sacrificed and the lesioned right striatum tissues were quickly collected and stored at —40 °C for
subsequent assays. The level of lesioned striatal DA was determined using LC-MS/MS. Briefly, each striatum was
homogenized with two folds of normal saline (1% formic acid), and then diluted with acetonitrile. Homogenates were
vortexed for 3 min and centrifuged at 13400 rpm for 10 min at 4 °C. The supernatants were analyzed by LC-MS/MS.*®

Afterwards, The TH activity and a-Syn level in lesioned striatum tissues were evaluated by immunohistochemical
staining. The lesioned brains were removed and kept in 4% paraformaldehyde overnight. Next, the brains were embedded
in paraffin and serially cut using a cryotome. The sections were incubated with anti-TH (No. 25859-1-ap, Proteintech
Group Inc., Chicago, USA) or anti-a-Syn antibody (No. ab212184, Abcam, Cambridge, UK), subsequently with
biotinylated Goat Anti-Rabbit IgG (No. ab205718, Abcam, Cambridge, UK). Finally, photomicrographs were obtained
using a microscope camera (Eclipse 801, Nikon, Japan). Moreover, the expression level of a-Syn in the lesioned brain
was further investigated by Western blotting.

Finally, the lesioned striatum tissues were collected, homogenized with two folds of normal saline. The mixture was
centrifuged at 8000 rpm for 10 min at 4 °C. The level of oxidative stress-related biomarkers (SOD, G-SH, CAT and
T-AOC) and inflammatory cytokines (IL-6, IL-1B and TNF-a) in the supernatants were measured using reagent Kits
(Solarbio) according to the manufacturer’s instructions.

Safety Evaluation of Liposomes in Mice

The mice were randomly divided into six groups (n = 5) and injected intravenously with normal saline, free NBP+DA,
(NBP+DA)-Lips, (NBP+DA)-Lips-RVG29, DA-Lips-RVG29 and NBP-Lips-RVG29 (the dosage of NBP or/and DA was
26 umol/kg) per 2 days for 10 times, respectively. After 21 days, blood samples and major organ tissues (heart, liver,
spleen, lung, kidney and brain) of the mice were collected. White blood cells (WBC), red blood cells (RBC) and platelets
(PLT) were counted using an MEK-6318K Automated Hematology Analyzer (Nihon Kohden, Shinjuku-ku, Japan). The
levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), creatinine kinase MB isoenzyme (CK-MB),
lactate dehydrogenase (LDH), uric acid (UA) and urea nitrogen (BUN) in serum were measured by Hitachi 7020
automatic biochemical analyzer (Hitachi, Japan). The main organs were fixed with 4% paraformaldehyde and stained

with hematoxylin and eosin (H&E) for histological analysis.
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Statistical Analysis

Statistical analysis was performed using the GraphPad Prism software (version 6.01). Statistical significances were
assessed using Student’s ¢-test and one-way ANOVA. Data averages were presented as means + standard deviation (SD).
The significance was defined as follows: *p < 0.05, **p < 0.01 and ***p < 0.001.

Results and Discussion

The synergistic effects of NBP and DA were tested by MTT assay, ROS measurement and cell apoptosis assay in
6-OHDA-induced PC12 cells. The effect of different concentrations of 6-OHDA on the viability of PC12 cells was
investigated to select the appropriate modeling concentration for subsequent studies. Referring to the value of 1Cs, the
final optimized 6-OHDA concentration was 100 pM (Figure 1A).

As shown in Figure 1B, the cell viability of PC12 cells remarkably reduced after incubation with 100 pM 6-OHDA.
After treatment with different proportions of NBP and DA, the cell survival rates improved to varying degrees. Similarly,
6-OHDA treatment alone induced a significant increase in apoptosis level (Figure 1C and D) and ROS level (Figure 1E)
compared with the control group, while various combination treatments of NBP and DA decreased the apoptosis and
ROS level. In general, NBP and DA showed the effective synergistic protective effect against 6-OHDA-induced cell
injury compared to monotherapy. More importantly, the effect of NBP:DA ratio 1:1 (mol/mol) was the strongest among
all. Therefore, the molar ratio of NBP:DA 1:1 was chosen to carry out the following studies.

(NBP+DA)-Lips-Mal was successfully prepared by the thin-film hydration and sonication method. Then, RVG29-Cys
was conjugated to DSPE-PEG2000-Mal by the post-insertion method to obtain (NBP+DA)-Lips-RVG29. Tricine-SDS-
PAGE result confirmed the successful coupling between RVG29 and DSPE-PEG2000-Mal (Figure 2A). The excess free
peptide was removed using a Sepharose CL-4B spun column (Solarbio). The coupling rate of RVG29 was 97.40 +
0.01%, and the modification density of RVG29 on the liposomes surface was approximately 0.036 + 0.005 (proteins/
phospholipids, mol/mol).

The particle size, PDI and zeta potential of the different formulations were shown in Figure 2B—D. (NBP+DA)-Lips
displayed an average size of 115.4 + 1.08 nm and a negative zeta potential of —29.3 + 0.62 mV. (NBP+DA)-Lips-RVG29
showed an average particle size of 129.5 + 2.00 nm and a negative zeta potential of —26.6 = 0.53 mV. Compared with
unmodified liposomes, (NBP+DA)-Lips-RVG29 had a slightly increased particle size and zeta potential. However, there
was no obvious change in the particle size of liposomes before and after drug loading. The TEM image of (NBP+DA)-
Lips-RVG29 showed a roughly spherical shape and typical bilayer structure (Figure 2D). The coupling of RVG29 had
few effect on the encapsulation and loading efficiency of NBP and DA. The encapsulation efficiencies of NBP and DA in
(NBP+DA)-Lips-RVG29 were determined as 65.02 + 0.009% and 61.60 + 0.011%, respectively. The total loading
capacity was 3.95 £ 0.009%.

We explored the in vitro stability of liposomes by monitoring their particle size and absorbance variation. In PBS,
none of the formulations (Lips, Lips-RVG29, (NBP+DA)-Lips and (NBP+DA)-Lips-RVG29) showed drastic changes in
particle size after seven days at 4 °C, 25 °C, and 37 °C (Figures 2E and S1A and B). It is well known that the activity of
therapeutic agent would be influenced by the stability of carriers under biological environment, so the stability of
liposomes was investigated in 50% FBS as well.*” The drug carriers could bind to serum albumins because the
absorbance variation increased slightly after incubation with FBS for 48 h (Figure S1C). However, the light transmittance
of all the liposomes were hardly changed, suggesting that the liposomes were still stable (Figure 2F).

Figure 2G and H showed the in vitro release profiles of free NBP+DA, (NBP+DA)-Lips, (NBP+DA)-Lips-RVG29,
NBP-Lips-RVG29 and DA-Lips-RVG29. Compared with the rapid release of free NBP and DA, liposomes showed more
sustained release patterns with no burst release of the loaded drugs. After 12 h, approximately 80-90% cumulative
release was observed for free NBP+DA, whereas approximately 40% cumulative release percentage was achieved by
liposomes. Moreover, there was no significant difference in release behavior among (NBP+DA)-Lips, (NBP+DA)-Lips-
RVG29, NBP-Lips-RVG29 and DA-Lips-RVG29 at each time point. The above results indicated that the modification of
RVG29 did not affect the release properties of NBP and DA in liposomes, and the two drugs did not affect the release
profile of each other either.
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The PC12 cells, exhibiting the properties of dopaminergic cells, were widely used as an in vitro cellular model of
PD.*® The bEnd.3 cells, exhibiting the properties of endothelial, were usually used to construct in vitro BBB models.*
The expression level of nAChR by the two cells were investigated using Western blotting. Meanwhile,
murine dendritic cell line JAWS II was used as a negative control. Both PC12 and bEnd.3 cells exhibited high level
of AChR a4 and AChR B2 expression, while low level expression of nAChR was detected by JAWS 11 cells (Figure 3A).
The results indicated that (NBP+DA)-Lips-RVG29 had the potential to cross the BBB and even reach the diseased
neurons by binding to nAChR, thereby realizing the synergistic anti-PD effect of NBP and DA.

DiD-Lips-RVG29 was incubated with PC12 cells to investigate the cellular uptake. As shown in Figure 3B, the
fluorescence intensity of PC12 cells treated with DiD-Lips-RVG29 was much higher than these treated with DiD-Lips at
each time point tested, whereas the fluorescence intensity in the Lips-RVG29 group was significantly decreased with pre-
incubation of free RVG29. Similar results were observed from the CLSM images of the PC12 cells (Figure 3C) and the
cellular uptake of bEnd.3 cells (Figure 3D). However, free RVG29 did not affect the cellular uptake efficiency of Lips-
RVG29 by JAWSII cells (Figure 3D). These above results were unsurprising, because PC12 cells and bEnd.3 cells have
high nAChR expression level compared with JAWSII cells, which could be recognized by RVG29. These results
indicated that the cellular uptake of Lips-RVG29 was mediated by the specific binding between RVG29 and nAChR.

We further explored the internalization mechanism of Lips-RVG29 by blocking specific endocytosis pathways with
various inhibitors. The fluorescence intensity of PC12 cells treated with DiD-Lips-RVG29 was significantly decreased at
4 °C or with pre-incubation of NaNj, revealing that the uptake of Lips-RVG29 was an active and energy-dependent
process (Figure 3E). Meanwhile, chlorpromazine, amiloride, nystatin and cytochalasin D significantly decreased the
uptake efficiency (Figure 3E), indicating that clathrin, acid-sensing ion channels, caveolin and micropinocytosis mediated
the internalization of Lips-RVG29 to varying degrees.

The BBB penetration of Lips-RVG29 was investigated using a bEnd.3 cells-based BBB model. The integrity of the
monolayer was observed by measuring the transendothelial electrical resistance (TEER) and the leakage ratio of sodium
fluorescein.*® The minimum TEER value of a complete membrane was 250 Q-cm?, while the TEER was up to 360 + 5
Q-cm after incubation for 7 days. Moreover, sodium fluorescein quickly passed through the blank membrane, and the
leakage percentage of sodium fluorescein (94.98%) was much higher than that in the BBB model group (33.97%) within
6 h (Figure 3F). These results confirmed the successful establishment of the BBB model. Afterwards, the above model
was used to investigate the BBB penetration of (NBP+DA)-Lips-RVG29 in vitro. As shown in Figure 3G and H, the
accumulated cleared volumes of all groups were continuously increased over time, and the accumulated cleared volume
of drugs in (NBP+DA)-Lips-RVG29 was much higher than that of (NBP+DA)-Lips at each time point. After 2 h incuba-
tion at 37 °C, the P,,, of NBP and DA in (NBP+DA)-Lips were (2.35 + 0.159) x 1077 cmy/s and (2.35 £ 0.351) x 107/
respectively, whereas the P,,, of NBP and DA in (NBP+DA)-Lips-RVG29 were (4.31 + 0.341) x 1077 cm/s and (4.45 +
0.200) x 1077 respectively (Figure 3I). These results suggested that (NBP+DA)-Lips-RVG29 could cross the BBB more
easily. In addition, the P,,, of NBP and DA in (NBP+DA)-Lips-RVG29 was significantly reduced to (1.77 + 0.246) x
1077 em/s and (1.71 + 0.265) x107 cm/s at 4 °C, indicating that the transport of (NBP+DA)-Lips-RVG29 across the
BBB requires energy.

The in vitro neuroprotective effects of (NBP+DA)-Lips-RVG29 were explored using a 6-OHDA-induced cellular
model of PD. As shown in Figure 4A, 100 uM 6-OHDA treatment reduced the viability of PC12 cells to 42.0% of the
control, while all treatments have improved cell viability. Notably, the (NBP+DA)-Lips-RVG29 group showed the most
significant improvement in the survival rate, reaching 74.3%.

The effect of (NBP+DA)-Lips-RVG29 on 6-OHDA-induced apoptosis was analyzed using Annexin V-FITC/PI
staining. The percentage of apoptotic cells was obtained by calculating the sum of early and late apoptosis rates.*’
After exposing PC12 cells to 6-OHDA, the apoptosis percentage was up to 44.1% (Figure 4B and C). After treatment
with (NBP+DA)-Lips-RVG29, the apoptotic cell percentage was reduced significantly to 10.6%. This reduction extent
was greater than that observed in other groups.

Oxidative stress plays an important role in the neurodegenerative pathogenesis of PD.*' We found that (NBP+DA)-
Lips-RVG29 could inhibit the formation of ROS in 6-OHDA-treated PC12 cells more strongly than other groups
(Figure 4D). SOD, G-SH, CAT and T-AOC are well known biomarkers of oxidative stress.**** SOD is a class of
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Figure 3 In vitro brain targeting of Lips-RVG29. (A) The level of AChR 04 (70 kDa) and AChR B2 (57 kDa) expression by Bend.3 cells, PCI2 cells and JAWSI! cells (B-actin:
42 kDa). (B) The cellular uptake of liposomes by PCI12 cells at different time points (mean * SD, n = 3). (C) CLSM images of PCI2 cells incubated with liposomes for
I h. The nuclei were stained with DAPI (blue), cell membranes were stained with FITC-labeled phalloidin (green) and liposomes were shown in red. Scale bar: 50 um. (D)
The cellular uptake of liposomes by bEnd.3 cells and JAWSII cells after | h incubation (mean * SD, n = 3). (E) The effects of energy and inhibitors on cellular uptake of Lips-
RVG29 by PCI2 cells (mean + SD, n = 3). (F) The leakage ratio of sodium fluorescein (mean * SD, n = 3). (G and H) The accumulated cleared volume of liposomal (G) NBP
and (H) DA in the BBB model (mean + SD, n = 3). (I) The P,y of liposomal NBP and DA after incubation on the BBB model for 2 h (mean £ SD, n = 3). *p < 0.05, **p < 0.01

and **p < 0.001 vs DiD-Lips-RVG29 or (NBP+DA)-Lips-RVG29.

superoxide anion scavenging enzyme. G-SH could scavenge free radicals and peroxides. CAT is an important scavenging
enzyme for H,O,, which is a toxic byproduct of aerobic metabolism. T-AOC is a crucial indicator of the antioxidant
level. 6-OHDA induced downregulation of SOD, G-SH, CAT and T-AOC levels in PC12 cells (Figure 4E). As expected,
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Figure 4 In vitro therapeutic effect of (NBP+DA)-Lips-RVG29 in a 6-OHDA-induced cellular model of PD. (A) Survival rate of PCI2 cells after different treatments (mean +
SD, n = 6). (B) Apoptosis rate of PCI2 cells after different treatments (mean * SD, n = 4). (C) Apoptosis assay conducted by flow cytometry. (D) Cellular ROS level in PC12
cells after different treatments (mean + SD, n = 4). (E) SOD, G-SH, CAT and T-AOC levels in PCI12 cells after different treatments (mean * SD, n = 4). (F) IL-6, IL-Ip and
TNF-a levels in PC12 cells after different treatments (mean % SD, n = 4). *p < 0.01, * < 0.01 and ***p < 0,001 vs 6-OHDA group. “p < 0.01, *p < 0.01 and **p < 0.001 vs
(NBP+DA)-Lips-RVG29.

(NBP+DA)-Lips-RVG29 presented the strongest upregulation of these biomarkers among all treatments, showing
powerful anti-oxidative ability.

Moreover, our results showed that the levels of inflammatory cytokines (IL-6, IL-1B and TNF-a) were signifi-
cantly increased in PC12 cells after induction with 6-OHDA (Figure 4F). All of the treatments could reduce the level
of inflammatory cytokines, while the anti-inflammatory ability of (NBP+DA)-Lips-RVG29 was more drastic than
others.

These results further confirmed the superiority of the combination therapy of NBP and DA. More importantly, (NBP
+DA)-Lips-RVG29 exhibited the greatest neuroprotective effects in the 6-OHDA-treated PC12 cells. These findings were
consistent with the data presented in the cellular uptake assay.

A pharmacokinetic study was performed to investigate the in vivo circulation behavior of different liposomes. Free
NBP and DA were quickly cleared from the systemic circulation (Figure 5SA and B). Regarding the plasma pharmaco-
kinetic parameters, the blood circulation half-life of liposomal NBP and DA was greatly extended compared to that of
free drugs (Tables S2 and S3). Meanwhile, the plasma drug concentrations and the area under the plasma concentration-
time curves of liposomal drugs were higher than those of free drugs as well. (NBP+DA)-Lips and (NBP+DA)-Lips-
RVG29 showed similar pharmacokinetic profiles, and no significant differences were observed in their main
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Figure 5 Evaluation of the in vivo brain targeting capacity of liposomes. (A and B) The concentration-time curves of NBP and DA in the blood after intravenous injection of
free drugs, (NBP+DA)-Lips and (NBP+DA)-Lips-RVG29 (mean + SD, n = 5). (C) Ex vivo brain images of mice at different time points post-injection of free DiD and DiD-
labeled liposomes (mean * SD, n = 3). (D and E) The concentration of NBP and DA in tissues at | h after intravenous injection of free drugs, (NBP+DA)-Lips and (NBP
+DA)-Lips-RVG29 (mean % SD, n = 5). *p < 0.05. (F=H) Fluorescence images of (F) striatum, (G) substantia nigra and (H) hippocampus in brain sections obtained at
| h post-injection of free DiD and DiD-labeled liposomes. scale bar: 25 um.

pharmacokinetic parameters (p > 0.05). Thus, the modification of RVG29 had little effect on the pharmacokinetic
behavior of the liposomes. Additionally, the absorption behavior of NBP and DA in vivo was more consistent owing to
co-encapsulation.

To verify the BBB-penetrating ability of Lips-RVG29 in vivo, mice were intravenously injected with DiD-labeled
Lips-RVG29. The fluorescence intensity of DiD in the main organs was monitored using the near-infrared fluorescence
imaging technique (Figure S2). As shown in Figure 5C, owing to the long circulation time, liposomes showed higher
accumulation in the brain than free DiD. Importantly, mice injected with DiD-Lips-RVG29 exhibited extensive fluores-
cence in the brain during the observation period, whereas fewer fluorescence signals were detected in mice injected with
unmodified liposomes. Therefore, these results indicated that Lips-RVG29 displayed a stronger ability to accumulate in
the brain due to RVG29-mediated endocytosis.
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The concentrations of NBP and DA in the brain were quantitatively analyzed using LC-MS/MS to further evaluate the
brain targeting of Lips-RVG29 (Figure 5D and E). Unlike liposomes, free drugs could hardly cross the BBB. The brain
distribution of NBP and DA in mice treated with (NBP+DA)-Lips-RVG29 was significantly higher (p < 0.05) than that in the
(NBP+DA)-Lips group. On the contrary, compared with unmodified liposomes, the distribution of (NBP+DA)-Lips-RVG29
in other organs was slightly decreased. It’s worth noting that the molar ratio of NBP and DA accumulated in the brain in (NBP
+DA)-Lips-RVG29 group was closest to the optimal ratio, which was conducive to achieving synergistic therapeutic effects.

To explore whether Lips-RVG29 could reach the brain lesions area of PD after passing through the BBB, the
distribution of liposomes in the striatum, substantia nigra and hippocampus was investigated by CLSM. As expected,
extensive and distinct fluorescence signals of DiD in the frozen sections of the striatum, substantia nigra and hippo-
campus were observed in the DiD-Lips-RVG29 group (Figure SF—H). In contrast, fluorescence in mice receiving free
DiD or DiD-Lips was undetectable or relatively weak, suggesting a role for RVG29-mediated targeting. These results
indicated that Lips-RVG29 could cross the BBB and further target the striatum, substantia nigra and hippocampus,
achieving the co-delivery of NBP and DA to the diseased region of PD.

Owing to the enhanced distribution in the brain and the superior accumulation in the brain lesions area of PD, (NBP
+DA)-Lips-RVG29 might have excellent efficacy in PD. A widely used unilateral 6-OHDA-induced mouse model of PD
was established by direct injection of 6-OHDA into the medial forebrain bundle.’**> 6-OHDA-induced mice signifi-
cantly prolonged the total time for climbing down the pole (18.31-fold of the control) and decreased the number of
rearing (50% of the control) compared to the control (sham-operated) group, whereas all treatments significantly
promoted 6-OHDA-induced mice to climb down the pole and increased the rearing number (Figure 6A and B).
Notably, (NBP+DA)-Lips-RVG29 exhibited the greatest effect in attenuating behavioral defects, suggesting that (NBP
+DA)-Lips-RVG29 could effectively reverse the behavioral deficiencies of PD mice.
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Figure 6 Therapeutic effect of (NBP+DA)-Lips-RVG29 on PD model mice. (A) Pole test (mean * SD, n = |5). (B) exploratory behavior test (mean * SD, n = |5). (C) DA
percentage in the lesioned striatum of mice in different groups at 21 days after 6-OHDA lesion (mean * SD, n = 4). (D) TH-immunoreactivity in the lesioned striatum of mice
in different groups at 21 days after 6-OHDA lesion. scale bar: 100 um. (E) The semi-quantitative analysis of TH-immunoreactivity (mean + SD, n = 3). *p < 0.0, **p < 0.0l
and ##¥p < 0.001 vs 6-OHDA. #p < 0.01, ™p < 0.01 and ™p < 0.001 vs (NBP+DA)-Lips-RVG29.
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DA content in the damaged striatum dropped to 21.30% of the control group (Figure 6C). After treatment with (NBP
+DA)-Lips-RVG29, the DA level was increased to 76.09%. This increase was greater than that observed in free NBP
+DA (32.92%), (NBP+DA)-Lips (44.71%), DA-Lips-RVG29 (55.50%) and NBP-Lips-RVG29 (43.71%). These results
confirmed that (NBP+DA)-Lips-RVG29 could effectively reduce 6-OHDA-induced damage to the dopaminergic system.

6-OHDA-induced neurotoxicity promotes the loss of TH-positive (TH") neurons, and its loss is correlated with the
dopaminergic neurons death.** The brain sections of mice were performed for the TH-immunohistochemistry on day 21,
and the brown-stained areas consisted of TH" neurons (Figure 6D). Compared with the control group, the striatum region
of the model mice showed extensive lesions with significantly fewer TH" neurons due to 6-OHDA-induced injury to
dopaminergic neurons. After treatment with (NBP+DA)-Lips-RVG29, TH" neurons in the lesioned striatum were
remarkably increased, whereas free NBP+DA, (NBP+DA)-Lips, NBP-Lips-RVG29 and DA-Lips-RVG29 showed
weaker therapeutic effects (Figure 6D and E).

As shown in Figure 7A, the levels of oxidative stress-related biomarkers (SOD, G-SH, CAT and T-AOC) in the
6-OHDA group were significantly decreased (p < 0.001) compared to those in the control group, indicating a weakened
anti-oxidative ability in the lesioned striatum. Consistent with the results of the cell experiments, SOD, G-SH, CAT and
T-AOC levels were remarkably restored after treatments, and (NBP+DA)-Lips-RVG29 was the most effective.
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Figure 7 The mechanism underlying therapeutic effect of (NBP+DA)-Lips-RVG29 on PD. (A) The levels of SOD, G-SH, CAT and T-AOC in the lesioned striatum of mice in
different groups at 21 days after 6-OHDA lesion (mean * SD, n = 4). (B) The level of IL-6, IL-Ip and TNF-a in the lesioned striatum of mice in different groups at 21 days
after 6-OHDA lesion (mean * SD, n = 4). (C) Immunohistochemistry analysis of a-Syn in the lesioned striatum of mice in different groups at 21 days after 6-OHDA lesion.
scale bar: 100 pm. (D) The semi-quantitative analysis of 0-Syn immunoreactivity (mean * SD, n = 3). (E) The level of a-Syn (14 kDa) expression in the lesioned striatum of
mice in different groups at 21 days after 6-OHDA lesion (B-actin: 42 kDa). *p < 0.01, *p < 0.01 and ***p < 0.001 vs 6-OHDA. *p < 0.01, *p < 0.01 and ™p < 0.001 vs
(NBP+DA)-Lips-RVG29.
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6-OHDA-induced mice showed higher levels of inflammatory cytokines (IL-6, IL-18 and TNF-a) than those in the
control group (Figure 7B). After treatment with different formulations, these parameters decreased to various degrees.
(NBP+DA)-Lips-RVG29 showed the greatest decrease among all groups, restoring the levels of IL-6, IL-1 and TNF-a
to normal levels. However, the free drugs did not significantly alter inflammatory cytokines levels. It’s difficult for free
NBP and DA to cross the BBB, which might explain why the therapeutic effectiveness of free drugs in vivo was weaker
than that in vitro.

The aggregation of a-Syn is a characteristic of PD, and mutations or overexpression of a-Syn play a crucial role in PD
pathogenesis.*> Oxidative stress and inflammation have been demonstrated to be involved in the overexpression and aggregation
of a-Syn.***” In return, pathological a-Syn could induce oxidative stress and neuroinflammation. This vicious circle promotes the
development of PD. Immunohistochemical staining of a-Syn showed that the expression of a-Syn in the damaged striatum was
significantly increased in the 6-OHDA-treated mice (Figure 7C and D). After treatment, the (NBP+DA)-Lips-RVG29 group
exhibited the lowest a-Syn expression level among all groups. In addition, Western blot analysis revealed similar trend
(Figures 7E and S3).

Taken together, these findings indicated that NBP and DA could exert their synergistic anti-PD effect through
multiple pathways, and (NBP+DA)-Lips-RVG29 is a potential therapeutic candidate for the treatment of PD.

(NBP+DA)-Lips-RVG29 significantly improved the plasma concentration and brain distribution of the drugs. Therefore, it’s
necessary to evaluate the safety of (NBP+DA)-Lips-RVG29 in vivo. The formulations were injected every other day into mice
for 10 times. After 21 days, no significant difference was observed in the blood cell count (WBC, RBC, and PLT) and
biochemical parameters (ALT, AST, CK-MB, LDH, UA, and BUN) among the six groups (Figure 8A and B). Moreover,
H&E staining of the tissue samples was monitored to further confirm the safety of (NBP+DA)-Lips-RVG29. As shown in
Figure 8C, no obvious damage was observed in all tested organs. In general, these results revealed that (NBP+DA)-Lips-RVG29
has good biocompatibility and safety.

Conclusion

A brain-targeting dual-drug liposomes ((NBP+DA)-Lips-RVG29) loaded with NBP and DA at molar ratio 1:1 was
successfully prepared, paving the way for the systematic exploration of the combined effects of NBP and DA. This strategy
achieved brain neurons-targeting and precise co-localized delivery of NBP and DA by utilizing RVG29-functionalized
liposomes as a versatile platform. The clinical translation of nanoparticles faces many challenges. However, both NBP and
DA are clinically commonly used drugs, and liposomes are clinically used drug carriers. Our findings may provide
a promising approach for the clinical treatment of PD. (NBP+DA)-Lips-RVG29 exhibited satisfactory effect in improving
motor behavior, enhancing DA level, attenuating the pathological decrease in TH" neurons, reducing oxidative stress and
inflammatory response and inhibiting abnormal a-Syn overexpression. Consequently, this combined administration strategy
has potential applications in other neurodegenerative diseases therapy.
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