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Introduction: Parkinson’s disease (PD) is a common neurodegenerative disorder characterized by the degeneration of dopaminergic 
neurons in the substantia nigra. The precise molecular mechanisms underlying neuronal loss in PD remain unknown, and there are 
currently no effective treatments for PD-associated neurodegeneration. Echinacoside (ECH) is known for its neuroprotective effects, 
which include scavenging cellular reactive oxygen species and promoting mitochondrial fusion. However, the blood-brain barrier 
(BBB) limits the bioavailability of ECH in the brain, posing a significant challenge to its use in PD treatment.
Methods: We synthesized and characterized PEGylated ECH liposomes (ECH@Lip) and peptide angiopep-2 (ANG) modified 
liposomes (ECH@ANG-Lip). The density of ANG in ANG-Lip was optimized using bEnd.3 cells. The brain-targeting ability of 
the liposomes was assessed in vitro using a transwell BBB model and in vivo using an imaging system and LC-MS. We evaluated the 
enhanced neuroprotective properties of this formulation in a the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced PD 
model.
Results: The ECH@ANG-Lip demonstrated significantly higher whole-brain uptake compared to ECH@Lip and free ECH. 
Furthermore, ECH@ANG-Lip was more effective in mitigating MPTP-induced behavioral impairment, oxidative stress, dopamine 
depletion, and dopaminergic neuron death than both ECH@Lip and free ECH.
Conclusion: The formulation used in our study significantly enhanced the neuroprotective efficacy of ECH in the MPTP-induced PD 
model. Thus, ECH@ANG-Lip shows considerable potential for improving the bioavailability of ECH and providing neuroprotective 
effects in the brain.
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Introduction
Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by bradykinesia, rigidity, and 
tremor.1–3 Although the complete pathogenesis of PD remains unclear, the disease’s pathological manifestations and 
clinical symptoms are linked to the chronic degeneration of dopaminergic neurons in the substantia nigra, leading to 
decreased dopamine secretion in the striatum.4–6 Levodopa is the first-line treatment for PD, as it replenishes the 
dwindling supply of dopamine in the brain. However, prolonged use of levodopa at high doses can increase the risk 
of dyskinesia.7–9 Additionally, the conversion of levodopa to dopamine is facilitated by the decarboxylase enzyme, which 
exhibits reduced activity in the brains of PD patients.10 Currently, there are no effective therapeutic interventions that can 
inhibit dopaminergic neurodegeneration in the substantia nigra.

Echinacoside (ECH) is a naturally occurring phenylethanol glycoside with diverse pharmacological properties, 
including neuroprotection through scavenging cellular reactive oxygen species and promoting mitochondrial fusion via 
targeting casein kinase 2.11,12 Despite these beneficial effects, ECH’s oral bioavailability is merely 0.83%, and its 
permeability across the blood-brain barrier (BBB) is limited. Consequently, ECH may not exert direct neuroprotective 
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effects on dopaminergic neurons.13,14 Implementing a drug delivery system to facilitate the transportation of ECH across 
the BBB and enable its direct interaction with dopaminergic neurons represents a novel therapeutic approach.

Various drug delivery systems have been developed to optimize the transportation of pharmacological agents across 
the BBB.15–17 Liposomes, composed of phospholipid bilayers, are effective nanocarriers for this purpose.18–20 To 
optimize brain delivery, the size of liposomes is carefully controlled to remain below 100 nm, and their surfaces can 
be modified with ligands that selectively bind to receptors on brain endothelial cells.21 Cationic liposomes, which engage 
in electrostatic interactions with anionic regions of the cellular membrane, can enhance BBB crossing.22,23 Additionally, 
modifying the liposome surface by incorporating ligands capable of binding to brain endothelial cell receptors can further 
improve BBB penetration.24,25

Angiopep-2 (ANG) is a 2.4 kDa peptide with a strong affinity for the low-density lipoprotein receptor-related 
protein-1 (LRP1), which is overexpressed on brain endothelial cells.26–30 Due to its continuous endocytosis from the 
membrane and recycling, LRP1 becomes an attractive candidate for BBB targeting.31 These characteristics have been 
utilized in the context of targeted drug delivery across the BBB to the brain, specifically through receptor-mediated 
transcytosis.29,32 Studies have shown that ANG demonstrates a higher capacity for transcytosis via bovine brain 
endothelial cells compared to other ligands like lactoferrin, transferrin, and avidin.33 Although ANG has been partially 
studied and applied as a brain-targeting ligand, few studies have investigated the impact of the number of ANG ligand 
molecules on the carrier surface on transmembrane transport efficiency.

In this study, we synthesized ANG-conjugated ECH-loaded liposomes (ECH@ANG-Lip) to assess their uptake by 
bEnd.3 cells and transport efficiency using an in vitro BBB model. The ECH@ANG-Lip formulation was designed to 
selectively interact with LRP1 receptors, which are highly expressed on the BBB. We hypothesized that liposomes loaded 
with ECH and targeted towards LRP1 would enhance brain targeting efficacy, resulting in higher ECH concentrations in 
the brain. Furthermore, we anticipated that this formulation would improve neuroprotective effects in a mouse model of 
PD induced by MPTP. The modification of liposome surfaces with ANG is expected to increase brain uptake, offering 
potential therapeutic benefits.

Materials and Methods
Soybean phosphatidylcholine (SPC) and cholesteryl (Chol) were obtained through acquisition from AVT Pharmaceutical 
Tech Co., Ltd (Shanghai, China). Peptide ANG with C-terminal cysteine (TFFFYGGSRGKRNKTEEY-Cys), DSPE- 
PEG2K-MAL, and DSPE-PEG2K were bought from Guangzhou Carbohydrate Biotechnology Co., Ltd (Guangzhou, 
China). ECH and verbascoside were acquired from Chengdu Herbpurify Co., Ltd (Chengdu, China). MPTP, levodopa, 
dopamine hydrochloride, 3,4-dihydroxyphenylacetic acid, and homovanillic acid were from Shanghai Yuanye Biological 
Technology Co., Ltd (Shanghai, China). Rhodamine B (RhB) was acquired from Shanghai Aladdin Bio-Chem 
Technology Co., Ltd (Shanghai, China). 1,10-Dioctadecyl-3,3,30,30-tetramethylindotricarbocyanine iodide (DiR) and 
DAPI were acquired from Beijing Biorigin Biotechnology Co., Ltd (Beijing, China). The Enhanced Cell Counting Kit-8 
(CCK-8) was procured from Beyotime Biotechnology Co., Ltd (Shanghai, China). The DMEM used in this study 
contained high levels of glucose and was obtained from Gemini Bio-products (West Sacramento, CA). Additionally, fetal 
bovine serum (FBS) from the same source was also utilized. A trypsin solution with a concentration of 0.25% (w/v) was 
acquired from Gibco BRL (Grand Island, NY, USA). The acquisition of bEnd.3 cell lines was made from Procell Life 
Science & Technology Co., Ltd (Wuhan, China). The chemicals and reagents employed in this investigation were of 
analytical grade and were acquired from commercial sources.

The Synthesis of Key Liposomes Using the Thin-Film Hydration Approach
For the preparation of PEGylated ECH liposomes (ECH@Lip), SPC, Chol, DSPE-PEG2K, and ECH (in a weight ratio of 
30:6:6:5) were dissolved in a chloroform and methanol mixture (volume ratio of 2:1). The organic solvents were 
evaporated, leaving behind a thin film, which was then hydrated with a saline solution. This mixture was subjected to 
intermittent sonication using a probe sonicator operating at a power of 60 W for 8 minutes, resulting in the formation of 
ECH@Lip. The preparation of maleimide-derivatized PEGylated ECH liposomes (ECH@MAL-Lip) followed the same 
procedure as ECH@Lip but used SPC, Chol, DSPE-PEG2K, DSPE-PEG2K-MAL, and ECH in a weight ratio of 
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30:6:3:6:5. For peptide ANG-modified liposomes (ECH@ANG-Lip), a maleimide-thiol coupling reaction between 
DSPE-PEG2K-MAL and ANG was performed at 4°C for 12 hours. Free ANG was removed using an ultrafiltration 
tube with a molecular weight cutoff of 3 kDa. The coupling efficiency of ANG was measured using UPLC (UPLC 
conditions are provided in the supplementary materials). To confirm the linkage between ANG and DSPE-PEG2K-MAL, 
both ANG-conjugated and non-conjugated liposomes were dissolved in DMSO-d6 and analyzed using an Ascend 600 
NMR spectrometer (Bruker, Ettlingen, Germany).

Optimization of the Modified Density of Angiopep-2 in Liposomes
The efficiency of receptor recognition by target cells may be influenced by the density of ligands on the liposomes.34 To 
investigate this, RhB@ANG-Lip formulations with varying densities of ANG (0%, 2%, 4%, 6%, and 8%) were 
synthesized by adjusting the molar ratio of DSPE-PEG2K, DSPE-PEG2K-MAL, and ANG. The RhB@ANG-Lip 
formulations were prepared using the thin-film hydration technique, incorporating SPC, Chol, DSPE-PEG2K, DSPE- 
PEG2K-MAL, ANG, and RhB. The cellular uptake of RhB@ANG-Lip with various ANG densities was examined in 
bEnd.3 cells using fluorescence microscopy and flow cytometry.

Particle Size and Zeta Potential
The particle size and zeta potential of the liposomes were determined at 25°C using dynamic light scattering with 
a Zetasizer Nano ZS nanoparticle sizer (Malvern Instruments, UK).

The Electron Microscopy
The morphological examinations of ECH@Lip and ECH@ANG-Lip were performed using transmission electron 
microscopy (TEM, JEM1200EX, Japan). Briefly, the liposomes were negatively stained with a 1% phosphotungstic 
acid solution and then immobilized on a 200-mesh copper grid.

The Encapsulation Efficiency and Loading Capacity
The encapsulation efficiency (EE) and loading capacity (LC) of the liposomes were determined using an ultrafiltration 
technique to separate free drugs from the liposomes. The liposomes were centrifuged at 15,294 g for 15 minutes to 
remove unencapsulated drugs. The amount of ECH in the supernatant was measured by UPLC (UPLC conditions are 
provided in the supplementary materials). The EE (%) and LC (%) values of ECH in the liposomes were calculated using 
the following formulas:

where “Wtotal” is the weight of total ECH in liposomes and “Wfree” is the mass of the free drug from the liposomes.

Stability Evaluation
Liposome placement stability: ECH@Lip and ECH@ANG-Lip were stored at 4°C after preparation. The particle size 
and encapsulation efficiency were measured on days 0, 1, 3, 5, and 7.

Stability of liposomes in serum: ECH@Lip and ECH@ANG-Lip were incubated with 10% FBS at 37°C. The particle 
size of the liposomes was measured at 0, 2, 4, 6, 12, 24, and 48 hours.

In vitro Drug Release Studies
In vitro, the release of ECH from liposomes was assessed in saline. Specifically, 1 mL of ECH@Lip and ECH@ANG- 
Lip solutions, each containing 1.5 mg of ECH, were placed in dialysis tubes with a MWCO of 3500 Da. The tubes were 
sealed and immersed in 15 mL of release medium, then incubated at 37°C with gentles shaking for 24 hours. After 
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incubation, 0.5 mL of the release medium was collected, and an equal volume of pre-warmed fresh release medium was 
added as a replacement. The concentrations of ECH were then determined using UPLC analysis.

In vitro Blood-Brain Barrier Penetration Capability
The in vitro BBB model was established following the methodology outlined in the referenced paper.35 Briefly, bEnd.3 
cells were cultured at a density of 1×105 cells/cm2 in 12-well transwell inserts (Corning, Kennebunk ME, USA). After 
one week, the transwell membranes in the donor chambers formed uniform and compact monolayers. The transendothe-
lial electric resistance (TEER) of the monolayers was measured using the Millicell ERS instrument (Millipore, 
Massachusetts, USA). The BBB models were considered successfully created when the TEER value exceeded 200 
Ω·cm−2. Subsequently, the apparent permeability coefficients of fluorescein sodium were assessed. Three cell monolayers 
were exposed to 0.5 mL of a fluorescein sodium solution with a concentration of 2 μg/mL, while the acceptor chambers 
received 1.5 mL of DMEM without phenol red. At specific time intervals (15, 30, 45, and 60 minutes), 100 μL aliquots 
were collected and analyzed for concentration using a SpectraMax i3 fluorescent microplate reader (Molecular Devices, 
Sunnyvale, CA, USA). The permeability coefficients (cm/s) were then calculated using the following equation:

where the dQ
dt is the rate of transfer of fluorescein sodium through the cell layer, C0 is the initial concentration of the 

donor, and SA is the Transwell filter support’s surface area.
Based on the previously validated in vitro BBB model, 0.5 mL of ECH@Lip, ECH@ANG-Lip, and ECH@ANG-Lip 

+ANG (with ECH at 1.5 mg/mL and ANG at 1 mg/mL) were introduced into the donor chambers. For the ECH@ANG- 
Lip+ANG cohort, the cells were pretreated with fresh ANG peptide for 1 hour prior to application. At regular intervals, 
200 μL samples were collected and replaced with an equal volume of DMEM without phenol red. UPLC was employed 
to quantify the samples and determine the concentration of ECH, from which the permeability efficiency (Pe%) was 
calculated using the following equation:

where Ct and C0 are the ECH concentrations in the acceptor chamber at a given time and the original ECH concentration 
in the donor chamber, respectively. Vacceptor and Vdonor are 1.5 mL and 0.5 mL, respectively.

Hemolysis Test
A hemolysis assay was performed to evaluate the biocompatibility of ECH@Lip and ECH@ANG-Lip with rabbit red 
blood cells (RBCs; Beijing Mutual Support Biotechnology Co., Ltd; Beijing, China). The RBCs were diluted to a 2% (v/ 
v) concentration. 2.5 mL aliquot of the RBC suspension was mixed with an equal volume of ultrapure water, saline 
solution, or the designated test solutions. Ultrapure water and saline solution served as positive and negative controls, 
respectively. The samples were incubated at 37°C for 3 hours. RBC precipitates were observed and documented under 
a microscope. The absorbance of the supernatant was measured at 540 nm, and the hemolysis rate was calculated using 
the following equation.

In vivo Brain Targetability Evaluation
Animal Studies
The study used 8-week-old male C57BL/6J mice weighing between 22–25 g, obtained from Beijing Weitong LiHua Co., 
Ltd (Beijing, China). The mice were maintained in an environment with a temperature of 22 ± 1°C, relative humidity of 
50 ± 1%, and a 12-hour light/dark cycle. All animal procedures adhered to the Guiding Principles for the Use of 
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Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of the Institute of Chinese 
Materia Medica, China Academy of Chinese Medical Sciences (2021B130).

The MPTP-induced PD model was established following a published protocol.36 PD was induced by administering 
30 mg/kg MPTP (dissolved in 0.9% saline) via intraperitoneal injection for five consecutive days.

In vivo Images of Liposomes in the PD Mice
The PD mice were randomly divided into two cohorts (n=6 per cohort): DiR@Lip and DiR@ANG-Lip. DiR-loaded 
PEG-Lip and ANG-Lip were administered intravenously via the tail vein at a dose of 1 mg DiR/kg. To compare the 
distribution of DiR@ANG-Lip between PD mice and normal mice, DiR@ANG-Lip was also injected into six C57BL/6J 
mice that did not receive MPTP. The mice were anesthetized and imaged at specific time points using an in vivo imaging 
system (Bruker, Germany). Two hours post-administration, a subset of animals (n=3) was euthanized, and vital organs 
including the heart, liver, spleen, lung, kidney, and brain were collected after transcardial perfusion with saline and 
subjected to imaging. For analysis of DiR@ANG-Lip distribution in the brain, the brain specimens were sectioned into 
2 mm coronal slices and imaged.

Biodistribution Studies
The PD mice were randomly divided into three cohorts (n=5 per cohort): Free ECH, ECH@Lip, and ECH@ANG-Lip. 
Each cohort received an intravenous injection of either free ECH solution, ECH@Lip, or ECH@ANG-Lip, with a dosage 
of 24 mg ECH/kg. The mice were euthanized 1 hour after administration. Tissues (brain, heart, liver, spleen, lung, and 
kidney) were collected immediately following transcardial perfusion with saline and stored at −80°C until analysis.

For sample preparation, tissues (brain, heart, liver, spleen, lung, and kidney) were homogenized in 50% methanol 
(1 g: 4 mL) with 20 μL of antioxidant solution (2% ascorbic acid and 0.1% disodium edetate in water). 100 μL of the 
tissue homogenates were mixed with 100 μL of internal standard working solution, vortexed for 2 minutes, and then 
centrifuged at 15294 g at 4°C for 10 minutes. The supernatant was collected and evaporated to dryness under a gentle 
stream of nitrogen at room temperature. The residue was reconstituted in 100 μL of methanol, and centrifuged again at 
15294 g at 4°C for 10 minutes. 2 μL of the supernatant above the sediment was examined using UPLC-MS/MS 
(UPLC-MS/MS conditions are detailed in the supplementary materials), The multiple reaction monitoring (MRM) 
transitions and optimized mass spectrometric parameters for ECH and the internal standards was presented in Table S1.

In vivo Pharmacokinetics Analysis
The ECH@ANG-Lip cohort received an intravenous dose of 13 mg/kg ECH@ANG-Lip via the tail vein, while the free 
ECH cohort received an equivalent dose of ECH dissolved in 0.9% saline. Plasma and brain samples were collected 
separately from treated mice (n=4). Plasma was collected from the orbital venous plexus at the following time points: 
0.083, 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 6, 12, and 24 hours post-administration. Brain samples were obtained after heart 
perfusion at the same time points. ECH concentrations in all samples were quantified using UPLC-MS/MS, following the 
same method used for ECH determination.

In vivo Therapeutic Effects
C57BL/6J mice were randomly assigned to five cohorts, with 12 mice per group. Cohort 1 (Control) received an injection 
of saline. Cohort 2 (MPTP) was given saline and MPTP at a dose of 30 mg/kg, dissolved in 0.9% saline, via 
intraperitoneal injection for five consecutive days. Cohort 3 (MPTP + L-Dopa) received both MPTP and levodopa 
(L-Dopa) at a dose of 4.95 mg/kg. Cohort 4 (MPTP + Free ECH) was administered MPTP along with free ECH at a dose 
of 13 mg/kg. Cohort 5 (MPTP + ECH@ANG-Lip) received MPTP and ECH@ANG-Lip, equivalent to 13 mg/kg of free 
ECH per body weight per administration. On day 16, behavioral tests were conducted (Scheme 1). Following the tests, 
mice were euthanized, and their hearts, livers, spleens, lungs, kidneys, and brains were collected after heart perfusion.

Behavioral Assays
On day 16, the open field test was conducted by placing the mice in the central area of a brightly illuminated open field 
arena measuring 50 cm × 50 cm × 50 cm for 10 minutes. The arena was divided into a central zone (30 cm × 30 cm) and 

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S468942                                                                                                                                                                                                                       

DovePress                                                                                                                       
8467

Dovepress                                                                                                                                                               Ou et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=468942.docx
https://www.dovepress.com
https://www.dovepress.com


a peripheral zone. A video tracking system with ANY-maze software (ANY-maze 7.20, Stoelting Co., USA) recorded the 
mice’s movements. Metrics such as total distance traveled, average speed, percentage of time spent in each zone, and 
time spent immobile in the center were analyzed.

Additionally, on day 16, a pole test was performed. Mice were carefully placed on top of a vertical wooden pole 
(diameter: 1.5 cm; height: 55 cm) with their heads facing upward. The time it took for the mice to descend to the floor 
(T-total) and the duration before they began their descent (T-turn) were recorded.

Determination of the Levels of Dopamine and Its Metabolites
Dopamine, 3.4-Dihydroxyphenylacetic acid (DOPAC), and homovanillic acid (HVA) levels in the striatum were 
quantified using UPLC-MS/MS. Briefly, striatal tissue was weighed and then homogenized with a homogenizer in 
a 10% trichloroacetic acid solution. The homogenate was centrifuged at 15294 g at 4°C for 10 minutes. 2 μL aliquot of 
the supernatant was then analyzed by UPLC-MS/MS (UPLC-MS/MS conditions are detailed in the supplementary 
materials). The MRM transitions and optimized mass spectrometric parameters for dopamine and its metabolites are 
listed in Table S2.

Oxidative Stress Assay
The levels of superoxide dismutase (SOD), glutathione peroxidase (GSH-PX), and malondialdehyde (MDA) in the 
striatum were measured using SOD, GSH-PX, and MDA assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, 
China), respectively. The striatum were homogenate with 1% triton (1 g/9 mL). Then, tissue homogenates were 
centrifuged at 15294 g under 4°C for 10 min. The supernatant was collected for quantitative analysis, which was 
performed according to the manufacturer’s instructions for the reagent kits.

Immunohistochemical Staining
The coronal brain sections, with a thickness of 5 μm, were prepared utilizing a microtome. The sections were incubated 
overnight at 4°C with a rabbit polyclonal anti-tyrosine hydroxylase (TH) antibody (1:400) in PBS. Following this, the 
sections were treated with an HRP-conjugated rabbit anti-goat secondary antibody (1:200) and washed with PBS. The 
immune complexes were visualized using a diaminobenzidine solution. Microscopic digital images were acquired with 
a digital slide scanner (Pannoramic SCAN ii, 3DHISTECH). The immunoreactivity of TH in striatal fibers was analyzed 
using ImageJ software. For stereological counting of dopaminergic neurons in the substantia nigra, TH-positive cells with 
typical neuronal morphology were counted in every sixth section throughout the substantia nigra.

In vivo Biocompatibility
To assess the effects of ECH@ANG-Lip on various organs after 10 days of administration, pathological sections of the 
heart, liver, spleen, lung, and kidney from mice were examined. The tissues were fixed in 4% paraformaldehyde, then 
embedded, sectioned, stained with hematoxylin-eosin (HE), and sealed for microscopic observation to evaluate histolo-
gical changes.

To determine if MPTP administration compromised the integrity of the BBB in mice, Evans blue (50 mg/kg) was 
injected intravenously into both MPTP-treated and untreated mice. The mice were euthanized 30 minutes post-injection. 

Days

Saline, L-Dopa, Free ECH, ECH@ANG-Lip
i.v. every day

MPTP, 30 mg/kg/day
i.p. every day

Neurochemical analysis
Experimental analysis

1 5 10 15

Behavioral analysis

Scheme 1 Experiment protocol for animal treatment.
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Brain tissues were collected promptly, and Evans blue levels in the brain were quantified using a microplate reader 
(Thermo Fisher Scientific Inc., MA, USA) at 620 nm.

Statistical Analysis
Statistical analysis was conducted using GraphPad Prism software (Version 9.0.0). Data are presented as mean ± standard 
deviation (SD). The Student’s t-test was used to compare differences between two groups, while multiple comparisons 
were analyzed using One-way ANOVA followed by Dunnett’s test. Statistical significance was defined as p < 0.05.

Results and Discussion
Optimization of the Modified Density of Angiopep-2 in Liposomes
To identify the optimal incubation time for cellular uptake, RhB@Lip and RhB@ANG-Lip (with ANG constituting 5% 
of SPC in RhB@ANG-Lip) were incubated with bEnd.3 cells for 30 to 120 minutes. Cells absorbed varying numbers of 
liposomes at varying times, but this difference became less apparent after uptake time exceeded 60 minutes (Figure 1A), 
which may be associated with the process of transcytosis in cells, specifically brain endothelial cells, which is a form of 
transcellular transport.37,38 The reasons may be twofold: the limitation of the number of receptors on the cell membrane, 
and on the other hand, the internalization and exocytosis of liposomes may tend to balance with the increase in time. 
Therefore, subsequent studies employed the 60-minute time point. To evaluate liposome internalization, bEnd.3 cells 
were exposed to RhB@ANG-Lip with ANG densities of 0%, 2%, 4%, 6%, and 8% for 60 minutes. Fluorescence 
microscopy and flow cytometry analyses were performed (Figure 1B–D). The fluorescence intensity in bEnd.3 cells 
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Figure 1 Optimization of the modified ANG density in RhB@ANG-Lip. (A) Fluorescence microscopy displaying liposome uptake following incubation for 30–120 minutes. 
(B) Fluorescence microscopy displaying RhB@ANG-Lip uptake with different ANG densities. Control (a); ANG density (0-, 2-, 4-, 6-, and 8%) in RhB@ANG-Lip (b-f). 
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increased with higher ANG densities, peaking at 6%. Thus, the optimal molar ratio of ANG to SPC in RhB@ANG-Lip 
for maximal cellular uptake was found to be 6%.

The NMR Spectroscopy
During the coupling process, the peptide ANG was successfully conjugated to the distal end of DSPE-PEG2K-MAL via 
a Michael addition reaction between the cysteine residue and maleimide. To ensure effective presentation of the ANG- 
conjugated DSPE-PEG2K-MAL on the liposome surface, a post-insertion technique was utilized.18 After conjugation, the 
characteristic peak of maleimide at 6.7 ppm in ANG-Lip vanished, and the characteristic peaks of ANG at 6.5 to 7.5 ppm 
were observed (Figure S1). The coupling efficiency was determined to be 89.99 ± 0.45%.

Particle Size and Zeta Potential
The liposomes were initially characterized using laser scattering, which revealed a distinct bright “channel” in the 
solution, indicating a pronounced Tyndall effect (Figure 2A and B).39 ECH@Lip exhibited an average size of 79.58 ± 
1.18 nm (PDI 0.215 ± 0.008) and a zeta potential of −22.7 ± 0.59 mV. In contrast, ECH@ANG-Lip had an average size 
of 88.62 ± 0.20 nm (PDI 0.238 ± 0.006) and a zeta potential of 1.0 ± 0.17 mV (Figure 2C and D). After modification with 
ANG, the liposomes remained under 100 nm in size, facilitating their ability to cross the BBB.40 The zeta potential of 
ECH@ANG-Lip changed significantly compared to unmodified ECH@Lip, which was caused by the coupling of ANG 
on the liposomes surface. On the surface of liposomes, part of the amino groups in ANG neutralize the negative charge of 
the phospholipid molecules, and the remaining free amino groups make the liposomes exhibit a positive charge.41 The 
results obtained from TEM indicated that the liposomes exhibited a predominantly spherical shape (Figure 2E and F).

The Encapsulation Efficiency and Loading Capacity
The addition of ANG did not significantly impact the encapsulation efficiency and loading capacity of ECH at a total 
lipid concentration of (14.16 ± 0.44) mM for all liposomes. The encapsulation efficiency was 55.20 ± 0.12% for 
ECH@Lip and 52.83 ± 0.31% for ECH@ANG-Lip. The loading capacity was 4.77 ± 0.14% for ECH@Lip and 4.25 
± 0.12% for ECH@ANG-Lip.

Stability Evaluation
By monitoring liposome particle size and encapsulation efficiency, we confirmed the stability of the liposomes in vitro 
(Figure 2G and H). Both ECH@Lip and ECH@ANG-Lip showed no significant increase in particle size after 48 hours in 
FBS (Figure 2I).

In vitro Drug Release Studies
The cumulative drug release curves for ECH@Lip and ECH@ANG-Lip were comparable. After 0.5 hours, the drug 
release rates were 10.93% for ECH@Lip and 15.02% for ECH@ANG-Lip. Both formulations reached their peak 
cumulative drug release at 4 hours, with rates of 68.99% for ECH@Lip and 69.86% for ECH@ANG-Lip (Figure 2J).

In vitro Blood-Brain Barrier Penetration Capability
To assess the capability of ECH@Lip and ECH@ANG-Lip to deliver ECH into the brain, a transwell assay using bEnd.3 
cells as a BBB model was performed (Figure 3A).42 The CCK-8 assay demonstrated that ECH@Lip and ECH@ANG-Lip 
did not cause significant cytotoxicity in bEnd.3 cells (Figure 3B). The apparent permeability coefficient of fluorescein 
sodium was 6.92 ± 3.92×10−6 cm/s, confirming that the bEnd.3 monolayer was well established.43 The transendothelial 
electrical resistance (TEER) for wells with ECH@Lip, ECH@ANG-Lip, and ECH@ANG-Lip+ANG remained above 200 
Ω·cm−² throughout the permeability assessment, indicating that the liposomes did not compromise the BBB (Figure 3C).44 

Thus, the in vitro BBB model was effectively established for investigating liposome transport. The Pe% for ECH@ANG-Lip 
was significantly higher than that for ECH@Lip at all time points (Figure 3D), indicating enhanced BBB penetration by 
ECH@ANG-Lip. However, pre-treating the cells with fresh ANG peptide for 1 hour partially inhibited the transport of 
ECH@ANG-Lip, suggesting that ANG peptide primarily mediates the uptake of ECH@ANG-Lip.
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Hemolysis Test
Ensuring optimal compatibility with RBCs is imperative for the successful in vivo implementation of drug delivery 
systems.45 As shown in Figure 4A, there was a minimal release of hemoglobin observed in RBCs treated with liposomes, 
in contrast to RBCs treated with ultrapure water. Furthermore, the RBCs that were subjected to liposome treatment 
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exhibited a cellular morphology that was entirely comparable to that of the cohort treated with saline solution 
(Figure 4B). The hemolysis rates of all cohorts were less than 5% (Figure 4C), indicating that these liposomes were 
suitable for intravenous administration.46 Interestingly, the hemolysis rate for ECH@ANG-Lip was higher than that for 
ECH@Lip. Following modification by ANG, the liposomes have transitioned form a negative to a positive zeta potential, 
leading to increased damage to red blood cells.47

In vivo Brain Targetability Evaluation
To assess the brain targeting of DiR@ANG-Lip, a fluorescence imaging system was used for in vivo analysis. A strong 
fluorescence signal was observed in the brains of PD and C57BL/6J mice treated with DiR@ANG-Lip following 
intravenous administration. In contrast, mice treated with DiR@Lip exhibited lower fluorescence signals in the brain 
(Figure 5A). To confirm the precise localization of liposomes within the brain, ex vivo imaging techniques were 
employed to obtain images of extracted brain and DiR@ANG-Lip was well distributed in the brain (Figure 5B); the 
highest signals were localized to the thalamic region (c3-c5) (Figure 5C). This indicates that the ANG-Lip formulation 
has improved brain distribution due to the ANG-mediated endocytosis mechanism. Besides brain targeting, DiR@ANG- 
Lip nanoparticles also showed increased fluorescence signals in the liver, lung, and kidney (Figure 5D). The presence of 
the blood-brain barrier necessitates that substances in the bloodstream are transported by channel proteins on the brain 
microvascular endothelial cells to enter brain tissue.48 By coupling targeting proteins to the liposome surface, we 
significantly enhanced liposome distribution in the brain. However, the liver is typically a major site of nanoparticle 
accumulation due to its large blood volume and complex vascular system, which facilitates nanoparticle distribution.49 
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After ANG coupling, the surface charge of liposomes changed from −22.7 ± 0.59 mV to 1.0 ± 0.17 mV, making them 
more positively charged and more readily captured by macrophages in the lungs, liver, and spleen. Therefore, ANG-Lip 
showed increased distribution in these organs.50 To further validate the efficacy of ANG-Lip in delivering ECH to the 
brain, a quantitative analysis of ECH distribution was performed using UPLC-MS/MS. The ECH concentration in the 
brain of the ECH@ANG-Lip cohort (230.22 ± 33.76 ng/g) was significantly higher compared to other cohorts (11.4-fold 
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higher than the free ECH cohort, p < 0.001; 2.3-fold higher than the ECH@Lip cohort, p < 0.001) (Figure 6). 
Additionally, ECH concentrations in all tissues of the ECH@Lip and ECH@ANG-Lip cohorts increased significantly 
at 1 hour compared to the free ECH cohort, demonstrating that liposomes effectively deliver ECH to the brain, with 
ANG-Lip providing superior delivery efficiency.

In vivo Pharmacokinetics Analysis
Pharmacokinetic analysis was conducted to evaluate the in vivo characteristics of ECH@ANG-Lip. The plasma concentra-
tion-time curve and noncompartmental pharmacokinetic parameters are shown in Figure 7A and Table 1, respectively. 
Intravenous administration of ECH@ANG-Lip significantly enhanced the half-life (T1/2) to 1.242 ± 0.165 hours, peak plasma 
concentration (Cmax) to 26.826 ± 3.184 µg/mL, and mean residence time (MRT0-t) to 6.367 ± 0.452 hours, indicating a slower 
elimination rate compared to free ECH. Additionally, ECH@ANG-Lip significantly increased the area under the curve 
(AUC0-t) to 167.104 ± 17.250 h·µg/g, compared to 3.501 ± 0.733 h·µg/g for free ECH. These results demonstrate a substantial 
improvement in the bioavailability of ECH when delivered via the ECH@ANG-Lip nanoplatform.

The brain concentration-time curve following intravenous administration (Figure 7B) was also measured, and 
pharmacokinetic parameters were calculated (Table 1). The ECH@ANG-Lip cohort exhibited a Cmax approximately 
7.89 times higher than the free ECH cohort. Moreover, the T1/2 in the ECH@ANG-Lip group was extended to 7.787 ± 
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Figure 7 In vivo pharmacokinetics analysis after treated with ECH or ECH@ANG-Lip. (A) Plasma and (B) brain concentration-time profiles. Data are presented as means ± 
SD (n=4).
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1.346 hours, which is 13.86 times longer than that of free ECH. Furthermore, the AUC0-t and MRT0-t values for the 
ECH@ANG-Lip cohort increased by 33.53-fold and 7.08-fold, respectively, compared to the free ECH cohort.

In vivo Therapeutic Efficacy
To assess the motor behavior and exercise capacity of mice, we conducted open-field tests. Compared to the control 
cohort, MPTP-treated mice showed a marked reduction in movement within the central area of the arena (Figure 8A). 
Treatment with L-Dopa and ECH@ANG-Lip significantly improved movement within this central area. Additionally, 
L-Dopa and ECH@ANG-Lip treatment increased the total distance traveled, average speed, and percentage of time spent 
in the center, while decreasing the time spent immobile, compared to the MPTP-treated mice. Pole tests, which measure 
bradykinesia based on the time to turn (T-turn) and time to reach the bottom (T-total), revealed that both L-Dopa and 
ECH@ANG-Lip treatments significantly reduced T-turn and T-total times compared to the MPTP-treated cohort 
(Figure 8A). These results suggest that ECH@ANG-Lip can mitigate MPTP-induced behavioral impairments.

MPTP is known to specifically target dopaminergic neurons, leading to dopamine depletion and decreased metabo-
lites in the striatum.36 UPLC-MS/MS analysis showed dopamine levels in the control, MPTP, L-Dopa, free ECH, and 
ECH@ANG-Lip cohorts were 2.52 ± 0.49, 0.95 ± 0.15, 1.27 ± 0.09, 1.27 ± 0.36, and 1.64 ± 0.20 ng/mg of wet striatum 
tissue, respectively (Figure 8B). The MPTP cohort exhibited a significant decrease in dopamine levels (2.65-fold 
reduction, p < 0.01 compared to the control). The ECH@ANG-Lip cohort showed a notable increase in dopamine levels 
(1.72-fold, p < 0.001 compared to the MPTP cohort), reaching 65.08% of the levels found in the control cohort. L-Dopa 
administration also significantly increased dopamine levels compared to the MPTP cohort (p < 0.05). However, 
ECH@ANG-Lip treatment resulted in a greater increase in dopamine levels than L-Dopa. Both L-Dopa and 
ECH@ANG-Lip treatments significantly elevated DOPAC levels in MPTP mice compared to the MPTP cohort 
(L-Dopa: 1.59-fold increase, p < 0.05; ECH@ANG-Lip: 1.50-fold increase, p < 0.05). HVA levels also improved 
significantly with both treatments (L-Dopa: 1.63-fold increase, p < 0.01; ECH@ANG-Lip: 1.46-fold increase, p < 0.05). 
Many neurotransmitter pathways are affected in PD, and dopamine deficits are often considered a characteristic 
pathology of the disease.51–53 These findings indicate that ECH@ANG-Lip significantly enhances dopamine levels in 
the striatum, suggesting a strong therapeutic effect on MPTP-induced PD mice.

Immunohistochemical analysis for TH was used to examine dopaminergic fibers in the striatum and dopaminergic 
neurons in the substantia nigra. MPTP administration led to a significant reduction in TH immunoreactivity in the 

Table 1 Pharmacokinetic Parameters in the Plasma and 
Brain (n=4)

Parameters Free ECH ECH@ANG-Lip

Plasma

T1/2 (h) 0.380 ± 0.015 1.242 ± 0.165***

Cmax (µg/mL) 12.422 ± 3.041 26.826 ± 3.184***

AUC0-t (h·µg/mL) 3.501 ± 0.733 167.104 ± 17.250***

MRT0-t (h) 0.349 ± 0.003 6.367 ± 0.452***

Brain

T1/2 (h) 0.562 ± 0.114 7.787 ± 1.346***

Cmax (µg/g) 0.056 ± 0.027 0.442 ± 0.036***

AUC0-t (h·µg/g) 0.017 ± 0.005 0.570 ± 0.082***

MRT0-t (h) 0.509 ± 0.095 3.605 ± 0.247***

Notes: Data are presented as means ± SD. ***p < 0.001 vs the free 
ECH cohort.
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striatum. This reduction was effectively counteracted by L-Dopa and ECH@ANG-Lip treatments, with ECH@ANG-Lip 
showing the most pronounced neuroprotective effect compared to free ECH and L-Dopa. The ECH@ANG-Lip cohort 
had a higher density of TH-positive dopaminergic fibers in the striatum (Figure 9). Similarly, TH-positive neuron counts 
in the substantia nigra were reduced in the MPTP cohort but partially restored following L-Dopa and ECH@ANG-Lip 

Figure 8 (A) Open-field test and Pole test. (a) Representative traces of mice pattern activity (purple) were obtained through video tracking. The total traveled distance (b), 
average speed (c), percentage of time in center (d), time immobile (e), and pole test (f and g) of mice in all cohorts. Data are mean ± SD (n=8). (B) The level of dopamine (a), 
DOPAC (b) and HVA (c) in the striatum. Data are mean ± SD (n=6). Compared with the control cohort: *p < 0.05, **p < 0.01 and ***p < 0.001. Compared with the MPTP 
cohort: #p < 0.05, # #p < 0.01 and # # #p < 0.001.
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Figure 9 (A) Immunostaining of TH-positive fibers in the striatum. (B) Immunostaining of TH-positive dopaminergic neurons. Quantitative analysis for TH-positive fibers 
(C) and TH-positive dopaminergic neurons (D). Compared with the control cohort: *p < 0.05, **p < 0.01 and ***p < 0.001. Compared with the MPTP cohort: # #p < 0.01 
and # # #p < 0.001. Data are mean ± SD (n=6).
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treatments (Figure 9). Interestingly, free ECH did not provide significant neuroprotection compared to the MPTP cohort, 
which contradicts previous research findings.11,54 We guess that the low concentration of ECH in the brains of mice in the 
free ECH cohort rendered the treatment ineffective. Therefore, if the intragastric administration of a similar dosage of 
ECH can achieve good neuroprotective effects, it is plausible that ECH may confer neuroprotective benefits through the 
modulation of intestinal flora imbalance.11,55,56

MPTP has been reported to cause oxidative stress leading to the death of dopaminergic neurons.57 The exact 
contribution of oxidative stress for progressing of neurodegenerative disorders remains uncertain, but its impact on 
neurodegeneration is undeniable.58,59 Compared to the control cohort, the MPTP cohort exhibited significantly reduced 
levels of GSH-PX and SOD in the striatum, along with increased MDA levels (Figure 10). This indicates impaired 
antioxidant capacity and increased oxidative stress. Both L-Dopa and ECH@ANG-Lip treatments significantly elevated 
GSH-PX and SOD levels while reducing MDA levels, indicating improved oxidative stress management.

In vivo Biocompatibility
Histological examination of the main organs from mice administered the treatments for 10 days revealed no significant 
abnormalities (Figure 11). In the heart, cardiac muscle fibers were well-organized, evenly stained, with visible inter-
calated discs and transverse striae, and the nuclei appeared oval and centrally located. There was no evidence of 
interstitial vessel dilation or narrowing, nor any inflammatory cell infiltration. In the liver, hepatocyte cords were orderly, 
and hepatic sinuses were clearly visible. The interlobular arteries, veins, and bile ducts in the confluent area showed no 
signs of dilation, hyperplasia, luminal narrowing, inflammation, or fibrous tissue proliferation. The spleen showed an 
intact peritoneum with no observed thickening. The splenic sinuses did not show dilation, and there were no abnormal 
changes in the size of splenic vesicles; the red-to-white marrow ratio remained approximately normal. In the lungs, 
bronchi appeared normal, and the alveolar walls were composed of a single layer of epithelium with a clear structure. The 
interstitium, including intrapulmonary connective tissue and blood vessels, showed no significant inflammatory changes. 
The kidneys exhibited an intact surface with a distinct corticomedullary division. Glomeruli in the cortex were evenly 
distributed, with a normal number of cells in both glomeruli and stroma. Renal tubule epithelial cells were rounded and 
full, with a neatly arranged brush border. The medulla showed no significant abnormalities. Additionally, treated mice did 
not exhibit noticeable decreases in body weight (Figure S2).

Evans blue injections into MPTP-treated and control mice revealed no significant differences in Evans blue levels in 
brain tissue, with no accumulation observed in the brain (Figure S3). This suggests that MPTP administration did not 
compromise BBB integrity.60
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Conclusion
In summary, we developed and validated a biocompatible liposome modified with the BBB-penetrating peptide ANG to 
deliver ECH into the brain for PD treatment. This study thoroughly demonstrates the enhanced BBB-targeting ability and 
efficacy of ANG-conjugated liposomes compared to other methods. Therefore, ANG-conjugated liposomes represent 
a promising carrier for brain drug delivery and hold significant potential for treating various neurodegenerative diseases.
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