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A B S T R A C T

The dynamic equilibrium between acetylation and deacetylation is vital for cellular homeostasis. Parkinson’s 
disease (PD), a neurodegenerative disorder marked by α-synuclein (α-syn) accumulation and dopaminergic 
neuron loss in the substantia nigra, is associated with a disruption of this balance. Therefore, correcting this 
imbalance with histone deacetylase (HDAC) inhibitors represents a promising treatment strategy for PD. 
CAY10603 (CAY) is a potent and selective HDAC6 inhibitor. However, because of its poor water solubility and 
short biological half-life, it faces clinical limitations. Herein, we engineered lactoferrin-decorated CAY-loaded 
poly(lactic-co-glycolic acid) nanoparticles (denoted as PLGA@CAY@Lf NPs) to effectively counter metham-
phetamine (Meth)-induced PD. PLGA@CAY@Lf NPs showed enhanced blood–brain barrier crossing and signif-
icant brain accumulation. Notably, CAY released from PLGA@CAY@Lf NPs restored the disrupted acetylation 
balance in PD, resulting in neuroprotection by reversing mitochondrial dysfunction, suppressing reactive oxygen 
species, and inhibiting α-syn accumulation. Additionally, PLGA@CAY@Lf NPs treatment normalized dopamine 
and tyrosine hydroxylase levels, reduced neuroinflammation, and improved behavioral impairments. These 
findings underscore the potential of PLGA@CAY@Lf NPs in treating Meth-induced PD and suggest that an 
innovative HDAC6-inhibitor-based strategy can be used to treat PD.

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder that im-
pairs motor function; despite significant advances in diagnosis and 
treatment, there is currently no clinical cure for this disease [1,2]. 
Approximately 10 million people globally are affected by PD, and this 
number is projected to rise by more than 50% by 2030, making this 
disease a global burden [3,4]. In patients with PD, motor impairment 
originates from the loss of dopamine (DA)-producing neurons in the 

substantia nigra pars compacta, resulting in decreased DA levels in the 
striatum and subsequent neuronal dysregulation [5]. Currently, levo-
dopa (L-DOPA) and DA agonists are primarily used to treat PD [6–11]. 
However, they only temporarily relieve symptoms and do not prevent 
disease progression; moreover, they often cause side effects because of 
long-term use [4,6,7,12–15]. Thus, alternative strategies that not only 
improve motor symptoms but also prevent PD progression are urgently 
needed.

PD involves a complex pathogenesis with many interacting factors, 
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including α-synuclein (α-syn) accumulation, mitochondrial dysfunction, 
and oxidative stress [5,13,16–20]. Under pathological conditions, mis-
folded α-syn forms oligomers that eventually aggregate into Lewy 
bodies. Subsequently, these abnormally aggregated α-syn proteins 
interact with mitochondria, creating pore-like structures that disrupt the 
membrane potential [16,21]. This disruption leads to mitochondrial 
dysfunction, increased reactive oxygen species (ROS), neuronal damage, 
and consequently PD progression [16]. Normally, the ubiquitin pro-
teasome system (UPS) and lysosomal autophagy eliminate α-syn; how-
ever, the effectiveness of UPS and lysosomal autophagy decreases when 
mitochondrial function is impaired and ROS levels are elevated, thereby 
impairing their ability to remove α-syn [3,22]. This creates a 
feed-forward cycle that accelerates cytotoxic α-syn production, exacer-
bating PD [22–24]. Therefore, a comprehensive strategy that simulta-
neously addresses α-syn accumulation, excess ROS, and mitochondrial 
dysfunction is essential to effectively treat PD. However, current ther-
apies typically focus on one aspect, including removing ROS, repairing 
damaged mitochondria, or eliminating α-syn aggregation [4,16,23,25]. 
Thus, there is still plenty of room for further development of innovative 
PD treatment strategies.

Maintaining acetylation homeostasis is crucial for regulating cellular 
activity [26–28]. This dynamic balance is controlled by two enzymes 
with opposing functions: histone acetyltransferases, which attach acetyl 
groups, and histone deacetylases (HDACs), which remove them [28,29]. 
Recent studies showed that disrupting this acetylation balance could 
contribute to several neurodegenerative diseases, including PD [30,31]. 
Unlike most HDACs that primarily target nuclear histones, HDAC6 
predominantly affects cytoplasmic nonhistone proteins, including 
α-tubulin, peroxiredoxin (Prx), HSP90, and cortactin. Thus, it plays a 
critical role in cell migration, protein degradation, redox regulation, and 
cytoskeleton dynamics [26,32,33].

The continuous movement of mitochondria along microtubules, 
composed of α-tubulin protein, is crucial for maintaining neuronal 
health [34,35]. However, the ease of mitochondrial axonal transport 
depends on whether the microtubules are acetylated. HDAC6 decreases 
α-tubulin acetylation, disrupting axonal transport along the micro-
tubules—a phenomenon linked to neurodegeneration that results in 
impaired mitochondrial function [29,36]. Conversely, increasing 
α-tubulin acetylation at Lys40 enhances the stability of microtubules, 
protects them from damage, and facilitates the axial transport of mito-
chondria, thereby preventing mitochondrial dysfunction [37,38]. 
Moreover, evidence suggests that increased microtubule acetylation can 
reduce α-syn accumulation and that Prx1 and Prx2 acetylation reduces 
ROS production [29,35]. These findings indicate that disrupting the 
protein acetylation balance, specifically decreasing acetylation, leads to 
neurodegenerative diseases [39–41]. Therefore, an essential question 
arises: can the acetylation imbalance be corrected using HDAC6 in-
hibitors to provide neuroprotective effects in PD? To answer this ques-
tion, we have developed a restorative anti-PD therapy using an HDAC6 
inhibitor.

The use of HDAC inhibitors in PD treatment, especially HDAC6, is 
rarely explored [42–45]. For example, Sun et al. synthesized a novel 
HDAC6 inhibitor called HGC, which protects dopaminergic neurons and 
alleviates PD symptoms by promoting the acetylation of NDUFV1, an 
enzyme essential for mitochondrial function and cell viability [45]. The 
findings indicate that HGC holds significant therapeutic potential for 
treating PD. However, this study has limitations: HGC lacks brain tar-
geting capability and focuses solely on mitochondrial dysfunction. The 
brain-targeting limitation can be addressed by introducing nanotech-
nology in drug delivery systems.

CAY10603 (CAY) is a potent (extremely low IC50 of 2 pM) and se-
lective HDAC6 inhibitor that demonstrates increased α-tubulin acety-
lation [46–49]. Unfortunately, because of its poor water solubility, fast 
elimination, short biological half-life, and low permeability, its clinical 
application is limited. The delivery of drugs into the brain is particularly 
challenging because of the blood–brain barrier (BBB), which prevents 

over 98% of small drug molecules and almost all large molecules from 
entering the brain [50]. Fortunately, recent advancements in nano-
technology offer a solution through nanocarrier-mediated drug delivery 
systems. Nanocarriers act as “Trojan horses” as they can protect drugs 
from being metabolized, reduce side effects, and control drug release at 
the target site [51]. Among the nanocarrier candidates, poly(lactic-co--
glycolic acid) (PLGA) is preferred because of its biodegradability, 
biocompatibility, and controlled release properties, and it has been 
approved by the US Food and Drug Administration for such applications 
[52]. Moreover, the ability of nanocarriers to penetrate the BBB is 
significantly enhanced when they are modified with targeting molecules 
that bind to specific receptors on brain endothelial cells. Lactoferrin (Lf), 
a member of the transferrin family and natural cationic glycoprotein, 
serves as an effective active targeting ligand because of its affinity for Lf 
receptors, which are abundantly expressed on brain endothelial cells 
and neurons [53,54]. Thus, we hypothesized that Lf–Lf receptor inter-
action could facilitate BBB crossing through Lf receptor-mediated 
transcytosis.

Because of the need for effective treatments for methamphetamine 
(Meth)-induced PD, we developed a brain-targeted therapeutic nano-
agent (Scheme 1). CAY-loaded PLGA nanocarriers conjugated with Lf on 
their surfaces (denoted as PLGA@CAY@Lf NPs) facilitated BBB crossing 
and released CAY directly into neurons. In vitro, PLGA@CAY@Lf NPs 
demonstrated neuroprotective effects against Meth-induced PD by 
reversing mitochondrial dysfunction, eliminating ROS, and inhibiting 
abnormal α-syn accumulation. In vivo, PLGA@CAY@Lf NPs restored DA 
and tyrosine hydroxylase (TH) levels to nearly normal levels, amelio-
rated neuroinflammation, and improved behavioral impairments. The 
results also showed that α-tubulin acetylation was significantly 
enhanced, restoring the disrupted acetylation balance in PD condition, 
which is a crucial factor contributing to neuroprotective properties. 
Overall, these findings highlight the neuroprotective effects of 
PLGA@CAY@Lf NPs and show that an innovative HDAC6-inhibitor- 
based strategy can be used to treat PD.

2. Material and methods

2.1. Materials

Resomer RG 502H poly(D,L-lactide-co-glycolide) acid (PLGA 50:50, 
molecular weight: 54 kDa), (+)-methamphetamine hydrochloride 
(Meth), phosphotungstic acid (PTA), Lf, paraformaldehyde (PFA), 
bovine serum albumin (BSA), dimethyl sulfoxide (DMSO), polyvinyl 
alcohol (PVA), coumarin-6 (Cou-6), 4′,6-diamidino-2-phenylindole 
(DAPI), 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA), Triton X- 
100, and acetone were supplied by Sigma-Aldrich (St. Louis, MO, USA). 
RIPA buffer, protease/phosphatase inhibitor cocktail, Pierce™ 660 nm 
Protein Assay Kit, BSA Standard Pre-Diluted Set, propidium iodide (PI), 
GAPDH primary antibody, rabbit polyclonal primary antibody against 
TH, HRP-conjugated secondary antibody, enhanced chemiluminescence 
reagents, and glial fibrillary acidic protein (GFAP) were bought from 
Thermo Scientific (Rockford, Illinois, USA). N-hydroxysulfosuccinimide 
(Sulfo–NHS) and 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hy-
drochloride (EDC) were bought from TCI Co., Ltd. (Tokyo, Chuo, Japan). 
Fetal bovine serum (FBS), antibiotic–antimycotic, 0.25% trypsin–EDTA, 
and Dulbecco’s Modified Eagle Medium (DMEM) were obtained from 
Gibco-Invitrogen (Grand Island, NY, USA). N-[4-[3-[[[7-(Hydrox-
yamino)-7-oxoheptyl]amino]carbonyl]-5-isoxazolyl]phenyl]carbamic 
acid, 1,1-dimethylethyl ester (CAY) was bought from Selleck Chemicals 
(Houston, TX, USA). The JC-1 - Mitochondrial Membrane Potential 
Assay Kit, anti-α-synuclein primary antibody, Acridine Orange (AO) 
Staining Solution, and Alexa Fluor® 488 secondary antibody were 
purchased from Abcam (Cambridge, CB2 0AX, UK). Acetyl-α-tubulin 
(Lys40) (D20G3) XP® Rabbit mAb primary antibody and Alexa Fluor® 
647-conjugated secondary antibody were obtained from Cell Signaling 
Technology (Danvers, MA, USA). EBM™-2 Endothelial Cell Growth 
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Basal Medium-2 and the EGM™-2 Endothelial SingleQuots™ Kit were 
supplied by Lonza (Rockville, MD, USA). Antifade Mounting Medium 
containing DAPI VECTASHIELD® HardSet™ was obtained from Vector 
Laboratories, Inc. (Burlingame, CA, USA). Cy5.5-N-succinimidyl ester 
(Cy5.5) was purchased from Lumiprobe (Hunt Valley, Maryland, USA). 
Ionized calcium-binding adaptor molecule 1 (Iba-1) was obtained from 
Wako Pure Chemical Corporation (Osaka, Japan). The QuantiMax™ 
WST-8 Cell Viability Assay Kit was obtained from Biomax (Guri-si, 
Gyeonggi-do, South Korea). Sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE) loading buffer was acquired from Bio-
solution (Yongtong-gu, Suwon, South Korea).

2.2. Cells and animals

Human brain microvascular endothelial cells (HBMECs) were 
cultured in EBM™-2 Endothelial Cell Growth Basal Medium-2 supple-
mented with EGM™-2 Endothelial Cell Growth Medium-2 BulletKit. The 
human neuroblastoma cell line (SH-SY5Y) was obtained from the 
Korean Cell Line Bank (Jongno-gu, Seoul, South Korea) and cultured in 
DMEM supplemented with 10% FBS and 1% antibiotic–antimycotic 
mixture. All cells were maintained in a humidified incubator at 37 ◦C 
with 5% CO2.

Female C57BL/6J mice (8 weeks old, weighing 20–25 g) and female 
BALB/c nude mice (7 weeks old, weighing 20–25 g) were obtained from 
Hyo-Chang Science (Daegu, South Korea). All mice were housed in the 
animal center at Keimyung University under specific pathogen-free 
conditions. Ethical guidelines that were approved by the Institutional 

Animal Care and Use Committee of Keimyung University were followed 
(Protocol no. KM2023-006 and KM2023-018).

2.3. Preparation of PLGA@CAY NPs

We prepared PLGA@CAY NPs by using the single-emulsion solvent 
evaporation method. Specifically, we dispersed PLGA (100 mg) in 10 mL 
of acetone. Next, we mixed it with 125 μL of CAY (20 mg/mL in DMSO) 
and allowed the mixture to stand at room temperature for 2 h. Subse-
quently, we rapidly added this solution to a 1% PVA water solution and 
sonicated it (1 min, 60% amplitude [3 s on/3 s off]) by using a probe 
sonicator (Sonictopia STH-750S; Jeio Tech, Daejeon, South Korea). The 
resulting oil-in-water emulsion was stirred for 5 h at room temperature 
to facilitate the evaporation of organic solvents. Finally, we performed 
centrifugation (4000 rpm for 5 min, once, followed by 11,000 rpm for 
10 min, twice, at 4 ◦C) to isolate PLGA@CAY NPs. The product was 
either re-dispersed in distilled water at 4 ◦C or lyophilized (stored at 
− 20 ◦C). We used a similar procedure to prepare coumarin-6-loaded 
PLGA NPs (PLGA@Cou-6 NPs) and Cy5.5-loaded PLGA NPs 
(PLGA@Cy5.5 NPs), except that we replaced CAY with Cou-6 (150 μL, 1 
mg/mL in acetone) and Cy5.5 (150 μL, 1 mg/mL in acetone), 
respectively.

2.4. Surface functionalization of PLGA@CAY NPs with Lf

We used the EDC/NHS coupling reaction to conjugate Lf to the sur-
face of PLGA@CAY NPs. Initially, we activated the COOH functional 

Scheme 1. Schematic of the (A) formation and (B) application of PLGA@CAY@Lf NPs for treating PD. CAY, which is released from PLGA@CAY@Lf NPs, corrects the 
acetylation imbalance in the context of PD. Consequently, it exhibits neuroprotective effects by reversing mitochondrial dysfunction, suppressing ROS, and inhibiting 
α-syn accumulation in a Meth-induced PD model.
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group of PLGA by adding 500 μL of freshly prepared 5 mM EDC to 2.5 mL 
of PLGA@CAY NPs (4 mg/mL) and stirring for 15 min. Subsequently, we 
introduced 500 μL of freshly prepared 10 mM Sulfo-NHS into the reac-
tion system and stirred for an additional 15 min. Next, we added 3 mL of 
Lf (1.2 mg/mL in NaHCO3 buffer, pH 8.4) to the reaction mixture and 
stirred it at room temperature for 4 h. Finally, we obtained PLGA@-
CAY@Lf NPs through centrifugation (11,000 rpm, 10 min, at 4 ◦C) and 
washed them twice with water before re-dispersing them in distilled 
water (stored at 4 ◦C) or lyophilizing them (stored at − 20 ◦C).

We utilized a standard protein assay kit to quantify Lf that conju-
gated onto NPs. Next, we added PLGA@CAY@Lf NPs (10 μL, 1 mg/mL) 
in a 96-well plate with the reagent (150 μL) and incubated them for 10 
min away from light. Then, we measured the absorbance at a wave-
length of 660 nm by using a microplate reader (BioTek Synergy Neo2 
Reader; Agilent Technologies, Santa Clara, CA, USA). Finally, we 
calculated the mass of Lf that conjugated per milligram of NPs by using a 
BSA standard calibration curve, ranging from 125 μg/mL to 2000 μg/ 
mL, established under identical conditions.

2.5. Characterization of PLGA@CAY@Lf NPs

We examined the morphology and size of NPs by using a trans-
mission electron microscope (TEM; JEM-3010, JEOL Ltd., Tokyo, 
Japan), operating at an accelerating voltage of 120 kV. The samples 
were negatively stained with 0.15% (w/v) PTA solution in water. Sub-
sequently, we transferred 4 μL of the stained sample onto a carbon 300 
mesh, copper-coated TEM grid (Ted Pella, Inc., Redding, CA, USA) for 
imaging.

We measured the hydrodynamic particle sizes along with the poly-
dispersity index (PDI) and zeta potential of various NPs using dynamic 
light scattering (DLS; Brookhaven Instruments Corp., Holtsville, NY, 
USA) operating with a 630 nm laser. For DLS measurements, the samples 
were diluted to a 1 mg/mL concentration in PBS (pH 7.4). For stability 
testing, the samples were stored at 4 ◦C in PBS (pH 7.4) and DMEM 
supplemented with 10% FBS. Subsequently, they were diluted in PBS 
(pH 7.4) for DLS analysis.

We prepared transparent KBr plates by mixing freeze-dried PLGA 
NPs, PLGA@CAY NPs, PLGA@CAY@Lf NPs, Lf powder, and free CAY 
powder with KBr. Subsequently, we recorded their Fourier transform 
infrared (FT-IR) spectra in the wavenumber range of 4000–400 cm⁻1 

using the IRTracer-100 FT-IR spectrometer (Shimadzu, Chiyoda-ku, 
Tokyo, Japan).

2.6. Loading capacity (LC%) and encapsulation efficiency (EE%) of CAY 
in PLGA NPs

We used a direct method to quantify CAY loaded into PLGA NPs. 
First, we dispersed 5 mg of PLGA@CAY NPs in 200 μL of DMSO and 
sonicated the mixture for 15 min to disrupt the PLGA nanostructure and 
release CAY (Fig. S1A). Then, we centrifuged the mixture (15,000 rpm, 
10 min, at 4 ◦C) to obtain the supernatant containing CAY. We used a 
high-performance liquid chromatography (HPLC) method (Vanquish, 
Thermo Scientific, Rockford, Illinois, USA) to quantify CAY (Figs. S1B 
and C). Moreover, we employed the standard curve method for CAY 
determination. The measurement was performed in triplicate to calcu-
late the average value. Finally, we calculated the EE% and LC% using 
the following formulas: 

EE(%)=
Mass of encapsulated CAY

Total mass of CAY
.100% 

LC(%)=
Mass of encapsulated CAY
Mass of PLGA@CAY NPs

.100% 

2.7. In vitro release of CAY

We dispersed lyophilized PLGA@CAY NPs and lyophilized PLGA@-
CAY@Lf NPs (2 mg) in PBS (pH 7.4, 1.5 mL) and incubated them at 37 ◦C 
with gentle shaking at 100 rpm (SJP-500SI shaking incubator; DAARA, 
Guro-gu, Seoul, South Korea). We centrifuged the mixture (12,000 rpm, 
10 min, at 4 ◦C) to obtain the supernatant containing CAY at various 
time points (0.17, 1, 2, 4, 6.5, 16.5, 24, 30, 50, 77, 96, 119, 144, 168, 
and 192 h). After each collection, we replenished the medium with an 
equal volume of fresh medium. We used the HPLC method to quantify 
the amount of CAY released from NPs. The cumulative release of CAY 
was calculated by using the following formula: 

Cumulative CAY release = mr/ml.100%,                                              

where mr represents the total mass of CAY released in the medium and 
ml is the total mass of CAY loaded into NPs.

2.8. In vitro BBB model for penetration study

First, we used collagen-coated transwell cell culture plates (24-well, 
6.5 mm diameter, 0.4 μm pore size; SPL Life Sciences, Pocheon-si, 
Gyeonggi-do, South Korea) to establish an in vitro BBB model. 
HBMECs (20,000 cells/well) were seeded on the apical side of transwell 
inserts and maintained at 37 ◦C with 5% CO2. We refreshed the medium 
every two days. Next, we measured the transendothelial electrical 
resistance (TEER) by using the EVOM2 device (World Precision In-
struments, Sarasota, FL, USA) to assess barrier integrity. The TEER 
values were calculated by using the following formula: 

TEER (Ω⋅cm2) = (TEERcell − TEERblank) × cell growth area,                 

where TEERcell and TEERblank are the electrical resistances of the well 
with and without cells, respectively. The cell growth area was 0.33 cm2 

for the 24-transwell plate.
We introduced PLGA@Cou-6 NPs and PLGA@Cou-6@Lf NPs to the 

apical side to investigate nanoparticle transport across the BBB in our in 
vitro model. After 5 h of incubation at 37 ◦C with 5% CO2, we collected 
100 μL of basolateral medium and transferred it to a black 96-well plate 
for fluorescence imaging using the VISQUE™ InVivo Elite system 
(Vieworks, Anyang-si, Gyeonggi-do, South Korea). The measurement 
was performed in triplicate to calculate the average value.

2.9. Cellular uptake of PLGA@Cou-6@Lf NPs

For confocal laser scanning microscopy (CLSM) observations, we 
seeded SH-SY5Y cells and HBMECs (200,000 cells/well) in 4-well 
chamber slides (SPL Life Sciences, Pocheon-si, Gyeonggi-do, South 
Korea) and incubated them for 24 h at 37 ◦C with 5% CO2. Then, we 
replaced the medium with a new FBS-free medium containing free Cou- 
6, PLGA@Cou-6 NPs, and PLGA@Cou-6@Lf NPs (1 μg/mL of Cou-6 
equivalents) and continued incubation for 2.5 and 5 h. Subsequently, 
we washed the cells three times with PBS before fixing them with 4% 
PFA in PBS for 10 min. Afterward, we washed the cells twice with PBS 
and stained them with DAPI using an antifade mounting medium con-
taining DAPI. Finally, we captured fluorescence images using a CLSM 
system (Carl Zeiss LSM700; Carl Zeiss Inc., Oberkochen, Baden-Würt-
temberg, Germany).

For fluorescence-activated cell sorting (FACS) analysis, we seeded 
SH-SY5Y cells and HBMECs (500,000 cells/well) in a 6-well plate and 
incubated them for 24 h at 37 ◦C with 5% CO2. Next, we exposed the 
cells to a new FBS-free medium containing free Cou-6, PLGA@Cou-6 
NPs, and PLGA@Cou-6@Lf NPs (1 μg/mL of Cou-6 equivalents) for 2.5 
and 5 h. Afterward, we washed the cells three times with PBS before 
being detached with 0.25% trypsin–EDTA solution and centrifuged. We 
collected and resuspended the cell pellets in PBS for FACS analysis 
(Calibur Flow Cytometer; BD Biosciences, La Jolla, CA, USA). We 
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acquired 10,000 events and used FlowJo v7 software to exclude cellular 
debris and doublets. Finally, we analyzed the results.

To investigate the cellular uptake mechanism, we pretreated cells 
with free Lf (1 mg/mL) for 1 h to block the Lf receptor on the cell surface 
before incubating them with PLGA@Cou-6@Lf NPs. Subsequently, we 
followed the same procedures described above.

2.10. Cell counting kit-8 (CCK-8) assay for cell toxicity assessment of 
Meth and nanoformulations

We used Meth as a neurotoxin inducer to create an in vitro model of 
PD. We seeded SH-SY5Y cells (8000 cells/well) in a 96-well plate and 
incubated them for 24 h at 37 ◦C with 5% CO2. Subsequently, we 
exposed the cells to varying Meth concentrations (0.5, 1, 2, 4, and 6 mM) 
in fresh medium for an additional 24 h. Next, we replaced the medium 
with fresh medium containing 10% CCK-8 solution and incubated the 
cells for 2 h at 37 ◦C. Then, we assessed the absorbance at 450 nm using a 
microplate reader (BioTek Synergy Neo2 Reader; Agilent Technologies, 
Santa Clara, CA, USA). The cell viability was determined using the 
following equation: 

Cell viability (%)=
As − A0

Ac − A0
× 100% 

where As is the absorbance of wells with cells treated with Meth and 
CCK-8 agent, Ac is the absorbance of control wells with cells and CCK-8 
agent, and A0 is the absorbance of wells with the CCK-8 agent only.

We evaluated the in vitro biocompatibility of nanoformulations. We 
incubated SH-SY5Y and HBMECs cells (8000 cells/well) in a 96-well 
plate for 24 h at 37 ◦C with 5% CO2. Subsequently, we treated the 
cells with free CAY, PLGA NPs, PLGA@CAY NPs, and PLGA@CAY@Lf 
NPs at various concentrations (0.25, 0.5, 1.0, and 2.0 μM CAY equiva-
lents) for another 24 h. Then, we washed the cells twice with PBS and 
determined the cell viability as described above.

2.11. In vitro neuroprotective effects of PLGA@CAY@Lf NPs on Meth- 
induced PD model

We seeded SH-SY5Y cells (8000 cells/well) in a 96-well plate and 
incubated them for 24 h at 37 ◦C with 5% CO2. Next, we pretreated the 
cells with free CAY, PLGA NPs, PLGA@CAY NPs, and PLGA@CAY@Lf 
NPs at a 1.0 μM CAY equivalent concentration for 5 h. Subsequently, the 
cells underwent a further 24 h incubation with 4 mM Meth. Afterward, 
we washed the cells twice with PBS and assessed the cell viability using 
CCK-8 assay, as described in Section 2.10.

We then performed live/dead cell imaging. We cultured SH-SY5Y 
cells (8000 cells/well) in a 96-well plate and incubated them for 24 h 
at 37 ◦C with 5% CO2. Subsequently, we pretreated the cells with free 
CAY, PLGA NPs, PLGA@CAY NPs, and PLGA@CAY@Lf NPs (concen-
tration equivalent to 1.0 μM CAY) for 5 h. Following this pretreatment, 
we incubated the cells for an additional 24 h with 4 mM Meth. Then, we 
washed the cells twice with PBS. Next, the cells were stained with DMEM 
containing 3 μM AO and 30 μM PI for 15 min under dark conditions. 
Subsequently, we captured images using a fluorescence microscope 
(excitation at 500 nm, green fluorescence; excitation at 533 nm, red 
fluorescence) (ECLIPSE Ti2; Nikon Instruments Inc., Melville, NY, USA).

2.12. Assessment of mitochondrial membrane potential (MMP)

We seeded SH-SY5Y cells (200,000 cells/well) in 4-well chamber 
slides and incubated them for 24 h at 37 ◦C with 5% CO2. Then, we 
pretreated the cells with free CAY, PLGA@CAY NPs, and PLGA@-
CAY@Lf NPs at a concentration of 1.0 μM CAY equivalent for 5 h, fol-
lowed by another 24 h incubation with 4 mM Meth. We washed the cells 
twice with PBS and stained them with 20 μM JC-1 dye for 20 min at 
room temperature under dark conditions. Subsequently, the cells were 

fixed with 4% PFA in PBS for 10 min, washed twice with PBS, and 
stained with DAPI. We captured fluorescence images using a CLSM 
system (Carl Zeiss LSM700; Carl Zeiss Inc., Oberkochen, Baden-Würt-
temberg, Germany), highlighting the red emissions of JC-1 aggregates 
(excitation at 585 nm) and the green emissions of JC-1 monomers 
(excitation at 514 nm).

In a similar experiment, we seeded SH-SY5Y cells (8000 cells/well) 
in a black 96-well plate and incubated them for 24 h at 37 ◦C with 5% 
CO2. Then, the cells were processed as described above. We quantita-
tively analyzed the fluorescence intensity using a microplate reader 
(BioTek Synergy Neo2 Reader), with excitation/emission parameters set 
at 585/590 nm for the red emissions of JC-1 aggregates and 514/529 nm 
for the green emissions of JC-1 monomers.

2.13. Assessment of intracellular ROS

We seeded SH-SY5Y cells (200,000 cells/well) in 4-well chamber 
slides and incubated them for 24 h at 37 ◦C with 5% CO2. Next, we 
pretreated the cells with free CAY, PLGA@CAY NPs, and PLGA@-
CAY@Lf NPs at 1.0 μM CAY equivalent for 5 h, followed by another 24 h 
incubation with 4 mM Meth. After washing thrice with PBS, the cells 
were stained with 15 μM DCFH-DA for 25 min at room temperature in 
the dark. Then, they were fixed with 4% PFA in PBS for 10 min, washed 
twice with PBS, and stained with DAPI. We captured fluorescence im-
ages using a CLSM (Carl Zeiss LSM700; Carl Zeiss Inc., Oberkochen, 
Baden-Württemberg, Germany).

In a similar experiment, we seeded SH-SY5Y cells (500,000 cells/ 
well) in a 6-well plate and incubated them for 24 h at 37 ◦C with 5% CO2. 
We pretreated the cells with free CAY, PLGA@CAY NPs, and PLGA@-
CAY@Lf NPs at a concentration of 1.0 μM CAY equivalent for 5 h, fol-
lowed by another 24 h incubation with 4 mM Meth. After washing twice 
with PBS, the cells were stained with 15 μM DCFH-DA for 25 min at 
room temperature in the dark and then detached using 0.25% tryp-
sin–EDTA solution. We collected the cell pellets through centrifugation 
and resuspended them in PBS for FACS analysis (Calibur Flow Cytom-
eter; BD Biosciences, La Jolla, CA, USA) of DCF fluorescence intensity.

2.14. Immunofluorescence assay for acetyl-α-tubulin and α-syn analyses 
in vitro

We seeded SH-SY5Y cells (200,000 cells/well) in 4-well chamber 
slides and incubated them for 24 h at 37 ◦C with 5% CO2. Then, we 
pretreated the cells with free CAY, PLGA@CAY NPs, and PLGA@-
CAY@Lf NPs at a concentration of 1.0 μM CAY equivalent for 5 h, fol-
lowed by 24 h exposure to 4 mM Meth. After washing thrice with PBS, 
the cells were fixed with 4% PFA in PBS for 15 min. Then, the cells were 
washed, permeabilized with 0.1% Triton X-100 for 15 min, and blocked 
with 5% BSA (in PBS with 0.1% Tween™ 20 [PBST]) for 1 h. After 
washing thrice with PBS, the cells were incubated overnight at 4 ◦C with 
a primary antibody against acetyl-α-tubulin (1:500 in PBST). Thereafter, 
the cells were washed thrice with PBS and incubated for 2 h at room 
temperature with Alexa Fluor® 647-conjugated secondary antibody 
(1:750 in PBST). Finally, the cells were stained with DAPI and visualized 
using a CLSM system (Carl Zeiss LSM700; Carl Zeiss Inc., Oberkochen, 
Baden-Württemberg, Germany).

The same procedure using an anti-α-syn primary antibody (1:500 in 
PBST) and Alexa Fluor® 488 secondary antibody (1:750 in PBST) was 
adopted to observe α-syn.

2.15. Optimization of Meth dose to establish a PD mouse model

We injected Meth dissolved in normal saline into female C57BL/6J 
mice (8 weeks old, weighing 20–25 g) with two different doses (5 and 8 
mg/kg). The animals received intraperitoneal injections of the drug four 
times a day at 2-h intervals. A week after the last injection, the mice were 
sacrificed under CO2 asphyxiation. We fixed the left hemisphere of the 
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brain in 4% PFA for TH immunostaining, and we froze the right hemi-
sphere of the brain using dry ice to analyze striatal DA and 4-dihydrox-
yphenylacetic acid (DOPAC) and stored it at − 80 ◦C until use.

2.16. In vivo imaging and biodistribution of PLGA@Cy5.5@Lf NPs in 
mice with PD

We intravenously administered PBS (control group), free Cy5.5, 
PLGA@Cy5.5 NPs, and PLGA@Cy5.5@Lf NPs to female BALB/c nude 
mice with PD (7 weeks old, n = 4) via the tail vein. We performed in vivo 
imaging under isoflurane-induced anesthetization (2%–3% isoflurane 
and 3% O2) at 1, 6, 12, and 24 h post-injection. After 24 h, the mice were 
sacrificed to collect the brain, liver, lungs, spleen, heart, and kidneys for 
ex vivo imaging. We acquired fluorescence images using the VISQUE™ 
InVivo Elite system (Vieworks, Anyang-si, Gyeonggi-do, South Korea) 
and performed quantitative analysis with the region of interest tool in 
CleVue™ software (Vieworks, Anyang-si, Gyeonggi-do, South Korea).

2.17. Hemolysis assay

Blood samples were collected from female C57BL/6J mice in EDTA- 
coated vials to prevent clotting formation and were then diluted (2 
times) with PBS. Pure red blood cells (RBCs) were isolated by repeated 
centrifugation and resuspension (2000 rpm, 10 min, 3 times) and sub-
sequently diluted 1:1 with PBS (pH 7.4). RBCs (500 μL) were then 
treated with PLGA@CAY@Lf NPs (500 μL in PBS) at concentrations of 
125, 250, 500, and 1000 μg/mL, corresponding to 0.92, 1.84, 3.68, and 
7.36 μM CAY, respectively. RBCs treated with H2O and PBS served as 
positive and negative controls, respectively. After 3 h of incubation at 
37 ◦C, all samples were centrifuged (9000 rpm, 5 min) to collect the 
supernatants. Absorbance (A) of the supernatants was measured at 540 
nm using a microplate reader (BioTek Synergy Neo2 Reader; Agilent 
Technologies, Santa Clara, CA, USA). The hemolysis rate was calculated 
as follows: 

Hemolysis rate (%)=
Asample − Anegative

Apositive − Anegative
× 100% 

2.18. Nanoformulation treatment of mice with PD

Female C57BL/6J mice (8 weeks old, weighing 20–25 g) were 
randomly divided into five groups (n = 6): (1) control group (received 
normal saline), (2) PD group (received Meth [8 mg/kg × four times]), 
(3) PD with free CAY group (received free CAY and Meth), (4) PD with 
nonLf-conjugated nanoformulation group (received PLGA@CAY NPs 
and Meth), and (5) PD with Lf-conjugated nanoformulation group 
(received PLGA@CAY@Lf NPs and Meth). We administered free CAY 
and nanoformulations via intravenous tail vein injections at a dose 
equivalent to 0.2 mg/kg of CAY. We administered the therapeutic agents 
once every two days for a total of seven doses. On day 8, we intraperi-
toneally administered Meth dissolved in normal saline four times at a 
dose of 8 mg/kg with a 2-h interval. We conducted behavioral assess-
ments on day 20. On the next day, the mice were euthanized under CO2 
asphyxiation, and their brains were collected for immunohistochemistry 
and biochemical analyses. We monitored the body weight of mice 
throughout the treatment period.

2.19. Behavioral assessment

2.19.1. Challenging beam test
We performed this test to evaluate the animals’ locomotor and co-

ordination ability as they move on the mesh. An iron mesh with 1 cm2 

grids was placed on the beam surface, where the animals walked over it 
to reach their home cage. Their travel time was measured using a 
stopwatch, and the measurement was repeated three times per animal.

2.19.2. Cylinder test
Mice tend to explore their surroundings when placed in a new 

environment. When mice are placed in a transparent cylinder, they tend 
to move around and lift their forepaws to touch the cylinder’s wall, 
which is known as rearing. Rearings are decreased when mice are 
intoxicated with a neurotoxin. For the cylinder test, we placed the mice 
in a transparent cylinder (20 cm in height, 12 cm in diameter) and 
recorded them for 3 min using a video camera. When the mice raised one 
or both forelimbs above the shoulder area and touched the cylinder, the 
action was considered as a rearing.

2.20. HPLC analyses for DA and DOPAC

We determined striatal DA and DOPAC levels using an HPLC system 
(1260 Infinity, Agilent Technologies, Thermo Scientific, Waltham, MA, 
USA). The striatal tissues of all groups were weighed and homogenized 
in prechilled 0.1 M HClO4 acid with a sonicator (Vibra-Cell, Sonics, CT, 
USA). Then, we centrifuged the homogenates (13,000×g for 30 min at 
4 ◦C) and collected the supernatants. The mobile phase comprised 25 μM 
EDTA, 75 mM sodium phosphate monobasic, 1.7 mM 1-octanesulfonic 
acid, 100 μL/L triethylamine, and 17% acetonitrile and flowed at a 
rate of 0.6 mL/min. We injected 10 μL of the sample or standard into the 
system. The monoamine concentration was presented as ng/g of wet 
tissues.

2.21. Immunohistochemical staining for TH, GFAP, and Iba-1

We used a sliding microtome (Microm HM 450, Thermo Scientific, 
Walldorf, Germany) to create 30-μm-thick coronal sections of the brain. 
The sections were incubated with rabbit antibody in KPBS containing 
0.4% Triton X-100 against TH (1:3000), Iba-1 (1:3000), and GFAP 
(1:3000) at 4 ◦C overnight and then with biotinylated secondary anti-
body (1:1000) for 1 h at room temperature. Afterward, we washed the 
sections in KPBS and immersed them in avidin–biotin–peroxidase 
complex for 1 h. Then, we visualized the immunocomplex by using the 
diaminobenzidine solution. Next, the sections were mounted on a glass 
slide, and microscopic images were captured using an Olympus micro-
scope (JNOPTIC Co., Ltd., Germany). We performed quantitative anal-
ysis for TH, Iba-1, and GFAP using ImageJ software. Briefly, the pixel 
threshold intensity was set to 200, and the intensity above 200 was 
quantified for the measurement of Iba-1, GFAP in the substantia nigra 
and striatum, and density of TH fibers in the striatum. As for the 
neuronal TH count in the substantia nigra, after adjusting the threshold 
to 200, we performed blind stereological counting to determine the 
number of dopaminergic neurons, with every three sections covering the 
whole substantia nigra.

2.22. Immunofluorescence assay for acetyl-α-tubulin and α-syn analyses 
in mice with PD

Mouse brains were fixed in 4% PFA and then dehydrated in 30% 
sucrose. The dehydrated brains were sectioned into 30-μm slices, per-
meabilized with 0.1% Triton X-100 for 10 min and blocked with 5% BSA 
in PBST for 90 min at room temperature. Next, we incubated the sections 
with an acetyl-α-tubulin (Lys40) primary antibody (1:500 in PBST) 
overnight at 4 ◦C and then washed them thrice with PBS. Subsequently, 
the sections were incubated with an Alexa Fluor® 647-conjugated sec-
ondary antibody (1:750 in PBST) for 2 h at room temperature. After 
staining with DAPI, acetyl-α-tubulin staining was visualized using a 
confocal laser scanning microscope.

The same procedure using an anti-α-syn primary antibody (1:500 in 
PBST) and Alexa Fluor® 488 secondary antibody (1:750 in PBST) was 
adopted to visualize α-syn.
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2.23. Western blot analyses for acetyl-α-tubulin and α-syn in mice with 
PD

We homogenized substantia nigra samples and lysed them using 
RIPA buffer with a protease/phosphatase inhibitor cocktail at 4 ◦C for 2 
h. The supernatants were obtained after centrifugation (13,500 rpm for 
15 min at 4 ◦C). We quantified protein concentrations using the protein 
assay kit. Proteins were prepared with an SDS-PAGE loading buffer and 
heated to 100 ◦C for 5 min. Then, 20 μg of each sample was loaded and 
resolved onto a 12% SDS gel. Next, we transferred the proteins to a 
polyvinylidene difluoride membrane. The membranes were blocked 
with 5% BSA for 90 min and then incubated overnight at 4 ◦C with 
primary antibodies: acetyl-α-tubulin (1:5000), α-syn (1:1000), and 
GAPDH (1:6000), which were all diluted in 5% BSA. After washing 
thrice with PBST for 10 min, the membranes were incubated with an 
HRP-conjugated secondary antibody (1:10,000 in 3% BSA) for 90 min. 
The protein bands were visualized using a luminescence image analyzer 

(LAS-3000 Lite; FUJIFILM, Tokyo, Japan) and enhanced chem-
iluminescence reagents. We used the GelQuant.Net software (Bioc 
hemLabSolutions.com) to analyze protein bands, with GAPDH serving 
as the reference standard.

2.24. Statistical analysis

Results were presented as the mean ± standard deviation (SD). 
Statistical significance was conducted using a two-tailed Student’s t-test 
(two-group comparisons) or one-way ANOVA with Tukey’s test (multi-
ple-group comparisons) (GraphPad Prism 5.0 software; San Diego, CA, 
USA). Statistical significance was considered at p < 0.05.

Fig. 1. Characterization of PLGA@CAY@Lf NPs. TEM images of (A) PLGA@CAY NPs and (B) PLGA@CAY@Lf NPs. (C) Hydrodynamic particle size, PDI, and zeta 
potential measurements for PLGA NPs, PLGA@CAY NPs, and PLGA@CAY@Lf NPs. (D) Stability profiles of PLGA@CAY@Lf in various environments. (E) Calculation 
of the LC% and EE% of CAY in PLGA@CAY NPs. (F) Calculation of Lf conjugation on NPs. (G) Release profiles of CAY from PLGA@CAY NPs and PLGA@CAY@Lf NPs 
at pH 7.4. (H) Proposed mechanism of CAY release. *p < 0.05 vs. the PLGA@CAY NPs group. Data are presented as mean ± SD (n = 3).
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3. Results

3.1. Preparation and characterization of PLGA@CAY@Lf NPs

We followed a two-step process to create Lf-conjugated and CAY- 
loaded PLGA nanoparticles (PLGA@CAY@Lf NPs) (Scheme 1A). First, 
we utilized a straightforward and widely used single-emulsion solvent 
evaporation method to load water-insoluble CAY into the nanoparticles 
[55]. Next, we used the EDC/NHS coupling reaction between the COOH 
functional group of PLGA and the NH2 group of Lf to conjugate Lf onto 
the surface of PLGA@CAY NPs. The negative-staining TEM images 
showed that PLGA@CAY NPs and PLGA@CAY@Lf NPs exhibited 
well-dispersed spherical nanoparticles with an average size of 81.5 ±
7.9 and 99.7 ± 9.4 nm, respectively (Fig. 1A and B). The results of DLS 
measurement indicated that PLGA@CAY NPs and PLGA@CAY@Lf NPs 
had a hydrodynamic size of 117.4 ± 3.8 (PDI: 0.06) and 146.7 ± 4.6 nm 
(PDI: 0.09), respectively (Fig. 1C). The enlarged size confirmed the 
successful grafting of Lf onto the NP’s surface. Furthermore, the results 
of DLS measurements demonstrated that PLGA@CAY NPs and 
PLGA@CAY@Lf NPs carried negative charges, with zeta potentials of 
− 61.1 ± 2.5 and − 49.2 ± 2.9 mV, respectively (Fig. 1C). Notably, we 
also investigated the colloidal stability of PLGA@CAY@Lf NPs in PBS 
(pH 7.4) and DMEM with 10% FBS. We did not observe any precipitation 
and obvious change in size and zeta potential during seven days of 
observation (Fig. 1D).

Next, we performed chemical characterization through various 
complementary methods. The FT-IR spectrum of PLGA@CAY NPs dis-
played a broad band in the region at 3525–3360 cm− 1 (N–H and O–H 
bond stretching vibrations) and characteristic peaks at 1656 cm− 1 (C––O 
amide bond stretching vibrations), 1600 cm− 1 (C––C aromatic ring 
stretching vibration), and 1523 cm− 1 (N–H bond bending vibration) 
(Fig. S2A). These signals correspond to the characteristic peaks of CAY, 
verifying the successful loading of CAY into PLGA NPs. Additionally, the 
signal at 1523 cm− 1 (N–H bond of the amide group) and the shift of the 
C––O amide group stretching vibration from 1658 cm− 1 to 1652 cm− 1 in 
the PLGA@CAY@Lf NPs spectrum proved that Lf was successfully 
coupled to the NPs (Fig. S2B). The results of HPLC analysis revealed that 
the LC% and EE% of CAY were estimated to be 0.69 ± 0.06% and 20.57 
± 1.21%, respectively, at a 1:40 ratio (CAY:PLGA, w:w) (Figs. S1 and 
1E). Despite the relatively low drug loading, this ratio was chosen 
because of CAY’s potency with an extremely low IC50 of 2 pM, making it 
suitable for future studies. Furthermore, we quantified the amount of Lf 
decorated onto the surface using a standard protein assay kit. The results 
showed that 252.5 ± 6.7 μg per mg PLGA@CAY NPs was decorated at an 
Lf precursor concentration of 1.2 mg/mL (Fig. 1F).

Controlled release characteristics are crucial for drug delivery sys-
tems to protect the drug from activity loss, increase pharmacokinetics, 
and minimize side effects. We performed HPLC to investigate the in vitro 
release profiles of CAY from nanoformulations at 37 ◦C and pH 7.4. 
Fig. 1G illustrates the rapid release of CAY within the first 24 h, with 
33.3 ± 2.5% and 25.1 ± 1.4% released from PLGA@CAY NPs and 
PLGA@CAY@Lf NPs, respectively. Subsequently, CAY exhibited slower 
release kinetics, reaching a cumulative release of 64.2 ± 5.6% and 47.1 
± 5.0% after 192 h in PLGA@CAY NPs and PLGA@CAY@Lf NPs, 
respectively. The results demonstrated that our nano-drug delivery 
system exhibited a two-phase release process: rapid release of CAY 
molecules adsorbed on the nanoparticle surface within the first 24 h, 
followed by controlled release. This controlled release of CAY is 
explained by the gradual hydrolysis of ester bonds in PLGA, resulting in 
component monomers (Fig. 1H). Interestingly, the release of CAY from 
PLGA@CAY@Lf NPs was slower than that from PLGA@CAY NPs under 
the same conditions. Several factors contribute to this difference, 
including the Lf layer acting as a gatekeeper, creating a shielding effect, 
and increasing the particle size upon Lf conjugation [56].

3.2. Cellular uptake of PLGA@Cou-6@Lf NPs

We investigated cellular uptake using SH-SY5Y and HBMEC cell lines 
by measuring the fluorescence intensity of Cou-6-loaded NPs. As shown 
in Fig. 2A, SH-SY5Y cells treated with PLGA@Cou-6@Lf NPs exhibited 
stronger fluorescence intensity than those treated with PLGA@Cou-6 
NPs. Moreover, the fluorescence intensity significantly increased with 
when the incubation time was increased from 2.5 h to 5 h. The data 
indicated that Lf-conjugated NPs have higher cellular uptake ability 
than nonLf-conjugated NPs and that the uptake is time-dependent. Next, 
we conducted a quantitative analysis of cellular uptake using flow 
cytometry (FACS). Compared with that of PLGA@Cou-6 NPs, the 
cellular uptake of PLGA@Cou-6@Lf NPs was enhanced by 2.1-fold (p <
0.01) after 2.5 h of treatment and increased to 5.4-fold (p < 0.001) after 
5 h of incubation (Fig. 2B). HBMECs also exhibited similar uptake 
behavior to SH-SY5Y cells (Fig. S3). These findings suggest that Lf 
conjugation enhances cellular uptake. We pretreated cells with free Lf to 
block the Lf receptor on the cell surface and then incubated them with 
PLGA@Cou-6@Lf NPs to explore the cellular uptake mechanism. 
Remarkably, the cellular uptake of PLGA@Cou-6@Lf NPs significantly 
decreased (Fig. 2A and B and S3), indicating that Lf receptor-mediated 
transcytosis is the mode of uptake.

3.3. In vitro BBB permeability of PLGA@Cou-6@Lf NPs

The main challenge in drug delivery to the brain is overcoming the 
BBB. We established an in vitro BBB model using transwell and mono-
layer HBMECs to assess migration through the barrier (Fig. 2C). 
HBMECs express high levels of Lf receptors, which are expected to 
facilitate the transport of NPs through the BBB via receptor-mediated 
transcytosis. We verified the barrier function of the cell monolayer by 
measuring the TEER. The TEER increased from 101.3 ± 7.1 Ω cm− 2 on 
day 2 to 149.7 ± 3.6 Ω cm− 2 on day 6 and remained stable (Fig. 2D). 
This TEER value (≈150 Ω cm− 2) is consistent with that found in previous 
studies and suitable for our in vitro BBB model [57,58]. Next, we 
introduced Cou-6-loaded PLGA NPs to the upper layer (apical chamber) 
and detected their presence in the lower layer (basolateral chamber) 
using fluorescence imaging. After 5 h of incubation, the fluorescence 
intensity of the PLGA@Cou-6 NPs and PLGA@Cou-6@Lf NPs groups 
significantly increased compared with that of the control group 
(Fig. 2E). This finding confirmed that the NPs were internalized by 
HBMECs and successfully transported through the BBB model. Notably, 
the fluorescence intensity of the PLGA@Cou-6@Lf NPs group showed a 
2.7-fold increase (p < 0.001) compared with that of the PLGA@Cou-6 
NPs group, demonstrating that Lf conjugation enhanced the penetra-
tion ability of NPs across the BBB (Fig. 2F). Additionally, the TEER value 
of the BBB model remained unchanged after treatments, indicating that 
the monolayer cells’ tight junctions were preserved (Fig. 2G).

3.4. Neuroprotective effects of PLGA@CAY@Lf NPs on Meth-induced PD 
model using SH-SY5Y cells

We utilized SH-SY5Y cells as neuronal cell mimics and Meth as a 
neurotoxin inducer to establish an in vitro model of PD [59,60]. We first 
investigated the optimal Meth concentration for subsequent experi-
ments. The results of CCK-8 assay revealed that the cell viability was 
82.3%, 60.9%, and 34.1% at concentrations of 2, 4, and 6 mM, 
respectively (Fig. 3A). We selected a Meth concentration of 4 mM, which 
induced significant cytotoxicity, reducing cell viability by 39% without 
causing excessive damage to the cells. Next, we evaluated the cytotox-
icity of free CAY and nanoformulations. The data showed that free CAY 
and nanoformulations did not significantly decrease the cell viability 
within the 0.25–2 μM concentration range (Fig. 3B and Fig. S4). 
Furthermore, live/dead staining indicated that treatment with 
PLGA@CAY@Lf NPs did not affect the relative viability or morphology 
of SH-SY5Y and HBMEC cells (Fig. S5). These results confirmed that 
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Fig. 2. Cellular uptake and BBB transportation of PLGA@Cou-6@Lf NPs. (A) CLSM images and (B) flow cytometry analysis for the uptake of PLGA@Cou-6@Lf NPs 
by SH-SY5Y cells at different incubation times (2.5 and 5 h). (C) An in vitro BBB model was established using HBMECs. (D) TEER value recorded over seven days of 
cell growth. (E, F) PLGA@Cou-6@Lf NPs crossed the in vitro BBB model after 5 h of incubation. (G) TEER values of the HBMEC monolayer before and after transport. 
**p < 0.01, ***p < 0.001 vs. the PLGA@Cou-6 NPs group and ##p < 0.01, ###p < 0.001 vs. the PLGA@Cou-6@Lf NPs group. n.s., not significant. Data are presented 
as mean ± SD (n = 3).
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Fig. 3. In vitro neuroprotective effect of PLGA@CAY@Lf NPs on SH-SY5Y cells exposed to Meth. (A) Neurotoxicity assessment at various concentrations of Meth. (B) 
Cytotoxicity evaluation of CAY nanoformulations. Cell viability after pretreatment with CAY nanoformulations for 5 h, followed by 24-h Meth exposure using (C) 
CCK-8 test and (D) live/dead staining. (E, F) JC-1 test to determine MMP in cells pretreated with CAY nanoformulations for 5 h followed by 24-h Meth exposure. (G) 
JC-1 fluorescence intensity ratios. (H, I) Detection of ROS production in cells after pretreatment with CAY nanoformulations for 5 h and subsequent Meth exposure for 
24 h using DCFH-DA assay. (J) DCF fluorescence intensity. ***p < 0.001, ****p < 0.0001 vs. the control group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the Meth 
group; and $p < 0.05 vs. the PLGA@CAY NPs group. Data are presented as mean ± SD (n = 4).
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PLGA@CAY@Lf NPs exhibit excellent biocompatibility with both 
SH-SY5Y and HBMEC cells, making them suitable for in vitro and in vivo 
applications. To assess the neuroprotective roles, we pre-incubated free 
CAY and nanoformulations with SH-SY5Y cells for 5 h and then exposed 
them to Meth for 24 h. The results of CCK-8 assay revealed that treat-
ment with free CAY, PLGA@CAY NPs, and PLGA@CAY@Lf NPs (at 1 μM 
CAY concentration) increased cell viability (68.1%, 75.3%, and 86.3%, 
respectively) (Fig. 3C). Compared with the Meth-only group, the pre-
treated groups exhibited enhanced cell viability by 7% (p < 0.05), 14% 
(p < 0.05), and 25% (p < 0.01) for free CAY, PLGA@CAY NPs, and 
PLGA@CAY@Lf NPs, respectively. Additionally, we performed live/-
dead staining to further confirm the neuroprotective effect. Fig. 3D il-
lustrates that treatment with free CAY and nanoformulations enhanced 
the cell viability, which is consistent with the previous CCK-8 test. 
Collectively, our data demonstrated that CAY protected SH-SY5Y cells 
from Meth-induced PD in vitro, with the most pronounced protective 
effect observed with PLGA@CAY@Lf NPs treatment.

3.5. PLGA@CAY@Lf NPs reverse mitochondrial dysfunction and 
eliminate ROS in vitro

We evaluated mitochondrial membrane polarization and intracel-
lular ROS levels to understand how CAY and the nanoformulations 
protect SH-SY5Y cells from Meth-induced damage. First, we stained the 
cells with JC-1 dye, which emits red fluorescence from aggregates 
formed in healthy (hyperpolarized) mitochondria and green fluores-
cence from monomers formed in unhealthy (depolarized) mitochondria 
(Fig. 3E). The red-to-green fluorescence intensity (R/G) ratio indicates 
MMP changes. Compared with the control group, which mainly 
exhibited red fluorescence (R/G ratio = 5.9), Meth-exposed cells showed 
predominantly green fluorescence (R/G ratio = 3.2) (Fig. 3F and G). The 
R/G ratio of cells pretreated with free CAY and nanoformulations 
gradually increased. Notably, preincubation with PLGA@CAY@Lf NPs 
significantly increased the R/G ratio to 5.7, representing a 1.8-fold (p <
0.001), 1.4-fold (p < 0.01), and 1.2-fold (p < 0.05) increase compared 
with the Meth-only, free CAY, and PLGA@CAY NPs groups, respectively. 
Clearly, PLGA@CAY@Lf NPs nearly restored the MMP in SH-SY5Y cells 
to its normal state.

Next, we assessed intracellular ROS levels using DCFH-DA, which 
emits green fluorescence in the presence of ROS (Fig. 3H). As expected, 
Meth-treated cells exhibited strong fluorescence intensity, indicating a 
significant increase in ROS levels. By contrast, pretreatment with CAY 
and nanoformulations resulted in decreased ROS levels (Fig. 3I). The 
results of quantitative measurements using the FACS technique revealed 
that Meth increased ROS by 9.1-fold (p < 0.0001 vs. the control group). 
Pretreatment with free CAY, PLGA@CAY NPs, and PLGA@CAY@Lf NPs 
followed by Meth exposure reduced ROS by 1.2-fold (p < 0.05), 1.7-fold 
(p < 0.01), and 3.0-fold (p < 0.001), respectively, compared with the 
Meth-only group (Fig. 3J). Thus, PLGA@CAY@Lf NPs exhibited the 
most potent ROS scavenging effect. These findings indicated that 
PLGA@CAY@Lf NPs reversed mitochondrial dysfunction and elimi-
nated ROS, supporting their neuroprotective effect against Meth- 
induced cytotoxicity in vitro.

3.6. PLGA@CAY@Lf NPs reverse Meth-induced α-tubulin deacetylation 
in vitro

The stability of microtubules, which comprises α-tubulin, is crucial 
for axonal transport and is enhanced by α-tubulin acetylation [36,41]. 
Meth induces α-tubulin deacetylation in cells, thereby reducing the 
stability of microtubules [61,62]. Inhibition of HDAC6 results in 
increased α-tubulin acetylation, as α-tubulin serves as a specific sub-
strate for HDAC6, unlike other HDACs [29,36,63,64]. Therefore, selec-
tive HDAC6 inhibition can be identified by observing the 
hyperacetylation of α-tubulin, which is detectable using the biomarker 
acetylated α-tubulin. CAY is a potent and highly selective inhibitor of 

HDAC6, with minimal activity on other HDACs [49,65]. To test the 
hypothesis that CAY can increase α-tubulin acetylation, we pretreated 
SH-SY5Y cells with free CAY and its nanoformulations, followed by Meth 
exposure. As expected, the neurons in the Meth-only group exhibited a 
significant decrease in acetylated α-tubulin levels (4.5-fold, p < 0.001 
vs. the control group) (Fig. 4A and C). By contrast, pretreatment with 
free CAY, PLGA@CAY NPs, and PLGA@CAY@Lf NPs increased acety-
lated α-tubulin levels by 3.6-fold (p < 0.01), 7.5-fold (p < 0.001), and 
11.9-fold (p < 0.0001), respectively, compared with the Meth-only 
group. Clearly, CAY reversed the Meth-induced deacetylation of 
α-tubulin, with the PLGA@CAY@Lf NPs group showing the most pro-
nounced reversal effect. These findings further support CAY’s selective 
targeting of HDAC6.

3.7. PLGA@CAY@Lf NPs inhibit α-syn accumulation caused by Meth in 
vitro

The excessive accumulation of insoluble α-syn, which is toxic to 
dopaminergic neurons, is considered an important event in the patho-
genesis of PD [19,20]. Previous studies have demonstrated that Meth 
exposure leads to increased α-syn accumulation [66,67]. In Fig. 4B and 
D, Meth-exposed cells exhibited a large amount of α-syn, with a 4.4-fold 
higher level (p < 0.001) than the control group. We pretreated cells with 
CAY and its nanoformulations before Meth exposure to investigate their 
effect on reducing α-syn accumulation. The inhibitory effect on α-syn 
accumulation was clearly observed across the pretreated groups (Fig. 4B 
and D). Treatment with PLGA@CAY NPs and PLGA@CAY@Lf NPs 
resulted in inhibition levels of 1.9-fold (p < 0.01) and 3.3-fold (p <
0.001), respectively, compared with the Meth-only group. Notably, the 
Lf-conjugated NPs exhibited more effective inhibition of α-syn accu-
mulation (1.7-fold, p < 0.05 vs. nonLf-conjugated NPs), bringing α-syn 
levels closer to those in the control group.

3.8. Brain targeting and biodistribution of PLGA@Cy5.5@Lf NPs

After demonstrating the nanoformulation’s ability to cross the BBB at 
the cellular level, we assessed it’s in vivo BBB crossing capabilities. We 
intravenously administered Cy5.5-labeled nanoformulations to the PD 
mouse model (Fig. 5A). Fig. 5B shows that the distribution of Cy5.5 was 
similar across all four groups within the first hour post-injection. How-
ever, there was an increased accumulation of nanoformulations starting 
at 6 h post-injection. By 24 h post-injection, ex vivo imaging showed a 
significant presence of Cy5.5 in the brain for the PLGA@Cy5.5 NPs and 
PLGA@Cy5.5@Lf NPs groups, despite most of Cy5.5 being in the liver 
and kidneys. Notably, the PLGA@Cy5.5@Lf NPs group exhibited 
significantly higher brain accumulation than the PLGA@Cy5.5 NPs 
group (1.5-fold, p < 0.05) (Fig. 5C and D). These findings confirmed that 
Lf-conjugated nanoparticles effectively enhanced BBB penetration in 
vivo, improving drug delivery to the brain.

3.9. Amelioration of behavioral impairment caused by Meth

We used Meth as a neurotoxin to establish an in vivo PD model [68,
69]. An optimal Meth dose of 8 mg/kg, which was determined from 
preliminary studies, was used for subsequent investigations (Fig. S6). 
This optimal dose is also consistent with previous studies [70–74]. We 
performed behavioral assessments and pathological analyses to evaluate 
the efficacy of PLGA@CAY@Lf NPs in treating Meth-induced PD. The 
experimental procedure is outlined in Fig. 6A.

As shown in Fig. 6B, the results of the challenging beam test showed 
that Meth injection significantly impaired locomotor ability and coor-
dination as the mice that received Meth took a longer time to reach the 
home cage than control mice (p < 0.001 vs. control). However, free CAY 
(p < 0.01 vs. Meth) and PLGA@CAY NPs (p < 0.01 vs. Meth) signifi-
cantly ameliorated the Meth-induced locomotor deficit. In particular, 
PLGA@CAY@Lf NPs were even more effective in improving motor 
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Fig. 4. Effect of PLGA@CAY@Lf NPs on reversing α-tubulin deacetylation and inhibiting abnormal α-syn accumulation in a Meth-induced PD model in vitro. (A) 
PLGA@CAY@Lf NPs reversed Meth-induced α-tubulin deacetylation. (B) PLGA@CAY@Lf NPs inhibited α-syn accumulation caused by Meth. Fluorescence intensity 
quantifications of (C) acetyl α-tubulin and (D) α-syn. ***p < 0.001 vs. the control group; ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs. the Meth group; and $p <
0.05 vs. the PLGA@CAY NPs group. Data are presented as mean ± SD (n = 3).
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functions than free CAY (p < 0.01 vs. free CAY + Meth) and PLGA@CAY 
NPs (p < 0.01 vs. PLGA@CAY NPs + Meth).

The results of the cylinder test showed that mice injected with Meth 
displayed reduced movement and a lower number of rearings compared 
with the control group (p < 0.001). Free CAY and PLGA@CAY NPs did 
not significantly improve the behavior of mice. By contrast, PLGA@-
CAY@Lf NPs could significantly attenuate the motor dysfunction caused 
by Meth (p < 0.05 vs. Meth) (Fig. 6C). These results suggest that the 
enhanced neuroprotective effects of PLGA@CAY@Lf NPs contributed to 
the remarkable amelioration of behavioral impairments.

3.10. Attenuation of DA and DOPAC depletion induced by Meth

We analyzed the striatal concentrations of DA and DOPAC using the 
HPLC system to verify dopaminergic neurodegeneration. The striatal DA 
levels from the control, Meth, free CAY + Meth, PLGA@CAY NPs +
Meth, and PLGA@CAY@Lf NPs + Meth groups were 10,135 ± 882, 591 
± 103, 2653 ± 175, 4366 ± 225, and 8194 ± 840 ng/g wet tissue, 
respectively (Fig. 6D). Meth injection significantly depleted DA levels by 
up to 94% (p < 0.0001 vs. control). However, the injection of free CAY 
or PLGA@CAY NPs attenuated the decrease of DA levels (p < 0.01 vs. 
Meth). Importantly, treatment with PLGA@CAY@Lf NPs ameliorated 
DA loss more effectively than treatment with free CAY (p < 0.001 vs. 

free CAY + Meth) and PLGA@CAY NPs (p < 0.01 vs. PLGA@CAY NPs +
Meth).

The experimental results also revealed that the striatal levels of 
DOPAC from the control, Meth, free CAY + Meth, PLGA@CAY NPs +
Meth, and PLGA@CAY@Lf NPs + Meth groups were 4783 ± 546, 694 ±
81, 1675 ± 78, 2983 ± 184, and 4106 ± 306 ng/g wet tissue, respec-
tively (Fig. 6E). Meth challenge reduced striatal DOPAC levels by up to 
85% (p < 0.0001 vs. control). However, free CAY or PLGA@CAY NPs 
significantly suppressed the reduction of striatal DOPAC levels (p < 0.05 
vs. Meth group). Notably, treatment with PLGA@CAY@Lf NPs signifi-
cantly blocked the depletion of striatal DOPAC levels compared to 
treatment with free CAY (p < 0.01 vs. free CAY +Meth) and PLGA@CAY 
NPs (p < 0.05 vs. PLGA@CAY NPs + Meth). Therefore, these results 
indicate that PLGA@CAY@Lf NPs could effectively enhance the neu-
roprotective properties of CAY.

3.11. Dopaminergic neuroprotection by PLGA@CAY@Lf NPs in mice 
with Meth-induced PD

We conducted immunohistochemical staining for TH on brain sec-
tions containing the striatum and substantia nigra to determine the 
neurotoxicity of Meth and the neuroprotective effects of PLGA@-
CAY@Lf NPs. As shown in Fig. 6F and G, Meth injection caused a 

Fig. 5. Brain targeting and biodistribution of PLGA@Cy5.5@Lf NPs. (A) Administration of nanoformulations via intravenous tail vein injections to mice with PD for 
biodistribution studies. (B) Whole-body biodistribution of NPs. (C) Ex vivo imaging of NPs accumulation in the brain and other major organs. (D) Quantification of 
NPs accumulation. *p < 0.05 vs. the PLGA@Cy5.5 NPs group. Data are presented as mean ± SD (n = 4).
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Fig. 6. The dopaminergic neuroprotective effects of the CAY formulation against the Meth-induced PD. (A) Experimental approach for treating Meth-induced PD. 
Behavioral analyses for the (B) challenging beam test and (C) cylinder test. Neurochemical analyses for (D) DA and (E) DOPAC levels. Immunostaining of TH+ fibers 
in (F) dopaminergic neurons and (H) striatum. Scale bar: 150 μm (40 × ), 50 μm (100 × ), and 12.5 μm (200 × ). Quantitative assessment of TH+ staining in (G) 
dopaminergic neurons and (I) striatum. ***p < 0.001, ****p < 0.0001 vs. the control group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the Meth group; $p < 0.05, $$p 
< 0.01, $$$p < 0.001 vs. the free CAY + Meth group; and &p < 0.05, &&p < 0.01 vs. the PLGA@CAY NPs + Meth group. Data are presented as mean ± SD (n = 6).
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dramatic loss of dopaminergic neurons in the substantia nigra (p <
0.0001 vs. control group). Free CAY decreased the death of dopami-
nergic neurons induced by Meth (p < 0.05 vs. Meth group). PLGA@CAY 
NPs also reduced the loss of nigral dopaminergic neurons caused by 
Meth. Moreover, PLGA@CAY@Lf NPs effectively suppressed the death 
of dopaminergic neurons. Importantly, the effect of PLGA@CAY@Lf NPs 
was greater than that of free CAY (p < 0.01 vs. free CAY + Meth) or 
PLGA@CAY NPs (p < 0.05 vs. PLGA@CAY NPs + Meth).

A similar neuroprotection was observed in the dopaminergic fibers of 
the striatum (Fig. 6H and I). The relative densities of dopaminergic fi-
bers in the striatum were 61.3 ± 2.5, 19.4 ± 3.2, 34.2 ± 2.5, 44.9 ± 3.7, 
and 52.5 ± 3.0 in the control, Meth, free CAY + Meth, PLGA@CAY NPs 
+ Meth, and PLGA@CAY@Lf NPs + Meth groups, respectively. Meth 
significantly reduced the density of dopaminergic fibers (p < 0.0001 vs. 
control group). Free CAY attenuated the degeneration of striatal dopa-
minergic fibers induced by Meth (p < 0.05 vs. Meth group). PLGA@CAY 
NPs also suppressed the depletion of dopaminergic fibers and showed a 
greater effect than free CAY (p < 0.05 vs. free CAY + Meth). PLGA@-
CAY@Lf NPs effectively blocked the deletion of TH+ fibers, which was 
more effective than free CAY (p < 0.01 vs. free CAY + Meth) and 
PLGA@CAY NPs (p < 0.05 vs. PLGA@CAY NPs + Meth).

3.12. PLGA@CAY@Lf NPs reverse α-tubulin deacetylation and inhibit 
α-syn accumulation induced by Meth in vivo

The in vitro test results confirmed that PLGA@CAY@Lf NPs effec-
tively reversed deacetylation and inhibited α-syn accumulation induced 
by Meth. We analyzed acetyl-α-tubulin and α-syn expression in the 
substantia nigra region of mice with PD using immunofluorescence 
assay and Western blot analyses to validate these findings in vivo.

Meth significantly reduced acetyl-α-tubulin expression in mice with 
PD. However, treatment with CAY and its nanoformulations restored 
acetyl-α-tubulin levels, with PLGA@CAY@Lf NPs exhibiting the greatest 
effect, followed by PLGA@CAY NPs and free CAY (Fig. 7A). Western blot 
analysis data demonstrated a similar trend, with acetyl-α-tubulin being 
reduced by 2.1-fold in mice with PD (p < 0.05 vs. control), which was 
reversed by free CAY (2.8-fold, p < 0.05 vs. the Meth group), PLGA@-
CAY NPs (3.7-fold, p < 0.01 vs. the Meth group), and PLGA@CAY@Lf 
NPs (4.2-fold, p < 0.001 vs. the Meth group) (Fig. 7C and D). Moreover, 
PLGA@CAY@Lf NPs showed a significantly greater effect in increasing 
acetyl-α-tubulin than PLGA@CAY NPs (1.3-fold, p < 0.05). These in vivo 
trends mirrored the in vitro results.

We also investigated the inhibitory effect of PLGA@CAY@Lf NPs on 
α-syn accumulation. Considerable α-syn accumulation was observed in 
the PD mouse model, which was reduced by treatment with CAY and its 
nanoformulations (Fig. 7B). The results of Western blot analysis 
demonstrated that free CAY and PLGA@CAY NPs decreased α-syn by 
2.0-fold (p < 0.01 vs. the Meth group) and 4.3-fold (p < 0.001 vs. the 
Meth group), respectively (Fig. 7C and E). Remarkably, the PLGA@-
CAY@Lf NPs group exhibited a profound α-syn reduction effect, 
decreasing α-syn by 17.9-fold (p < 0.0001 vs. the Meth group) and 4.1- 
fold (p < 0.01 vs. the PLGA@CAY NPs group). These findings were 
consistent with the in vitro test results.

3.13. Antineuroinflammatory effects of PLGA@CAY@Lf NPs in mice 
with Meth-induced PD

We performed immunostaining for GFAP of astrocytes and Iba-1 of 
microglia using brain sections containing the substantia nigra and 
striatum to measure the extent of neuroinflammation. Meth injection 
remarkably activated astrocytes in the substantia nigra (p < 0.0001 vs. 
control) and striatum (p < 0.0001 vs. control) as the processes became 
thicker and the cell bodies became enlarged (Fig. 8A and B). In parallel 
with the observation, Meth significantly increased the astrocyte area in 
the striatum and substantia nigra. By contrast, free CAY (p < 0.01 vs. 
Meth, substantia nigra and striatum) and PLGA@CAY NPs (p < 0.01 vs. 

Meth, substantia nigra and striatum) mitigated the astroglial activation 
induced by Meth challenge. Furthermore, PLGA@CAY@Lf NPs strongly 
suppressed astroglial activation in the substantia nigra (p < 0.001) and 
striatum (p < 0.001). However, PLGA@CAY@Lf NPs showed a greater 
suppressive effect on astroglial activation than free CAY (p < 0.01 vs. 
free CAY + Meth) and PLGA@CAY NPs (p < 0.05 vs. PLGA@CAY +
Meth) (Fig. 8C and D).

Similarly, clear activation of microglia was observed in the sub-
stantia nigra and striatum after Meth injection. The immunostaining 
results for Iba-1 showed that the cell sizes were increased and that the 
processes were thickened by drug injection (Fig. 8E and F). Consistent 
with the findings, the area of Iba-1 immunoreactivity was also increased 
in the substantia nigra and striatum. Microglial activation was signifi-
cantly attenuated in the substantia nigra and striatum when free CAY (p 
< 0.01 vs. Meth, substantia nigra and striatum) or PLGA@CAY NPs (p <
0.01 vs. Meth, substantia nigra and striatum) was applied before Meth 
injection. Furthermore, PLGA@CAY@Lf NPs strongly diminished 
microglial activation in the substantia nigra (p < 0.001) and striatum (p 
< 0.001). The attenuating effect of PLGA@CAY@Lf NPs on microglial 
activation was more evident than that of free CAY (p < 0.01 vs. free CAY 
+ Meth) and PLGA@CAY NPs (p < 0.05 vs. PLGA@CAY NPs + Meth) 
(Fig. 8G and H).

The biosafety of PLGA@CAY@Lf NPs was evaluated through multi-
ple assessments. The interaction between NPs and red blood cells was 
tested using a hemolysis assay, which demonstrated that PLGA@-
CAY@Lf NPs caused minimal hemolysis (<5%) even at concentrations 
up to 1000 μg/mL, indicating strong hemocompatibility (Fig. S7). 
Additionally, the primary organs of mice (heart, kidney, liver, lung, and 
spleen) were examined for any histopathological changes following NPs 
administration, using hematoxylin and eosin (H&E) staining. As shown 
in Fig. S8, no significant lesions or abnormalities were observed in the 
treatment group compared to the control group. Furthermore, no 
reduction in body weight was observed across any treatment groups 
(Fig. S9). Collectively, these findings confirm that PLGA@CAY@Lf NPs 
demonstrate excellent biocompatibility and biosafety with minimal 
tissue side effects.

4. Discussion

Unlike conventional approaches for treating PD, this study proposes 
an innovative HDAC6-inhibitor-based strategy. Current PD treatments 
can be categorized into symptomatic and disease-modifying therapy [9]. 
The mainstay approach involves PD treatment with L-DOPA and DA 
agonists [6,7,9–11]. However, this strategy only offers temporary 
symptom relief and does not halt disease progression; moreover, it often 
leads to side effects associated with long-term use [4,6,7,12–15]. With 
the advancements in nanotechnology, researchers have explored 
disease-modifying treatment strategies for PD, including antioxidant 
therapy, immunotherapy, and gene therapy [1,75]. For example, Li et al. 
developed novel biomimetic Cu2− xSe-PVP-Qe NPs that exhibit multi-
enzyme activities and effectively eliminate ROS to treat PD [14]. Qu’s 
group reported that Se-loaded human serum albumin NPs have low 
toxicity and good BBB penetration, aiming to reduce ROS and inhibit 
mitochondrial dysfunction for PD treatment [7]. Schroeder et al. 
demonstrated that SynO4, which is a monoclonal antibody loaded into 
brain-targeted nanoliposomes, efficiently binds to and inhibits α-syn 
accumulation [57]. However, current PD treatments cannot satisfy the 
requirements of an effective treatment strategy because they only target 
specific issues, such as oxidative stress, mitochondrial dysfunction, or 
α-syn accumulation. Unlike existing approaches, the present study in-
troduces a multifaceted strategy using an HDAC6 inhibitor. This “all-i-
n-one” strategy is achieved by targeting mitochondrial dysfunction, 
excess ROS, and α-syn accumulation concurrently. This approach not 
only alleviates PD symptoms but also modifies the disease to treat it 
fundamentally.

Our design aims to facilitate drug transport across the BBB. 
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Fig. 7. Reversal of α-tubulin deacetylation and inhibition of α-syn accumulation in mice with Meth-induced PD. CLSM images showing (A) the reversal of Meth- 
induced deacetylation of α-tubulin and (B) the inhibition of abnormal α-syn accumulation. (C) Representative Western blot images showing acetyl-α-tubulin and 
α-syn levels. Quantitative analyses of (D) acetyl-α-tubulin and (E) α-syn from Western blot analysis. G1, control group; G2, Meth; G3, Free CAY + Meth; G4, 
PLGA@CAY NPs + Meth; and G5, PLGA@CAY@Lf NPs + Meth. *p < 0.05, **p < 0.01 vs. the control group; ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs. the Meth 
group; $$p < 0.01, $$$p < 0.001 vs. the free CAY + Meth group; and &p < 0.05, &&p < 0.01 vs. the PLGA@CAY NPs + Meth group. Data are presented as mean ± SD 
(n = 6).
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Therefore, particle size and surface modification are essential factors. 
Upon conjugation with Lf, the size of PLGA@CAY@Lf NPs increased 
while remaining below 200 nm, which facilitated efficient endocytosis 
[50]. Compared with PLGA@CAY NPs, PLGA@CAY@Lf NPs has slightly 
higher surface charge because of the amidation of a part of the COOH 
group (negative charge) on PLGA with the NH2 group (positive charge) 
of Lf. Importantly, as shown in Fig. 1C, the surface charge of PLGA@-
CAY@Lf NPs remained highly negative (− 49.2 mV), which significantly 
contributed to colloidal stability. This high stability of PLGA@CAY@Lf 
NPs enabled future in vivo drug delivery applications.

Delivering drugs to the brain is difficult because of the BBB, which 

features tight junctions that block over 98% of small molecules from 
entering brain tissue [50,76]. Researchers have developed methods to 
cross the BBB, including temporary opening techniques such as ultra-
sound- and magnetic-based disruption [14,23,76,77]. However, these 
approaches often lack tissue selectivity and may cause damage. 
Receptor-mediated transcytosis (RMT) is a preferable strategy, which 
utilizes the interaction between ligands on nanoparticle surfaces and 
corresponding receptors on cell surfaces. RMT is noted for its high 
selectivity and safety, making it a widely adopted and promising strat-
egy [50,76]. Notably, Lf receptors are highly expressed on brain endo-
thelial cells and neurons [53,54]. On this basis, we designed and 

Fig. 8. Antineuroinflammatory effects of PLGA@CAY@Lf NPs. Assessment of astrocyte activation in the (A) substantia nigra and (B) striatum. Quantitative 
assessment of astrocyte activation in (C) substantia nigra dopaminergic neurons and (D) in the striatum. Examination of microglial activation in the (E) substantia 
nigra and (F) striatum. Scale bar: 150 μm (40 × ), 50 μm (100 × ), and 12.5 μm (400 × ). Quantitative assessment of microglial activation in (G) substantia nigra 
dopaminergic neurons and (H) in the striatum. ****p < 0.0001 vs. the control group; ##p < 0.01, ###p < 0.001 vs. the Meth group; $$p < 0.01 vs. the free CAY +
Meth group; and &p < 0.05 vs. the PLGA@CAY NPs + Meth group. Data are presented as mean ± SD (n = 6).
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synthesized a PLGA-based drug delivery system and conjugated Lf to its 
surface to improve CAY transport into the brain. Cellular uptake studies 
showed that Lf-conjugated PLGA NPs significantly enhanced uptake in 
HBMEC and SH-SY5Y cell lines, following the Lf RMT pathway (Fig. 2A 
and B and S3).

The HBMEC cell line is widely used to establish an in vitro BBB model 
[78,79]. These cells exhibit distinctive features, including intercellular 
tight junctions and high electrical resistance, closely mimicking in vivo 
conditions [80]. In our model, the incubation of HBMECs for six days 
resulted in a tight cell monolayer with a TEER value of ≈150 Ω cm− 2 

(Fig. 2D). TEER is a critical parameter for evaluating the BBB model’s 
quality. The higher the TEER, the better it mimics real physiological 
conditions. The obtained TEER value was consistent with that of recent 
reports [57,58]. Importantly, the integrity of the cell monolayer was 
confirmed as TEER remained stable after treatment (Fig. 2G). Overall, 
our model is suitable for BBB in vitro studies.

NPs were internalized by HBMECs and were effectively transported 
through the in vitro BBB model, as confirmed by fluorescence imaging. 
Specifically, Lf-conjugated PLGA NPs increased the penetration ability 
of NPs across the BBB by 2.7-fold compared with nonLf-conjugated 
PLGA NPs (Fig. 2E and F). Furthermore, recognizing the complexity of 
the BBB, we conducted an in vivo biodistribution study to further vali-
date the nanosystem’s ability to cross the BBB. Remarkably, Lf- 
conjugated PLGA NPs demonstrated a 1.5-fold higher brain accumula-
tion than nonLf-conjugated PLGA NPs (Fig. 5C and D). The high 
expression of Lf receptors in the BBB supports this observation. In 
summary, these findings demonstrated that Lf-conjugated NPs signifi-
cantly improved in vitro and in vivo BBB penetration, leading to 
enhanced drug delivery to the brain.

After successfully crossing the BBB, the first major challenge in 
delivering drugs to the brain, nanoformulations face their second chal-
lenge: how to overcome the cell membrane barrier and enter neuronal 
cells to express their function. Lf RMT was achieved by leveraging the 
interaction between Lf receptors, which are abundantly expressed on 
neurons, and Lf-coated nanoparticle surfaces. This active targeting 
strategy not only precisely delivers therapeutic agents to neurons, 
thereby enhancing drug accumulation at the neuron’s site to improve 
treatment efficacy, but also minimizes side effects on other cells. CAY is 
released gradually and consistently within neurons, ensuring the effec-
tive regulation of drug concentrations. This controlled release mecha-
nism leads to a uniform and prolonged therapeutic effect.

We used Meth as a neurotoxin to establish the in vitro and in vivo 
models of PD. Meth shares structural similarities with DA, facilitating its 
entry into dopaminergic neurons via the DA transporter [59]. Once in-
side, Meth displaces DA from its vesicles, causing it to release into the 
synaptic cleft and resulting in increased DA levels intracellularly and in 
the synaptic space. However, these free DA can auto-oxidize, thereby 
generating ROS and causing mitochondrial dysfunction, both of which 
lead to neurotoxic effects [81]. Moreover, Meth exposure promotes 
α-syn accumulation, further contributing to neurotoxicity [82–84].

The neuroprotective effect of PLGA@CAY@Lf NPs was evaluated in 
the in vitro and in vivo models of Meth-induced PD. Mitochondrial 
dysfunction plays a crucial role in the death of dopaminergic neurons 
associated with PD [85,86]. Reduced ROS clearance leads to oxidative 
stress, which is a hallmark of mitochondrial dysfunction. Consequently, 
addressing ROS clearance and restoring mitochondrial function are 
essential for neuroprotection. Our results showed that PLGA@CAY@Lf 
NPs not only reversed mitochondrial dysfunction by restoring MMP to 
near-normal levels (Fig. 3F and G) but also significantly reduced ROS 
levels (Fig. 3I and J). These findings are consistent with those of pre-
vious studies that have explored strategies using resveratrol, curcumin, 
or CeO2 nanozyme as ROS scavengers and employing HDAC6 inhibitors 
to modify NDUFV1 acetylation and enhance mitochondrial function [23,
45,87,88].

In PD, the loss of dopaminergic neurons in the substantia nigra leads 
to reduced DA levels in the striatum, consequently impairing the brain’s 

ability to control movement [5,20]. Therefore, restoring dopaminergic 
neurons and adjusting DA to normal levels can improve the efficacy of 
PD treatment. Notably, PLGA@CAY@Lf NPs treatment in mice with PD 
ameliorated the loss of DA and DOPAC (Fig. 6D and E) and restored TH 
levels to near-normal levels (Fig. 6F–I). These results significantly 
contributed to the amelioration of behavioral impairments (Fig. 6B and 
C). Our findings are consistent with those of previously published 
research [45]. However, our design is superior because of the use of an 
active targeting strategy, which enhances its ability to cross the BBB, 
thereby facilitating more effective uptake by neurons.

Activated glial cells, including astrocytes and microglia, play a 
crucial role in triggering neuroinflammation in PD [15,89]. ROS and 
α-syn accumulation contributes to glial cell activation [1,89]. These 
activated glial cells release proinflammatory cytokines, including IL-1β 
and TNF-α, which are neurotoxic [87]. Treatment with PLGA@CAY@Lf 
NPs significantly suppressed the levels of activated glial cells in the 
substantia nigra and striatum, reducing them to levels comparable to 
those observed in normal mice (Fig. 8). This finding suggests that 
PLGA@CAY@Lf NPs mitigate neuroinflammation in the brain. 
Furthermore, the antineuroinflammatory properties of PLGA@CAY@Lf 
NPs contributed not only to neuroprotection but also to the amelioration 
of behavioral impairments. These results are similar to those obtained in 
recent studies, further confirming the importance of antineuroin-
flammation in neuroprotection and improving behavioral impairments 
[13–16,23–25].

Overall, these findings demonstrate that PLGA@CAY@Lf NPs sub-
stantially enhanced the neuroprotective effect and alleviated behavioral 
defects in the cellular and animal models of PD. However, the mecha-
nism by which CAY, an HDAC6 inhibitor, provides neuroprotection 
against Meth-induced PD remains to be elucidated.

The link between CAY and its neuroprotective effect can be 
explained as follows. First, abnormally aggregated α-syn interacts with 
mitochondria, leading to membrane potential polarization, impaired 
mitochondrial function, increased ROS, and subsequent neuronal dam-
age [16,21]. Typically, UPS and lysosomal autophagy efficiently remove 
α-syn. However, the effectiveness of these systems in clearing α-syn is 
hindered by impaired mitochondrial function and elevated ROS [3,22]. 
The intricate interplay between mitochondrial dysfunction, ROS, and 
α-syn accumulation establishes a vicious cycle, which escalates α-syn 
accumulation, thereby contributing to the severity of PD [22–24]. Dis-
rupting this cycle becomes crucial for reducing α-syn accumulation and 
enhancing the effectiveness of PD treatment. Second, in neurons, mito-
chondria are transported along microtubules, which, when acetylated, 
facilitate smoother mitochondrial movement [35,37,38]. Treatment 
with PLGA@CAY@Lf NPs reversed Meth-induced α-tubulin deacetyla-
tion, thereby increasing the levels of acetylated α-tubulin (Fig. 4A and C 
and 7A and D). This enhanced acetylation at Lys40 stabilizes the mi-
crotubules, enabling more efficient axial transport of mitochondria and 
preventing dysfunctional mitochondria and excessive ROS production. 
This effect was also confirmed using Tubastatin A (TubA), a widely used 
HDAC6 inhibitor. In previous studies, TubA treatment elevated 
α-tubulin acetylation, enhancing mitochondrial transport along the 
microtubules [36,39]. Third, UPS and lysosomal autophagy become 
more effective at eliminating α-syn once mitochondrial function is 
restored and ROS levels are reduced. Fig. 4B and D and 7B and E show a 
significant α-syn clearance following treatment with PLGA@CAY@Lf 
NPs. α-Syn accumulation is a central pathological hallmark of PD [12,
22,90]. Abnormal α-syn accumulation leads to mitochondrial dysfunc-
tion, increased ROS, and the loss of dopaminergic neurons. Thus, 
eliminating α-syn results in a neuroprotective effect. Notably, PLGA@-
CAY@Lf NPs effectively reduced α-syn levels, thereby contributing to 
their neuroprotective effects. In summary, CAY released from PLGA@-
CAY@Lf NPs enhanced α-tubulin acetylation, which promoted efficient 
mitochondrial transport, reduced ROS, and ensured the effective 
removal of α-syn by UPS and lysosomal autophagy. However, further 
studies are needed to confirm this mechanism because of the complexity 
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of the interactions involved.
Given its crucial role in PD pathogenesis, α-syn has attracted signif-

icant research attention as a therapeutic target. Recently, Schroeder’s 
group introduced an innovative antibody-based strategy to efficiently 
treat PD [57]. In their work, they loaded SynO4, a monoclonal antibody, 
into transferrin-conjugated nanoliposomes for enhanced brain targeting. 
SynO4 inhibits α-syn accumulation by binding to epitopes in the non-
amyloid-β component and C-terminal regions of α-syn. In a similar 
study, Otzen et al. loaded baicalein into zwitterionic nanoliposomes for 
PD treatment [91]. Baicalein prevents fibrillation and detoxifies α-syn 
accumulation. Additionally, α-syn clearance via autophagy enhance-
ment has been reported in a previous study [16]. In their design, TRPV1 
antibodies conjugated to NPs activated TRPV1 channels in microglia, 
thereby significantly boosting microglial autophagy to enhance α-syn 
clearance for PD treatment. The above examples focus on directly tar-
geting α-syn removal through drug binding directly to α-syn or auto-
phagy. By contrast, our study uses an indirect approach as CAY does not 
bind directly to α-syn. Instead, CAY enhanced α-tubulin acetylation, 
thereby promoting efficient mitochondrial transport and reducing ROS. 
This dual effect leads to effective α-syn removal via UPS and autophagy. 
Therefore, our strategy simultaneously addresses mitochondrial 
dysfunction, excess ROS, and α-syn accumulation. The HDAC6 inhibitor 
approach complements current PD treatments, which offers a broader 
range of therapeutic options.

5. Conclusion

A brain-targeted nanocarrier, Lf decorated and CAY-loaded PLGA 
NPs (PLGA@CAY@Lf NPs), was engineered to effectively treat Meth- 
induced PD. PLGA@CAY@Lf NPs demonstrated enhanced BBB pene-
tration and significant brain accumulation by leveraging on the brain 
targeting properties of Lf. Importantly, CAY released from PLGA@-
CAY@Lf NPs restored the disrupted acetylation balance in PD, resulting 
in neuroprotection through the reversal of mitochondrial dysfunction, 
ROS elimination, and inhibition of α-syn accumulation. Furthermore, 
PLGA@CAY@Lf NPs treatment recovered TH and DA levels to near- 
normal levels, alleviated neuroinflammation, and markedly improved 
behavioral impairments. Collectively, these findings highlight the neu-
roprotective effects of PLGA@CAY@Lf NPs, making them an innovative 
HDAC6-inhibitor-based strategy for PD treatment.
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