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a b s t r a c t 

Parkinson’s disease (PD) poses a significant therapeutic challenge, mainly due to the 

limited ability of drugs to cross the blood-brain barrier (BBB) without undergoing 

metabolic transformations. Levodopa, a key component of dopamine replacement 

therapy, effectively enhances dopaminergic activity. However, it encounters obstacles from 

peripheral decarboxylase, hindering its passage through the BBB. Furthermore, levodopa 

metabolism generates reactive oxygen species (ROS), exacerbating neuronal damage. 

Systemic pulsatile dosing further disrupts natural physiological buffering mechanisms. 

In this investigation, we devised a ROS-responsive levodopa prodrug system capable of 

releasing the drug and reducing ROS levels in the central nervous system. The prodrug 

was incorporated within second near-infrared region (NIR-II) gold nanorods (AuNRs) and 

utilized angiopep-2 (ANG) for targeted delivery across the BBB. The processes of tight 

junction opening and endocytosis facilitated improved levodopa transport. ROS scavenging 

helped alleviate neuronal oxidative stress, leading to enhanced behavioral outcomes 

and reduced oxidative stress levels in a mouse model of PD. Following treatment, the 

PD mouse model exhibited enhanced flexibility, balance, and spontaneous exploratory 

activity. This approach successfully alleviated the motor impairments associated with the 

disease model. Consequently, our strategy, utilizing NIR-II AuNRs and ANG-mediated BBB 

penetration, coupled with the responsive release of levodopa, offers a promising approach 

for dopamine supplementation and microenvironmental regulation. This system holds 

substantial potential as an efficient platform for delivering neuroprotective drugs and 

advancing PD therapy. 
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. Introduction 

arkinson’s disease (PD) poses a formidable challenge in 

he field of neurology [ 1 ,2 ], characterized by severe and 

rogressive neurodegeneration involving the pathological 
oss of dopaminergic neurons in the substantia nigra and 

ubsequent impairment of neuronal mitochondrial function 

 3 ]. The etiology of dopaminergic neuron loss is attributed to 
xidative stress, resulting from elevated dopamine turnover,
nsufficient glutathione (GSH) levels, and increased levels of 
eactive oxygen species (ROS) within the substantia nigra [ 4 ].
n treating PD, the blood-brain barrier (BBB) is critical and 

ighly selective [ 5 ], significantly restricting drug permeation 

nto the brain [ 6 ,7 ]. This limitation severely hampers drug 
enetration [ 8 ] and presents a challenge for delivering 
argeted doses into the brain without undesired metabolic 
ransformations [ 9 ]. Addressing these complexities would 

reatly benefit therapeutic strategies for PD. 
Levodopa (LD) is commonly used in the treatment of PD.

owever, its therapeutic efficacy is hindered by peripheral 
ecarboxylase, which converts it into dopamine, a crucial 
olecule needed in the corpus striatum of PD patients, but 

aces challenges in crossing the BBB [ 10 ]. To enhance LD’s 
bility to penetrate the brain, it is often co-administered 

ith peripheral decarboxylase inhibitors like benserazide or 
arbidopa to reduce peripheral LD metabolism and increase 
BB permeability [ 11 ]. However, this drug delivery system 

rimarily improves patients’ behavioral symptoms while 
nintentionally exacerbating neuronal damage due to the 

ncreased influx of pro-oxidant LD [ 12 ]. LD induces damage 
o neuronal cells through two primary mechanisms. Firstly,
D and dopamine generate ROS during their metabolic and 

utooxidation processes, leading to oxidative damage [ 13 ].
econdly, LD disrupts thiol homeostasis, resulting in the 

oss of various antioxidant enzymes such as glutaredoxin 

Grx) and superoxide dismutase (SOD) [ 14 ], impairing the 
ody’s redox regulation capacity and exacerbating oxidative 
tress. Recognizing the role of LD metabolism in generating 
OS can guide the development of more effective treatment 
trategies to reduce ROS-induced oxidative stress in neurons.
his understanding is crucial for addressing the potential 
ide effects of LD therapy in PD. Additionally, prolonged 

se of the LD-carbidopa delivery system may introduce side 
ffects related to diminishing the body’s buffering capacity,
ecessitating dose escalation with disease progression [ 15 ].
herefore, it is crucial to explore approaches that facilitate 

he passage of LD across the BBB with reduced side effects 
nd alleviate central nervous system oxidative stress in 

arkinson’s patients. 
In this study, we have developed a nanocarrier, Au-PCBLD- 

NG, designed to deliver LD across the BBB and release it 
n response to reactive ROS ( Fig. 1B ). The core of this drug
elivery system comprises gold nanorods (AuNRs) [ 16 ] in the 
econd near-infrared region (NIR-II), known for their excellent 
issue penetration and photothermal conversion efficiency,
hereby enhancing BBB permeability. To safeguard LD from 

egradation by peripheral decarboxylase enzymes, we devised 

 drug-loaded polymer, PCB-Se-Se-LD (PCBLD), linked by ROS- 
abile diselenide bonds (-Se-Se-), and encapsulated it around 
he AuNR. The outermost layer of this drug delivery system 

s angiopep-2 (ANG, TFFYGGSRGKRNFKTEEY) [ 17 ], which can 

ind to low-density lipoprotein receptor-related protein 1 
LRP1) in the BBB. This facilitates targeted drug delivery and 

ranscytosis mediated by LRP1 to enter the brain [ 18 ]. 
The process and mechanism of this nanocarrier delivery 

re illustrated in Fig. 1C . In the bloodstream, nanoparticles 
ccumulate in the BBB region, which expresses high levels 
f LRP1 through ANG targeting. They are transcytosed into 

he brain. Simultaneously, NIR-II laser irradiation induces 
hotothermal conversion, increasing BBB permeability 
hrough the AuNRs. The synergistic effect of photothermal 
onversion and cellular uptake significantly boots the 
ransport of LD into the brain. Once the nanoparticles enter 
he brain, the diselenide bonds break due to the elevated 

OS levels in the brains of Parkinson’s patients, causing 
he breakdown of the drug-loaded polymer and the release 
f LD. Subsequently, the drug-loaded polymer is degraded 

o release LD in its selenic acid form. Esterase enzymes 
hen hydrolyze LD selenic acid into LD, which is further 
onverted into dopamine by decarboxylases, achieving 
opamine supplementation in the brains of Parkinson’s 
atients. In this delivery process, the oxidative cleavage 
f diselenide bonds significantly reduces ROS levels in the 
atient’s brain, effectively lowering oxidative damage and 

nhancing the balance of the brain’s microenvironment.
his strategy effectively interrupts the harmful cycle of 
levated ROS levels, impaired mitochondrial function,
nd decreased reductase activity in the central nervous 
ystem, thereby reducing oxidative damage and improving 
he brain’s microenvironment for patients. By harnessing 
hotothermal effects and phagocytosis, this approach 

vercomes the challenge of LD crossing the BBB and 

ounteracts the worsening of oxidative damage and 

euronal injury associated with LD administration by 
educing ROS levels in the central nervous system. This 
nnovative method combines the phagocytic properties of 
NG and the photothermal capabilities of NIR-II AuNR to 
chieve efficient, targeted delivery of LD across the BBB,
esulting in successful drug delivery. Moreover, it modulates 
he brain microenvironment to reduce neuronal damage 
y lowering ROS levels. This approach more effectively 
ddresses the underlying causes of Parkinson’s disease, such 

s oxidative stress and mitochondrial dysfunction, offering 
 new promising avenue for potentially slowing disease 
rogression and improving the quality of life for patients. 

. Materials and methods 

.1. Materials 

odium borohydride (NaBH4 ), cetyltrimethyl ammonium 

romide (CTAB), hydroquinone, ascorbic acid, silver nitrate 
AgNO3 ), gold (III) chloride hydrate (HAuCl4 ), 1-methyl-4- 
henylpyridinium ion (MPP+ ), 1-methyl-4-phenyl-1,2,3,6- 
etrahydropyridine (MPTP), and rabbit polyclonal anti- 
H antibody were purchased from SigmaAldrich (MO,
SA). LD, 9-Fluorenylmethyl chloroformate (Fmoc-Cl),

ert-butyldimethylsilyl chloride (TBS-Cl), Se powder,
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Fig. 1 – Schematic of the preparation and therapeutic mechanism of Au-PCBLD-ANG. (A) Synthesis pathway of 
PCB-Se-Se-LD. (B) Layer-by-layer assembly of AuNR, PCB-Se-Se-LD, and ANG through electrostatic adsorption to form 

Au-PCBLD-ANG NPs. (C) Targeting of the BBB by Au-PCBLD-ANG, traversing the BBB through the dual mechanisms of 
photothermal effects and phagocytosis. Upon reaching the brain, the -Se-Se- bonds of PCBLD undergo oxidation in the 
presence of elevated ROS concentration. This oxidation leads to the subsequent release of LD in the presence of brain 

esterases. LD can further be metabolized into DA by decarboxylases, thus supplementing DA in the central nervous system 

of Parkinson’s patients. A substantial amount of ROS is consumed throughout this process, interrupting the detrimental 
cycle involving high ROS levels, mitochondrial dysfunction, and neuronal damage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

sodium borohydride, 2,2′ -dicyano-2,2′ -azopropane (AIBN),
carboxybetaine (CB), 4-cyano-4-(((dodecylthio)carbonothioyl)
thio)pentanoic acid (CTA), 1,8-diazabicyclo [5.4.0]undec-
7-ene (DBU), 4-dimethylaminopyridine (DMAP) and 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC ·HCl) (purity ≥99%) were purchased from Aladdin
Reagent Co., Ltd. (Shanghai, China). The Cell Counting Kit-8
(CCK-8) and ELISA test kits were purchased from Solarbio
Laboratories (Beijing, China). All other chemicals were
unmodified prior to use and were of analytical grade. 

2.2. Preparation of Au-PCBLD-ANG 

In this study, we synthesized poly(carboxybetaine) (PCB)
using reversible addition-fragmentation chain transfer
(RAFT) polymerization [ 19 ]. Initially, we dissolved CB (1.00 g,
4.35 mmol), CTA (176.00 mg, 0.44 mmol), and AIBN (29.35 mg,
0.18 mmol) in 5 ml anhydrous methanol. The solution was
then subjected to freezing, degassing, and thawing, followed
by a 24-h reaction at 65 °C. Subsequently, we dialyzed and
freeze-dried the resulting product for future use. Next,
we dissolved the synthesized PCB (100.00 mg, 0.03 mmol),
DMAP (63.95 mg, 0.52 mmol), and EDC ·HCl (120.45 mg,
0.63 mmol) in DMSO. We added 2-bromoethanol (54.5 mg, 31
μl) dropwise to the solution, and the mixture was stirred at
room temperature for 48 h. The final product, PCB-Br, was
obtained through dialysis and freeze-drying. 

To protect the LD molecule from potential impacts during
subsequent synthesis steps, we used TBS-Cl and Fmoc-
Cl to shield its hydroxyl and amino groups, preparing
LD-TBS-Fmoc. TBS-Cl (2.08 g, 13.83 mmol) was dissolved
in acetonitrile (10 ml), and LD (0.91 g, 4.60 mmol) was
added while cooling on ice. DBU (2.08 ml, 13.80 mmol) was
introduced, and the mixture was stirred for 4 h in an ice
bath, followed by a 20-h reaction at room temperature. Cold
(−20 °C) acetonitrile was added to the reaction, and the
crude product was obtained by filtration through a silica
gel column. The resulting solid (3.60 g, 8.43 mmol) was
combined with diethyl ether (50 ml) and a 10 % Na2 CO3

solution, followed by stirring for 10 min. Fmoc-Cl (2.18 g,
8.43 mmol) was then added, and the reaction proceeded for
4 h on ice and 18 h at room temperature. After extraction
and purification, LD-TBS-Fmoc was obtained. LD-TBS-Fmoc
(2.30 g, 3.55 mmol) was dissolved and mixed with DMAP
(0.64 g, 5.20 mmol) and EDC ·HCl (1.20 g, 6.30 mmol). After
complete dissolution, 2-bromoethanol (0.55 g, 310.00 μl) was
added dropwise to the solution, followed by stirring at room
temperature for 48 h. The product was extracted and purified,
resulting in TBS-Fmoc-LD-Br. Structural characterization
was performed through nuclear magnetic resonance (NMR)
spectroscopy. 

For the synthesis of PCBLD prodrugs, PCB-Br (70.6 mg,
0.02 mmol) and TBS-Fmoc-LD-Br (110.0 mg, 0.14 mmol) were
dissolved in DMSO. A solution of Na2 Se2 (89.7 mg, 0.57 mmol)
was added under nitrogen protection with magnetic stirring,
and the mixture was stirred at 50 °C for 24 h. The product was
then dialyzed and freeze-dried, resulting in PCB-Se-Se-TBS-
Fmoc-LD. According to previous studies, the Fmoc protecting
group was removed with diethylamine, while the TBS
protecting group was removed using tetrabutylammonium
fluoride [ 20 ]. The final product, PCBLD, was obtained and its
structure was characterized through NMR spectroscopy. The
polymer molecular weights were analyzed by gel permeation
chromatography (GPC), using water as the solvent. 
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To fabricate Au-PCBLD-ANG, surface-charged AuNR with 

n aspect ratio of 6.7 were synthesized through seed- 
ediated growth using hydroquinone as a seed [ 21 ]. The 

ynthesis AuNR using a hydroquinone seed-mediated growth 

pproach involves the following steps: First, heat 5 ml of a 
.001 M HAuCl4 solution to boiling, and rapidly introduce 
 ml CTAB while vigorously stirring. Subsequently, stir the 
ixture on a hotplate at 1,200 rpm for 30 s. After allowing 

t to rest for a few min, combine the seed solution with the 
rowth solution, which consists of 75 μl of 100 mM AgNO3 (aq).
ext, gently mix in 500 μl of a 0.1 M hydroquinone aqueous 

olution. Over time, the solution will transform from an 

range hue to a clear, pale yellow turbid appearance. Finally,
ntroduce 15 μl the seed solution into the growth mixture and 

ncubate it for 12 h, followed by two centrifugation steps at 
,000 ×g , each lasting 30 min. The nanorods are dissolved 

n the sodium citrate solution and, after centrifugation,
ispersed in water. Subsequently, a layer-by-layer coating 
ethod was employed. The prepared AuNR were centrifuged 

o remove the supernatant, and then they were mixed with 

 solution of PCB-Se-Se-LD (5.00 mg/ml) dissolved in 1 mM 

aCl aqueous solution. After a 30-min adsorption period,
xcess polymer was removed by centrifugation at 8,000 rpm 

or 6 min, and the precipitate was further dispersed in NaCl 
queous solution. This solution was added to ANG protein 

1.00 mg) freeze-dried powder and adsorbed for 30 min,
ollowed by centrifugation and dispersion of the precipitate 
n deionized water. During the preparation of gold nanorods,
e adjust the concentration of AgNO3 to achieve the desired 

spect ratio. In the assembly of nanoparticles, selecting 
he correct concentration of NaCl solution for electrostatic 
dsorption experiments involving polymers on gold nanorods 
s crucial for successful assembly. Electrostatic adsorption 

epends on the charge interactions between the polymers 
nd the gold nanorods. NaCl helps shield these interactions 
y compressing the double layer around the charged entities.
y fine-tuning the NaCl concentration, we ensure successful 
olymer coverage on the surface of the gold nanorods. 

.3. Characterization of Au-PCBLD-ANG 

anoparticle (NP) size and ζ -potential are determined 

hrough dynamic light scattering (DLS) measurements. The 
nal size and morphology of NPs were observed using 
 transmission electron microscope (TEM) operated at an 

cceleration voltage of 200 kV (JEM-2100 electron microscope).
he drug loading (DL) amount was detected using a UV–Vis- 
IR spectrophotometer. The presence of Se elements in the 
P solution was verified via inductively coupled plasma mass 

pectrometry (ICP-MS). The following formulas were used to 
alculate the LD’s loading efficiency (EE) and DL of the NPs: 

E ( %) = weight of LD in Au − PCBLD − ANG 

initial weight of LD 

× 100% 

L ( %) = weight of LD in Au − PCBLD − ANG 

weight of Au − PCBLD − ANG 

× 100% 

To evaluate the photothermal conversion efficiency of the 
Ps, we subjected them to irradiation under a 1064 nm 

IR laser (provided by China Changchun New Industrial 
echnology Co., Ltd.) with a power density of 0.8 W/cm2 .
ubsequently, we monitored the temperature of these 
olutions at 30-s intervals during the irradiation using 
n infrared thermal imaging system. The calculation of 
hotothermal conversion efficiency is as follows: 

= hS ( Tmax − Tsurr ) − Q0 

I
(
1 − 10 −Aλ

)

here h is the heat transfer coefficient, S is the container 
urface area, Tmax and Tsurr are the equilibrium and ambient 
emperatures, respectively, Q0 is the heat associated with 

he light absorbance of the solvent, Aλ is the absorbance 
f Au-PCBLD-ANG at 1064 nm, and I is the laser power 
ensity. 

.4. In vitro release of LD 

u-PCBLD-ANG encapsulated in a dialysis bag with a 
olecular weight cutoff of 3,500 Daltons was incubated in 

00 ml PBS at 37 °C under horizontal agitation, with or without 
he addition of 0.01 % H2 O2 . At predefined time intervals,
he solution was withdrawn and replaced with an equal 
olume of fresh solution. Prior to analysis, the samples were 
reated with esterase (10 U) for 24 h. The concentration of 
D was determined using an HPLC method. We calculated 

he cumulative release amount of LD at each time point and 

nalyzed the cumulative release rates for each group within 

 24-h period. The cumulative release of LD was calculated 

sing the following formula: 

elease ratio ( %) = W1 

W2 
× 100% 

here W1 represents the weight of LD in the solution, and W2 

epresents the total weight of LD in the NPs. 

.5. Cell culture and experimental animals 

ultured immortalized mouse brain-derived endothelial cells 
bEnd.3), astrocytes (AC) and human neuroblastoma cell 
ines (SH-SY5Y) were procured from the North Biological 
echnology Research Institute in Beijing, China. These cells 
ere maintained in DMEM-H supplemented with 10 % fetal 
ovine serum (FBS) at 37 °C with 5 % CO2 in a cell culture

ncubator. 
For animal experiments, 8-week-old C57BL/6 mice 

ere obtained from Changsheng Biotechnology Co., Ltd.
n Changchun, China. The animals were housed in a standard 

acility maintained at 25 ± 2 °C with a relative humidity of 
5 % ± 5 %, under a 12-h light-dark cycle, and provided with 

mple food and water. All animal studies were performed 

n accordance with the Dalian University of Technology 
uidelines for the welfare of experimental animals (Approval 
umber: DUTSCE220813_01). 

.6. Transwell model for in vitro BBB permeability 

he BBB mainly consists of capillary endothelial cells, with AC 

ell enhancing its formation through interactions with these 
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cells. We constructed an in vitro transwell BBB model using
both bEnd.3 and AC cells. In this experiment, we established
an in vitro BBB model system based on previous studies [ 22 ,23 ].
In brief, to enhance cell adhesion, the lower chamber of
Transwell filters (12 mm diameter, 0.4 μm pore size, 1.12 cm ²

growth area) was treated with collagen type I (8 μg/cm ² in
0.02 N acetic acid) for 1 h at room temperature, followed
by a PBS wash. Subsequently, AC cells (2.5 × 104 cells/cm ²)
were seeded on the lower membrane for 3 h, and bEnd.3
cells (1 × 105 cells/cm ²) were added to the upper membrane.
The cells were co-cultured for 4 d, and samples with
a trans-epithelial electrical resistance (TEER) greater than
200 �·cm ² were used for BBB permeability measurements.
Since peripheral decarboxylases primarily influence the LD
drug during administration in this study, we introduced
decarboxylase and coenzyme vitamin B6 into the Transwell
model to simulate the BBB model system comprehensively.
We assessed the effectiveness of each method in assisting
drug passage to cross the BBB model using 600 μg LD or NPs
containing an equivalent dose of LD. 

We introduced each type of NP into the upper chamber
and collected solutions from the lower chamber at different
intervals. Subsequently, these solutions were reacted with
sufficient H2 O2 , enabling us to measure the cumulative
transmittance of LD in each group. 

2.7. In vitro neuroprotection 

For assessing cell viability, bEnd.3, AC and SH-SY5Y cells were
seeded in 96-well plates (5 × 103 cells/well) and incubated
for 24 h. Subsequently, a series of concentrations of Au-
PCBLD-ANG (0–200 μg/ml or 0–20 μM) were used to treat the
cells for 12 h. Following treatment, an appropriate volume
of CCK-8 solution was added to each well, and the plate
was further incubated for 4 h. Cell viability was measured
using a CCK-8 assay kit, and the absorbance at 450 nm
was determined using a microplate reader (Emax Precision,
USA). 

For the detection of ROS, DCFH-DA was diluted 1:1,000 in
serum-free culture medium to achieve a final concentration
of 10 μM. The culture medium was removed, and the
appropriately diluted DCFH-DA was added to the cells. After
incubation at 37 °C for 20 min in a cell culture incubator,
the cells were washed three times with serum-free culture
medium to remove any DCFH-DA that had not entered the
cells. After 30 min, the absorbance at 488 nm was measured
using a microplate reader. The measurement of GSH, ATP, and
mitochondrial membrane potential (JC-1) was also conducted
using similar methods, and the ATP, ROS and JC-1 assay kits
were purchased from Solarbio. 

2.8. NPs entry into bEnd.3 cells by fluorescence imaging 

We cultured bEnd.3 cells in a confocal dish for 3 d to prepare
a BBB planar model. For cell imaging, different NPs labeled
with Cy3.5 were used to treat the cells for 30 min. The cells
were washed to remove NPs that did not enter them. Cell
fixation was carried out using 4 % neutral formaldehyde
solution at 4 °C for 15 min. Subsequently, the cell nuclei
were stained with DAPI dye. Imaging was performed using a
confocal fluorescence microscope. 

2.9. Biocompatibility assay 

To assess serum stability, Au-PCBLD-ANG NPs were
suspended in PBS, 10 %, 20 % or 50 % FBS and their LD
concentration was measured at room temperature over
0–24 h using an HPLC system. 

In vitro hemolytic toxicity of Au-PCBLD-ANG formulation
was evaluated using red blood cells (RBCs) isolated from rabbit
heart blood, stabilized with EDTA (0.2 ml) in a 5 ml volume.
These RBCs were separated by centrifugation, washed in 2 %
PBS, and then mixed with 500 μl RBCs and 500 μl Au-PCBLD-
ANG in PBS (at concentrations of 50, 100 or 200 μg/ml LD).
Additionally, PBS and water were used as negative and positive
controls, respectively. After incubating at room temperature
for 3 h, the samples were centrifuged, and the absorbance of
the supernatant at 570 nm was measured using UV–Vis-NIR
spectrophotometer. 

2.10. Pharmacokinetics studies 

Pharmacokinetic studies of blood and brain were conducted
in randomly assigned groups of male C57BL/6 mice, which
were treated as follows: (i) LD, (ii) Au-PCB + NIR-II irradiation,
(iii) Au-PCBLD-ANG, (iv) Au-PCBLD-ANG + NIR-II irradiation. All
animals received the appropriate compounds intravenously at
an LD equivalent dose of 60/mg kg and were then subjected
to laser irradiation at 1064 nm (0.8 W/cm2 , 41 ± 1 °C, 10 min)
in the irradiation group. Blood was collected from the mice
within 0–24 h post-treatment. We collected 50 μl venous blood
from mice using the method of venipuncture from the medial
canthus vein. The blood was immediately transferred to a tube
containing sodium heparin as an anticoagulant. To precipitate
proteins, 150 μl methanol was added to the sample, followed
by vigorous oscillation for 5 min. Subsequently, the mixture
was centrifuged at 12,000 rpm for 10 min at 4 °C. We then
collected 60 μl the supernatant for further analysis. The brain
tissue homogenate was prepared after blood collection and
systemic blood clearance by perfusion. The LD levels in these
samples were quantified using HPLC. 

2.11. Evans Blue dye quantification 

Evans Blue, a dye frequently utilized to investigate the
permeability of the BBB, is administered intravenously to
animals and permeates brain tissue via the BBB [ 24 ].
Consequently, we employed Evans Blue as a tracer to assess
the capability of each group to open the BBB. Following
treatments with NIR-II, NIR-II + PCBLD, NIR-III + Au PCBLD, or
NIR-II + Au PCBLD ANG, mice received an intravenous injection
of a 2 % Evans Blue solution (dosed at 4 mg per kg of
mice weight). 30 min later, a cardiac perfusion procedure
was carried out. The anesthetized mice were positioned in
a supine manner, and the chest was opened to expose the
heart. A needle was swiftly inserted along the axis of the heart
into the left ventricle. Once blood reflux ceased, hemostatic
forceps clamped and secured the needle tip puncture. The
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ight atrium was then incised, leading to a significant blood 

olume of Evans Blue dye outflow. The heart underwent 
erfusion with physiological saline, and after approximately 
0 ml of perfusion, the effluent from the right atrium 

ecame clear. The perfusion continued for an additional 
0 ml before the brain was harvested. Brain tissues were 
eighed and homogenized in a 50 % pre-cooled trichloroacetic 
cid solution at a ratio of 1.5 ml/g. After centrifugation at 
,000 rpm/min for 20 min, the supernatant was subjected to 
nalysis for absorbance at 620 nm using an enzyme-linked 

mmunosorbent assay (ELISA). Evans Blue content in each 

omogenate was determined based on a standard curve,
ndicating blood-brain barrier permeability. 

.12. Lanthanum nitrate tracing 

anthanum nitrate is a tracer extensively utilized in 

iomedical research, particularly for studies investigating the 
echanisms of BBB opening. Upon injection into the body,

t enters the bloodstream and is transported to the cerebral 
ascular system. Normally, the presence of the BBB prevents 
anthanum nitrate from crossing into brain tissue. However,
hen the barrier is compromised, lanthanum nitrate can 

enetrate the vascular wall and accumulate, facilitating 
bservation via TEM [ 25 ]. Consequently, lanthanum nitrate 
racing is used to assess the condition of the BBB after 
herapeutic interventions. 

Following the treatment, each experimental group of 
ice underwent anesthesia, and a swift chest opening 

llowed for the insertion of a cannula into the left ventricle.
eparinized physiological saline was perfused to purify the 
lood, succeeded by the infusion of 200 ml lanthanum nitrate 
xative solution, maintaining a perfusion pressure of 16 kPa 

120 mm Hg). After 25–30 min of perfusion, the skull was 
pened, and the right cerebral tissue was promptly excised.
his tissue was immediately immersed in lanthanum nitrate 
xative solution, trimmed into 1 mm tissue blocks, and further 
xed for over 2 h. Subsequently, the tissue blocks were rinsed 

n a 0.1 mol/l dimethyl arsenate sodium buffer containing 
anthanum, repeated three times for approximately 10 min 

ach. Following this, they were fixed in a 1 % osmium tetroxide 
olution without lanthanum for 2 h. The tissue blocks 
ere then washed with dimethyl arsenate sodium buffer,

radually dehydrated in ethanol and acetone, embedded 

n Epon 812 resin, sectioned into ultrathin slices, uranium 

tained, lead stained for 10 s, and finally observed under a 
EM. 

.13. Tight junction and adherens junction protein 

etection 

he levels of ZO-1, occludin, and VCAM proteins in mouse 
rain homogenates before and after treatment were evaluated 

sing the ELISA technique. Brain samples were collected 

riefly before treatment and at 0, 12 and 24 h post-treatment,
ollowed by homogenization. Taking ZO-1 as an example, 10 μl 
est samples from each group were loaded into sample wells,
nd then 40 μl sample diluent was added. Subsequently, 100 μl 
etection antibody labeled with horseradish peroxidase (HRP) 
as introduced into each well, and the mixture underwent 
ncubation at 37 °C for 60 min. After discarding the liquid,
he wells were washed. Following this, 50 μl substrate A and 

 were added to each well, and the plate was incubated in 

he dark at 37 °C for 15 min. Finally, 50 μl stop solution was
dded to each well, and each well’s optical density (OD) was 
easured at a wavelength of 450 nm within 15 min. 

.14. Establishment of the PD model and drug 
dministration 

he PD model of C57BL/6 mice was established via 
ntraperitoneal injections of MPTP. Given the individual 
ifferences among the animals and variations in dosages,
he MPTP-induced PD model may display inherent 
ariability, which could influence the analysis of subsequent 
xperimental outcomes. To mitigate this, we meticulously 
ontrolled the administered dosage, tailoring it to the 
ody weight of each mouse to ensure consistency and 

eliability in our results. The mice were administered MPTP 
ntraperitoneally at a dosage of 18 mg kg-1 four times a 
 with 2-h intervals between injections, whereas control 
ice were administered equivalent doses of normal saline 

 26 ]. After MPTP treatment, the animals received treatments 
ith LD, LD/benserazide hydrochloride (LBH), Au-PCB-ANG,
IR-II + Au-PCB, and NIR-II + Au-PCB-ANG, respectively. The 

rradiated group of mice was exposed to a 1064 nm laser 
0.8 W/cm2 , 41 ± 1 °C) for 10 min. 

In our mouse treatment protocol, dosing is determined 

ased on body weight, with 60 mg LD administered per kg 
f mouse body weight. Based on the drug loading capacity,
alculate and inject NPs containing an equivalent dose of LD. 

The rotarod, pole climbing, and open field tests are 
outinely utilized for behavioral assessments in animal 

odels of PD. Individual variability may influence the 
utcomes of these assessments. To mitigate this, we 

mplemented environmental adaptation and behavioral 
raining for the mice before beginning the treatment. 

.14.1. Behavioral experiment with animals 
otarod test: It involves exposing mice to a rotating rod with 

 7 cm diameter, set at a fixed speed of 20 rpm/min for 2 min.
he measurement included the time each mouse spent on the 
od (fall latency) and the total duration of falls. 

Pole-climbing test: In this test, mice were placed head 

own on a vertically positioned rough-surfaced pole with a 
 cm diameter and a height of 50 cm. Each mouse was initially 
ositioned head up near the top of the pole, and the recorded 

arameters included the time taken to turn (T-Turn) and the 
ime taken to reach the bottom (T-Total). 

Open field test: The open field test was conducted in a 
efined area (50 cm × 50 cm × 40 cm) where each mouse was 
laced in the center and allowed to explore freely for 5 min.
he total distance moved, and average moving speed was then 

ecorded during a 5-min test. 
Anesthesia may affect the behavior and biochemical 

arkers of animals. In our study, the behavior of mice 
eturned to normal within 10–30 min after mild anesthesia.
herefore, we assessed both mouse behavior and biochemical 
arkers at least 30 min after anesthesia to ensure the 

eliability of our observations. 
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2.15. Immunostaining of brain tissue 

Following a previously established protocol,
immunofluorescence analysis was conducted to quantify
the number of tyrosine hydroxylase positive (TH+ ) neurons in
the central nervous system. Mouse brains underwent fixation
in 4 % paraformaldehyde and subsequent dehydration in 30 %
sucrose. Following dehydration, the brains were sectioned
into slices of 30 μm thickness and incubated in 10 % goat
serum for 30 min. Subsequently, the slices were incubated
overnight at 4 °C to an anti-TH+ antibody (dilution 1:2,000).
After three washes with PBS, the slices were subjected to a 2 h
incubation at room temperature with secondary antibodies
coupled with Alexafluor 594. Following DAPI staining, the
slices were observed under a fluorescence microscope. 

2.16. Statistical analysis 

Data are means ± SD and were compared via one- and two-
way analyses of variance (ANOVAs) as appropriate. P < 0.05
was the significance threshold. 

3. Results and discussion 

3.1. Preparation and characterisation of Au-PCBLD-ANG 

NPs 

The synthesis of PCB with a consistent molecular weight (MW)
of 3.53 kDa involved RAFT [ 19 ] (Figs. 1 and S2). To protect
the LD molecule from potential impacts during subsequent
synthesis steps, we employed TBS-Cl and Fmoc-Cl to protect
its hydroxyl and amino groups. This led to the formation of
LD-TBS-Fmoc. Subsequently, PCB-LD-TBS-Fmoc was prepared
by connecting PCB and LD-TBS-Fmoc using Na2 Se2 and
deprotection to yield PCBLD (15.82 kDa) (Fig. S2). We confirmed
the successful synthesis of PCB, PCB-Br, LD-TBS-Fmoc, PCB-
Se-Se-LD-TBS-Fmoc, PCB-Se-Se-LD, and PCB-Cy3.5 through
1 H NMR (Fig. S1). Since the diselenide bond is the crucial
component of our design for scavenging ROS, we measured
the selenium content. Using ICP-MS (Fig. S3), we observed
a characteristic absorption peak at 196.025 nm, indicating
a selenium concentration of 120.35 μg/mg in the polymer.
GPC confirmed molecular weights of 3.53 kDa for PCB and
15.82 kDa for PCB-LD (Fig. S2). 

NIR-II aspect ratio 6.7 surface-exposed carboxylated AuNRs
were prepared using a seed-mediated method [ 21 ]. Analysis
through TEM and UV-IR-VS determined the size of these
AuNRs to be approximately 16 nm × 107 nm ( Fig. 2A ), with
an absorption wavelength of 1090 nm ( Fig. 2B ). AuNRs of
this wavelength possess deep tissue penetration and are
suitable for biological environments [ 27 ,28 ]. In this study,
NPs were synthesized using a layer-by-layer coating approach
through electrostatic adsorption. By covering the surface with
negatively charged gold nanorods coated with sodium citrate
and adsorbing positively charged polymers, we evaluated
the surface charge of the gold nanorods, which measured
−36.53 ± 1.99 mV ( Fig. 2C ). This indicates the successful
attainment of a negative charge on the NPs surfaces.
Subsequently, Au, PCBLD, and ANG were assembled into
Au-PCBLD-ANG nanocarriers using a layer-by-layer coating
method and characterized by TEM, UV-IR-VS, and zeta
potential. TEM revealed that the prepared Au-PCBLD-ANG had
dimensions of approximately 25 nm × 113 nm ( Fig. 2A ). The
polydispersity index (PDI) of the NPs was determined to be
0.21 ± 0.03 using DLS detection (Table S1). This suggested that
the prepared NPs exhibit a uniform size distribution. UV-IR-
VS analysis showed maximum absorption at 1064, making
it suitable for NIR-II laser irradiation ( Fig. 2B ). The surface
charges of Au, Au-PCB and Au-PCBLD-ANG were −36.53 ± 1.99,
33.83 ± 0.49 and 3.04 ± 0.81 mV, respectively ( Fig. 2C ). AuNRs
with negatively charged, exposed carboxyl groups on their
surface showed a positive surface charge after being coated
with positively charged PCBLD. When the negatively charged
ANG adsorbs to the polymer surface, the NPs exhibit an overall
neutral charge. Based on UV-IR-VS analysis of the coating
content, we achieved EE and DL of approximately 83.63% and
16.76%, respectively. 

3.2. Assessment of NIR-II laser-induced photothermal 
efficacy and drug release 

Subsequently, we subjected the Au-PCBLD-ANG solution to
continuous exposure to a 1064 nm laser (0.8 W/cm2 ) to
investigate the photothermal efficacy of the Au-PCBLD-
ANG formulation against radiation. The highest observed
heating temperature allowed us to calculate a photothermal
conversion efficiency ( η) of 26.10 % ± 0.63 % ( Fig. 2D ).
Furthermore, the absorption spectrum of NRs remained
unchanged after NIR-II exposure, indicating that NRs did not
degrade during the temperature elevation induced by laser
irradiation (Fig. S4). 

LD was released using ROS-induced disulfide bond
cleavage to facilitate the release of LD from the NPs. The
disulfide bonds underwent facile oxidation to selenic acid,
subsequently liberating LD as a free form upon exposure
to esterase treatment [ 29 ]. As illustrated in Fig. 2E , when
subjected to esterase at 37 °C in PBS without H2 O2 and laser
irradiation, LD remained undetectable during the 0–16 h
incubation period. A small amount (0.41 % ± 0.17 %) of LD was
released at 24 h, possibly due to slow oxidation and release
in the presence of atmospheric oxygen. In the absence of
H2 O2 , NIR-II within the NP system resulted in a 2.73 % ±
0.28 % release of LD. This occurred because the photothermal
process of gold NPs generated a small amount of ROS,
causing the oxidation of diselenide bonds in PCB and the
subsequent limited release of LD. In contrast, the groups with
the addition of 0.01 % H2 O2 , namely, H2 O2 + Au-PCBLD-ANG
and H2 O2 + NIR-II + Au-PCBLD-ANG, exhibited a substantial
release of LD. After 12 h of incubation, release was nearly
complete, accumulating 71.43 % ± 2.60 % and 87.72 % ±
2.61 %, respectively, by the 24-h mark. The group subjected
to laser irradiation demonstrated an accelerated release rate
and higher LD release. This outcome is likely attributable to
the elevated temperature expediting the reaction rate and
the photothermal process of AuNRs generating additional
ROS, thereby augmenting the overall release. When co-
incubated with H2 O2 , the release rates of H2 O2 + NIR-II + Au-
PCBLD-ANG and H2 O2 + Au-PCBLD-ANG were 214.7 ± 3.69
times and 174.9 ± 2.48 times, respectively, those of
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Fig. 2 – Characterization of nanocarriers. (A) TEM images of (i) AuNR (scale bar: 20 nm) and (ii) Au-PCBLD-ANG (scale bar: 
20 nm). (B) Absorption spectra of AuNR and Au-PCBLD-ANG. (C) Zeta potential measured by DLS technique. (D) Temperature 
profile of Au-PCBLD-ANG solution (50 μg/ml of LD) following 1064 nm laser irradiation and cooling after irradiation 

termination. (E) (i) Cumulative release profiles of LD from NPs over time, with or without H2 O2 . (ii) Accumulated LD release in 

each group over 24 h; n = 3. ∗∗P < 0.01, ∗∗∗P < 0.001. 
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IR-II + Au-PCBLD-ANG and Au-PCBLD-ANG without H2 O2 .
he presence of H2 O2 significantly increased LD release,

ndicating that the formulated drug-loaded NPs can efficiently 
elease LD through oxidation. 

.3. Evaluation of permeability in an in vitro BBB model 

he BBB predominantly comprises endothelial (bEnd.3) cells 
ining brain capillaries, and their interactions with other cell 
ypes collectively maintain BBB functionality [ 22 ]. AC are 
mong the most abundant non-neuronal cell types in the 
rain and contribute to BBB formation through interactions 
ith bEnd.3 cells [ 23 ]. In this investigation, we established 

n in vitro BBB model using bEnd.3 cells and AC cells on 

ranswell inserts ( Fig. 3A ) to explore the capability of drug 
elivery systems to transport drugs across the BBB [ 30 ]. The 
EER of the BBB model consistently exceeded 200 ohms/cm2 

 Fig. 3B ), confirming the successful construction of the BBB 
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Fig. 3 – Assessment of nanoparticle BBB penetration abilities. (A) Schematic representation of the in vitro BBB Transwell 
system employed to evaluate nanoparticle penetration capabilities. (B) Measurement of TEER before and after transport. (C) 
BBB penetration abilities of free LD, NIR-II + Au-PCBLD, Au-PCBLD-ANG, and NIR-II + Au-PCBLD-ANG methods. The metric 
used was the amount of LD released into the receiving solution. (i) Permeation curves of LD through different administration 

methods. (ii) 24-h permeation amounts of LD through different administration methods. ∗∗P < 0.01, ∗∗∗P < 0.001. (D) BBB 

permeation amounts of LD in different groups after treatment with various phagocytosis inhibitors. (DS: dextran sulfate; 
M βCD: methyl- β-cyclodextrin; CPZ: chlorpromazine; HS: hypertonic sucrose; EIPA: 5-(N-ethyl-N-isopropyl)-amiloride). 
∗∗P < 0.01. (E) Confocal fluorescence imaging illustrating the ability of Cy3.5-labeled NPs to enter bEnd.3 cells. The 
intercellular tight junction protein occludin is labeled with FITC-antibodies to simulate the BBB. DAPI is shown in blue, FITC 

is shown in green, and Cy3.5 is shown in red. Scale bar: 20 μm; n = 3. 
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odel. Subsequently, we examined the ability of the drug NP 
o traverse the BBB. 

Since peripheral decarboxylases primarily influence the 
D drug during administration in this study, we introduced 

ecarboxylase and coenzyme vitamin B6 into the Transwell 
odel to simulate the BBB model system comprehensively.
e introduced each type of NP into the upper chamber 

nd collected solutions from the lower chamber at different 
ntervals. Subsequently, these solutions react with sufficient 

2 O2 , enabling us to measure the cumulative transmittance of 
D in each group and calculate the cumulative transmittance 
ate within 24 h ( Fig. 3C ). In the group where free LD was
dministered alone, only 5.08 % ± 0.51 % could pass through,
hich was attributed to the presence of decarboxylases.
IR-II irradiation with Au-PCB treatment increased the BBB 

ransmittance to 24.43 % ± 2.52 %, demonstrating the 
nhancement of BBB permeability through the photothermal 
ffect of NIR-II gold nanorods. In the group with ANG 

rotein but without laser irradiation (Au-PCBLD-ANG), the 
fficiency of LD passing through the BBB was 30.49 % ±
.09 %, indicating that ANG protein-mediated endocytosis 
nhanced drug BBB transmittance. When NIR-II irradiation 

nd ANG were combined in the NIR-II + Au-PCBLD-ANG group,
D transmittance reached 73.86 % ± 5.67 %. It was observed 

hat the concurrent use of NIR-II laser irradiation and 

NG-mediated endocytosis significantly increased drug BBB 

ransmittance compared to their application, demonstrating 
 synergistic promotion. When combined, this enhancement 
as attributed to the photothermal effect of gold nanorods 

ccelerating ANG endocytosis. 
We explored the endocytosis mechanism of these NPs in 

raversing the BBB. Employing ANG and various endocytosis 
nhibitors [ 31 ], we assessed the inhibitory effects of these 
nhibitors on LD permeation. Remarkably, the group treated 

ith ANG exhibited a substantial decrease in the ability 
f NPs to cross the BBB. In contrast, other inhibitors 

ed to varying degrees of reduction in nanoparticle BBB 

ermeation ( Fig. 3D ). The ANG treatment led to competitive 
inding, effectively preventing the attachment of the NPs 
nd inhibiting endocytosis. Subsequent treatment with ANG 

ignificantly reduced the ability of Au-PCB-ANG NPs to 
enetrate BBB model cells. This indicates that these NPs 
rimarily cross the BBB through ANG-mediated endocytosis,
 mechanism crucial for facilitating the delivery of LD NPs 
cross the BBB. 

We utilized fluorescence imaging to evaluate the ability 
f these NPs to penetrate BBB model cells. PCB-Cy3.5 
as synthesized by incorporating the Cy3.5-NH2 fluorescent 
ye into PCB, replacing PCB-Se-Se-LD (Figs. S1 & S6). This 

abeled compound was then assembled into Au-PCBCy3.5- 
NG NPs. The resulting NPs, labeled with Cys3.5, were 
ultured with bEnd.3 cells in a BBB model and fluorescence 
maging was performed. As depicted in Fig. 3E , the Au- 
CBCy3.5 and NIR-II + Au-PCBCy3.5-treated groups exhibited 

ed fluorescence from Cy3.5, indicating that a fraction of NPs 
ntered the cells compared to the control group. However,
he groups containing ANG protein, namely Au-PCBCy3.5- 
NG and NIR-II + Au-PCBCy3.5-ANG, displayed significantly 
nhanced fluorescence in the cells. This observation suggests 
hat ANG protein substantially augmented the ability of 
Ps to enter bEnd.3 cells, and the NIR-II laser irradiation- 
nduced photothermal effect further facilitated this process.
he combined application of photothermal effects and 

ndocytosis significantly enhances drug delivery efficiency 
cross the BBB, highlighting the promising clinical translation 

otential of these findings. This breakthrough has the 
otential to advance the development of more effective 
reatments for various diseases, especially those impacting 
he central nervous system, where successful BBB penetration 

s critical. 
In summary, the NIR-II AuNR interaction induces a 

hotothermal effect, and simultaneously, endocytosis 
ediated by the ANG protein enhances BBB permeability.
otably, the photothermal effect actively supports the 
ndocytosis process. The simultaneous activation of these 
ual mechanisms generates a synergistic effect, effectively 
nhancing the trans-BBB functionality of drugs. 

.4. Capability of microenvironment regulation and 

europrotective effects 

he metabolism of LD itself and the disturbance of thiol 
omeostasis can initiate a detrimental cycle characterized by 

ncreased ROS levels, mitochondrial dysfunction, and reduced 

eductase enzyme activity [ 12 ,13 ] ( Fig. 4A ). Our approach aims
o break this harmful cycle by reducing ROS levels to alleviate 
euro damage. In vitro, we examined the environmental 
egulatory capacity and neuroprotective effects of NIR- 
I + Au-PCBLD-ANG. To investigate this, we employed human 

euroblastoma cells (SH-SY5Y) in our study, chosen for their 
rigin from a human neuroblastoma cell line, which renders 
hem highly similar to human neural cells. These cells 
xhibit pluripotent differentiation, making them an excellent 
odel for studying neural cells and neurological disorders.
oreover, their high sensitivity to both neuroprotective 

ffects and neurotoxicity makes them particularly suitable 
or assessing the impacts of neuroprotective agents and 

otential neurotoxic substances [ 32 ]. Initially, we assessed the 
ytotoxicity of Au-PCBLD-ANG on RA, bEnd3, and SH-SY5Y 

ells, revealing no significant decrease in cell viability ( Fig. 4B ).
his result suggests that these NPs exhibit low cytotoxicity 
nd do not induce any additional toxicity during treatment 
n neuronal cell models. To assess the ROS scavenging ability 
f these NPs, we induced oxidative stress in SH-SY5Y cells 
y treating them with 5-methyl-1-phenylpyridinium (MPP+ ).
esults indicated that, compared to normal cells, ROS levels 

n MPP+ -treated cells increased by 2.75 ± 0.12-fold, and 

fter treatment with Au-PCBLD-ANG, ROS levels remained 

t 2.88 ± 0.14-fold ( Fig. 4C ). This suggests that Au-PCBLD- 
NG does not effectively regulate neuronal ROS balance 
nd results in a certain degree of oxidative stress. However,
reatment with Au-PCBLD-ANG + NIR-II (5, 10 and 15 μM) 
ould dose-dependently restore ROS levels to 1.96 ± 0.21,
.52 ± 0.11, and 0.99 ± 0.06 times, respectively. Considering 
he potential off-target effects of diselenide bonds, they may 
nteract with other antioxidants in cells and participate in 

rotein conformation and function [ 33 ]. The interaction with 

ntioxidants can reduce oxidative damage, aligning with 

ur objectives. Results from ROS detection demonstrate that 
his method effectively reduces ROS levels in cells treated 
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Fig. 4 – NIR-II + Au-PCBLD-ANG treatment alleviates neuronal oxidative stress and reduces neurodamage. (A) Regulatory 

pathways in the neuronal microenvironment. LD exacerbates oxidative stress through two pathways: disrupting thiol 
homeostasis and generating ROS during metabolism (resulting in increased ROS levels and decreased GSH levels), creating 
a vicious cycle between mitochondrial function and oxidative stress, thereby increasing neurotoxicity. Our treatment 
interrupts this vicious cycle by reducing ROS levels, achieving neuroprotection. (B) Cell viability assessed by CCK-8 assay to 

evaluate the cytotoxicity of NPs. (C) ROS levels in cells treated with MPP+ and subsequently treated with free LD or different 
concentrations of NPs. (D) GSH levels in cells treated with MPP+ and subsequently treated with free LD or different 
concentrations of NPs. (E) ATP levels characterizing mitochondrial function. (F) Mitochondrial membrane potential. (G) 
Effects of various treatments on neuronal cell viability. NIR-II + Au-PCBLD-ANG treatment significantly alleviates neuro 

damage caused by MPP+ treatment. n = 3. ��� P < 0.001 compared to the control group. ∗P < 0.05, ∗∗P < 0.01 and 

∗∗∗P < 0.001 compared to the MPP+ treatment group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

with MPTP, confirming its robust ROS scavenging capability
and that it does not produce significant off-target effects.
This suggests that the method can regulate neuronal ROS
homeostasis. Similar results were obtained when measuring
the oxidative stress marker GSH. Fig. 4D illustrates that this
treatment method effectively alleviated the reduction of GSH
induced by neuronal oxidative stress in a concentration-
dependent manner. The NPs reduced ROS content in neurons,
thereby mitigating GSH dimerization [ 34 ] and effectively
restoring GSH levels. 

Studies have indicated that excessive ROS can damage
mitochondria and decrease mitochondrial membrane
potential (MMP) [ 35 ]. Therefore, we investigated the
mitochondrial protective ability of this method by measuring
intracellular ATP levels and MMP. The results demonstrated
that the combination of Au-PCBLD-ANG treatment (5, 10
and 15 μM) followed by NIR-II laser irradiation could dose-
dependently reduce the energy loss induced by MPP+ ,
increasing ATP levels from 47.69 % ± 1.85 % to 62.41 % ±
2.19 %, 78.60 % ± 1.72 %, and 85.88 % ± 2.91 % ( Fig. 4E ).
Membrane potential measurements further confirmed that
the method regulated the cellular microenvironment, leading
to a dose-dependent increase in membrane potential from
44.46 % ± 4.41 % to 57.95 % ± 5.06 %, 88.14 % ± 6.99 %,
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Fig. 5 – Biological safety and pharmacokinetics. (A) LD release measured at different time points. NPs were incubated at 37 
°C in PBS with varying concentrations (0, 10 %, 20 %, 50 %) of FBS. (B) Hemolysis assessment of Au-PCBLD-ANG at 
concentrations of 50, 100 and 200 μg/ml. Water was the positive control, while PBS was the negative control. (C) Brain 

concentration-time curves in rats exposed to diverse treatments, including free LD, NIR-II + Au-PCBLD, Au-PCBLD-ANG and 

NIR-II + Au-PCBLD-ANG (laser irradiation at 0.8 W/cm2 , controlled temperature at 41 ± 1 °C, 10 min). (D) LD 

concentration-time curves in mouse plasma after treatment with NIR-II + Au-PCBLD-ANG, highlighted in black; LD 

concentration in plasma after adding H2 O2 and esterase treatment, depicted in red. n = 3. 
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nd 94.64 % ± 9.43 % ( Fig. 4F ), demonstrating excellent 
itochondrial protection. 
We further investigated whether the environmental 

egulation achieved by this method could confer neuronal 
rotection. When cells were treated with MPP+ to induce 
eurotoxic damage [ 36 ], their activity decreased to 37.55 % ±
.13 % compared to normal cells. After free LD treatment, cell 
ctivity was 39.95 % ± 7.01 % ( Fig. 4G ), indicating no significant 
mprovement in neuronal toxicity caused by MPP+ . However,
hen cells were treated with Au-PCBLD-ANG (5, 10, and 

5 μM) and then irradiated with a 1064 nm laser, their 
ctivity significantly increased in a dose-dependent manner 
60.91 % ± 1.81 %, 76.02 % ± 5.01 %, and 85.71 % ± 5.60 %; 
ig. 4G ). Therefore, this administration method demonstrates 
xcellent neuroprotective effects. These findings indicate that 
his method can regulate the microenvironment and exhibit 
oncentration-dependent neuroprotective effects. 

These research findings indicate that this method has 
he ability to regulate the microenvironment and has 
europrotective effects, and these protective effects are 
oncentration-dependent. 

.5. Biocompatibility and pharmacokinetic studies 

efore administering in vivo , we first evaluated the suitability 
f NPs for intravenous drug delivery. Given that biological 
ariability might affect the stability of diselenide bonds,
remature bond cleavage could result in off-target drug 
elease, reducing therapeutic effectiveness and increasing the 
isk of side effects. To address this concern, we performed 

erum stability tests on the NPs to confirm their integrity in 

 biological setting. The drug release rates of Au-PCBLD-ANG 

ithin 72 h in PBS, 10 % FBS, 20 % FBS, and 50 % FBS were
nly 1.09 % ± 0.09 %, 1.04 % ± 0.11 %, 1.10 % ± 0.09 % and
.17 % ± 0.12 %, respectively, indicating that Au-PCBLD-ANG 

xhibits ideal stability in serum ( Fig. 5A ). This nanocarrier 
emonstrates controlled drug release, minimizing random 

elease into the bloodstream. Considering the potential 
mpact of nanoparticle aggregation on both behavior and 

herapeutic efficacy in vivo , we incubated Au-PCB-ANG NPs 
n serum for 72 h to assess their stability. We monitored 
heir PDI and found it to be 0.23 ± 0.06 after the incubation,
hich is consistent with their initial PDI. This result 

uggests that the NPs maintain their dispersion and are 
nlikely to aggregate while circulating in the bloodstream 

Table S1). A hemolysis test of Au-PCBLD-ANG showed no 
ignificant hemolytic activity ( < 5 %) ( Fig. 5B ), affirming that
he Au-PCBLD-ANG formulation does not cause considerable 
emolysis and is well-suited for intravenous drug delivery.
iven the risk that repeated administration could lead to 
anoparticle accumulation in organs, potentially causing 

oxic reactions and impairing liver and kidney function,
e assessed the toxicity of this administration method.
e performed immunostaining of the heart, liver, spleen,

ungs, and kidneys and conducted biochemical tests to 
valuate liver and kidney function. Immunostaining revealed 

o significant differences in the heart, liver, spleen, lungs, and 

idneys before and after administration (Fig. S8). Additionally,
erum biochemical indicators of liver and kidney function 

emonstrated that the nanocarrier exhibited no issues (Table 
2). The potential for systemic immune response triggered by 
Ps is a significant concern, as they might activate, proliferate,
nd migrate immune cells, leading to systemic inflammation.
o evaluate the risk, we measured inflammatory factors and 

erformed routine blood tests following treatment with this 
ethod. The results showed no significant differences in 

he levels of inflammatory markers TNF- α, IL-6 and IL-1 β,
etween the treatment group and the control group (Fig. S9).
dditionally, the blood test indicates that the white blood 

ell count falls within the normal range (Table S3). These 
ndings suggest that this administration method does not 

nduce significant systemic inflammatory responses. 
Building on the above-indicated studies, we conducted 

harmacokinetic analysis through intravenous injection to 
omprehend the effectiveness of LD delivery to the brains 
f treated animals after Au-PCBLD-ANG administration.
harmacokinetic analysis was performed after administering 
D, Au-PCBLD-ANG, NIR-II + Au, and NIR-II + Au-PCBLD-ANG 

each group receiving an equivalent of 60 mg/ kg LD). In 

he brain pharmacokinetic study ( Fig. 5C & Table 1 ), the 
roup injected with free LD showed a peak brain plasma 
oncentration of just 0.54 ± 0.19 μg/ml. In contrast, the 
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Table 1 – Pharmacokinetic parameters and results in the brain. 

NIR-II + Au-PCBLD-ANG NIR-II + Au-PCBLD Au-PCBLD-ANG LD 

Cmax (μg/ml) 34.09 ± 1.25∗∗∗ 7.64 ± 1.81∗∗ 9.80 ± 1.06∗∗∗ 0.54 ± 0.23 
Tmax (h) 4 4 4 2 
T1/2 (h) 21.70 ± 7.16∗ 16.85 ± 4.98∗ 23.74 ± 7.78∗ 3.92 ± 0.61 

Cmax : peak concentration; Tmax : time to peak; T1/2 : half-life. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 compared to the LD group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NIR-II + Au-PCBLD-ANG group, which utilized both NIR-II laser
irradiation and ANG-mediated endocytosis, achieved a much
higher peak concentration (Cmax ) of 34.09 ± 1.25 μg/ml. This
represents a significant increase in brain drug concentration
compared to the injection of free LD. These findings indicate
that the combination of ANG targeting the BBB and NIR-II laser
irradiation can augment drug permeability across the BBB,
resulting in increased LD accumulation in the brain. The half-
life (t1/2 ) of the drug in the brain was significantly extended
following administration with this method. We attribute this
prolongation to the slow release of the drug. Regarding
the pharmacokinetic study in the blood of the NIR-II + Au-
PCBLD-ANG group ( Fig. 5D ), minimal free LD was directly
detectable at various time points after intravenous blood
collection. However, upon adding H2 O2 to the blood samples
and subsequently measuring LD, a substantial amount of
LD was observed, with the LD content gradually decreasing
over increasing administration time. This suggests that only a
minimal amount of the drug is released into the bloodstream
following the injection of this drug-loaded nanoparticle. The
majority of the drug is released after entering the brain.
However, once released into the brain, it does not extensively
circulate in the systemic bloodstream. This is attributed to
the fact that LD, once released in the brain, would need to
traverse the BBB to re-enter the bloodstream. This process
is influenced by peripheral brain decarboxylase, resulting in
the breakdown and metabolism of LD, preventing it from
re-entering the systemic circulation in large quantities. In
summary, this method accomplishes targeted and sustained
drug release, avoiding pulsatile drug administration. 

3.6. Mechanism of NIR-II AuNRs photothermal effect 
resulting in enhanced BBB permeability 

We aimed to assess the efficacy of the NIR-II + Au-PCBLD-
ANG formulation in enhancing BBB permeability. Initially,
we employed Evans Blue as a tracer to monitor changes
in BBB permeability [ 37 ]. Mice were injected with NPs and
allowed to circulate for 30 min, followed by laser irradiation
and the subsequent injection of Evans Blue dye. Then, brain
tissue was collected after perfusion through the heart for
Evans Blue content measurement ( Fig. 6A ). Compared to the
control group, there was no significant increase in Evans Blue
content in the brains of mice following NIR-II laser irradiation
with the injection of PBS or PCBLD-ANG alone. This suggests
that short-term NIR-II laser irradiation or using ANG protein
alone does not induce BBB opening. However, when mice
injected with Au-PCBLD or Au-PCBLD-ANG underwent NIR-
II irradiation, the Evans Blue content in the mouse brain
significantly increased by 8.09 ± 0.56 and 8.33 ± 0.0.51 times
compared to the control group. This implies that the opening
of the BBB results from the photothermal effect of AuNR after
NIR-II irradiation. Notably, the Evans Blue content in these
two groups did not significantly differ, indicating that the BBB
opening is not associated with ANG protein. Additionally, after
irradiation, when Evans Blue was injected at different times,
we observed a gradual closure of the BBB, fully recovering
within 24 h ( Fig. 6A ). This suggests that the BBB opening
induced by the photothermal effect of NIR-II gold nanorods
is reversible. 

Regarding the mechanisms behind the increased
BBB permeability induced by the NIR-II + Au-PCBLD-ANG
formulation, our initial consideration was the possibility
of brain dehydration or alterations in BBB cell morphology
caused by increased temperature. Brain water content
detection in mice revealed no significant change after
treatment with this method ( Fig. 6B ). We also conducted BBB
permeability studies using lanthanum nitrate as a tracer [ 38 ],
and the TEM results are shown in Fig. 6C . Compared to the
control group, the utilization of this method did not show
apparent deformations in the cell morphology of the BBB.
However, there was a clear injection of lanthanum nitrate
between the cells, with a width of approximately 26 nm.
This indicates that this method enhances BBB permeability
by opening the tight junctions between cells. Tight junction
proteins and adhesion junction proteins primarily mediate
tight junctions between BBB cells. We assessed changes
in tight junction proteins and adhesion junction proteins
before and after treatment, using ZO-1 (zonula occluden-1,
a representative tight junction protein), Occludin (a protein
that hinders the passage of large molecules), and VCAM
(Vascular Cell Adhesion Molecule) as examples [ 39 ]. The
results indicated that, compared to before treatment, the
ZO-1 protein content decreased by 73.42 % ± 4.78 % after
NIR-II + Au-PCBLD-ANG treatment, and the occludin protein
content decreased by 82.11 % ± 8.31 %, with no significant
change in the content of the adhesion junction protein
( Fig. 6D - 6F ). Therefore, we conclude that the opening of
the BBB may be attributed to a decrease in the content of
tight junction proteins induced by this method, leading
to the relaxation of tight junctions between BBB cells.
Regarding the mechanism responsible for the reduction in
tight junction protein levels, one study suggests that it is
mediated by the extracellular signal-regulated kinases 1
and 2 (ERK1/2) mitogen-activated protein kinase in response
to the downregulation of tight junction proteins induced
by heat stress [ 40 ]. This study was performed in vitro with
intestinal epithelial cells and involved extended exposure
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Fig. 6 – Mechanisms of enhanced BBB permeability. (A) BBB permeability revealed by Evans Blue dye. (i) Evans blue content 
in the brain homogenates after intracardiac perfusion with Evans blue dye following different treatments. (ii) Measurements 
of Evans Blue content in brain homogenates at different time points following NIR-II + Au-PCBLD-ANG treatment, with 

intracardiac perfusion of Evans Blue dye. (B) Comparative analysis of brain water content in mice before and after treatment. 
(C) TEM imaging of the Mouse BBB. (i) TEM imaging of the brain in untreated mice after lanthanum nitrate perfusion (control 
group) (scale bar: 1 μm). (ii) TEM imaging of the mouse BBB after injection of Au-PCBLD-ANG followed by lanthanum nitrate 
perfusion (scale bar: 1 μm). (D-F) Quantification of tight junction proteins and adhesion molecules in mouse brain 

homogenate using ELISA.(D) The relative expression of occludin protein. (E) The relative expression of ZO-1 protein. (F) The 
relative expression of VCAM protein. n = 3. ∗P < 0.05, ∗∗∗P < 0.001. 
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o heat stress. We will continue to explore the mechanisms 
ehind the reduction of tight junction proteins using this 
ethod. Notably, this method causes a reversible opening 

f the BBB, prompting us to investigate whether repeated 

dministrations affect the BBB’s tight junction proteins. Using 
ccludin protein as an example, after a week of continuous 
reatment followed by a 24-h recovery period, the occludin 

ontent reached 98.35 % ± 8.36 % of its pre-treatment level.
Fig. S10), indicating no significant difference. This suggests 
hat the treatment did not affect the reversible restoration 

f BBB tight junction proteins during this period. Future 
tudies would consider longer-term treatments on the BBB’s 
eversibility and the impact of this reversible restoration on 

epeated administrations. 

.7. In vivo neuroprotective effects 

e conducted pharmacological assessments to evaluate the 
europrotective effectiveness of Au-PCBLD-ANG formulations 

n a mouse model of PD. The MPTP-induced PD model 
as employed in our study ( Fig. 7A ), reflecting key features 
bserved in PD patients, such as reduced brain DA levels,
educed counts of TH+ neurons, and motor impairments 
 41 ]. To assess the coordination and activity of our PD 

odel mice, we employed the rotarod, pole climbing, and 

pen field tests [ 42 ]. In the rotarod experiment, the PD 

odel group exhibited reduced latency to fall after MPTP 
reatment, indicating significant impairment in coordination 

nd balance ( Fig. 7B ). Free LD treatment did not markedly 
mprove coordination and balance due to the influence of 
eripheral decarboxylase activity, leading to the breakdown 
f LD into dopamine, which struggles to cross the BBB.
owever, LD treatment and a decarboxylase inhibitor (LD 

nd LBH) effectively enhanced motor coordination. The 
u-PCBLD-ANG group without laser irradiation and the 
IR-II + Au-PCB group without ANG protein showed some 

mprovement in coordination. The Au-PCBLD-ANG group with 

aser irradiation exhibited the most substantial behavioral 
mprovement. Consistent with these findings, all treatment 

ethods significantly reduced the turnaround time (T-turn) 
nd the total time required to descend the pole (T-total) 
n the pole test compared to the PD model mice ( Fig. 7C ).
he combination of ANG and laser irradiation demonstrated 

he most effective motor therapeutic effect. Using an open- 
eld test, we further assessed these mice’s exploratory and 

pontaneous movements. Mice treated with MPTP exhibited 

ignificantly reduced spontaneous activity and exploration,
hallenges overcome by all tested therapeutic methods except 
or free LD treatment. Within the same duration (5 min),
hese treatments increased the distance traveled by the 

ice during free activity ( Fig. 7D ). Importantly, Au-PCBLD- 
NG, in combination with NIR-II irradiation, showed the 
aximum restoration of motor function in these PD model 
ice, evidenced by the fewest falls, the longest fall latency,

he shortest T-turn, the shortest T-total, and the longest 
istance traveled. Therefore, the combination of Au-PCBLD- 
NG and NIR-II irradiation effectively corrects the motor 
eficits observed in MPTP-induced injured mice. 

Due to the pivotal role of dopamine in controlling 
alance ability, we assessed the levels of DA and its related 

etabolites, 3,4-dihydroxyphenylacetic acid (DOPAC) and 

omovanillic acid (HVA), in brain tissue homogenates [ 43 ].
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Fig. 7 – Motor behaviours of MPTP-induced PD mice following various treatments. (A) Design of the pharmacological study. 
(B-D) Effect of different methods, including free LD, LBH (benzydamine), PCBLD-ANG, Au-PCBLD, NIR-II + Au-PCBLD-ANG, on 

behavioral deficits in MPTP-injected PD mouse models: (B) rotarod test, (C) pole test (i: turnaround time; ii: total time 
required to descend the pole), and (D) open field test (i: free movement trajectories of mice in the open field arena (green); ii: 
total distances traveled by mice in different treatment groups). (E-G) Measurement of DA and its metabolites before and after 
treatment: (E) relative levels of DA, (F) relative levels of DOPAC, and (G) relative levels of HVA. (H) ROS levels in brain 

homogenates of mice after MPTP and various treatments. (I) GSH levels in brain homogenates of different treatment groups. 
(J) TH+ staining in the substantia nigra of mice after different treatments. n = 6. Compared to the MPTP group: ∗P < 0.05, 
∗∗P < 0.01, ∗∗∗P < 0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Consistent with the impact on the balance, the levels of DA,
DOPAC, and HVA in mice treated with MPTP were reduced
by 36.86 % ± 2.65 %, 32.26 % ± 5.61 %, and 28.7 % ± 7.90 %,
respectively, compared to control mice ( Fig. 7E - 7G ). Treatment
with LD did not significantly alter these levels, likely due
to peripheral decarboxylase activity limiting its effective
penetration into the brain without protective measures.
In contrast, Au-PCBLD-ANG treatment without subsequent
irradiation restored these levels to 56.20 % ± 4.52 %, 54.88 %
± 3.83 %, and 52.16 % ± 9.98 % in the control group. The
NIR-II + Au-PCB group without ANG restored these levels to
49.30 % ± 4.19 %, 51.51 % ± 3.72 %, and 45.67 % ± 8.04 %
in the control group. The combination of Au-PCBLD-ANG
injection and NIR-II irradiation significantly outperformed
the other two methods, increasing these levels to 95.04 % ±
4.11 %, 82.55 % ± 10.58 %, and 66.60 % ± 5.82 % of the control
group. This suggests that the synergistic effect of NIR-II laser
irradiation-induced photothermal effect and ANG-mediated
targeted phagocytosis effectively rectifies the reduced levels
of DA, DOPAC and HVA induced by MPTP. 

To further explore the therapeutic mechanisms of the NPs,
we utilized ELISA to quantify ROS levels in the substantia nigra
of mice ( Fig. 7H ). Following MPTP treatment, brain ROS levels
in mice increased to 1.91 ± 0.17 times that of normal mice.
Treatment with LD and LBH failed to reduce ROS levels in
the brains of Parkinsonian mice effectively. In contrast, the
three treatment methods involving PCBLD reduced brain ROS
levels to 1.27 ± 0.07, 1.30 ± 0.12, and 1.07 ± 0.06 times that
of normal mice. Remarkably, the NIR-II + Au-PCBLD-ANG group
successfully restored ROS levels to normal. Similar outcomes
were observed in the assessment of GSH levels ( Fig. 7I ), where
the NIR-II + Au-PCBLD-ANG group exhibited the most robust
GSH restoration, elevating GSH levels from 60.32 % ± 4.31 %
to 86.10 % ± 6.33 % relative to the MPTP-treated group. We
also evaluated the ability of Au-PCBLD-ANG formulations to
prevent MPTP-induced damage to dopaminergic neurons in
the substantia nigra. Through immunohistochemical staining
to detect TH+ neurons in treated mice ( Fig. 7J ), we found
that LD treatment alone did not enhance the number of
TH+ neurons in the substantia nigra. However, all groups
involving ROS-responsive LD delivery were able to mitigate
TH+ neuronal damage, with the combination of ANG and NIR-
II achieving the most effective protection of TH+ neurons. This
indicates that injecting Au-PCBLD-ANG and NIR-II irradiation
sufficiently reduces the loss of TH+ neurons in these PD model
mice. 

In summary, the significant accumulation of LD and its
metabolites in the brain, coupled with the reduced oxidative
stress levels, suggests that this administration method can
more effectively accomplish dopamine supplementation and
enhance the microenvironment in the brains of Parkinsonian
mice. In addition to achieving high brain delivery, this
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dministration method does not cause significant tissue 
amage or systemic inflammatory responses. This highlights 

ts potential for clinical development and applicability in 

reating other brain diseases. 

. Conclusion 

his investigation has successfully developed a 
anotherapeutic system utilizing a NIR-II, AuNRs and ANG,

acilitating efficient traversal of the BBB and controlled 

elease of LD in response to ROS. This innovative design 

rovides substantial advancements in LD therapy by 
ddressing two key challenges. Firstly, the BBB-targeting 
roperty of ANG enhances nanoparticle accumulation and 

mproves transport efficiency through phagocytosis. NIR-II 
uNR’s photothermal effect enhances BBB permeability 
nd synergizes phagocytosis, resulting in reversible BBB 

pening. Secondly, this carrier protects LD from peripheral 
ecarboxylase interference, enabling unhindered passage 
hrough the BBB while regulating the local microenvironment.
he ROS-responsive release mechanism reduces ROS levels in 

he central nervous system, safeguarding mitochondria and 

eurons. Consequently, NIR-II + Au-PCBLD-ANG significantly 
mproves motor dysfunction and pathological indicators in a 

ouse model of PD. This drug delivery system, which crosses 
he BBB, responds to ROS, and leverages photothermal effects 
nd phagocytosis, presents a promising platform for more 
ffective PD therapy with LD, holding great potential for 
dvancements in neurology and PD treatment. 
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