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Introduction
Neurodegeneration refers to the gradual deterioration 
of neuronal structure and function, which are the fun-
damental building blocks of the nervous system [1]. This 
decline can result in distinct pathological abnormalities 
within the central nervous system, collectively referred to 
as neurodegenerative diseases. Notable examples include 
Parkinson’s disease (PD), Alzheimer’s disease (AD), and 
Huntington’s disease (HD) [2]. Despite various neurode-
generative diseases, there is broad consensus that mito-
chondrial involvement represents a key shared factor in 
these diseases [3].Mitochondria, as essential regulators of 
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Abstract
Mitochondria are pivotal in sustaining oxidative balance and metabolic activity within neurons. It is well-established 
that mitochondrial dysfunction constitutes a fundamental pathogenic mechanism in neurodegeneration, 
especially in the context of Parkinson’s disease (PD), this represents a promising target for therapeutic intervention. 
Ursodeoxycholic acid (UDCA), a clinical drug used for liver disease, possesses antioxidant and mitochondrial 
repair properties. Recently, it has gained attention as a potential therapeutic option for treating various 
neurodegenerative diseases. However, multiple barriers, including the blood-brain barrier (BBB) and cellular/
mitochondrial membranes, significantly hinder the efficient delivery of therapeutic agents to the damaged 
neuronal mitochondria. Macrophage-derived nanovesicles (NVs), which can traverse the BBB in response to brain 
inflammation signals, have demonstrated promising tools for brain drug delivery. Nevertheless, natural nanovesicles 
inherently lack the ability to specifically target mitochondria. Herein, artificial NVs are loaded with UDCA and 
then functionalized with triphenylphosphonium (TPP) molecules, denoted as UDCA-NVs-TPP. These nanovesicles 
specifically accumulate in damaged neuronal mitochondria, reduce oxidative stress, and enhance ATP production 
by 42.62%, thereby alleviating neurotoxicity induced by 1-methyl-4-phenylpyridinium (MPP+). Furthermore, 
UDCA-loaded NVs modified with TPP successfully cross the BBB and accumulate in the striatum of PD mice. 
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cell survival and apoptosis, also play a crucial role in the 
process of aging. The onset and progression of neurode-
generative diseases are closely associated with early mito-
chondrial dysfunction [4].

PD is a well-known neurodegenerative disorder that 
primarily affects the nervous system, causing a grad-
ual breakdown of specific brain regions responsible for 
motor control and other cognitive functions. Central to 
the pathology of PD is the progressive loss of dopami-
nergic neurons, particularly in the nigrostriatal system, a 
critical structure within the brain that plays a key role in 
regulating movement [5]. Currently, the main pharmaco-
logical treatments for PD include dopamine replacement 
therapies, dopamine receptor agonists and catabolic 
enzyme inhibitors, aimed at maintaining dopamine lev-
els in the nigrostriatal system to alleviate Parkinson’s 
symptoms [6, 7]. It’s worth noting that these therapeu-
tic approaches do not repair the damaged dopaminergic 
neurons nor reverse neuronal apoptosis. As dopaminer-
gic neurons are lost during the progression of PD, the 
effectiveness of above drugs diminishes, accompanied by 
side effects such as motor fluctuations [8, 9].

Consequently, it is crucial to develop innovative treat-
ments aimed at repair neurons for treating PD. Metabolic 
activity in active neurons in the brain requires substan-
tial energy consumption. Mitochondria, as the primary 
site of ATP production, are crucial for distributing energy 
throughout neuronal cells, thereby regulating cell fate 
and maintaining tissue homeostasis [10]. Evidences indi-
cates that dysfunction of these neuronal mitochondria 
can trigger the onset of PD [11]. Furthermore, mitochon-
drial respiratory chain dysfunction has been identified in 
brain tissue samples collected postmortem from individ-
uals with PD [12]. Additionally, various neurotoxins, such 
as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine(MPTP) 
[13] and rotenone [14], can disrupt neuronal mitochon-
drial function, leading to oxidative stress and autophagic 
defects in mitochondria. Therefore, neuronal mitochon-
dria are emerging as promising therapeutic targets for 
PD. A key approach to improving mitochondrial dys-
function involves reducing oxidative stress through anti-
oxidant mechanisms, as mitochondrial dysfunction may 
lead to excessive ROS, thereby causing severe inflamma-
tion and oxidative stress. Various antioxidants have been 
found to effectively reduce MPTP-induced neuronal 
apoptosis and mitochondrial dysfunction [15, 16].

Ursodeoxycholic acid (UDCA) is a clinically used drug 
with antioxidant properties that was initially developed 
for the treatment of liver diseases, it is currently being 
investigated for the treatment of neurodegenerative dis-
orders. UDCA has the ability to prevent the buildup of 
reactive oxygen species, the disruption of mitochon-
drial membrane potential, and the depletion of ATP in 
neuronal cells, which may improve autophagic flux and 
alleviate cellular apoptosis [17]. Furthermore, UDCA has 
the ability to regulate mitochondrial activity, autopha-
gic processes, and apoptosis in PD induced by MPTP/
MPP, thereby safeguarding dopaminergic neurons from 
the detrimental effects of oxidative stress [18, 19]. How-
ever, the effectiveness of UDCA in accumulating within 
the brain and neuronal mitochondria is restricted by its 
limited capacity to cross the BBB and its low solubility 
in water, impeding the clinical development of UDCA 
as a potential therapeutic agent [20]. Therefore, there is 
an urgent need to develop delivery systems with excel-
lent mitochondrial targeting capabilities to address 
mitochondrial dysfunction in neurons and improve PD 
treatment outcomes.

Macrophages, as immune cells, possess a natural 
capacity to respond to brain inflammation signals. Inte-
grins existed on the macrophage membrane could inter-
act with cell adhesion molecules located on the surface 
of brain endothelial cells, facilitating their natural passage 
across the BBB to reach inflammatory lesion areas [21]. 
Therefore, macrophage-derived nanovesicles (MNVs), 
especially artificial MNVs, are effective drug delivery 
platforms for crossing the BBB due to their simple prepa-
ration and preserved cellular membrane information [22, 
23]. Despite the significant advantages shown by artifi-
cial MNVs in brain drugs delivery, they still lack mito-
chondrial targeting capabilities, thus preventing efficient 
accumulation of drugs in mitochondria. Mitochondria 
possess a distinctive feature of maintaining a high trans-
membrane potential across their inner membrane, which 
enables the selective attraction of positively charged mol-
ecules such as triphenylphosphonium (TPP) through 
electrostatic interactions [24]. Compared to other mito-
chondrial-targeting strategies, such as those based on 
mitochondrial lipid composition or specific signals, TPP 
offers a more efficient, versatile, and reliable approach for 
targeting mitochondria [25, 26].

Here, we have developed a mitochondria-targeting 
nanomedicine for PD therapy (Scheme 1). Specifically, 

These nanoparticles significantly improve PD symptoms, as demonstrated by a 48.56% reduction in pole climb 
time, a 59.09% increase in hanging ability, and the restoration of tyrosine hydroxylase levels to normal, achieving 
remarkable therapeutic efficacy. Our work highlights the immense potential of these potent UDCA-loaded, 
mitochondria-targeting nanovesicles for efficient treatment of PD and other central neurodegenerative diseases.
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by loading UDCA into artificial NVs and further modi-
fying the NVs with the mitochondria-targeting molecule 
TPP, the resulting nanocomplex UDCA-NVs-TPP can 
effectively traverse the BBB and target damaged neu-
ronal mitochondria. The nanoparticles exhibit excel-
lent antioxidative properties, ameliorate the ROS levels 
and oxidative stress status of mitochondria in MPP+-
damaged SH-SY5Y neuronal cells, enhance ATP pro-
duction, thereby restoring mitochondrial dysfunction, 
and reducing apoptosis in damaged cells. Moreover, the 
UDCA-NVs-TPP nanoparticles could traverse the BBB, 
enhancing the enrichment of UDCA-loaded vesicles 
within the brain. Additionally, the mitochondria-tar-
geted nanoparticles significantly increased the activity of 
tyrosine hydroxylase in the striatum system of PD mice, 
markedly upregulated mitochondrial metabolism, dopa-
mine metabolism, and the expression levels of genes 

closely associated with PD. This led to improvements in 
limb grip strength, limb coordination, and a reduction in 
the motor sluggishness symptoms of Parkinsonian mice. 
Our research demonstrates that mitochondrial-targeted 
nanovesicles loaded with UDCA exhibit significant 
advantages in crossing the BBB, alleviating mitochondrial 
oxidative stress, and reducing mitochondria-mediated 
neuronal apoptosis, thereby exerting a potent and effec-
tive therapeutic effect in the neurodegenerative disease.

Results and discussion
Preparation and characterization of UDCA-NVs-TPP NPs
Artificial nanovesicles (NVs) from macrophage were gen-
erated by disrupting RAW264.7 cells using an ultrasonic 
cell disruptor. This process resulted in the formation of 
nanoscale cellular fragments, which can be subsequently 
membrane-treated and rearranged to form nanovesicles 

Scheme 1  Schematic diagram of research design and experimental process
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(Fig. 1a) [27, 28]. The concentration of the obtained NVs 
was quantified using the BCA assay, which measured 
the protein concentration at 2.52 mg/ml (Figure S1). The 
NVs loaded with UDCA (abbreviated as UDCA-NVs) 
were prepared in an aqueous solution using ultrasound 
conditions, following a previously reported method [29]. 
Various amounts of UDCA (0.5, 1.5, 2.0, 2.5, 3.5  mg) 
were attempted to be incorporated into 2.5  mg of NVs. 
The encapsulation (EE) and UDCA-loading efficiency 
(LE) of UDCA-NVs were assessed via HPLC. The high-
est encapsulation efficiency (79.49%) was achieved with 
the smallest amount of UDCA loading (0.5  mg), while 
the highest loading efficiency (31.76%) occurred when 
the amount of UDCA was 2.5 mg. As EE decreased and 
LE increased with higher UDCA loads, a balance was 
sought. Consequently, the 2.5  mg UDCA loading con-
dition, which offered a good compromise between LE 
and EE, was selected for further experiments (Fig.  1b 
and Figure S2). Compared to existing exosome-based 

drug delivery systems, which require complex separa-
tion and purification steps and are often cost-prohibitive, 
the nanoplatform based on artificial nanovesicles offers 
superior drug loading efficiency and a simpler prepara-
tion process [29, 30]. The optimized UDCA-NVs were 
further modified with DSPE-PEG2000-TPP (abbreviated 
as UDCA-NVs-TPP) to enhance their mitochondrial tar-
geting ability. The resulting UDCA-NVs-TPP nanopar-
ticles are designed to reach inflammatory neurons and 
specifically target mitochondria to improve their mito-
chondrial biogenesis. At different time points (4  h, 8  h, 
12 h, 24 h), the retention rates of UDCA in UDCA-NVs-
TPP decreased from 72.39 to 56.81%, demonstrating 
that encapsulation by NVs, along with DSPE-PEG2000-
TPP modification, presented excellent stability (Figure 
S3). Notably, a previous study demonstrated that mac-
rophage-derived exosomes loaded with catalase (Exo-
CAT), prepared using the sonication method, exhibited 
similar stability, further confirming the superior loading 

Fig. 1  Synthesis and characterization of NVs, UDCA-NVs, and UDCA-NVs-TPP. a) Schematic diagram of the preparation of NVs, loading of UDCA into NVs 
to form UDCA-NVs, and modification of UDCA-NVs with DSPE-PEG2000-TPP to form UDCA-NVs-TPP. b) EE and LE of NVs for various dosages of UDCA. c) 
Zeta potential of NVs, UDCA-NVs, and UDCA-NVs-TPP. d) TEM images of NVs, UDCA-NVs, and UDCA-NVs-TPP, scale bar = 100 nm. e) Hydrodynamic sizes of 
NVs, UDCA-NVs, and UDCA-NVs-TPP. f ) Verification of labeled proteins in NVs and UDCA-NVs-TPP by protein imprinting
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efficiency and stability of nanovesicles produced via this 
approach [29]. Furthermore, the surface charge of NVs 
with and without modification was determined using 
the Malvern Zetasizer, revealing a zeta potential of -19.2 
mV for NVs (Fig. 1c). The drug loading and modification 
increased zeta potential of surface, which is comparable 
to that of endogenously released vesicles [31]. Transmis-
sion Electron Microscopy (TEM) was employed to depict 
the morphology and size of all groups to characterizing 
their size distribution. NVs demonstrated a liposomal 
bilayer structure with a circular shape, exhibiting local-
ized invaginations, and measuring approximately 100 nm 
in size (Fig. 1d). However, after loaded with UDCA, the 
vesicles observed under TEM appeared darker, which 
can be attributed to the abundant internal drug sub-
stances obstructing the passage of electron beams (Fig-
ure S4). Additionally, Dynamic Light Scattering (DLS) 
analysis revealed that the vesicle size distribution in 
solution primarily ranged from 32.7 to 200  nm, with 
an average size of 91.97 nm (Fig. 1e). These findings are 
consistent with the TEM results and align with the size 
range commonly reported for exosomes [32]. Addition-
ally, western blotting was used to determine the effects 
of UDCA loading and DSPE-PEG2000-TPP modification 
on artificial NVs derived from macrophage. The obtained 
results showed that the characteristic proteins CD9 and 
TSG101 from the macrophage membrane were still pres-
ent in UDCA-NVs-TPP (Fig.  1f ). As is well-established, 
CD9 and TSG101 are membrane-associated proteins on 
macrophage [33, 34]. These proteins were found to be 
preserved in the nanovesicles even after drug loading and 
modification, indicating that the processing method of 
mitochondria-targeted biomimetic nanoplatform could 
retain the integrity of the macrophage membrane.

The targeting characteristics of UDCA-NVs-TPP NPs 
towards neuronal cell mitochondria
Next, the biocompatibility and mitochondria targeting 
of UDCA-NVs-TPP was evaluated using SH-SY5Y cell 
(Fig.  2a). The results showed that the viability of SH-
SY5Y cells did not significantly decrease with increasing 
concentrations of UDCA-NVs-TPP (Fig.  2b), demon-
strating the excellent biocompatibility of UDCA-NVs-
TPP nanoparticles. The neurotoxin MPP + can inhibit 
the activity of mitochondrial complex I in SH-SY5Y 
cells, leading to reduced ATP production and increased 
oxidative stress, thereby inducing oxidative damage and 
apoptosis of cells. The results showed that 3 mM MPP+ 
significantly reduced cell viability (Fig.  2c), thus this 
concentration was chosen to establish an inflammatory 
SH-SY5Y cell model for in vitro experiments with nano-
medicines. Moreover, to further evaluate the protec-
tive effects and determine the optimal concentration of 
UDCA-NVs-TPP on MPP+-treated SH-SY5Y cells, the 

CCK-8 assay results demonstrated that a concentration of 
31.25 µM UDCA-NVs-TPP provided significant protec-
tion (Fig. 2d). Therefore, this concentration of nanovesi-
cles was chosen for subsequent in vitro experiments. As 
shown in Fig. 2e, g, after treatment with MPP+, SH-SY5Y 
cells exhibited significantly higher uptake of UDCA-NVs-
TPP compared to UDCA-NVs at 2 h, and the uptake of 
both reached a similar amount after 4  h of incubation. 
This could be attributed to the saturation of nanoparti-
cle uptake by the cells. To further investigate the ability 
of UDCA-NVs-TPP to target neuronal cell mitochon-
dria, we labeled nanovesicles with FITC and stained 
mitochondria in SH-SY5Y cells with a mitochondrial 
red probe. After incubating nanovesicles with MPP+-
treated SH-SY5Y cells for 4 h, we observed higher accu-
mulation of UDCA-NVs-TPP in mitochondrial regions 
of SH-SY5Y cells compared to the UDCA-NVs group, as 
indicated by green fluorescence intensity (Fig. 2f, h). To 
further validate the effective accumulation of the thera-
peutic agent, SH-SY5Y cells incubated with nanovesicle 
groups for 2 and 4  h were harvested, subjected to cell 
lysis, and subsequently processed for mitochondrial iso-
lation via differential centrifugation. The UDCA content 
within the mitochondria of SH-SY5Y cells incubated with 
UDCA-NVs-TPP was significantly higher than that in the 
UDCA-NVs group (Figure S5). These results demonstrate 
that UDCA-loaded nanovesicles with TPP modification 
exhibit enhanced mitochondrial targeting capability, con-
sistent with previous studies [35]. These results suggest 
that UDCA-NVs-TPP can be rapidly taken up by neuro-
nal cells and targeted to mitochondrial regions, a process 
attributed to the presence of the positively charged TPP, 
which is drawn to mitochondria via electrostatic forces 
due to their high transmembrane potential [24].

UDCA-NVs-TPP NPs scavenge oxidative stress to protect 
neuronal mitochondria
After the protective effects of TPP-modified UDCA-
loaded nanovesicles on neuronal cells and their mito-
chondrial targeting ability were confirmed, the oxidative 
scavenging capacity and the subsequent repair effects of 
UDCA-NVs-TPP on damaged mitochondria were exam-
ined (Fig.  3a). Firstly, the antioxidant capacity of vari-
ous concentrations of UDCA-NVs-TPP was evaluated 
via ABTS assay, the results confirmed the UDCA-NVs-
TPP possessed the antioxidant activity in a concentra-
tion-dependent manner (Fig.  3b). Since the primary 
function of mitochondria is to produce ATP and main-
tain cellular energy, we then examined the impact of 
UDCA-NVs-TPP on mitochondrial ATP production in 
MPP+-treated cells. As illustrated in Fig.  3c, MPP+ sig-
nificantly decreased ATP production in SH-SY5Y cells, 
likely due to the disruption of the mitochondrial respira-
tory chain [36–38]. Notably, UDCA-NVs-TPP effectively 
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Fig. 2  Characterization of UDCA-NVs-TPP and assessment of its extracellular targeting capability towards neurons. a) A schematic illustration depicting 
the preparation of UDCA-NVs-TPP and its targeted delivery to the mitochondria of neuronal cells. b) Cell viability of SH-SY5Y cells following treatment 
with UDCA-NVs-TPP (n = 4). c) Cell viability of SH-SY5Y cells after exposure to MPP+ (n = 4). d) Assessment of SH-SY5Y cell viability following pretreatment 
with UDCA-NVs-TPP, followed by exposure to 3 mM MPP+ (n = 4). e) Observation of the internalization of SH-SY5Y cells with UDCA-NVs and UDCA-NVs-
TPP at 2 h and 4 h using confocal microscopy. Blue indicates cell nuclei; green represents TITC-labeled UDCA-NVs-TPP. f) Utilizing confocal laser scanning 
microscope (CLSM) to assess the targeting capability of UDCA-NVs and UDCA-NVs-TPP on mitochondria in SH-SY5Y cells. Blue represents cell nuclei; 
green signifies FITC-labeled UDCA-NVs and UDCA-NVs-TPP; red denotes mitochondria. g) Quantitative analysis of FITC-labeled nanoparticles (n = 3). h) 
Quantitative analysis of FITC-labeled nanoparticles (n = 4)
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Fig. 3  Protective and reparative effects of UDCA-NVs-TPP on SH-SY5Y against mitochondrial damage induced by MPP+. a) Schematic representation of 
different treatment groups. b) Overall antioxidative capacity of UDCA-NVs-TPP accompanied by images of the solutions (n = 3). c) Measurement of ATP 
levels in SH-SY5Y cells pretreated with UDCA-NVs-TPP and subsequently exposed to MPP+ (n = 3). d) Representative morphological images of SH-SY5Y 
cells: cells exposed to MPP+, cells pretreated with UDCA-NVs-TPP and then exposed to MPP+, captured using an inverted microscope. e) CLSM images 
demonstrate that SH-SY5Y cell mitochondria pretreated with UDCA-NVs-TPP are intact and highly active. Blue: cell nuclei; green: total mitochondria; red: 
active mitochondria. f) Quantitative assessment of active mitochondria (n = 3). g) CLSM images demonstrate the levels of mitochondrial ROS produced 
by SH-SY5Y cells after pretreatment with UDCA, UDCA-NVs, UDCA-NVs-TPP, followed by co-incubation with MPP+ for 24 h. Red: mitochondrial ROS. h) 
Quantitative analysis of mitochondrial ROS levels (n = 3)
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improves mitochondrial ATP production by 42.62%, 
protecting them from neurotoxin-induced damage in a 
concentration-dependent manner. Significant protec-
tion was observed at 31.25µM, consistent with the pre-
viously mentioned protective effects of UDCA-NVs-TPP 
on cells. Additonally, the protection effect of UDCA-
NVs-TPP can be observed under microscope. As shown 
in Fig.  3d, UDCA-NVs-TPP transformed the slender, 
rod-shaped morphology of MPP+-treated SH-SY5Y cells 
into a more typical multipolar or polygonal shape. At the 
mitochondrial level, we further assessed the differences 
and variations in both the quantity and activity of mito-
chondria following treatment with various groups, using 
two distinct probes. The green fluorescence represents 
total mitochondria, while the red fluorescence indicates 
active mitochondria. The merged orange fluorescence 
reflects the proportion of active mitochondria. As illus-
trated in Fig. 3e, untreated SH-SY5Y cells exhibit higher 
levels of active mitochondria and total mitochondrial 
content. Upon combination, orange-red fluorescence is 
observed around the blue nuclei, indicating higher pro-
portions of active mitochondria and total mitochondrial 
content. In contrast, the group treated solely with MPP+ 
shows lower red fluorescence signals, indicating a lower 
proportion of active mitochondria. Earlier reports have 
pointed out that MPP+ disrupts the mitochondrial elec-
tron transport chain, generating excessive reactive oxy-
gen species (ROS), thus causing mitochondrial damage 
[39, 40]. Importantly, experimental groups treated with 
UDCA, UDCA-NVs, and UDCA-NVs-TPP significantly 
enhanced mitochondrial activity in SH-SY5Y subjected 
to MPP+ exposure, with UDCA-NVs-TPP showing the 
most pronounced effect, approaching levels of mitochon-
drial activity seen in normal cells (Fig. 3f ). This suggests 
its superiority in protecting cellular mitochondria from 
MPP+ damage. Following pretreatment with UDCA, 
UDCA-NVs, and UDCA-NVs-TPP for 2 h, the red fluo-
rescence emitted by ∙OH markers in cellular mitochon-
dria significantly decreased, with UDCA-NVs-TPP 
showing the most pronounced difference, comparable to 
fluorescence intensity observed in normal cells (Fig.  3g, 
h). These results indicate that mitochondria-targeted 
UDCA-loaded nanovesicles (UDCA-NVs-TPP) can sig-
nificantly reduce excessive mitochondrial ROS produc-
tion induced by MPP+, thereby protecting SH-SY5Y cells.

Targeting ability of UDCA-NVs-TPP NPs in vitro and vivo
The above experiments demonstrate that UDCA-NVs-
TPP can target neuronal mitochondria in inflammatory 
environments, improving mitochondrial biogenesis. 
While, for the PD, crossing the BBB is a primary require-
ment for effective drug treatment. Macrophages are 
known for their unique inflammation tropism. They 
are able to efficiently cross the BBB by interacting with 

ICAM-1. Additionally, they exhibit neuronal targeting 
ability through the interaction between integrins and 
VCAM-1 [41, 42]. Therefore, the ability of TPP-modified 
UDCA-loaded artificial nanovesicles to cross the BBB 
was verified both in vitro and in vivo.

Mouse brain endothelial cells (bEnd3) were used as 
a BBB model in vitro. They were cultured in transwell 
inserts with a 0.4  μm pore size to form a tight mono-
layer. Different groups of nanovesicles labeled with 
FITC fluorescence were used. After incubation for 1, 3, 
and 6 h in the in vitro model, it was observed that mac-
rophage-derived artificial NVs could penetrate the tight 
endothelial cell layer. As shown in Fig.  4a, the transen-
dothelial crossing rates of all nanovesicle (NV)-based 
groups increased over time. At 6 h, the crossing rate for 
UDCA-NVs-TPP was 58.04%. Notably, the incorpora-
tion of UDCA and the modification with TPP target-
ing ligands did not significantly alter the ability of these 
nanovesicles to traverse the endothelial cell layer, which 
is consistent with previous studies [43]. Macrophage-
derived nanovesicles have been shown to cross the BBB 
by interacting with adhesion molecules on the endothe-
lial cell surface [44]. Among these interactions, intercel-
lular adhesion molecule-1 (ICAM-1) has been identified 
as a key mediator facilitating the passage of nanovesi-
cles across the barrier [45]. To further verify the role of 
ICAM-1 in the transport of UDCA-NVs-TPP, we pre-
treated bEnd3 cells with an anti-ICAM-1 antibody (Fig-
ure S6). Upon blocking ICAM-1 with anti-ICAM-1 
antibodies, the crossing rates of NVs, UDCA-NVs, and 
UDCA-NVs-TPP were significantly reduced (Fig.  4a 
and Figure 7). Specifically, after 6  h, the crossing rates 
decreased to 34.37%, 36.01%, and 34.89%, respectively. In 
contrast, without anti-ICAM-1 pre-treatment, the cross-
ing rates remained higher, at 61.92%, 58.60%, and 58.04% 
for NVs, UDCA-NVs, and UDCA-NVs-TPP, respectively. 
This significant reduction in crossing rates upon ICAM-1 
blockade underscores the critical role of ICAM-1 in facil-
itating the transendothelial transport of these nanovesi-
cles. Next, live animal and ex vivo imaging were used to 
evaluate the in vivo brain accumulation of UDCA-loaded 
NVs, both with and without TPP modification. The dis-
tribution of Dir-labeled UDCA-NVs and UDCA-NVs-
TPP in brain tissue was captured at various time points 
following injection into mice (Fig. 4b, c, d). We observed 
fluorescence signals of UDCA-NVs and UDCA-NVs-
TPP nanovesicles in the mouse brain 0.5 h post-injection, 
which gradually accumulated in brain tissue over time, 
peaking between 4 and 10 h. Notably, the incorporation 
of TPP into UDCA-loaded NVs significantly enhanced 
brain accumulation, with increases of 107% at 4  h and 
96% at 6  h compared to UDCA-loaded NVs without 
modification. This enhanced accumulation is likely due 
to the electrostatic interactions between the positively 
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charged TPP molecules and the cellular/mitochondrial 
membranes. Subsequently, fluorescence intensity began 
to decline, becoming nearly undetectable by 24  h, indi-
cating complete metabolism within the cranial cavity. 
The live imaging revealed stronger fluorescence intensity 
of UDCA-NVs-TPP particles in brain regions (Fig.  4d), 
indicating that TPP modification enhances the accumu-
lation of nanoparticles in the brain, likely due to faster 
cellular uptake of TPP-modified nanovesicles, as shown 
in Fig. 2e. Furthermore, fluorescence imaging analysis of 
brain tissues isolated at various time points revealed the 
retention of UDCA-NVs-TPP within the brain (Fig. 4e), 
with half-life and peak accumulation results consistent 
with those observed in live imaging. However, fluores-
cence intensity in ex vivo brain tissues (Figure S8) was 

weaker compared to live imaging, possibly due to the 
circulation of UDCA-NVs-TPP in the systemic system. 
Additionally, fluorescence intensity analysis of heart, 
lung, liver, spleen, and kidney tissues at different time 
points revealed the distribution of UDCA-NVs-TPP in 
various organs. The highest accumulation of UDCA-NVs-
TPP was observed in the liver, followed by the kidneys, 
indicating that its metabolism primarily occurs in the 
hepatic system. Fluorescence intensity began to diminish 
in all tissues by 12 h (Fig. 4f ). These results suggest that 
UDCA-loaded nanovesicles with mitochondrial targeting 
exhibit superior brain accumulation in vivo, effectively 
crossing the BBB. The enhanced brain localization, con-
firmed by both live and ex vivo imaging, indicates their 
potential for treating neurodegenerative diseases. This 

Fig. 4  Evaluation of the ability of UDCA-NVs-TPP to cross the BBB in vitro and in vivo, and its distribution in major organs. a) Permeability across the 
in vitro BBB of NVs, UDCA-NVs, and UDCA-NVs-TPP (n = 3). b) In vivo fluorescence imaging of nude mice, following intravenous injection of Dir-labeled 
UDCA-NVs, was conducted over a 0–24 h period. c) In vivo fluorescence imaging was performed on nude mice after intravenous injection of Dir-labeled 
UDCA-NVs-TPP, with observations taken over a 0–24 h period. d) Fluorescence quantification of Dir-labeled UDCA-NVs-TPP and UDCA-NVs in nude mice 
after intravenous injection for 0–24 h (n = 3). e) Ex vivo fluorescence imaging of brain tissues after ex vivo intravenous injection of Dir-labeled UDCA-NVs-
TPP for 0–24 h. f) Ex vivo fluorescence imaging of organs after intravenous injection of Dir-labeled UDCA-NVs-TPP for 0–12 h
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Fig. 5 (See legend on next page.)
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targeting capability, combined with efficient mitochon-
drial delivery, underscores the therapeutic advantage of 
these nanovesicles.

Evaluation of UDCA-NVs-TPP NPs therapy in MPTP-Induced 
PD mice
To evaluate the potential therapeutic effects of UDCA-
NVs-TPP, a PD mouse model was created using MPTP 
induction. Following treatment, the mice underwent 
behavioral assessments to determine the impact of the 
therapy on motor functions [46]. (Fig.  5a). The mice 
were randomly assigned to five groups (n = 8 per group), 
including C57BL/6J mice as normal controls (Control 
group), untreated Parkinson’s disease mice (PD group), 
and PD mice that received intravenous injections of 
UDCA at a dosage of 5  mg/kg, PD mice intravenously 
injected with UDCA-NVs, and PD mice intravenously 
injected with UDCA-NVs-TPP. As is well known, the 
motor symptoms of PD typically encompass resting 
tremors and disturbances in postural balance. We con-
ducted pole climbing and hanging tests on each group of 
mice, which rely on limb grip strength, manipulation of 
limb turning, and coordination during climbing. These 
tests can assess the animals’ motor coordination and 
bradykinesia. In the hanging test, mice in the PD group 
exhibited significantly lower scores compared to those 
in the control group. The scores of mice in the UDCA-
NVs and UDCA-NVs-TPP groups were notably higher 
than those in both the PD and UDCA groups. (Fig. 5b). 
It was observed that mice in the PD group were found 
to take considerably longer to descend from the top to 
the bottom of the pole, in contrast to the untreated nor-
mal group. The total climbing time of Parkinsonian mice 
treated with consecutive 5-day injections of UDCA-NVs 
and UDCA-NVs-TPP was significantly reduced com-
pared to both the PD group and the UDCA treatment 
group, with times approaching those of the normal con-
trol group (Fig.  5c). The above results demonstrate that 
UDCA-loaded NVs can improve motor symptoms in a 
PD mouse model.

Furthermore, the therapeutic impact of UDCA-NVs-
TPP on PD mice was examined at the protein level. 
Tyrosine hydroxylase (TH) is the rate-limiting enzyme 
in dopamine synthesis within brain tissue. Alterations in 
TH expression levels in the striatum of individuals with 
PD provide a direct indication of the extent of dopamine 

neuron repair and their overall quantity [47, 48]. Immu-
nohistochemical staining and analysis of the striatal tis-
sue of mice after 5 days of drug injection showed that TH 
levels in the UDCA-NVs-TPP group were notably higher 
compared to those in the other treatment groups, includ-
ing UDCA-NVs and UDCA, and even approached levels 
seen in the Ctrl group (Fig. 5d, f ). These findings suggest 
that UDCA-NVs-TPP effectively repairs MPTP-induced 
damage to mouse striatum, maintaining high levels of TH 
expression.

Moreover, FITC-labeled UDCA-NVs-TPP and UDCA-
NVs particles were used to investigate the targeting of 
TPP-modified nanovesicles in the striatum tissue of 
mice and their effect on TH expression. After 5 days of 
treatment injection, immunofluorescence staining was 
performed to localize the vesicular drugs in the stria-
tal tissue and assess the surrounding levels of TH. The 
green fluorescence signal from UDCA-NVs-TPP in the 
striatum tissue of mice was observed to be more intense 
than that from UDCA-NVs, as observed through fluores-
cence microscopy (Fig. 5e and S9). Positively stained TH 
labeled with Cy3 exhibited red fluorescence, with signifi-
cantly higher intensity observed in the UDCA-NVs-TPP 
group compared to other treatment groups (Fig.  5e, g), 
consistent with the results shown in Fig. 5d. These results 
indicate that UDCA-NVs-TPP effectively targets the 
mitochondria of dopaminergic neurons in the striatum 
of PD mice and restores damaged tyrosine hydroxylase 
activity. Additionally, Major organs (such as brain, heart, 
liver, spleen, lungs, and kidneys) were harvested from 
five groups of mice and subsequently stained with hema-
toxylin and eosin (HE) to assess the biocompatibility of 
TPP-modified nanovesicles. (Fig.  5h). No notable histo-
pathological abnormalities were detected in the tissues 
of any of the mice. Moreover, the NVs-based nanoplat-
form did not trigger any inflammatory responses, as evi-
denced by the maintenance of white blood cell (WBC), 
lymphocyte (LYM), monocyte (MON), and neutrophil 
(N) counts within normal ranges. Similarly, no abnor-
malities were observed in red blood cell (RBC) counts 
or platelet levels, both of which are indicative of normal 
hematopoiesis and coagulation function. Additionally, 
biomarkers associated with liver (ALT, AST, ALB) and 
kidney (BUN, UA, CREA) function did not show any 
significant alterations across the experimental groups 
(Figure S10 and Figure S11). Collectively, these results 

(See figure on previous page.)
Fig. 5  Treatment of PD mice with UDCA-NVs-TPP. a) A schematic diagram depicting the treatment of PD mice with UDCA-NVs-TPP, as well as behavioral 
testing and related experimental procedures conducted on the mice. b) Suspension Test of mice in Control group, PD group, UDCA group, UDCA-NVs 
group, and UDCA-NVs-TPP group (n = 3). c) Pole Climbing Test conducted on mice from Control group, PD group, UDCA group, UDCA-NVs group, and 
UDCA-NVs-TPP group (n = 3). d) Immunoreactivity of TH in the striatum was assessed in mice from the Control, PD, UDCA, UDCA-NVs, and UDCA-NVs-TPP 
groups (n = 3). e) CLSM images showing TH immunofluorescence in the striatum were obtained from mice in the Control, PD, UDCA-NVs, and UDCA-NVs-
TPP groups, along with CLSM images of FITC-labeled UDCA-NVs and UDCA-NVs-TPP in the striatum; Blue: cell nuclei; green: FITC-labeled nanoparticles; 
red: TH-positive neurons. f) Quantitative analysis of TH immunoreactivity in the striatum of mice (n = 3). g) Quantitative analysis of Cy3-labeled anti-TH 
antibody. h) H&E staining was performed on the major organs to evaluate the biocompatibility of nanoparticles (n = 3)
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suggest that UDCA-NVs-TPP administration does not 
induce organ toxicity or systemic inflammation. The 
above results suggest that mitochondria-targeted UDCA-
loaded nanovesicles (UDCA-NVs-TPP) effectively target 
the striatum in PD mice, enhancing tyrosine hydroxylase 
levels and improving motor function. The data demon-
strate the superior therapeutic potential of UDCA-NVs-
TPP in repairing MPTP-induced damage, with excellent 
biocompatibility and safety, making them a promising 
treatment strategy for PD.

Transcriptome sequencing and data analysis
To explore the therapeutic potential of mitochondria-tar-
geted artificial vesicles loaded with ursodeoxycholic acid 

in the PD mouse, we conducted mRNA transcriptome 
sequencing of the striatum in both the UDCA-NVs-TPP 
group and the PD group (Fig.  6). The analysis revealed 
significant gene expression changes, with 505 genes 
showing upregulation and 161 genes exhibiting downreg-
ulation in the UDCA-NVs-TPP group when compared to 
the PD group (q-value < 0.05 and |log2FC| > 1) (Fig. 6a).

We also identified specific DEGs related to mitochon-
drial repair and dopamine metabolism that were sig-
nificantly upregulated in the UDCA-NVs-TPP group 
(q-value < 0.05 and 0.6 < |log2FC| < 1). These include 
genes such as Alas2, Rsad2, Tnfsf10 (related to mito-
chondrial metabolism), and Agtr2, Sncg, Slc10a4, Lmx1b, 
Slc6a4, Ifi27l2a, Ddc, Mapk12, Slc18a2, Slc6a3, Th 

Fig. 6  Transcriptome sequencing of the striatum in PD mice was treated with UDCA-NVs-TPP. a) volcano plot of DEGs between the PD and UDCA-NVs-
TPP group. b) Heatmap analysis was conducted to compare DEGs between the PD and UDCA-NVs-TPP group. c) Bubble plot of the top 20 enriched 
WikiPathways for upregulated DEGs between the PD and UDCA-NVs-TPP group. d) Chord diagram of the top 10 enriched WikiPathways for overall DEGs 
between the PD and UDCA-NVs-TPP group. e) Protein–protein interaction (PPI) networks associated with key signaling pathways. f) Bubble plot of the top 
20 enriched KEGG pathways for downregulated DEGs between the PD and UDCA-NVs-TPP group
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(associated with dopamine metabolism and PD) (Fig. 6b). 
These findings suggest that UDCA-loaded nanovesicles 
affect mitochondrial levels and upregulate dopamine 
metabolism in the striatum of Parkinsonian mice, allevi-
ating PD.

To understand the biological implications of these dif-
ferentially expressed genes (DEGs), we performed enrich-
ment analysis. Gene Ontology (GO) analysis indicated 
that UDCA-NVs-TPP treatment significantly impacted 
cellular components and molecular functions related to 
dopaminergic synapses, neuronal projections, transcrip-
tion regulatory complexes, and chemokine activity (Fig-
ure S12).Moreover, pathway enrichment analysis using 
WikiPathways revealed that UDCA-NVs-TPP treatment 
significantly upregulated pathways involved in dopami-
nergic neurogenesis, biogenic amine synthesis, and PD 
(Fig. 6c, d), suggesting that these mitochondria-targeted 
nanovesicles positively influence the generation and 
function of dopaminergic neurons in the striatum [49].

Notably, the enrichment of the GDNF/RET signal-
ing axis in the transcriptomic data implies that UDCA-
NVs-TPP may promote neurotrophic factor signaling 
[50, 51], thereby supporting the survival and function of 
dopaminergic neurons, a key aspect in the PD therapy. 
Additionally, the observed enrichment in neural crest dif-
ferentiation pathways may reflect the potential of UDCA-
NVs-TPP to contribute to broader neurodevelopmental 
and repair processes [52]. These analyses highlight the 
significant impact of mitochondria-targeted artificial ves-
icles loaded with ursodeoxycholic acid on the functional 
repair of the neural system in PD mice.

The Protein-Protein Interaction (PPI) analysis was 
employed to identify key proteins involved in the main-
tenance of dopaminergic neurons and mitochondrial 
function (Fig. 6e). The PPI network revealed several cru-
cial protein-coding gene, including TH, CCN6, BDNF, 
SNCG, SLC18A2, and SLC6A3, which play significant 
roles in the mitochondrial electron transport chain and 
respiratory complexes [53, 54], as well as the develop-
ment of dopaminergic neurons. These genes are involved 
in processes such as axonal structure regulation [55, 
56], synaptic activity maintenance, and the regulation 
of dopamine transporter activity [57, 58], facilitating 
the sodium- and chloride-dependent transport of dopa-
mine [59, 60]and promoting the conversion of tyrosine to 
dopamine [61].

Furthermore, KEGG pathway analysis revealed a prom-
inent downregulation of the JAK-STAT signaling pathway 
(Fig. 3f, Figure S13). Abnormal activation of this pathway 
is known to be triggered by oxidative stress and neuroin-
flammation in the early stages of Parkinson’s disease [62]. 
Specifically, cytokines such as IL-6 and TNF-α activate 
JAK kinases, which in turn phosphorylate STAT proteins, 
leading to their translocation to the nucleus and initiating 

downstream gene transcription [63, 64]. Therefore, the 
observed downregulation of the JAK/STAT pathway fol-
lowing UDCA-NVs-TPP treatment may be attributed to 
its antioxidant and mitochondrial repair properties, con-
sistent with previous findings [65, 66].

Conclusion
This study developed a novel nanodrug delivery system 
based on artificial nanovesicles designed to effectively 
deliver UDCA into neuronal mitochondria for the treat-
ment of PD. Compared to synthetic nanoparticles [67, 
68], the macrophage-derived nanovesicles stand out due 
to their naturally BBB penetration ability, biocompat-
ibility, prolonging systemic circulation [69]. The incor-
poration of TPP further enhanced the system’s ability 
to deliver therapeutic agents directly to neuronal mito-
chondria, addressing a critical challenge in PD treatment. 
Our findings revealed that UDCA-NVs-TPP accumulates 
efficiently within neuronal mitochondria, significantly 
improving mitochondrial function by reducing oxidative 
stress, lowering ROS levels, and promoting ATP produc-
tion. In the PD mouse model, intravenous administra-
tion of UDCA-NVs-TPP led to marked improvements in 
motor function, including enhanced grip strength, limb 
coordination. Furthermore, the treatment significantly 
increased the levels and activity of TH in the striatum, a 
key enzyme involved in dopamine synthesis, thereby con-
tributing to the regeneration of dopaminergic neurons 
and the alleviation of PD symptoms. Overall, this study 
highlights the potential of mitochondria-targeted UDCA-
loaded nanovesicles as a promising therapeutic strategy 
for neurodegenerative diseases like Parkinson’s. The data 
underscore the advantages of using macrophage-derived 
nanovesicles modified with functional ligands as effective 
carriers for lipophilic drugs, offering a novel approach to 
the design of intravenous nanosystems targeting mito-
chondrial dysfunction in the treatment of PD.

It’s worth noting that UDCA-NVs-TPP may also have 
potential therapeutic effects for other neurodegenera-
tive diseases due to their common therapeutic target 
and barriers. Mitochondrial dysfunction constitutes a 
fundamental pathogenic mechanism in various neurode-
generation, thus present a common target for therapeu-
tic intervention [3, 4]. Moreover, the therapeutic agents 
for mitochondrial repair should traverse the blood-brain 
barrier and cellular/mitochondrial membranes [2, 70]. In 
this study, the mitochondria-targeted biomimetic nano-
platform has demonstrated its ability to overcome above 
multiple biological barriers, thereby enabling the efficient 
delivery of therapeutic agents to damaged neuronal mito-
chondria. Therefore, this nanoplatform holds significant 
potential for the treatment of other neurodegenerative 
diseases.
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Despite the aforementioned advantages, mitochon-
dria-targeted biomimetic nanoplatforms face challenges 
related to large-scale production and potential immu-
nogenicity. The development of standardized protocols 
is essential for achieving large-scale production and 
ensuring reproducibility. Future studies should prioritize 
conducting comprehensive immunogenicity profiling to 
facilitate clinical translation. Additionally, the therapeutic 
effects of this nanoplatform for other neurodegenerative 
disorders, such as Alzheimer’s and Huntington’s diseases, 
where mitochondrial dysfunction is implicated, merits 
further exploration.

Experimental section
Preparation of NVs、UDCA-NVs、UDCA-NVs-TPP
Mouse mononuclear macrophage leukemia 
cells(RAW264.7)were cultured in a 10  cm dish to 80% 
density, digested, and centrifuged to obtain a single cell 
suspension. Subsequently, using an ultrasonic cell dis-
ruptor (JY96-IIN, SCIENTZ, CHINA) in a mode of 
20–25 kHz, 1 s on, 1.5 s off, with a frequency of 65%, for 
a total of 15 min. Following this, the disrupted cell sus-
pension was sequentially extruded through 1 µM (Cat.
no.10418704, Whatman), 0.4 µM (Cat.no.10417104, 
Whatman), and 0.2 µM (Cat.no.10417004, Whatman) 
polycarbonate membrane filters using a small-scale cell 
extruder for 5 consecutive passes each [71–73]. The 
extruded suspension mentioned above was further sepa-
rated and purified using a high-speed freezing centrifuge 
(Fresco 21, Thermo Fisher Scientific, Germany). The cen-
trifuge was set to operate at 4 °C with a speed of 2000 g 
for 15 min to pellet the cell debris, and the supernatant 
was subsequently collected. Subsequently, the super-
natant was then subjected to a second centrifugation at 
4  °C with a speed of 20,000 g for 15 min. After discard-
ing the supernatant, the precipitated macrophage vesicles 
were gently resuspended using a sterile DPBS solution 
to ensure uniform dispersion. Finally, the vesicles were 
stored at -80  °C for future use, and the macrophage-
derived artificial vesicles obtained were defined as NVs. 
UDCA was encapsulated into NVs using ultrasonication 
[29]. Initially, a certain amount of NVs was mixed with a 
UDCA solution (Cat. no. U820345, Macklin) and placed 
in an ice bath. Ultrasonication (500 V, 2.0–2.5 kHz, 6% P) 
for 15 min resulted in the successful synthesis of UDCA-
NVs. After resuspending 2.5 mg of UDCA-NVs in 4 ml of 
DPBS solution, 2.5 mg of DSPE-PEG2000-TPP was added 
for co-incubation and mixed stirring to facilitate their 
binding [74]. Subsequently, centrifugation at 20,000 g for 
15  min in a centrifuge yielded the precipitate, resulting 
in UDCA-NVs modified with DSPE-PEG2000-TPP, des-
ignated as UDCA-NVs-TPP.

Characterization: The images of NVs, UDCA NVS and 
UDCA NVS TPP were obtained by TEM (ht7800), and 

the DLS and zeta potential of the above particles were 
measured by Malvern Zetasizer nano zs90.

Western blotting analysis
NVs and UDCA-NVs-TPP were lysed with RIPA lysis 
buffer (Cat. no. P0013D, Beyotime) to release proteins. 
The proteins from the lysed samples were loaded onto 
polyacrylamide gels (Cat.no. 800013290, Sinopharm 
Chemical Reagent Co., Ltd) according to predetermined 
concentrations. The protein samples were subjected to 
gel electrophoresis for analysis. (Cat.no. #S8010-500  g, 
Solarbio). The gel concentration voltage was set at 80 V 
and the separation gel voltage at 130  V. Electrophore-
sis was stopped when the bands reached the bottom of 
the glass plate. Subsequently, the isolated protein was 
transferred to a specific membrane (PVDF) (Cat.no. 
IPVH00010, MILLIPORE). The PVDF membrane from 
the previous step was placed in a suitable 5% skim milk 
solution and incubated on a shaker (TY-80 A/S, Chang-
zhou Runhua Electric Appliance Co., Ltd, CHINA) for 
1  h for blocking. The primary antibody for the target 
protein was appropriately diluted with antibody dilution 
buffer, and the blocked PVDF membrane was placed in a 
hybridization bag. The membrane was washed five times 
with TBST. The secondary antibody was then diluted to 
the appropriate concentration using 5% skim milk. Incu-
bate the membrane with the secondary antibody for 1 h 
and add electrochemiluminescence. Adjust exposure 
conditions based on different intensities of light and ana-
lyze the results accordingly.

The EE% and LE%
UDCA solutions containing 0.5, 1.0, 1.5, 2.0, 2.5 and 
3.5 mg were separately added to a suspension of 2.5 mg 
NVs for drug loading under ultrasonication. After ultra-
sonication, the solution was centrifuged at 20,000  g for 
15 min in a centrifuge, and the precipitate was collected 
as UDCA-NVs, while the supernatant contained excess 
UDCA. The supernatant was subjected to HPLC (LC-
20 A, SHIMADZU, Japan) to quantify the UDCA content 
[75]. Finally, EE% and LE% were calculated using the fol-
lowing formulas.

	
LE% =

Wtotal − W free

Mtotal
× 100%

Wtotal refers to the initial added total amount of UDCA, 
Wfree refers to the content of UDCA in the supernatant, 
and Mtotal refers to the total amount of UDCA-NVs.

Stability assessment of UDCA-NVs-TPP
To evaluate the stability of UDCA-NVs-TPP, UDCA-
NVs-TPP at a concentration of 2.5 mg/ml were incubated 
in 2 ml PBS at 37 °C in the dark. At various time points 
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(4, 8, 12, 24 h), the supernatant was collected and filtered, 
and the UDCA content was measured using HPLC. The 
UDCA content retained in UDCA-NVs-TPP at each time 
point was determined by deducting the mass of UDCA 
present in the supernatant collected at different time 
points from the initial amount of UDCA.

Assessment of the antioxidant capacity of UDCA-NVs-TPP
The antioxidant capacity of UDCA-NVs-TPP was evalu-
ated using ABTS (Cat. no. S0121, Beyotime) [76]. In brief, 
varying concentrations of UDCA-NVs-TPP (0, 3.91, 7.82, 
15.625, 31.25, 62.5, 125, and 250 µM) were dispensed 
into a 96-well plate. Then working solution was added to 
UDCA-NVs-TPP, then the absorbance was recorded by 
spectrophotometer (perkinlemer enspire, Singapore).

Assessment of the uptake capability of UDCA-NVs-TPP by 
neuron cells
UDCA-NVs and UDCA-NVs-TPP were labeled with the 
FITC (Cat.no. A70075, Innochem) to track their distribu-
tion within SH-SY5Y cells at various time intervals. The 
cells were plated on coverslips at the bottom of 12-well 
culture plates. Following a 24-hour incubation with 3 
mM MPP+, FITC-labeled UDCA-NVs and UDCA-NVs-
TPP were added and incubated for 2 h and 4 h, respec-
tively. Obtaining fluorescence image of cells with CLSM 
(FV1200, Olympus, Japan).

Equal volumes of UDCA-NVs and UDCA-NVs-TPP 
were added to SH-SY5Y cells and cultured for 2 and 4 h, 
respectively. At the designated time points, SH-SY5Y 
cells were collected for lysis, and mitochondria were iso-
lated by differential centrifugation. Finally, the UDCA 
content in the mitochondria was quantified using HPLC.

Assessment of the targeting ability of UDCA-NVs-TPP to 
neuronal mitochondria in vitro
FITC-labeled UDCA-NVs and UDCA-NVs-TPP were 
used to track their distribution in mitochondria of SH-
SY5Y cells at various time points. The cells were incu-
bated with 3 mM MPP+ for 24  h, followed by addition 
of FITC-labeled UDCA-NVs and UDCA-NVs-TPP, cul-
tured separately for 4  h. Subsequently, incubation was 
conducted at incubator for 30  min together with 1  ml 
of MitoTracker Red CMXRos (Cat.no.C1049B, Beyo-
time). Fluorescence images were acquired using CLSM 
(excitation: 495 nm, 579 nm, 405 nm; emission: 520 nm, 
599 nm, 461 nm, respectively).

Assay of cell toxicity
SH-SY5Y cells were cultured in SH-SY5Y specific 
medium for 24  h (Cat.no. h187-001b, iCell). Follow-
ing the cells successfully adhered, they were exposed 
to various concentrations of UDCA-NVs-TPP (0, 3.91, 
7.82, 15.625, 31.25, 62.5, 125, 250 µM) and different 

concentrations of MPP+ (0.125, 0.25, 0.5, 1, 2, 3 mM) 
for 24  h. Subsequently, CCK-8 solution (Enhanced Cell 
Counting Kit-8, Cat. no. C0043, Beyontime) were added 
to the cells. The absorbance was recorded using a micro-
plate reader. (BIOTEK, USA).

The relative cell viabilities were calculated using the fol-
lowing formula:

	
Cell viability (%) = A (sample) − A (blank)

A (control) − A (blank)
× 100%

Where:

 	• A(sample) is the mean absorbance of the treated 
cells.

 	• A(control) is the mean absorbance of untreated cells.
 	• A(blank) is the mean absorbance of the blank 

solution.

To assess the protective effects of UDCA-NVs-TPP, SH-
SY5Y cells were initially treated with varying concentra-
tions of UDCA-NVs-TPP and subsequently incubated 
with 3 mM MPP+. Cell morphology was observed under 
inverted microscope (Olympus, Japan) in Ctrl, MPP+ and 
UDCA-NVS-TPP group.

Detection of ATP content
We used the CellTiter-Glo Luminescent Cell Viability 
Assay Kit (CTL) (Cat. No. C0068M, Beyotime) to mea-
sure the ATP content in the cells. In essence, SH-SY5Y 
cells were exposed to different concentrations of UDCA-
NVs-TPP (0, 3.91, 7.82, 15.625, 31.25, 62.5, 125 µM), then 
co-incubated with 3 mM MPP+. Following this, 100µL 
CTL was added to the above cells, and finally subjected 
to luminescence measurements using a multi-mode 
microplate reader (PerkinElmer EnSpire, Singapore).

Measurement of intracellular mitochondrial ROS
We monitored the generation of mitochondrial hydroxyl 
radicals (∙OH) using the CellMeter Mitochondrial 
Hydroxyl Radical Detection Assay Kit (MitoROS580, Cat. 
no. 16052, AAt Bioquest). SH-SY5Y cells were separately 
treated with UDCA (31.25µM), UDCA-NVs (31.25µM), 
and UDCA-NVs-TPP (31.25µM) for 2 h, followed by co-
incubation with 3mM MPP+. We added 1 ml of prepared 
1x MitoROS580 working solution to the cells and then 
incubated them for 10 min. Subsequently, the fluorescent 
images were captured using a CLSM (excitation: 510 nm, 
emission:580 nm).

Staining of total and active mitochondria in cells
SH-SY5Y cells were respectively treated with UDCA, 
UDAC-NVs, and UDAC-NVs-TPP, each at a concen-
tration of 31.25  μm, for 2  h. Subsequently, they were 
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co-incubated with 3 mM MPP+ in a 37 °C incubator for 
24  h. The SH-SY5Y cells were then co-incubated with 
1 ml of MitoTracker Red CMXRos(Cat. No. C1049B, Bey-
otime). Subsequently, they were incubated with 1  ml of 
MitoTracker Green working solution (Cat. no. S26555µg, 
Shanghai Yuanye Bio-Technology Co., Ltd). Use 10  µg/
mL Hoechst33342 (Cat. no. S19116, Shanghai Yuanye 
Bio-Technology Co., Ltd) to stain the cell nuclei. Fluores-
cence images are acquired using CLSM (excitation: 579, 
490, 352 nm, emission: 599, 516, 454 nm, respectively).

The protective effects of UDCA-NVs-TPP on PD
To explore the protective and therapeutic effects of 
UDCA-NVs-TPP in vivo, a PD mouse model was cre-
ated using 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP) as the inducer [77], wherein MPTP was admin-
istered intraperitoneally at a dose of 30 mg/kg for 5 days, 
followed by subsequent drug treatment, behavioral tests, 
and relevant ex vivo experiments. The mice were ran-
domly assigned to five groups (n = 8 each), namely (1) 
normal mice (Ctrl group), (2) PD mice with no treatment 
(PD group), (3) PD mice treated with UDCA via tail vein 
(UDCA group), (4) PD mice injected with UDCA-NVs 
via tail vein (5  mg kg − 1) (UDCA-NVs group), and (5) 
PD mice treated with UDCA-NVs-TPP via tail vein (5 mg 
kg − 1) (UDCA-NVs-TPP group). We selected a dosage 
of 5  mg/kg based on the delivery efficiency of our drug 
delivery system and previous studies [78, 79]. The mice 
used in the above groups were all male C57BL/6J mice 
aged 10–12 weeks.

Evaluation of UDCA-NVs-TPP crossing the BBB
We used immortalized mouse brain endothelial cells 
(bEnd3) as a model of the BBB to investigate the ability 
of UDCA-NVs-TPP to cross the BBB [80–82]. Initially, 
bEnd3 cells (5 × 104 cells/cm2) were cultured on the 
upper layer of transwell chambers (Cat.no.3412, Corn-
ing Life Sciences) with a pore size of 0.4µM for 48 h until 
a confluent monolayer with a transendothelial electrical 
resistance > 300Ω was established. Subsequently, equal 
amounts of FITC-labeled NVs, UDCA-NVs, and UDCA-
NVs-TPP were added to different chambers and co-incu-
bated with the cells at 37  °C, 5% CO2 for 1, 3, and 6 h. 
Fluorescence intensity was then measured at 1, 3, and 
6 h using a fluorescence microplate reader (Ex: 485 nm, 
Em: 528 nm; BIOTEK Instruments, Winooski, VT, USA). 
The BBB penetration rate was assessed by calculating the 
relative fluorescence ratio (RFR, %), which is the ratio of 
the fluorescence intensity measured in the lower cham-
ber to the initial fluorescence intensity added to the 
upper chamber, for NVs, UDCA-NVs, and UDCA-NVs-
TPP. To further investigate the role of ICAM-1 in this 
process, we pretreated bEnd3 cells with anti-ICAM-1 
antibodies (Cat.no.GB11106-50, Wuhan Sevier Bio 

Co., Ltd) and subsequently measured the BBB penetra-
tion rates of NVs, UDCA-NVs, and UDCA-NVs-TPP to 
assess the impact of antibody blockade on the transport 
of UDCA-NVs-TPP.

To investigate the ability of UDCA-NVs-TPP to cross 
the BBB and target brain tissues in vivo, UDCA-NVs and 
UDCA-NVs-TPP were intravenously injected into male 
BALB/c nude mice, aged 6–8 weeks. after being labeled 
with DiR (Cat.no. Y18318, Shanghai Yuanye Bio-Technol-
ogy Co., Ltd), at a dose of 10 mg/kg. A multimodal in vivo 
imaging system (BLT-AniView100, Guangzhou Bolten 
Instrument Co., Ltd.) was used to acquire near-infrared 
fluorescence images at various time intervals, enabling 
the assessment of the distribution and accumulation 
of UDCA-NVs and UDCA-NVs-TPP throughout the 
body and in the brain. We further euthanized nude mice 
injected with DiR-labeled UDCA-NVs-TPP at different 
time points and dissected brain tissues to obtain intact 
ex vivo brain tissues. Subsequently, near-infrared fluo-
rescence images were obtained using the aforementioned 
imaging system to quantify the intensity of fluorescence 
at different time points. Additionally, we investigated 
the accumulation of UDCA-NVs-TPP at different time 
points in the heart, lungs, liver, spleen, and kidneys.

Pole climbing test
In the center of a mouse housing cage, a wooden rod 
wrapped with gauze is firmly placed vertically. Subse-
quently, the experimental mice are positioned at the top 
of the pole, with their heads directed towards its end. The 
mice then instinctively turn around and rapidly descend 
to return to their familiar housing cage [83, 84]. The time 
taken by the mice to descend the entire length of the pole 
is recorded.

Suspension test
The experimental mice were suspended by their front 
paws on a horizontal wire, and instinctively, they grasped 
the wire with their hind limbs [85]. If a mouse could grip 
the wire with both hind limbs, it received a score of 3 
points; if it grasped the wire with only one hind limb, it 
was awarded 2 points; if neither hind limb could grip the 
wire, it was scored 1 point. Finally, the scores were calcu-
lated and analyzed.

TH immunohistochemistry
Immunohistochemistry was employed to evaluate the 
expression levels of TH in the striatum. Firstly, dissect 
the brains of mice from each group (Ctrl, PD, UDCA, 
UDCA-NVs, UDCA-NVs-TPP group) to obtain the stria-
tal tissues and then fix them on slides. Next, the striatal 
tissues on the slides will undergo protein fixation and 
permeabilization treatment, followed by the addition 
of Recombinant Anti-TH antibody (Mouse mAb) (Cat. 
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no. GB15181-100, Wuhan Servicebio Technology Co., 
Ltd). Subsequently, the second antibody labeled with 
fluorescence was added to specifically bind with the first 
antibody. Staining substrate was added for color develop-
ment, and finally, the color reactions of the samples were 
observed to evaluate the expression level and activity of 
TH in the striatum. To further quantify the expression 
levels and activity, we obtained the Integrated Optical 
Density (IOD) values of the detected samples’ images 
using ImageJ software (version 1.54f, America).

Immunofluorescence of TH
To investigate the restorative effect of UDCA-NVs-TPP 
on TH activity in the MPTP-induced striatal damage and 
its potential to target dopaminergic neurons, mice were 
grouped and subjected to different treatment regimens: 
(I) Healthy mice (Ctrl group); (II) Mice with MPTP-
induced PD (PD group); (III) Mice with MPTP-induced 
PD received tail vein injection of FITC-labeled UDCA-
NVs for 5 days (UDCA-NVs group); and (IV) Mice with 
MPTP-induced PD received tail vein injection of FITC-
labeled UDCA-NVs-TPP for 5 days (UDCA-NVs-TPP 
group). After completing the above experiments, the stri-
atum of mice was dissected for observation. Immunoflu-
orescent staining for TH was performed on the striatum 
of mice from each group, and the intensity of the fluores-
cence was quantitatively analyzed, to assess the capability 
of UDCA-NVs-TPP in restoring TH activity in the stria-
tum. To analyze the enrichment of TH in the striatum, 
labeled FITC UDCA-NVs and UDCA-NVs-TPP were 
utilized to evaluate their ability to target dopaminergic 
neurons.

H&E staining
H&E staining was applied to the major organs (such as 
brain, heart, liver, spleen, lungs, and kidneys) to assess 
the biocompatibility of UDCA-NVs-TPP.

Hematological and biochemical analysis
Blood was collected from mice in each group using ster-
ile techniques and placed in EDTA-coated tubes for com-
plete blood count (CBC) analysis. Serum was separated 
for liver and kidney function analysis.

RNA sequencing and analysis
Total RNA was isolated from the striatum of mice 
in the PD and UDCA-NVs-TPP groups (n = 4) using 
TRIzol reagent (Invitrogen, CA, USA). RNA purity and 
concentration were measured with a NanoDrop 2000 
spectrophotometer (Thermo Fisher Scientific). The con-
struction of transcription library, followed by transcrip-
tional sequencing and analysis were carried out by OE 
Biotech Co. Ltd (Shanghai, China). mRNA sequencing 
analysis consisted of two main steps: RNA sequencing 

and analysis of differentially expressed genes (DEGs). 
The libraries were sequenced using the Illumina Nova-
seq 6000 platform, producing paired-end reads of 150 bp, 
with an average of approximately 26,655 raw reads per 
sample. The fastq formatted raw reads were processed 
using fastp1 to eliminate low-quality reads, resulting 
in approximately 22,519 clean reads per sample [86]. 
Alignment of these clean reads to the rat genome was 
performed using HISAT2 [87]. FPKM values for each 
gene were counted, and read counts were obtained with 
HTSeq-count [88]. DEGs analysis was conducted using 
DESeq2 [89], with DEGs identified based on a Q value 
threshold of < 0.05 and a fold change greater than 2 or 
less than 0.5. Hierarchical clustering analysis was con-
ducted using R (version 3.2.0) to reveal gene expres-
sion patterns among different groups and samples. The 
R package ggradar was utilized to visualize radar plots 
showing the top 30 upregulated or downregulated DEGs. 
Enrichment analysis was conducted using the hypergeo-
metric distribution algorithm to assess GO, Reactome, 
WikiPathway and KEGG pathways to identify signifi-
cantly enriched terms in DEGs. Similarly, Column chart, 
chord diagrams, and bubble charts were generated using 
R (version 3.2.0) to illustrate significantly enriched terms. 
Gene set enrichment analysis was conducted using GSEA 
software, ranking predefined gene sets based on the 
degree of differential expression between the two sample 
types. This analysis determines the ranking order of the 
predefined gene set.

Statistical analysis
The data were analyzed by GraphPad Prism version 
10.2.0 (GraphPad Software, San Diego, CA, USA). Results 
are presented as mean ± SD and were analyzed using 
one-way analysis of variance (ANOVA), then Tukey’s 
post-hoc test for group comparisons. Significance was 
determined based on the following thresholds: *p < 0.05, 
**p < 0.01, ***p < 0.001, and ****p < 0.0001.
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