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N E U R O S C I E N C E

A nanoparticle-based wireless deep brain stimulation 
system that reverses Parkinson’s disease
Junguang Wu1,2,3, Xuejing Cui1,3*, Lin Bao1,3, Guanyu Liu1,3, Xiaoyu Wang1,3, Chunying Chen1,2,3*

Deep brain stimulation technology enables the neural modulation with precise spatial control but requires per-
manent implantation of conduits. Here, we describe a photothermal wireless deep brain stimulation nanosystem 
capable of eliminating α-synuclein aggregates and restoring degenerated dopamine neurons in the substantia 
nigra to treat Parkinson’s disease. This nanosystem (ATB NPs) consists of gold nanoshell, an antibody against the 
heat-sensitive transient receptor potential vanilloid family member 1 (TRPV1), and β-synuclein (β-syn) peptides 
with a near infrared–responsive linker. ATB NPs by stereotactic injection target dopamine neurons expressing 
TRPV1 receptors in the substantia nigra. Upon pulsed near-infrared irradiation, ATB NPs, serving as nanoanten-
nae, convert the light into heat, leading to calcium ion influx, depolarization, and action potentials in dopamine 
neurons through TRPV1 receptors. Simultaneously, β-synuclein peptides released from ATB NPs cooperate with 
chaperone-mediated autophagy initiated by heat shock protein, HSC70, to effectively eliminate α-synuclein fi-
brils in neurons. These orchestrated actions restored pathological dopamine neurons and locomotor behaviors of 
Parkinson’s disease.

INTRODUCTION
Parkinson’s disease (PD) is a chronic neurodegenerative disorder 
characterized by motor dysfunction and memory impairment, 
which result from the degeneration of dopamine (DA) neurons and 
the subsequent loss of DA loss in the substantia nigra (SN) pars 
compacta and striatum (1). The primary focus of the current medi-
cal therapies is to increase striatal DA levels, thereby alleviating 
symptoms in patients with PD. At present, the main therapeutic 
strategy for PD primarily lies in agents that increase DA signaling, 
notably l-dopa and DA agonists (2, 3). Despite numerous studies, 
the progression of PD is seldom effectively remedied by the existing 
approaches due to their failure to restore degenerated neurons in the 
SN with precise spatial modulation, underscoring the urgent need 
for the development of innovative therapeutic strategies (4).

Deep brain stimulation (DBS) can rescue injured neurons by 
precisely exciting specific neurons using external stimuli such as 
light, electricity, sound, and magnetism (5). Among these stimuli, 
near-infrared (NIR) light stimulation has proven particularly ef-
fective in penetrating deep brain tissues, including the SN (6–8), 
depolarizing cells or inducing action potentials in neurons (9, 10). 
Notably, these stimulus-mediated DBS often requires the perma-
nent implantation of conduits. To overcome this limitation, an alter-
native approach is to use optogenetics, which selectively introduces 
exogenous genes coding for light-sensitive proteins (such as chan-
nelrhodopsins) into targeted neurons to modulate neuronal depo-
larization upon exposure to light stimuli (11, 12). This technique is 
often accomplished with the use of transfection or viral transduc-
tion to drive light-sensitive gene expression, which raises safety is-
sues. For example, cerebellar syndrome was reported in primates 
treated with viral vectors (13). Therefore, direct stimulation of 

endogenously expressed receptors in the damaged neurons in the 
SN without genetic modification would bypass above concerns. One 
such receptor is the heat-sensitive transient receptor potential vanil-
loid family member 1 (TRPV1), also an ion channel, which is highly 
expressed in DA neurons in the SN (14–16). These receptors can be 
activated by external heat stimulation to cause cation influx (17, 18), 
a subsequent depolarization of neurons (19–22), and possibly the 
release of DA (23). Thus, we hypothesized that TRPV1 ion channels 
may serve as a modulatory target to activate DA neurons in the SN 
for PD therapy.

Prior studies have demonstrated that the degeneration and death 
of DA neurons in PD are primarily attributed to the deposition of 
α-synuclein (α-syn) fibrils, which form aggregates in the SN 
(1,  24,  25). Clearing these aggregates is a promising strategy for 
treating PD. The current approaches are mainly based on monoclo-
nal antibodies with high affinity to α-syn fibrils (26); however, none 
of these drugs has successfully completed clinical trials. Therefore, 
there is a need for new treatments to restore DA neuron activity. 
Nanoparticles (NPs), such as graphene quantum dots and fullere-
nols, have been used to deconstruct aggregates via the charge inter-
action between NPs and α-syn fibrils (27–29), although this type of 
binding lacks specificity. In addition, an important factor contribut-
ing to the failure to clear α-syn aggregates is the disruption of the 
autophagic system by the accumulation of α-syn fibrils, leading 
to reduced levels of lysosomal enzymes or autophagic machinery 
(30, 31). Restarting the intracellular autophagic process, such as the 
chaperone-mediated autophagy (CMA) pathway, is necessary for 
clearing pathologic α-syn. Therefore, an ideal therapeutic system for 
reducing the accumulation of neuronal α-syn aggregates, which has 
been a great challenge, would simultaneously disaggregate α-syn 
fibrils and initiate the autophagic process.

Here, we designed a photothermal, wireless DBS nanosystem, 
termed Au@TRPV1@β-syn (ATB) NPs. It comprises three compo-
nents: (i) gold nanoshells (AuNSs) for NIR light-to-heat conversion 
(32–35), (ii) TRPV1 antibodies conjugated to AuNSs for specific 
targeting and activation of DA neurons, and (iii) β-synuclein (β-
syn) peptides with a NIR-responsive linker for disaggregating α-syn 
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fibrils through specific binding to the α-syn nonamyloid–β compo-
nent hydrophobic domain. After entry into the SN by a single ste-
reotaxic injection, ATB NPs anchored to DA neurons through the 
TRPV1 receptor. Upon pulsed NIR irradiation (808 nm), the ATB 
NPs, acting as nanoantennae, sensed and converted the light into 
heat, which effectively restored degenerated DA neurons by activat-
ing the heat-sensitive TRPV1 receptor, leading to elevated Ca2+ in-
flux and action potentials. Concurrently, the NPs eliminated α-syn 
aggregates and reduced pathological α-syn fibrils by releasing β-syn 
peptides and stimulating the CMA process. ATB NPs ultimately in-
duced increased DA levels in the striatum and reversed locomotor 
behavior in α-syn preformed fibril (PFF)–induced PD mice. This 
“wireless” DBS therapeutic approach may open new avenues in the 
treatment of PD and other neurodegenerative diseases.

RESULTS AND DISCUSSION
ATB NPs activate and depolarize the TRPV1-positive cells 
under NIR irradiation
First, we fabricated multifunctional ATB NPs that can achieve wire-
less photothermal DBS in the SN after NIR irradiation, with three 
modules (Fig. 1A): (i) heat transfer module: AuNSs (with SiO2 core) 
sensitivity to NIR irradiation leads to the generation of mild heat 
due to surface plasmon resonance; (ii) targeting and activating 
module: conjugation with a specific TRPV1 antibody raised against 
the extracellular loop of TRPV1 (400 to 500 amino acids, containing 
the extracellular epitope 455 to 468 amino acids) for delivery into 
TRPV1-positive (TRPV1+) cell types in the SN; (iii) degrading 
module: linkage to a borate ester [NIR-responsive linker (36, 37)] 
containing β-syn peptides [36 to 45 amino acids, all D type, RTKS-
GVYLVG (38); Fig. 1B], which will release the β-syn peptides into 
cells after NIR stimulation and disaggregate α-syn fibrils. We ini-
tially prepared and characterized the borate ester ligands formed 
between mercaptophenylboric acid (MPBA) and β-syn peptides 
(fig. S1, A to C). The Fourier transform infrared (FTIR) spectros-
copy bands at 1417, 1365, and 1026 cm−1 indicate the presence of 
B─O bonds and borates (fig. S1A). The nuclear magnetic resonance 
(NMR) spectra in fig. S1B show a downfield shift of the protons on 
the benzene unit of MPBA after reacting with β-syn peptides to 
form boronic esters. This was due to the stronger electron-
withdrawing property of the phenylboronate ester, leading to a de-
cline of cloud density on the benzene unit. Consequently, the 
downfield shift of the protons occurs. The 11B NMR spectra in fig. 
S1C further demonstrate the transformation of boron from trihe-
dral to tetrahedral, confirming the formation of a boronic ester. Af-
ter TRPV1 and MPBA–β-syn peptide ligands were attached to the 
AuNSs, FTIR spectra indicated the presence of an amido bond 
(1656 cm−1; amide bands appeared after AuNSs were modified with 
the TRPV1 antibody) and B─O bonds (1417, 1365, and 1026 cm−1; 
Fig. 1C). The diameter changes from ~166 nm for AuNSs to ~207 nm 
for ATB NPs indicate the conjugation of TRPV1 and β-syn to 
the NPs, as visualized by dynamic light scattering and transmission 
electron microscopy (TEM) (fig. S1, D and E). Moreover, a red shift 
in the maximum ultraviolet (UV) adsorption suggests the successful 
addition of ligands into the AuNSs (fig. S1F). To evaluate the ability 
of ATB NPs to respond to pulse NIR irradiation, we irradiated the 
NP suspensions with an 808-nm laser. ATB NPs showed excellent 
photothermal conversion performance under various laser powers 
and frequencies, even at low particle concentrations (fig. S1, G to I). 

Furthermore, the size of the NPs decreased (fig. S1J) and the infra-
red peak from the B─O bond reappeared after laser irradiation (fig. 
S1K), suggesting that β-syn peptides were released from ATB NPs 
due to the broken boronic ester caused after NIR irradiation. Over-
all, the fabricated ATB NPs enabled the generation of mild heat and 
release of β-syn peptides under the 808-nm NIR irradiation.

We next investigated the ability of ATB NPs to target to the cell 
membrane of DA neurons. We first confirmed the presence of TRPV1 
in isolated primary dopaminergic neurons (cultured for 7 days). The 
colocalization of TRPV1 with tyrosine hydroxylase (TH; DA neuron 
marker) indicated that mature DA neurons express endogenous 
TRPV1 receptors (fig. S2A, top), as well as other mature neuronal 
markers, including class III β-tubulin (TuJ1), microtubule-associated 
protein 2 (MAP2), and vesicular monoamine transporter 2 (VMAT2; 
fig. S2A, middle and bottom). After incubation with primary DA 
neurons for 24 hours, ATB NPs did not induce cytotoxicity in DA 
neurons, even at the high concentration of 5 × 109 particles/ml (fig. 
S2B), suggesting an excellent biocompatibility of ATB NPs. We chose 
a concentration of 1 × 109 particles/ml for all subsequent cellular ex-
periments. After incubation for 24 hours, ATB NPs were mainly lo-
cated in the cell membrane of DA neurons (Fig. 1D, left). To verify 
that the highly expressed TRPV1 receptors on DA neurons mediate 
the anchoring of ATB NPs to the cell membrane, we transfected hu-
man embryonic kidney (HEK) 293T cells with a TRPV1 expression 
plasmid and incubated the cells with ATB NPs (1 × 109/ml) for 
24 hours. As expected, ATB NPs were present in the cytoplasm in 
TRPV1-negative (TRPV1−) cells, while TRPV1+ cells exhibited the 
most NPs around the cell membrane (Fig. 1D, right). We further vi-
sualized this TRPV1-mediated docking effect on the cell membrane 
in α-syn PFF-induced degenerated DA neurons. After incubation 
with AuNSs or Au@TRPV1 NPs (AT NPs) for 24 hours, the AT NPs 
mainly localized to the cell membrane (fig. S2C). In contrast, most of 
the AuNSs, without TRPV1 antibody modification, were internalized 
by neurons. To further confirm the role of TRPV1 in ATB NPs bind-
ing to cell membranes, we blocked the TRPV1 channel with a spe-
cific TRPV1 antibody for 3 hours. Following a 24-hour incubation 
with ATB NPs, cells were observed using laser reflection technology 
of confocal laser scanning microscopy. In the absence of TRPV1 
receptor, most ATB NPs were found in neuronal cells and axons 
(white arrows; fig. S2D). These data suggest that ATB NPs target the 
cell membranes of DA neurons through the TRPV1 receptors.

We proceeded to explore whether ATB NPs and pulsed NIR stim-
uli can activate primary DA neurons in the presence of ATB NPs, 
using Ca2+ influx as an indicator of TRPV1 activity (Fig. 1E). Our 
results show that Ca2+ influx only increased when both ATB NPs and 
NIR laser (2 W, 20 ms per pulse, 20 Hz, 1 min) were applied to PFF-
treated DA neurons, as manifested by a continuous enhancement of 
the fluorescence intensity of Fluo-4 AM (Fig. 1F, right, and movies 
S1 to S3). The intracellular Ca2+ concentration in PFF-treated neu-
rons remained unchanged in the absence of either the ATB NPs or 
external laser stimulation (Fig. 1F), indicating that ATB NPs only 
trigger Ca2+ influx under NIR laser stimulation. To confirm that the 
Ca2+ influx was mediated by TRPV1, we again transfected HEK-
293T cells with a TRPV1 expression plasmid. Similarly, we found 
that ATB NPs and NIR laser stimulation promoted Ca2+ influx only 
in TRPV1+ cells but not in TRPV1− cells (Fig. 1G and movies S4 to 
S6). Thus, ATB NPs elicited Ca2+ influx under NIR laser stimulation 
through TRPV1. Consistent with the results from Ca2+ influx, we 
also observed that the ATB NPs induced inward currents in TRPV1+ 



Wu et al., Sci. Adv. 11, eado4927 (2025)     15 January 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

3 of 16

cells but not in TRPV1− cells under NIR laser stimulation, as deter-
mined by electrophysiological, whole-cell patch-clamp experiments 
(Fig. 1H). As a result, ATB NPs and NIR laser stimulation induced 
depolarization in PFF-treated DA neurons, compared to the neurons 
without ATB NP treatment (Fig. 1I), thus facilitating their greater 
action potentials and activation. Next, we assessed the impact of 
ATB NPs and NIR laser stimulation on the activation of α-syn PFF-
treated DA neurons, using the immediate early protein, c-fos, as an 

indicator of activity in electroactive neurons. ATB NPs and NIR 
stimulation elevated the proportion of c-fos–positive cells in PFF-
treated neurons compared to untreated controls and PFF only–treat-
ed neurons (Fig. 1J). These results provide compelling evidence for 
the indispensability of three key components, ATB NPs, NIR laser, 
and TRPV1, in the activation of neurons through photothermal 
stimulation. Specifically, the ATB NPs activated neurons under NIR 
laser irradiation by acting on the TRPV1 receptor.

Fig. 1. ATB NP–mediated photothermal stimulation promotes the activation and depolarization of TRPV1+ cells in vitro. (A and B) An illustration of the design of 
ATB NPs. ATB NPs were synthesized by conjugating the TRPV1 antibody against the TRPV1 extracellular domain [400 to 500 amino acids (aa)] and β-syn peptides to AuNSs. 
(C) Representative FTIR spectra of AuNSs, AT NPs, and ATB NPs. (D) Distribution of ATB NPs (1 × 109/ml) in primary dopaminergic neurons and HEK-293T cells transfected 
with or without TRPV1 plasmid, as shown by TEM. (E) Working model of ATB NP–mediated photothermal stimulation activating TRPV1 and Ca2+ influx in cells, as deter-
mined by Fluo-4 AM probe. (F) Representative Ca2+ influx of control, PFF neurons, and PFF neurons treated with ATB NPs (1 × 109/ml) for 24 hours, before and after NIR 
laser irradiation (2 W, 20 ms per pulse, 20 Hz) for 1 min. Scale bars, 80 μm. (G) Ca2+ influx of HEK-293T cells transfected with TRPV1 plasmid or empty vector (set as control) 
incubated with ATB NPs, before and after NIR laser irradiation. Scale bars, 80 μm. (H) Whole-cell patch-clamp traces of TRPV1+ or TRPV1− cells in the presence or absence 
of ATB NPs for 24 hours and NIR laser treatment for 1 min (n = 5, five replicates). (I) Action potentials in PFF-treated DA neurons in response to ATB NPs and NIR laser irra-
diation (n = 6, six replicates). (J) Representative immunofluorescence images of c-fos in primary dopaminergic neurons treated with PFF (2 μg/ml) for 3 days, followed by 
ATB NPs incubation for 24 hours and NIR laser irradiation for 1 min. Scale bars, 80 μm. The data are expressed as the means ± SD. Statistical significance was tested using 
a two-tailed t test and one-way analysis of variance (ANOVA) analysis. ***P < 0.001 and ****P < 0.0001. (A), (B), and (E) created using BioRender.com.

https://BioRender.com
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ATB NP–mediated photothermal stimulation promotes 
disaggregation of α-syn PFF in vitro
Since the formation and aggregation of α-syn fibrils in DA neurons 
have been suggested to be the primary cause of neuronal inactiva-
tion and death in PD (1, 24, 25), promoting the degradation of α-syn 
fibrils in neurons is a potential therapeutic strategy. To explore this, 
we examined the inhibitory effect of β-syn peptides on α-syn fibril-
lization (Fig. 2A). The results of thioflavin T (ThT; see working prin-
ciple in Materials and Methods) fluorescence show that, in the 
absence of β-syn peptides, α-syn monomers gradually form fibrils (0 
to 168 hours; Fig. 2B, purple), while the addition of β-syn peptides 
interrupted this process (Fig. 2B, orange). In addition, blue native 
polyacrylamide gel electrophoresis (BN-PAGE) analysis revealed 
that in combination with β-syn peptides, α-syn monomers behave 
similarly to α-syn monomers alone (Fig. 2C, lower separation gel); 
no α-syn fibril band was present in the loading well, which is consis-
tent with previous findings (38). These results indicate the inhibito-
ry effect of β-syn peptides on the formation of α-syn fibrils. We 
further examined the effect of β-syn peptides on the disaggregation 
of α-syn PFF (Fig. 2D). The β-syn peptides markedly dissociated α-
syn PFF into fragments or monomers (Fig. 2E, blue), which was 
concurrent with the gradual appearance of α-syn monomers at 24 to 
168 hours in the lower separation gel (Fig. 2F). The breakdown of 
the fibrils was further evidenced by morphological changes in α-syn 
PFF and α-syn monomers with the addition of β-syn peptides (Fig. 
2G). Meanwhile, we observed similar effects of β-syn peptides on 
human-derived α-syn (fig. S3, A to C). To be noticed, there was no 
obvious disaggregation of α-syn fibrils under 43°C for 7 days, sug-
gesting that heat alone triggered by NIR laser irradiation did not 
induce α-syn fibril disaggregation (fig. S4). The above results dem-
onstrate that β-syn peptides can inhibit both the formation and pro-
mote the disaggregation of α-syn fibrils. A possible mechanism for 
this might be the presence of aromatic tyrosine amino acids in β-syn 
peptide, which provide a hydrophobic binding interface with α-syn, 
resulting in a strong affinity binding with an affinity constant of 
1 μM, thus increasing the binding ability of β-syn peptides in the cy-
toplasm (38). The binding affinity between the α-syn monomers was 
43.78 ± 9.70 μM (fig. S5), markedly lower than that of β-syn pep-
tides binding to α-syn monomers. Therefore, the interactions be-
tween α-syn monomers are weaker than that of β-syn peptides and 
α-syn monomer. To further investigate how the β-syn peptides dis-
aggregate the α-syn fibrils, we used isothermal titration calorimetry 
(ITC) to study the interaction between β-syn peptides and α-syn fi-
brils. There was a strong interaction between β-syn peptides and α-
syn fibrils, with a dissociation constant (Kd) value as 0.386 μM (Fig. 
2, H and I). Thermodynamic analysis (Fig. 2J) revealed that the 
binding is driven by a combination of hydrophobic and electrostatic 
interactions, indicated by a positive entropy change (ΔS > 0) and a 
negative enthalpy (ΔH  <  0) (39,  40). In general, aromatic amino 
acids are crucial in accelerating amyloid fibril formation (41). The 
Tyr amino acids present in the β-syn peptides may form π-π stack-
ing with the aromatic residues in the fibrils (38), thus disrupting the 
β sheet structure’s stability (42). Subsequent electrostatic interac-
tions further facilitate the fibril disaggregation (27, 28).

Given that β-syn peptides can disaggregate α-syn fibrils, we next 
applied this strategy to primary DA neurons. α-Syn PFF elicited 
elevated expression and accumulation of phosphorylated α-syn 
(p–α-syn) at Ser129 (pα-synSer129) in mature DA neurons after PFF 

treatment for 3 days (Fig. 2K, middle). This highly toxic event led to 
the degeneration of DA neurons, including decreased expression of 
TH (rate-limiting enzyme in DA synthesis). In contrast, when ATB 
NPs were added to the neurons and stimulated by a pulsed NIR la-
ser, the released β-syn peptides are likely to enter cells through pas-
sive diffusion, as does the α-syn monomer due to the high homology 
between α-syn and β-syn, particularly in the N-terminal region 
(43, 44). Therefore, the aggregation of α-syn PFF was alleviated and 
the expression of TH was restored in neurons (Fig. 2K, bottom, and 
fig. S6). These findings were further corroborated by Western blot 
analysis, which demonstrated that only PFF-treated DA neurons ex-
hibited increased levels of p–α-syn in the SDS-insoluble fraction, 
whereas ATB NPs, combined with pulsed NIR laser excitation, 
showed decreased expression (Fig. 2L). Notably, α-syn PFF treat-
ment also caused the disruption in the neuronal network, as indi-
cated by a decrease in the neuronal connections and a loss in the 
neuronal markers, TuJ1 and MAP2, by immunostaining (Fig. 2M). 
However, the addition of ATB NPs with NIR irradiation led to a re-
construction of the network between neurons, with increased ex-
pression of TuJ1, VMAT2, and DA transporter (DAT; Fig. 2N, left). 
A plausible explanation for this is that the deposition of harmful fi-
brils in neurons was diminished by ATB NP–transduced thermal 
therapy after NIR irradiation, thus remodeling the connections and 
morphology of neurons.

Both NIR stimuli and nanomaterial-induced activation may con-
tribute to the restoration of diseased neurons by promoting neurogen-
esis and outgrowth at the cellular level (45–48). Therefore, we further 
elucidated the mechanism of ATB NP restoration of neuronal function. 
We found that the ATB NPs activated HSC70 (an important molecular 
heat shock protein chaperone) and lysosomal-associated membrane 
protein 2A (LAMP2A) under NIR stimulation (Fig. 2N, right), which 
promoted the degradation of α-syn PFF through the chaperone-
mediated autophagy process. NPs have been used as general chaperone-
mediated autophagy activators (49). For instance, on the basis of the 
characteristics of chaperone activation by heat, NPs can serve as ther-
mal transducers to stimulate the increased transcription and expres-
sion of heat shock protein genes (33, 50), which recognize and bind to 
the C-terminal motif, an autophagy recognition site (VKKDQ), of α-
syn and then transport it to the lysosome for degradation via LAMP2A 
(51–53), thus restoring neurons and their expression of TH (Fig. 2N, 
right). Notably, the NIR-induced mild heat generation promoted the 
specificity of the CMA process. In particular, cell viability assays pro-
vided conclusive evidence that ATB NPs successfully counteracted the 
α-syn PFF-induced death of DA neurons (fig. S7). Treatment with ATB 
NPs resulted in a complete elimination of neuron death, reducing it 
from 68% in PFF-treated cells to zero in ATB NP–treated neurons. To-
gether, these findings suggest that ATB NPs can restore the function 
and viability of DA neurons by accelerating the disaggregation and 
clearance of α-syn PFF under NIR stimuli in vitro.

ATB NP–mediated wireless DBS induces the activation of DA 
neurons and DA release in mice
After determining in vitro that ATB NPs with NIR irradiation can 
restore the function and viability of DA neurons, we next tested the 
capability of the treatment to protect against neuronal degeneration 
in an α-syn PFF-induced PD mouse model. We first verified the ex-
pression of TRPV1 in the SN before performing experiments with 
ATB NPs. Coronal sections of the mouse brain showed an overlap of 
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Fig. 2. ATB NP–mediated photothermal stimulation promotes disaggregation of α-syn PFF in vitro. (A) Schematic illustration of α-syn fibrillization (α-syn monomer, 
2 mg/ml) in the presence and absence of β-syn peptides (5 mg/ml). (B) α-Syn monomer fibrillization in the presence and absence of β-syn peptides by ThT fluorescence 
(n = 3, three replicates). a.u., arbitrary units; h, hours. (C) BN-PAGE analysis of α-syn fibrillization in the presence or absence of β-syn peptides at indicated time points (0 to 
168 hours). (D) Schematic illustration of α-syn PFF disaggregation (α-syn monomer, 2 mg/ml) in the presence and absence of β-syn peptides. (E) α-Syn PFF disaggregation 
in the presence and absence of β-syn peptides (n = 3, three replicates). (F) BN-PAGE images showing α-syn PFF disaggregation induced by β-syn peptides at the indicated 
time points (0 to 168 hours). (G) Representative TEM images of α-syn monomers or PFF at indicated time points (0 to 168 hours) in the presence and absence of β-syn 
peptides. Scale bars, 500 nm. (H to J) The interaction between β-syn peptides and α-syn fibrils, as determined by ITC and thermodynamic analysis. (K) Representative 
confocal images of p–α-syn in mature neurons treated with PFF (2 μg/ml) and ATB NPs (1 × 109/ml) and NIR laser (2 W, 20 ms per pulse, 1 min). Scale bars, 40 μm. (L) Expres-
sion of p–α-syn from the detergent soluble and insoluble fractions from mature neurons treated with ATB NPs and NIR laser, as determined by Western blot. TX, Triton X-
100. (M) Representative confocal images of neural morphology in the presence of ATB NPs and NIR laser. Scale bars, 40 μm. (N) Expression of TuJ1, VMAT2, DAT, TH, HSC70, 
and LAMP2A in mature neurons treated with ATB NPs and NIR laser. All experiments were repeated at least three times. The data are expressed as the means ± SD.
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TRPV1 with TH-positive neurons (Fig. 3A), indicating the presence 
of this receptor in the DA neurons. After delivery of ATB NPs into 
SN, no change in the expression of the TRPV1 receptor was ob-
served (Fig. 3A). Next, over the course of 3 months, we unilaterally 
injected α-syn PFF (5 μg/2 μl) into the striatum of healthy mice to 
induce parkinsonian disease, followed by injection of ATB NPs 

(1 × 1011/ml) into the SN (Fig. 3B). The injected ATB NPs mainly 
localized and stably resided in the SN region of the brain for at least 
5 weeks, rarely spreading to other regions, such as the hippocampus 
and cortex, as determined by laser ablation inductively coupled plas-
ma mass spectrometry (LA-ICP-MS; P element was used to visualize 
the structure of the mouse brain) and ICP-MS (Fig. 3, C and D). We 

Fig. 3. ATB NPs in the SN induce the activation of DA neurons and DA release in mice. (A) Representative immunofluorescence images showing TRPV1 expression in 
the TH-positive cells of SN in control and ATB-treated mice. ATB NP injection did not affect the TRPV1 expression in the mice. (B) Schematic representation of the treatment 
of C57BL/6J mice after stereotactic injection of PFF (5 μg) in the striatum for 3 months and subsequent ATB NPs (1 × 1011/ml, 5 μl) injection into the SN at different injection 
coordinates. (C) Distribution of ATB NPs in the brain, as determined by LA-ICP-MS after injection. Au appears in the SN zone. (D) Quantitative measurement of Au in the 
olfactory bulb, cortex, striatum, hippocampus, and SN in mice. The ATB NPs were stereotactically injected into the SN, and the content of Au in different regions of the 
mouse brain was measured at the indicated time points [0 to 5 weeks (w)] by ICP-MS (n = 4, biologically independent mice). (E) Schematic illustration of ATB NP injection 
into the SN 1 day before NIR irradiation and DA release measurement. SNc, substantia nigra pars compacta. (F) Temperature changes in the mouse brain, as recorded by 
thermal camera, after NIR irradiation for 3 min. (G) Representative confocal images showing the expression of c-fos in the SN of control, PFF mice, and PFF mice treated 
with ATB NPs and NIR laser. (H) Transient DA release in the striatum in response to ATB NPs and NIR stimulation in control and PFF-treated mice. A carbon fiber electrode 
was implanted into the striatum to monitor the DA levels in the striatum in real time using FSCV. All experiments were repeated at least three times. The data are expressed 
as the means ± SD. (B) and (E) created using BioRender.com.
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then placed an optic fiber 1 cm above the skull surface of the mice to 
measure the temperature after exposure to pulsed NIR laser excita-
tion (Fig. 3E). The thermal probe shows that the heat created by the 
nanosystem was sufficient to reach the threshold temperature 43°C 
to trigger TRPV1 channels within 3 min in the mice (Fig. 3F). The 
NIR-induced DA neuron activation was also evidenced by increased 
expression of c-fos, only in PFF-treated mice where neurons were 
excited by NIR irradiation in the presence of ATB NPs (Fig. 3G, 
white arrowheads). Since the DA neurons in the SN transport DA to 
the striatum through a nigrostriatal dopaminergic pathway to par-
ticipate in motor regulation, we investigated whether the evoked 
neuronal activity could enhance DA release in the striatum, using 
fast-scan cyclic voltammetry (FSCV). The SN of anaesthetized PFF-
treated mice was first injected with ATB NPs, after which a carbon 
fiber electrode was stereotactically implanted into the striatum. We 
then administered NIR stimulation and monitored the changes in 
DA levels in the striatum in real time (control: no treatment). Upon 
NIR irradiation, DA release was markedly increased in the ATB NP–
treated mice, compared to control (Fig. 3H). Together, these results 
suggest that ATB NPs plus NIR irradiation can increase DA neuro-
nal activity in the SN, including DA release in the striatum of mice.

ATB NP–mediated wireless photothermal DBS alleviates 
symptoms of PD in mice
We proceeded to examine whether ATB NP–mediated wireless DBS 
can alleviate the symptoms of PFF-induced PD mice, by stereotacti-
cally injecting a single bolus of ATB NPs into the SN [phosphate-
buffered saline (PBS) treatment was used as a control) and applying 
pulsed NIR irradiation once every 7 days for a total five treatments 
(Fig. 4A). After the therapy, we conducted rotarod and pole tests to 
evaluate locomotor activity. As expected, we observed a decreased 
in latency to fall in the rotarod test and an increased time taken to 
climb down the pole in the PFF-injected mice compared the control 
group (Fig. 4, B and C), indicating a decreased grip strength due to 
the loss of TH-positive DA neurons. However, treatment with the 
ATB NPs plus NIR irradiation remarkably ameliorated the motor 
deficits elicited by PFF treatment. In addition to the rotarod and 
pole tests, we also conducted open field tests to assess locomotor 
activity and exploratory behavior. The PFF-injected mice exhibited 
reduced travel paths and total distances in the open field and center 
square (Fig. 4, D and E), as well as decreased average velocity and 
entries into the center zone (Fig. 4, F to H), compared to the control 
group. In contrast, PFF mice treated with ATB NPs and NIR irradia-
tion performed similarly to controls, indicating notably motor be-
havior recovery in PFF mice from the ATB NP–mediated wireless 
DBS therapy.

We next investigated how the ATB NP–mediated wireless DBS 
therapy alleviated the symptoms of PFF-induced PD mice. By visu-
alizing the DA neurons, we found a substantial loss of TH-positive 
cells in the SN and striatum in PFF-treated mice (Fig. 5A, top and 
middle), indicating a reduction in DA neurons, compared to con-
trol. However, this loss was reversed when we used the ATB NP plus 
NIR irradiation treatment to the PFF mice. Apart from the number 
of neurons, PFF-induced toxicity also negatively affected the mor-
phology of DA neurons, resulting in fewer Nissl-positive cells with 
clumped shapes in the SN of the PFF mice (Fig. 5A, bottom). In 
contrast, ATB NP plus NIR irradiation markedly restored the number 
of Nissl-positive neurons. The dysfunctional neuronal network caused 
by PFF injection was reconstructed by this therapy, as revealed by 

the increased expression of cytoskeleton-associated proteins, TuJ1 
and MAP2 (Fig. 5B). Thus, a remodeling of the signal transduction 
and communication between neurons was achieved.

The aggregation of α-syn fibrils in the SN is recognized as a caus-
ative factor in the pathology of PD, playing a pivotal role in the dys-
function and eventual death of DA neurons. To evaluate the impact 
of ATB NP–mediated wireless DBS therapy on α-syn PFF pathology, 
we injected PFF into the striatum of mice for a duration of 3 months 
and observed its localization. We found the spread of PFF from the 
striatum to around the cortex and the hippocampus, as well as its 
deposition in the SN, through immunohistochemistry and immu-
nofluorescence staining (Fig. 5, C and D). However, this spread and 
deposition were effectively prevented and cleared by the ATB NP–
mediated wireless photothermal DBS, showing disappeared α-syn 
PFF pathology labeled by pα-synSer129 antibody (Fig. 5, C to E). In 
support of these results, Western blot analysis confirmed that the 
ATB NPs and NIR laser markedly decreased the levels of pα-syn in 
the SDS-insoluble fraction in the SN of the PFF mice compared to 
the untreated PFF-injected mice (Fig. 5F), indicating an effective 
targeting of α-syn fibrils by the ATB NP–mediated wireless photo-
thermal DBS. We next explored whether the specific mechanism of 
this action in vivo mirrored our in vitro results (Fig. 2N). Adminis-
tration of the photothermal DBS therapy activated the expression of 
the heat shock protein, HSC70, in the SN, leading to an increased 
expression of the lysosomal protein, LAMP2A, thus activating CMA 
to degrade insoluble PFF fibrils (Fig. 5G). Ultimately, this orches-
trated series of actions resulted in the restoration of the number of 
TH-positive DA neurons and alleviated the PD symptoms caused by 
PFF (Fig. 5G).

In addition to the PFF-induced PD model, we also established an 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)–induced 
PD mouse model to assess the universality of the wireless photo-
thermal DBS therapy. The treatment also promoted motor recovery 
of the MPTP mice (fig. S8, A to H). These changes were mainly at-
tributed to the activation of neurons and microglia by the wireless 
photothermal DBS, which accordingly enhanced the CMA process 
to clear the pathological aggregates and prevent the loss of TH/Nissl 
neurons (fig. S9, A to D). Moreover, we explored the biocompatibil-
ity of the ATB NP–based treatment in mice. Biochemical indicators 
of toxicity in the serum of ATB NP–treated mice were similar to 
those of controls (table S1), indicating to apparent untoward effects 
of the treatment (fig. S10). Collectively, our findings indicate that 
ATB NP–mediated wireless DBS therapy is a viable concept worthy 
of additional consideration in the search for an effective PD remedy.

Last, we evaluated the safety of ATB NP–mediated wireless DBS 
therapy, especially the influence of temperature of 43°C induced 
by NIR laser to the DA neurons and other cells by flow cytometry. 
Obviously, laser treatment did not affect the viability of DA neurons 
(TH-positive), TRPV1+ and TRPV1− cells (TRPV1 antibody–
labeled), astrocytes [glial fibrillary acidic protein (GFAP)–positive], 
or microglia (CD11b-positive and CD45-intermediate) in the SN 
compared to control (fig. S11). This indicates that the heat generated 
by the ATB NPs and laser treatment did not cause any considerable 
damage to the DA neurons and TRPV1+ cells. Similarly, terminal 
deoxynucleotidyl transferase–mediated deoxyuridine triphosphate 
nick end labeling staining revealed no obvious apoptosis in these 
cells and main brain areas (SN, hippocampus, midbrain, and cortex) 
of mice treated with NIR laser and ATB NPs (fig. S12, A and B), sug-
gesting the good biocompatibility of this therapeutic system.
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We also investigated the final fate and long-term effects of ATB 
NPs after stereotaxic injection in the SN for 8 weeks. ATB NPs were 
stably remained in the SN without considerable translocation to 
other tissues (heart, liver, spleen, lung, and kidney), feces, and fluids 
(blood and urine), with a few particles’ translocation to cerebrospi-
nal fluid at 8 weeks (fig. S13, A and B). Confocal laser reflectivity 
imaging displayed that ATB NPs (red) mainly localized around TH-
positive DA neurons in the SN (white arrows; fig. S14A), confirming 
the sustained presence of ATB NPs in the SN for at least 8 weeks. 
Meanwhile, there was minor uptake of ATB NPs by microglia in the 

SN (white arrows; fig. S14B). To further examine the interaction of 
ATB NPs and nearby phagocytes, we isolated and cultured primary 
mesencephalic cells without 5-fluoro-2′-deoxyuridine to inhibit 
glial cell growth. After incubation with ATB NPs (1 × 109/ml) for 
24 hours, we observed that a small number of NPs (yellow arrows) 
were internalized by microglia (Iba-1) and astrocytes (GFAP) (fig. 
S15, A and B). As microglia, the primary immune cells in the brain 
(54), are involved in NP clearance, this process may aid in the excre-
tion of NPs into the brain tissue fluid. A recent study has shown that 
gold NPs (10 nm) injected intracerebrally have a brain clearance 

Fig. 4. ATB NP–mediated wireless photothermal DBS promotes motor recovery in PFF mice. (A) Schematic representation of the treatment of C57BL/6J mice after 
stereotactic injection of PFF (5 μg) in the striatum for 3 months and subsequent single injection of ATB NP (1 × 1011/ml, 5 μl) into the SN and NIR laser application (1.5 W, 
10 ms per pulse, 3 min) once every 7 days for a total five treatments. Created using BioRender.com. (B) Rotarod test assessment of control, PFF mice, and PFF mice treated 
with ATB NPs and NIR laser (n = 69, biologically independent mice). The data are expressed as the means ± SD. (C) Pole test assessment of control, PFF mice, and PFF mice 
treated with ATB NPs and NIR laser (n = 69, biologically independent mice). (D) Representative movement trails of control, PFF mice, and PFF mice treated with ATB NPs 
and NIR laser in the open field test. (E to H) Quantitative measurement of locomotion activity in the open field test of control, PFF mice, and PFF mice treated with ATB NPs 
and NIR laser. The data of total distance (E), average velocity in the whole field (F), entry numbers (G), and distance (H) in the center zone of the open field are shown 
(n = 23, biologically independent mice). The data are presented as the means ± SD. Statistical significance was tested using a two-tailed t test and one-way ANOVA analy-
sis. ***P < 0.001; ****P < 0.0001. All animal experiments were repeated at least three times.

https://BioRender.com
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half-life of about 31 days (55), indicating a slow clearance rate for 
NPs from the brain. Despite this long-term retention, ATB NPs did 
not show notable toxicity to the brain or overall health in ATB NP–
treated mice compared to controls (fig. S16 and tables S2 and S3), 
underscoring their excellent biosafety profile.

Until now, prior studies have examined the therapeutic effects of 
NP-based agents on the amelioration of symptoms in mouse models 
of PD (27, 56–58). Among Parkinson’s therapeutic approaches, the 
method of NP administration is pivotal for treatment efficiency. Ste-
reotaxic injection offers several benefits over systemic administra-
tion: (i) It provides precise targeting, delivering NPs directly to the 
affected brain area for concentrated therapeutic impact; (ii) it avoids 

the blood-brain barrier, a major hurdle for systemic drugs delivery, 
ensuring that NPs reach their destination without needing to en-
hance blood-brain barrier permeability, which could be harmful; 
(iii) it achieves a high local NP concentration with a low dose, po-
tentially boosting treatment effectiveness. Notably, the site of injec-
tion for NPs and DBS implementation is also critical in PD 
treatment. While the subthalamic nucleus (STN) is a Food and 
Drug Administration–approved target for PD treatment via DBS, its 
benefits are often compromised by side effects such as cognitive and 
physiological disturbances (59–62). In contrast, clinical and animal 
reports on SN-DBS have highlighted its potential as a promising ap-
proach for improving locomotion (63–66).

Fig. 5. ATB NP–mediated wireless photothermal DBS alleviates PD in PFF-induced PD mice. (A) Representative immunohistochemistry images of TH-positive neu-
rons in the SN and striatum and Nissl-positive neurons in the SN of the coronal mesencephalon sections of control, PFF mice, and PFF mice treated with ATB NPs (1 × 1011/ml, 
5 μl) and NIR laser (1.5 W, 10 ms per pulse, 3 min). Scale bars, 200 μm (top), 40 μm (bottom), and 500 μm (middle). (B) Representative immunostaining images of TH, TuJ1, 
and MAP2 in the SN of coronal mesencephalon sections of control, PFF mice, and PFF mice treated with ATB NPs and NIR laser. Scale bars, 100 μm (merge) and 20 μm 
(enlarge, TH, TuJ1, MAP2, and DAPI). (C) Representative immunohistochemical images of p–α-syn–positive neurons in the SN, cortex, and hippocampus of coronal mes-
encephalon sections of control, PFF mice, and PFF mice treated with ATB NPs and NIR laser. Scale bars, 40 μm (top) and 100 μm (middle and bottom). Ctx, cortex; HIP, 
Hippocampus. (D) Representative confocal images of p–α-syn–positive neurons in the SN, cortex, and hippocampus of coronal mesencephalon sections of control, PFF 
mice, and PFF mice treated with ATB NPs and NIR laser. Scale bars, 200 μm. (E) Representative confocal images of TH and p–α-syn–positive neurons in the SN of coronal 
mesencephalon sections of control, PFF mice, and PFF mice treated with ATB NPs and NIR laser. Scale bars, 100 μm (merge) and 20 μm (enlarge, pSer129, TH, and DAPI). 
(F) Protein levels of p–α-syn and β-actin from the detergent-soluble and -insoluble fractions from the SN of control, PFF mice, and PFF mice treated with ATB NPs and NIR 
laser. (G) Protein levels of TH, DAT, HSC70, LAMP2A, and β-actin in the SN of control, PFF mice, and PFF mice treated with ATB NPs and NIR laser. All experiments were re-
peated at least three times.
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In addition, although several studies have demonstrated that 
nano-based NIR stimulation can successfully evoke the excitation of 
various neurons, including the sciatic nerve (67), dorsal root gan-
glion neurons (19), and auditory neurons (68), there have been few 
reports exploring NP-based photothermal DBS reversing the neuro-
nal damage induced by α-syn aggregates in the SN. In our study, we 
demonstrated that ATB NP–mediated wireless DBS can completely 
reverse DA neuron death, with precise spatial control, and restore 
the locomotor behavior of PD model mice to normal levels (Fig. 6). 
Once delivered to the target region, ATB NPs were stably retained in 
the SN and anchored to DA neurons expressing TRPV1 receptors. 
After pulsed NIR irradiation, the ATB NPs, serving as nanoanten-
nae, mediated NIR light-to-heat conversion, activating the heat-
sensitive TRPV1 ion channel on DA neurons to trigger calcium ion 
influx, depolarization, and action potentials. Meanwhile, the β-syn 
peptides released from ATB NPs inhibited the formation and pro-
moted the disaggregation of α-syn fibrils. These dynamic processes, 
coupled with the initiation of chaperone-mediated autophagy, ef-
fectively reversed α-syn aggregation in the DA neurons and restored 
DA levels in the striatum through the nigrostriatal pathway. Ulti-
mately, ATB NP–mediated therapy led to the recovery of locomotor 
behaviors in PD model mice. The efficacy of this therapy was evi-
dent in both PFF- and MPTP-induced PD mice, suggesting its uni-
versal applicability. The paradigm we present here offers the 
following advantages: (i) It leverages the inherent expression of the 
heat-sensitive TRPV1 receptors in DA neurons of the SN, thereby 

avoiding the need for brain implantation with a conduit and trans-
genes; (ii) it ensures precise spatiotemporal control for the degener-
ated neurons in specific brain area (e.g., SN) with tunable NIR 
irradiation; (iii) the designed ATB NPs demonstrate excellent bio-
compatibility to the neurons, SN, whole brain, and living organisms, 
eliciting no apparent toxicity. Overall, this proof-of-concept study 
provides valuable insights for future investigations aiming to ex-
pand the field of DBS without the need for additional implantation 
of conduits or genetic manipulation.

MATERIALS AND METHODS
Preparation and characterization of ATB NPs
We first mixed 10 mg of β-syn peptide (Sangon Biotech Co. Ltd., 
Shanghai) with 7 mg of MPBA (Sigma-Aldrich) in ultradry dimethyl 
sulfoxide (DMSO) in a three-neck flask. The mixture was stirred at 65°C 
in an anhydrous and anaerobic atmosphere for 24 hours. The resulting 
solution was then dialyzed in anhydrous ethanol to remove DMSO and 
unreacted MPBA and was vacuum dried to obtain the phenylbo-
rate ester. We obtained AuNSs with the core SiO2 and carboxyl surface 
from commercial source (GSXR150-5 M, nanoComposix). AuNSs were 
decorated with TRPV1 antibody (K005915P, SolarBio) in ac-
cordance with the manufacturer’s instructions. In detail, 400 μg of 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 800 μg 
of N-hydroxysuccinimide (NHS) in sterile PBS solution were added 
to a 5-ml AuNS solution and allowed to activate for 30 min, followed 

Fig. 6. Working model showing wireless DBS mediated by ATB NPs to reverse PD. (I) Pulsed NIR irradiation triggers the thermal activation of TRPV1 channels and Ca2+ 
influx into neurons to promote membrane depolarization. (II and III) NIR-induced β-syn peptide release into neurons causes a disaggregation of α-syn fibrils, combined 
with the thermal activation of CMA to clear the pathological α-syn fibrils. This therapy effectively reverses the symptoms of PD. Created using BioRender.com.

https://BioRender.com
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by the addition of 150 μg of purified TRPV1 antibody and stirring for 
12 hours at room temperature. After centrifuging at 12,000 rpm for 10 
min to remove unreacted antibody, 5 mg of the obtained MPBA–β-syn 
was added to the suspension of AT and stirred overnight. The resulting 
solution, ATB NPs, was centrifuged at 12,000 rpm for 10 min and re-
suspended in sterile PBS for storage at 4°C. The particle concentration 
of ATB NPs was determined by nanoparticle tracking analysis (Nano-
Sight NS300, Malvern Panalytical Ltd.).

To characterize the MPBA, β-syn peptide, and their reaction 
product, 5 mg of each powder was dissolved in DMSO-d6 for NMR 
1H or 11B spectra measurement (Bruker). The powders were then 
mixed and ground with KBr particles to form tablets for FTIR mea-
surement. The size and zeta potential of the synthesized gold NPs 
were determined using a dynamic light scattering (Malvern Zeta-
sizer). In addition, 10 μl of the NPs were adsorbed to carbon-coated 
copper grids overnight at room temperature for observation via 
TEM (Ht-7700, Hitachi). The maximum absorption peak of the gold 
NPs was determined using a UV-visible spectrophotometer. The 
well-dispersed gold NP solution was diluted to 100 μg/ml and in-
jected into the sample cell for UV-visible spectrum measurement, 
with a scan range of 350 to 1000 nm. To evaluate the photothermal 
properties of ATB NPs, a series of solutions were prepared and sub-
jected to NIR irradiation for 5 min, with the change of temperature 
being observed and recorded via thermal camera every 30 s.

Preparation of α-syn PFF
To produce α-syn PFF, we obtained recombinant α-syn monomers 
from commercial sources for both mouse (AS-56082, AnaSpec Inc.) 
and human (S-1001, rPeptide). These monomers were then dis-
solved in sterile PBS at a concentration of 2 mg/ml and subjected to 
agitation in an orbital thermomixer at 1000 rpm and 37°C for 
7 days. The resulting solution was sonicated for 1 min at 30% ampli-
tude with 1-s intervals to yield the PFF.

Primary culture of dopaminergic neurons
Primary mesencephalon neurons were isolated from the brain 
of Sprague-Dawley rat embryos (E16, SPF Biotechnology Co. Ltd., 
Beijing) as previously described protocol with minor modifications 
(69, 70). In detail, the mesencephalic region of embryos, containing 
the SN, was rapidly separated. The isolated neurons were then seeded 
on dishes or glass plates coated with a 0.02% poly-l-ornithine solu-
tion (Merck) at a density of 100,000 to 150,000/cm2 in a medium 
composed of BrainPhys neuronal medium (05790, STEMCELL 
Technologies) and SM1 neuronal supplement (05711, STEMCELL 
Technologies). After culture for 7 days, the dopaminergic neurons 
reach maturity. Subsequently, they were treated with PFF (2 μg/ml) 
for 3 days, followed by treatment with ATB NPs (1 × 109/ml) for 
further experiments.

Immunofluorescence analysis
Primary neurons were first fixed with 4% paraformaldehyde (PFA; 
SolarBio) for 15 min after treated with ATB and NIR laser. They were then 
blocked with a solution containing 5% goat serum and 0.3% Triton X-
100 in Hanks’ balanced salt solution (HBSS; SolarBio) for 45 min, fol-
lowed by a second block step with 5% goat serum (SolarBio) plus 0.1% 
Triton X-100 in HBSS for an additional 15 min. Subsequently, the per-
meated cells were incubated with primary antibodies including anti-TH 
[58844S, Cell Signaling Technology (CST); 66334-1-Ig, Proteintech), 
anti-TuJ1 (5568, CST), anti–c-fos (2250T, CST), anti-pα-synSer129 

(23706, CST), anti- VMAT2 (ab259970, Abcam), anti- TRPV1 
(ab203103, Abcam), and anti- MAP2 (ab254144, Abcam) overnight at 
4°C. After three washes with HBSS, the cells were incubated with sec-
ondary antibodies conjugated with Alexa Fluor 488 or 594 (SolarBio) 
for 1 hour at room temperature. Last, the fluorescent images were obtained 
using a Zeiss confocal microscope (UltraVIEW VoX, PerkinElmer) 
after the coverslips were mounted with antifade mounting medium 
with 4′,6- diamidino- 2- phenylindole (DAPI) (SolarBio).

For in vivo immunofluorescence analysis, mice were perfused 
with saline solution and 4% PFA, followed by brain isolation and 
fixation with 4% PFA or immersed in optimal cutting temperature 
compound and frozen at −20°C overnight. After cryoprotection with 
30% sucrose, 10- μm coronal brain sections were prepared using a 
cryostat. Sections were then blocked with 10% goat serum (SolarBio) 
in PBS plus 0.3% Triton X- 100 and incubated with anti- TH 
(58844, CST), anti- pα- syn (Ser129) (23706, CST), anti- TRPV1 
(ab203103, Abcam), anti–Iba- 1 (17198, CST), anti–c- fos (2250T, 
CST), anti- TuJ1 (5568, CST), or anti- MAP2 (ab254144, Abcam) at 
4°C overnight. After washing three times with PBS, floating brain 
sections were incubated with fluorescein isothiocyanate–conjugated 
and CY3- conjugated secondary antibodies with 0.1% Triton X- 100 
and 5% goat serum in PBS for 1 hour at room temperature. Last, the 
coverslips were scanned, and images were acquired with CaseViewer 
after mounting with DAPI mounting solution.

Analysis of calcium ion imaging and HEK- 293T transfection
The cultured mature neurons were incubated with 2 μM Fluo- 4 AM 
(F14201, Invitrogen) in Dulbecco’s modified Eagle’s medium for 
60 min at 37°C after treatment with PFF (2 μg/ml) and/or ATB NPs 
(1 × 109/ml). After washing the cells three times with HBSS solution, 
they were transferred to Dulbecco’s modified E agle’s m edium f or 
Ca2+ imaging. Thermal stimulation was accomplished by irradiating 
the cells with NIR laser (2 W, 20 ms per pulse, 20 Hz) for 2 min, after 
1 min of baseline imaging. In the case of HEK- 293T (Homo sapiens, 
human, CRL- 11268, American Type Culture Collection) cells, these 
were transfected with/without human TRPV1 plasmid (HG17498- 
UT, Sino Biological Inc.; sequencing primer of human TRPV1 
plasmid: pCMV3- F, 5′- CAGGTGTCCACTCCCAGGTCCAAG- 3′; 
pcDNA3- R, 5′- GGCAACTAGAAGGCACAGTCGAGG- 3), fol-
lowed by exposure to ATB NPs (1 × 109/ml) for 24 hours. Subse-
quently, the cells were incubated with Fluo- 4 AM and monitored in 
real time using a Zeiss confocal microscope (PerkinElmer).

Observation of the distribution of ATB NPs in cells
Different modifications of NPs attached to the cells were measured 
by TEM (Ht- 7700, Hitachi). Primary dopaminergic neurons were 
treated with PFF (2 μg/ml) for 3 days and then incubated with 
AuNSs, AT NPs, or ATB NPs (1 × 109/ml) for 24 hours once they are 
mature. Primary cells were collected and fixed overnight at 4°C for 
ultrathin sections. For HEK- 293T cells, they were first transfected 
with/without human TRPV1 plasmid, followed by treatment with 
ATB NPs (1 × 109/ml) for 24 hours. Then, cells were collected and 
fixed overnight at 4°C for ultrathin sections. All the sections were 
observed under TEM, and images were captured by charge- coupled 
device camera.

To further confirm the role of TRPV1 in the binding of ATB NPs 
to cell membranes, the cultured mature primary neurons were first 
blocked with TRPV1 primary antibody (1 μg/ml) for 3 hours. After 
incubation with ATB NPs (1 × 109/ml) for 24 hours, cells were rinsed 
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with PBS and fixed for 15 min. After incubation with primary anti-
body of TRPV1 (A00128-4, Boster Biological Technology) and Alexa 
Fluor 488–conjugated secondary antibody (A0423, Beyotime), the 
cells were washed with PBS and observed by laser reflection technol-
ogy of confocal laser scanning microscope (STELLARIS 8, Leica).

To examine the localization of ATB NPs in the nearby phago-
cytes in vitro, we isolated and cultured primary mesencephalic cells 
from 16-day-old embryos for 7 days without 5-fluoro-2′-deoxyuridine 
(F0503, Sigma-Aldrich) to inhibit glial cell growth. We then treated 
the cells with ATB NPs (1 × 109/ml) for 24 hours, followed by rins-
ing with PBS. The cells were incubated with Iba-1 (17198, CST) or 
GFAP antibodies (53-9892-82, eBiosciences) to mark microglia and 
astrocytes, respectively. The cells were observed by laser reflection.

Electrophysiological recording in vitro
Thermal activation of primary dopaminergic neurons or HEK-293T 
transfect with TRPV1 plasmid was detected by electrophysiology as 
previously described (71,  72). Neuronal cells were seeded on the 
poly-l-ornithine–coated glass coverlids, treated with PFF (2 μg/ml) 
for 3 days, and then incubated with ATB NPs (1 × 109/ml) for 
24 hours upon maturation. The coverlids were subsequently transferred 
to an extracellular solution (pH 7.2 to 7.4) containing 129 mM NaCl, 
5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 25 mM Hepes, and 30 mM 
d-glucose. Glass electrodes filled with intracellular solution (pH 
7.2 to 7.4) comprising 110 mM potassium gluconate, 20 mM KCl, 
5 mM MgCl2, 20 mM Hepes, 7 mM creatine sodium, 0.6 mM EGTA, 
2 mM Na3 adenosine triphosphate, and 0.2 mM Na3 guanosine tri-
phosphate were gradually attached to the cellular membrane to form 
a perfusion system before stimulation. Cells were held at −70 mV to 
record the action potential evoked by NIR laser (20 Hz, 2 W, 20 ms 
per pulse). For recording TRPV1-induced currents, HEK-293T cells 
were transfected with human TRPV1 plasmid, treated with ATB NPs 
(1 × 109/ml) for 24 hours, and then placed in an extracellular solu-
tion (pH 7.2  to 7.4) containing 125 mM NaCl, 2 mM KCl, 2 mM 
MgCl2, 2 mM CaCl2, 25 mM Hepes, and 51 mM d-glucose. A glass 
pipette filled with intracellular solution (pH 7.2  to 7.4) containing 
142 mM potassium gluconate, 2 mM KCl, 4 mM MgCl2, 10 mM 
Hepes, 7 mM creatine sodium, 0.2 mM EGTA, and 4 mM Na3 ade-
nosine triphosphate was positioned near the cells to form a perfusion 
system. The inward currents in response to NIR stimulation were re-
corded using a MultiClamp 700B amplifier.

Measurement of β-syn peptide to depolymerize α-syn fibrils 
or prevent α-syn aggregation
To assess the capability of the β-syn peptides to promote the degra-
dation of α-syn fibrils, a solution of 25 μl of PFF fibrils (2 mg/ml) 
mixed with 25 μl of β-syn peptide (5 mg/ml) was subjected to shak-
ing in an orbital thermomixer at 1000 rpm and 37°C. The resulting 
mixture was then diluted 100 times for standard typical ThT (T3516, 
Sigma-Aldrich) assay at specified time point (0, 6, 12, 24, 72, and 
168 hours). Normally, ThT is commonly used to detect the presence 
of amyloid-like fibers with its fluorescence signal markedly amplified 
upon binding to amyloid fibers. The intensity of ThT was measured 
at 482 nm (excitation, 450 nm) using a fluorescence spectrophotom-
eter after the addition of ThT solution to achieve a final concentra-
tion of 25 μM.

In addition, TEM was used to visualize the morphological chang-
es in PFF following their mixing with the β-syn peptides. Specifically, 
10 μl of the mixture at each time point was applied to copper grids, 

left to adsorb for 10 min at room temperature, and then rinsed with 
three drops of PBS. Subsequently, the grids were then incubated with 
10 μl of 10% uranyl acetate for 20 min, followed by rinsing and dry-
ing before imaging with TEM (Ht-7700; 80 kV).

To observe the depolymerization of α-syn fibrils, samples col-
lected at each time point were subjected to BN-PAGE 4 to 16% bis-
tris gels (RTD6139-0416, Real-Times Biotechnology) according to 
the manufacturer’s instruction. Specifically, 15  μl of the mixture 
containing proteins was loaded onto the BN-PAGE gels, and then 
cathode buffer containing 50 mM tricine, 15 mM bis-tris, and 
0.002% brilliant blue G-250 and anode buffer containing 50 mM 
tricine and 15 mM bis-tris were used for electrophoresis at 120 V for 
120 min. The gels were then stained with Coomassie brilliant blue 
and imaged using a ChemiDoc MP Imaging System (Bio-Rad). Sim-
ilarly, the ability of the β-syn peptides to inhibit the aggregation of 
α-syn was evaluated following the same protocols.

Binding affinity measurement of β-syn peptide to 
α-syn fibrils
Binding affinity of β-syn peptide to α-syn fibrils was determined by 
MicroCal PEAQ-ITC (Malvern Panalytical Ltd.) isothermal calorim-
eter. β-syn peptides were first diluted to 14 μM in PBS and injected 
into reaction cell. Then, a total of 40 μl of 140 μM α-syn PFFs were 
dropped 19 times into the reaction cell with 2-μl injection each time. 
The obtained titration curve and thermodynamic data were analyzed 
by MicroCal PEAQ-ITC analyzer software (Malvern Panalytical Ltd.)

Binding affinity measurement between α-syn monomers
We used the MicroScale Thermophoresis (NanoTemper) to test 
binding affinity of α-syn monomer toward each other. First, the Lys 
and Arg within α-syn monomer were labeled with fluorescent dyes 
(MO-L011, RED-NHS). Then, 6 μl of a range of concentrations of 
unlabeled α-syn monomer (from 143 to 0.00436 μM) was mixed 
with same volume of 20 nM labeled α-syn monomer, followed by 
detecting the movement of proteins in a microscopic temperature 
gradient field to qualify their interaction. The obtained dynamic 
data were analyzed by MO.Affinity Analysis.

Western blotting analysis
Cells treated with PFF (2 μg/ml) were incubated with ATB NPs 
(1 × 109/ml) for 24 hours, followed by exposure to NIR laser (2 W, 20 ms 
per pulse, 20 Hz) for 1 min. After 24 hours, dopaminergic cells were 
collected and lysed by radioimmunoprecipitation assay lysis and 
extraction buffer (Thermo Fisher Scientific) containing phosphatase 
inhibitor (all-in-one, SolarBio) and protease inhibitor cocktail 
(Roche). After sonication for 30 s (30% amplitude, 10-s on, 10-s off), 
homogenized samples were centrifuged at 12,000 rpm for 10 min, 
and the supernatants were collected for immunoblot. After quantifi-
cation by bicinchoninic acid and heat-inactivation, 10 to 20 μg of 
proteins were loaded on the 10 or 12% SDS-PAGE gels for electro-
phoresis at 90 V for 120 min, followed by transfer to the polyvinyli-
dene difluoride membranes (Millipore). Then, the membranes were 
blocked with 5% skim milk or bovine serum albumin in TBST solu-
tion (tris-buffered saline with 0.1% Tween 20) at room temperature 
for 1 hour. Protein bands were incubated with primary antibodies 
including anti-TH (58844, CST), anti-Hsc70 (ab51052, Abcam), 
anti-LAMP2A (ab125068, Abcam), anti-TRPV1 (ab203103, Abcam), 
anti-TuJ1 (5568, CST), anti-DAT (22524-1-AP, Proteintech), anti-
VMAT2 (ab259970, Abcam), and anti–β-actin (TA-09, ZSGB-BIO) 
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at 4°C overnight. After three washes with TBST, protein bands were 
incubated with horseradish peroxidase–conjugated rabbit or mouse 
secondary antibodies (ZSGB-BIO) at room temperature for 2 hours, 
followed by visualization via ChemiDoc MP Imaging System 
(Bio-Rad).

For measurement the protein level of p–α-syn, cellular lysates 
were prepared using lysis buffer composed of 10 mM tris-HCl 
(pH 7.4), 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, phosphatase 
inhibitor, and protease inhibitor cocktail. Soluble supernatants were 
obtained after centrifugation at 4°C and 12,000 rpm for 10 min, fol-
lowed by the addition of lysis buffer containing 2% SDS to the insol-
uble pellets. After sonication and centrifugation, supernatants with 
insoluble PFF were collected for immunoblot. The protein bands 
were incubated with primary antibodies including pα-syn (Ser129) 
(23706, CST), and anti–β-actin (ZSGB-BIO) at 4°C overnight.

Tissue total lysates were prepared by homogenization in radio-
immunoprecipitation assay lysis and extraction buffer containing 
phosphatase inhibitor and protease inhibitor cocktail. After sonica-
tion and centrifugation, the supernatants were collected for immu-
noblot. The soluble and insoluble fractions of tissue lysates were 
prepared following the protocols of cellular lysates.

Animal experiment with stereotactic injection 
and treatment
Male C57BL/6J mice (12 weeks old, ~25 g) were purchased from 
SPF Biotechnology Co. Ltd. (Beijing, China). All animal experi-
ments were performed in accordance with the Institutional Animal 
Care and Use Committee of National Center for Nanoscience and 
Technology (ethical approval number: NCNST21-2407-0606). The 
mice were bred in the specific pathogen–free animal facility in a 
temperature-controlled (22°C) environment under a strict 12-hour 
light cycle and fed a standard, autoclaved chow diet and water ad 
libitum at 50 to 60% relative humidity, with the cages changed every 
2 days. Before experiments, the mice were kept in the specific patho-
gen–free animal facility for a 7-day acclimation period. C57BL/6J 
mice (12 weeks old) were used for intrastriatal delivery of α-syn PFF 
to prepare PD models following standard stereotaxic surgery meth-
ods as following: Mice were first anesthetized by isoflurane anes-
thetic and injected with 2 μl of PBS or PFF (5 μg/2 μl) using a 10-μl 
Hamilton microsyringe (Hamilton) by a stereotaxic instrument 
(KEW BASIS Biotechnology Co. Ltd., Nanjing) at referenced coor-
dinates [anteroposterior (AP), +0.2 mm; mediolateral (ML), +2.0 mm 
from bregma; dorsoventral (DV), −2.6 mm]. Mice was sutured and 
kept for 3 months, followed by stereotaxic injection with 5 μl of PBS 
or ATB NPs (1 × 1011/ml) in the SN (AP, −3.5 mm; ML, ±1.25 mm 
from bregma; DV, −4.3 mm). After 1 day, mice were anesthetized by 
isoflurane anesthetic and treated with pulsed NIR laser. The tip of 
laser emitting fiber was placed 1 cm above the mouse skull and 
irradiated vertically at the injection site for 3 min (1.5 W, 10 ms per 
pulse, 20 Hz).

LA-ICP-MS and ICP-MS analysis
C57BL/6J mice were injected with ATB NPs (1 × 1011/ml) into the 
SN and the coronal brain slices with 60 μm were prepared and 
traced with the Au element (phosphorus element was used to illus-
trate the shape of the mice brain) in situ via laser ablation after 
24 hours, as determined by previously reported procedure (73). The LA 
system (PhotonMachines Analyte HE with 193-nm ArF excimer) 
combined with ICP-MS (Agilent 7900) was used in an atmosphere 

of ultra high purity He (0.9 liter/min) mixed with Ar (0.87 liter/
min), and the spot energy was 2.76 J/cm2 with 20 Hz. NIST 610 was 
used as an external standard.

To quantify the distribution of ATB NPs in brain regions and 
other tissues or body fluids, C57BL/6J mice were injected with ATB 
NPs (1 ×  1011/ml) into the SN and kept for 8 weeks. At the time 
point of 0 hours, 3 weeks, 5 weeks, and 8 weeks, the brain was iso-
lated and different regions (olfactory, cortex, striatum, hippocam-
pus, SN, hindbrain, and midbrain except SN) were separated and 
weighed for ICP-MS quantification. Other tissues (heart, liver, 
spleen, lung, and kidney) and feces or body fluids (blood, urine, and 
cerebrospinal fluid) were collected or weighed. The gold content in 
the obtained samples was measured by ICP-MS (Thermo-X7, Ther-
mo Fisher Scientific) after dissolving the tissues in nitric acid and 
aqua regia (metal–oxide–semiconductor grade) at high temperature.

Determination of DA release in mice
Mice were initially administered bilateral injections of ATB NPs 
into the SN for 24 hours. Subsequently, they were anesthetized with 
isoflurane and placed in a stereotaxic instrument for FSCV record-
ing. A carbon fiber electrode was then stereotactically implanted 
into the caudate putamen (striatum; coordinates: AP, +0.2 mm; ML, 
+2.0 mm; DV, −2.6 mm) and maintained for a few minutes. A refer-
ence electrode (Ag/AgCl electrode) was placed on the surface of 
moist surface of the skull to form a circuit. Once an optical fiber 
with NIR laser delivered into the SN for 3 min, the FSCV spectra 
were recorded using an electrochemical analyzer (Zensor).

Animal behavior measurements
The motor abilities of mice were assessed using the rotarod test, fol-
lowing a 1-week training period. This involved placing the mice on 
a 3-cm-diameter rotarod, which accelerated from 5 to 50 rpm over 
5 min, with the latency time recorded for three trials. In addition, 
the pole test was conducted after a week of training, where the time 
taken for the mice to crawl down a 75-cm-long, 1-cm-diameter pole 
was recorded for three trials. The open field test was used to evaluate 
locomotor activity and exploratory behavior. Mice were given 2 min 
to adapt to a 50-cm by 50-cm by 40-cm open area before a 5-min 
free exploration period, during which their movement path and the 
number of times they crossed the middle square were recorded. The 
open area was cleaned with 70% alcohol between trials to minimize 
interference.

Immunohistochemistry analysis
Mice were perfused with saline solution and 4% PFA, followed by 
brain isolation and fixation with 4% PFA overnight. After cryoprotec-
tion with 30% sucrose, 10-μm coronal brain sections were prepared 
using a cryostat. Sections were incubated with anti-TH (58844, CST) 
or anti-pS129–α-syn (23706, CST) with 5% normal donkey serum, 
0.1% Triton X-100 containing PBS blocking solution. The sections 
were then incubated with streptavidin-conjugated horseradish peroxi-
dase and biotinylated secondary antibodies. Immune-positive signals 
were visualized using a 3,3ʹ-diaminobenzidine (DAB) kit.

In vivo cell viability analysis by flow cytometry
C57BL/6J male mice were first administered bilateral injections of 
ATB NPs into the SN for 24 hours, followed by NIR laser treatment 
(1.5 W, 10 ms per pulse) for 3 min under the anesthesia. After 
24 hours, mice were euthanized, and their SN tissues were immediately 
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isolated. The tissues were prepared into single-cell suspension by 
mechanical grinding. After centrifugation, cells were incubated with 
phycoerythrin anti-mouse CD11b antibody (50-0112-U025, Tonbo 
Biosciences) and fluorescein isothiocyanate anti-mouse CD45 anti-
body (35-0451-U025, Tonbo Biosciences) for 1 hour at room tem-
perature to mark microglia, with Alexa Fluor 488–conjugated GFAP 
(53-9892-82, eBiosciences) for 1 hour at room temperature to mark 
astrocyte. After centrifugation to remove the antibody, the viability of 
cells was then determined and analyzed using 7-Aminoactinomycin 
D (7AAD) staining solution (00-6993-50, eBiosciences) by flow 
cytometry (CytoFLEX S, Beckman Coulter). For TH neurons and 
TRPV1 neurons, cells were first stained with 7AAD for 15 min, fol-
lowed by centrifugation and fixation with 1× Fix/Perm buffer (TNB-
1020-L050, Tonbo Biosciences) at room temperature for 30 min. 
Then, cells were incubated with 1× Flow Cytometry Perm Buffer 
(TNB-1213-L150, Tonbo Biosciences) for another 15 min. After-
ward, cells were incubated with TH primary antibody (58844, CST) 
or TRPV1 antibody (ab203103, Abcam) at room temperature for 
1 hour, followed by centrifugation and incubation with secondary 
antibodies conjugated with Alexa Fluor 488 (A0423, Beyotime) for 
another 1 hour. After centrifugation to remove the antibody, the cell 
viability was then determined by flow cytometry (CytoFLEX S, 
Beckman Coulter) and analyzed by FlowJo VX software.

Statistical analysis and reproducibility
The data are presented as the means ± SD, and differences between the 
two groups were analyzed by a two-tailed unpaired t test. In addition, 
differences among multiple groups were analyzed using a two-tailed 
one-way analysis of variance (ANOVA) with GraphPad Prism soft-
ware (v.8.0). Statistical significance was set at *P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001. All animal and in vitro experi-
ments were repeated at least three times unless stated otherwise.
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