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Synergistic NIR-polydopamine nanotherapy for
blood-brain barrier crossing and Parkinson's

disease intervention
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Despite its clinical success, conventional deep-brain stimulation (DBS) for Parkinson's remains limited by its

invasive nature. To overcome this, we engineered ZnO@polydopamine (ZnO@PDA) nanocomposites as

a non-invasive neurotherapeutic platform. By leveraging rational nanostructure design, ZnO@PDA

enabled reversible blood—brain barrier (BBB) opening via a photothermal mechanism, thereby permitting

targeted nanoparticle delivery. Upon reaching the brain, nanocomposites harness ultrasound-driven

electrical stimulation to precisely modulate neuronal circuits, thus offering a groundbreaking alternative

to traditional DBS. Simultaneously, their potent antioxidant activity neutralizes reactive oxygen species,

suppresses microglial overactivation, and mitigates pathological a-synuclein aggregation. In vivo studies

demonstrated that laser-triggered ZnO@PDA treatment significantly restored dopaminergic neuronal
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function and improved motor coordination, whereas ultrasound-based protocols alone were less

effective owing to insufficient BBB penetration. Our work presents a “penetration—accumulation—

DOI: 10.1039/d5ra07719b

rsc.li/rsc-advances neurodegenerative disorders.

1. Introduction

Parkinson's disease (PD) is a severe and progressive neurode-
generative illness characterized by gradual degeneration of
dopaminergic neurons within the substantia nigra of the
midbrain," ultimately leading to profound neurological defi-
cits.” Recent global burden of disease studies have reported that
PD affects more than six million individuals worldwide, making
it the fastest-growing neurological condition.® Despite signifi-
cant advancements in early diagnosis and therapeutic
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stimulation” cascade strategy, delivering a transformative approach to non-invasive treatment of

interventions,® PD remains a formidable clinical challenge
owing to its complexity and heterogeneity.

Deep brain stimulation (DBS), an invasive neurosurgical
procedure, has long served as a cornerstone therapy, along with
pharmacological approaches.*® Nevertheless, its clinical utility
is constrained by considerable postoperative complications
including intracranial hemorrhage,”® infection,” induced
seizures,'™"" mechanical failures,’" and even permanent
neurological deficits."* This underscores the urgent need for
effective and innovative strategies for treating PD.
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Driven by a deeper understanding of the pathogenesis and
pathophysiology of PD, non-invasive brain stimulation modal-
ities leveraging ultrasound (US),"”® magnetism,*® light, and
electricity have garnered extensive attention.” Recent break-
throughs in nanotechnology have created a new era for the
intersection of noninvasive DBS and efficient drug delivery.
Pioneering work by Kim et al' demonstrated that US-
responsive piezoelectric nanoparticles (NPs) could achieve
symptomatic relief in PD models, whereas Wu et al.* reported
a photothermally activated wireless DBS nanosystem that
enabled near-infrared (NIR)-mediated neuronal stimulation
and functional restoration. These advances highlight the
transformative potential of multifunctional NPs in overcoming
the long-standing therapeutic bottlenecks in PD. Among the
various nanomaterials, zinc oxide NPs (ZnO-NPs) have emerged
as particularly promising candidates because of their high
reactivity, versatility, and neuroprotective effects,*>*' enabling
effective noninvasive DBS under various external stimulations.
Concurrently, substantial evidence has indicated that oxidative
stress, release of inflammatory mediators, and enhanced
immune responses are critical pathophysiological mechanisms
driving PD progression.”>*® Notably, polydopamine (PDA),
a melanin-like compound, exhibits potent free-radical-
scavenging capacity and immunomodulatory properties that
can alleviate cellular damage.”*** Based on these findings, we
propose a novel core-shell nanocomposite architecture that
employs ZnO as the piezoelectric substrate and PDA as the
functional coating. This strategy can integrate ultrasonic-
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mediated noninvasive DBS with concurrent PDA release, thus
synergizing neuromodulation with antioxidant, anti-
inflammatory, and pharmaceutical effects.

However, effective therapeutic delivery remains challenging
because of the formidable blood-brain barrier (BBB), which
significantly impedes NPs accumulation in brain tissue.***”
Previous studies*®** have shown that low-temperature photo-
thermal therapy (PTT, 41-43 °C) using 808 nm NIR can over-
come this obstacle, thereby improving therapeutic outcomes.
Notably, PDA exhibits exceptional photothermal conversion
properties owing to its unique molecular structure,**** facili-
tating vasodilation and promoting internalization of composite
NPs upon NIR exposure. Recently, Gao et al.** developed a tar-
geted NIR-responsive nanoplatform capable of efficiently
traversing the BBB under NIR irradiation, thereby achieving
sustained therapeutic effects in PD. These findings highlight
the clinical potential of PDA-based NPs, warranting further
investigation for their translational implementation.

Inspired by these advances, we herein report the design and
synthesis of ZnO@PDA nanocomposites: photothermally acti-
vated, US-responsive, piezoelectric NPs with excellent biocom-
patibility. Following systemic administration, ZnO@PDA

efficiently crossed the BBB upon NIR stimulation, enabling its
accumulation in the deep brain. Within neuronal environ-
ments, particles transduce US stimuli into localized electrical
signals, offering a noninvasive DBS alternative. Prior to trans-
lational application, we comprehensively characterized the
physicochemical

properties, photothermal conversion

Scheme 1 Schematic preparation of ZNnO@PDA and the mechanism of “penetration-accumulation-stimulation” progression of non-invasive

deep brain stimulation.
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capability, and antioxidant capacity of ZnO@PDA. Furthermore,
a series of in vitro and in vivo evaluations validated their neu-
roprotective efficacy and therapeutic potential (Scheme 1).

2. Results

2.1. Synthesis and characterization of ZnO@PDA

The successful synthesis of ZnO@PDA NPs via the integration of
dopamine hydrochloride with ZnO NPs is shown in Fig. 1A. The
hydrodynamic diameter and surface charge properties were
comprehensively analyzed using dynamic light scattering (DLS)
and zeta potential measurements (Fig. 1B and C). Unmodified
PDA displayed a hydrodynamic diameter of approximately
40 nm with a neutral surface charge. In contrast, pristine ZnO
NPs exhibited significantly larger dimensions (approximately 90
nm) and a positive zeta potential of 32.5 & 3.3 mV. After coating
with PDA, the prepared ZnO@PDA NPs showed a moderate
increase in size to approximately 130 nm, with a charge reversal
of —15.3 = 0.2 mV. The smaller hydrated particle size was
aligned with its excellent water-dispersion characteristics.
Notably, the electronegative properties presented favorable
biosafety, enabling prolonged participation in the systemic
circulation. The surface modification and functionalization
process of NPs can be monitored using Fourier transform
infrared (FTIR) spectroscopy, further confirming their affinity.
Generally, the characteristic absorption peaks at 400 cm ™" and
560 cm ™" were assigned to ZnO vibrational modes.*® Peaks at
1510 em™" and 1610 cm™' originated from the stretching
vibrations of aromatic v(C=C) and pyrrole/indole ring coupling
in PDA, and the peak at 1381 cm ' corresponded to v(C-N)
stretching vibrations in aromatic and indole rings** (Fig. 1D). In
this study, morphological verification was performed using
transmission electron microscopy (TEM) (Fig. 1E), which
revealed NP dimensions ranging from 40 to 150 nm. Elemental
mapping analysis demonstrated the homogeneous distribution
of nitrogen across the NPs, providing direct evidence of the PDA
coating on the ZnO surfaces. As evidenced by powder X-ray
diffraction (XRD), the crystalline integrity of the ZnO cores
was maintained after the PDA coating (Fig. 1F). The diffraction
peaks at 31.9°, 34.4°, 36.3°, 47.5°, and 56.6° correspond to the
(100), (002), (101), (102), and (110) crystal planes of ZnO,
respectively, which is consistent with the characteristic peaks of
hexagonal ZnO** (JCPDS No. 79-0206). In addition, the X-ray
photoelectron spectroscopy (XPS) image and the distinct -C-N
peak at 401 eV in the N 1s spectrum further corroborated the
effective deposition of PDA onto the ZnO surfaces (Fig. 1G and H).
Collectively, multi-modal characterizations (including
morphological, compositional, and crystallographic analyses)
confirmed the successful synthesis of ZnO@PDA, exhibiting
structural stability, strong affinity, and charge reversal, which
are key potentials for an optimal neurological nanoplatform.

2.2. Special properties of ZnO@PDA

Subsequently, the ZnO@PDA platform was evaluated for dual
therapeutic functions: noninvasive deep brain electrical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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stimulation and
modulation.

To investigate the optical characteristics of ZnO@PDA,
ultraviolet-visible (Vis) absorption spectra were acquired for
PDA, ZnO, and ZnO@PDA (Fig. 1I). PDA showed broad
absorption across the NIR region with a weak peak at approxi-
mately 260 nm. As an N-type semiconductor, ZnO exhibits
a strong absorption peak at 380 nm, which is attributed to
electron transitions from the valence band under UV irradia-
tion.>® Upon PDA coating, the apparent color of the material
changed from white to dark green, accompanied by a slight
attenuation of the 380 nm absorption peak. Furthermore, the
photothermal conversion efficiency was quantified by moni-
toring the temperature elevation profiles. As shown in Fig. 1],
ZnO@PDA exhibited concentration- and time-dependent heat-
ing, reaching 44.0 £ 0.5 °C at 50 pg mL~" (AT > 10 °C vs. PBS
controls), displaying a mild thermal effect on BBB opening.

Moreover, current-time profiles recorded during 30 s on/off
cycles (Fig. 1K) revealed consistent current generation (>0.12
pA) exclusively during US activation periods, with the baseline
current remaining below detection limits. This clear switching
behavior confirms the US-responsive piezoelectric characteris-
tics of ZnO@PDA. Unlike conventional DBS, which requires
invasive electrode implantation, our NPs system enabled neu-
romodulation through noninvasive electrical stimulation.

Microglia, which serve as the principal immune effector cells
in the central nervous system, undergo pathological activation
within the substantia nigra and striatum of PD patients,* where
they aberrantly secrete pro-inflammatory cytokines (TNF-o, IL-
1B, and IL-6) and reactive oxygen species (ROS) that collectively
drive neuronal degeneration.?”*® In addition to PD-associated
neuroinflammation, ZnO@PDA presented multi-target antioxi-
dant functionality, which was evaluated using three comple-
mentary assays. In the 2,2-diphenyl-1-picrylhydrazyl (DPPH)
assay, the color of the DPPH solution decayed in a concentra-
tion-dependent manner after ZnO@PDA treatment, and the
maximum absorption peak at 517 nm was significantly reduced,
indicating that ZnO@PDA effectively neutralized the free radi-
cals via an electron transfer mechanism (Fig. 1L). The hydroxyl
radical ("OH) scavenging capacity was investigated using
3,3',5,5'-tetramethylbenzidine (TMB) chromogenic detection,
where colorless TMB underwent ‘OH-mediated oxidation to
form blue products that were converted to yellow derivatives
with maximum absorbance at 450 nm after acidification.
Notably, increasing the ZnO@PDA concentration progressively
suppressed the spectral absorption intensity at 450 nm
(Fig. 1M), which is consistent with the effective "OH radical
interception. To assess the antioxidant profile, superoxide
anion (O, ") scavenging capability was examined using a WST-
8/xanthine oxidase assay. The control group showed strong
formazan generation (A,.x = 450 nm) via superoxide-mediated
WST-8 reduction, whereas ZnO@PDA treatment suppressed
this chromogenic process in a concentration-dependent
manner (Fig. 1N), indicating catalytic superoxide neutraliza-
tion through PDA-mediated dismutation mechanisms. These
experimental findings demonstrated the therapeutic potential
of ZnO@PDA in ameliorating IME. Moreover, its stability was

inflammatory microenvironment (IME)
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Fig.1 Special properties of ZNO@PDA. (A) Flow chart for ZnO@PDA preparation. (B) DLS size distribution of ZnO, ZnO@PDA and PDA in water.
(C) The zeta potential of ZnO, ZNnO@PDA and PDA. (D) FT-IR spectrum of ZnO, ZnO@PDA and PDA. (E) TEM images of as-made ZnO@PDA, ZnO
and PDA and the elemental distribution of ZNO@PDA. (F) XRD pattern of ZnO and ZnO@PDA. (G) The high-resolution XPS of ZnO@PDA. (H) The
high-resolution XPS of N (1 s). (I) UV-vis absorption of ZnO, ZnO@PDA and PDA. (J) Photothermal conversions of ZnO@PDA with different
concentrations under 808 nm laser irradiation (20 min, 1.5 W cm™2), and temperature changes after cessation of irradiation. (K) I-T curves of
ZnO@PDA under ultrasound 30 s switching cycle stimulation. (L) DPPH radical scavenging capacity of ZnO@PDA. (M) Hydroxyl radical scav-
enging capacity of ZnO@PDA. (N) Superoxide anion radical scavenging capacity of ZnO@PDA.
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assessed using 72-hour serum incubation experiments.
Continuous spectral monitoring showed no significant fluctu-
ations in the intensity of the absorbance peak (SI Fig. 1), con-
firming its reliable performance.

2.3. Invitro experiments with ZnO@PDA

To further validate the multifunctional therapeutic efficacy of
ZnO@PDA in neuronal cells, we established a cellular model of
PD by treating PC12 cells with 6-hydroxydopamine (6-OHDA)
and conducted a series of in vitro experiments. CCK-8 assays
demonstrated dose-dependent reductions in PC12 cell viability
at 0-500 pmol L™' 6-OHDA, with approximately 50% survival
observed at 150 pumol L™' (p < 0.0001), establishing this
concentration for PD modeling. Notably, 200 pg mL™"
ZnO@PDA significantly restored cell viability to over 75% (p <
0.0001 vs. the model group) and could be selected for subse-
quent experiments (Fig. 2A). As shown in Fig. S2, human
umbilical vein endothelial cells (HUVEC) treated with <300 pg
mL ™' ZnO@PDA for 24 hours exhibited over 80% cell viability,
indicating that =300 ug mL " is a safe concentration for normal
cells. To investigate photothermal effects on NPs internaliza-
tion, Cy5-conjugated ZnO@PDA were incubated with PC12 cells
under NIR irradiation or in the dark. Confocal laser scanning
microscopy revealed markedly enhanced cellular uptake of
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ZnO@PDA upon NIR stimulation (p < 0.01 vs. dark control)
(Fig. 2B and C). In addition, under identical field-of-view sizes,
quantification analysis was conducted on the two groups of
cells, and the results showed no significant change in cell count
(p > 0.05), indicating that NIR stimulation could enhance the
cellular uptake of the materials without causing obvious cyto-
toxicity (Fig. 2D). Furthermore, flow cytometric analysis using
DCFH-DA fluorescence revealed significantly elevated ROS
levels in 6-OHDA-treated PC12 cells, whereas ZnO@PDA with
808 nm NIR irradiation effectively suppressed ROS generation
to near-normal levels (p < 0.001), demonstrating its ability to
protecting neuronal cells from oxidative stress (Fig. 2E and F).

Flow cytometric apoptosis analysis (Fig. 3A) showed
a marked increase in the apoptosis rate (68.9%) in 6-OHDA-
treated cells (model group) compared to the control group (p
< 0.0001) (Fig. 3B), while ZnO@PDA treatment alone decreased
apoptosis to 59.8% (p < 0.05, vs. model group). The protective
effect was further enhanced under NIR irradiation, which low-
ered apoptosis to 51.0% (p < 0.001 vs. the model group), sug-
gesting that ZnO@PDA exerted a potent anti-apoptotic effect in
the PD model cells. To further explore the therapeutic mecha-
nism of ZnO@PDA plus NIR irradiation in PD, we analyzed
apoptosis-related proteins, inflammatory factors, and the key
protein a-synuclein (a-syn) by western blotting. As illustrated in

o
20;

15

101

00

Phalloidin
." o ;

fold of vector)

@
8
£
@
o
@
4
S

2

60 <
_ o
40 o g
] ﬂ ® i
(o]
T T T T "
0 50 100 150 200 300 400 500 ﬁ D Z10GFDA Z10GFOAMIR
6-OHDA (pmol/L) 50+ b
= 120 sekkk
< puitcy
100 * Kk K ﬂ_f o 4
2 s = 4 g
s + 5 301
> 60 < 2
£ [a] 2
§ 407 o £ 209
£ ® ]
e o 104
AR -
CEN P LSS N o=
00(\\3 < AHERRS ZnO@PDA ZnO@PDA*NIR
ZnO@PDA(ug/mL)
Control 6-OHDA 6-OHDA+ 6-OHDA+ 40 RRRE kk
Zn@PDA Zn@PDA+NIR .
o 30
280 FITC-A- FITC-A+ Jrmea FITC-A+ FITC-A- FITC-A+ 200 {FITC-A- FITC-A+ 8 —
927 7.32 203710 290 817 183 88.0 120 e
=)
200 ] T 20
E -
7 8 10 -
© o e
100 ]
- Y T T T T
50 ] fi N
& F T ‘\&
& & & B
B L < o O OV"
o 2 a 6 s 1 2 18 @Q
LT A ) J
FLI-AZFITC-A FLI-AZFITC-A FLI-AZFITC-A FLI-AZFITC-A 15
6-OHDA

Fig. 2

In vitro validation of the functional properties of ZNO@PDA. (A) Cell viability assay of PC12 cells incubated with different concentrations of

6-OHDA and ZnO@PDA (N = 4, ***%*p < 0.0001). (B) Uptake of ZnO@PDA with or without NIR-mediated by PC12 cells (scale bars, 50 um). (C)
Quantitative fluorescence analysis of Cy5-labeled ZnO@PDA with or without NIR-mediated in Fig. 2B (N = 3, **p < 0.01). (D) Cell counting
analysis of Cy5-labeled ZnO@PDA with or without NIR irradiation in Fig. 2B (N = 5, ns: not significant). (E) Flow cytometry analysis of ROS levels.
(F) Quantitative analysis of ROS levels in Fig. 2E (N = 3, ***p < 0.001, ****p < 0.0001).
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Fig. 3

In vitro validation of the molecular mechanism of ZnO@PDA for the treatment of PD. (A) Flow cytometry analysis of apoptosis. (B)

Quantitative analysis of apoptosis in Fig. 3A (N = 3). (C) Western blotting of IL-6, IL-10, BAX, and Bcl-2 expression levels. Quantification of (D) BAX,
(E) Bcl-2, (F) IL-6, and (G) IL-10 expression levels after different treatments. (H) Western blotting and quantification of a-syn expression levels after
different treatments (1: control; 2: 6-OHDA; 3: ZnO@PDA; 4: ZnO@PDA + NIR; N = 3, ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001,

*#¥k¥p < 0.0001).

Fig. 3C-E, the model group exhibited upregulation of the pro-
apoptotic protein Bax (p < 0.01) and downregulation of the
anti-apoptotic protein Bcl-2 (p < 0.01). In contrast, ZnO@PDA +
NIR treatment effectively reversed these changes, indicating an
antiapoptotic state. Accumulating evidence has substantiated
the presence of an inflammatory milieu in PD pathogenesis.***
Our data showed a significant elevation of pro-inflammatory IL-
6 (p < 0.05) concomitant with suppression of anti-inflammatory
IL-10 (p < 0.05) in PD models, whereas ZnO@PDA + NIR inter-
vention markedly attenuated this neuroinflammatory signature
(Fig. 3F and G), demonstrating its potential for inflammatory
modulation. It is well known that aberrant a-syn aggregation
acted as a well-established pathological hallmark of PD.*
Mechanistic studies have indicated that a-syn activates micro-
glia, triggering pro-inflammatory cytokine release, and initi-
ating neuroinflammatory cascades.*> This vicious cycle of
neuroinflammation and neurodegeneration progressively
exacerbates the loss of dopaminergic neurons. Interestingly,
our results confirmed that ZnO@PDA + NIR treatment signifi-
cantly attenuated o-syn expression (p < 0.01; Fig. 3H). These
results demonstrated that the combined treatment effectively
suppressed pathological a-syn aggregation and modulated

6990 | RSC Adv, 2026, 16, 6985-6998

upstream oxidative stress and downstream neurodegenerative
pathways.

2.4. Invivo experiments with ZnO@PDA

As a novel nanomaterial with clinical potential, a thorough
biosafety evaluation of ZnO@PDA is imperative for identifying
its in vivo toxicity and establishing appropriate therapeutic
concentrations. Systematic dose-response studies in healthy
mice revealed acute toxicity at higher doses (SI Fig. 3). Intrave-
nous administration of ZnO@PDA at 1000, 500, and 250 mg
kg™ " caused immediate mortality, whereas the 125 mg kg™
dose resulted in delayed mortality within two hours post-
injection, demonstrating clear dose-dependent toxicity. Histo-
pathological analysis showed tissue damage in the liver, lungs,
and spleen at doses exceeding 125 mg kg™ ', likely due to the
inability of the body to properly metabolize such high NPs
concentrations. Although the 62.5 mg kg™' group exhibited
minor organ toxicity relative to PBS controls, the complete
absence of pathological abnormalities at 31.25 mg kg '
conclusively established this as the maximum tolerated dose,
providing a crucial safety benchmark for therapeutic develop-
ment. Mechanistic investigation of the anti-PD efficacy of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ZnO@PDA revealed a previously unexpected sequential depen-
dency between photothermal activation and US stimulation,
which was the critical determinant for achieving noninvasive
DBS.

Fig. 4A schematically illustrates the multi-modal protocol for
ZnO@PDA + NIR + US combination treatment in murine
models. Behavioral experiments demonstrated that laser-
initiated administration (ZnO@PDA + NIR + US: NM + L + U)
significantly alleviated impaired motor coordination in PD
model mice compared to the US-preferred regimen (ZnO@PDA
+US + NIR: NM + U + L), as evidenced by a significant reduction
in total and steering time in the pole test (p < 0.05) (Fig. 4B and
C) and a shortening of the time to traverse the balance beam (p <
0.01; Fig. 4D). Open-field behavioral tracking provided visual
confirmation of these effects (Fig. 4E). Mice in the NM + U + L
group displayed characteristic behaviors including reduced
locomotion, increased corner preference, more frequent wall-
hugging circling movements, and decreased center explora-
tion. By contrast, the NM + L + U group maintained a nearly
normal exploratory pattern. These behavioral metrics corrobo-
rated our in vitro findings, confirming that 808 nm laser
pretreatment enhanced BBB permeability to facilitate targeted
ZnO@PDA brain accumulation, enabling effective US-triggered
neuromodulation—a continuous synergistic effect unattainable
with US-first administration (NM + U + L).

Histopathological analysis by H&E staining revealed no
abnormal morphological malformations in any of the major
organs of the mice (Fig. 5A), which is consistent with previous
toxicity experiments. Moreover, the excellent biocompatibility
data confirmed that ZnO@PDA was suitable for in vivo biolog-
ical applications. Brain histology showed densely packed
neurons with a large cytosol, rounded nuclei, and distinct
nucleoli in both the NM + L + U and control groups. Conversely,
the NM + U + L and other treatment groups presented neuronal
sparsity with occasional nuclear pyknosis and cytoplasmic
shrinkage (Fig. 5B). Next, to better investigate the neuro-
therapeutic potential of ZnO@PDA under sequential laser-US
irradiation in cerebral applications, we performed the
following analyses. Nissl staining revealed differential neuro-
protective patterns among treatment groups: the NM + L + U
group maintained intact Nissl bodies with uniform cytoplasmic
distribution, while the NM + U + L group showed neurodegen-
erative features, including partial Nissl body dissolution and
characteristic neuronal degeneration morphology (Fig. 5C).
Notably, immunofluorescence (IF) staining of the substantia
nigra sections (Fig. 5D and E) revealed distinct treatment-
dependent effects on dopaminergic markers. Briefly, the NM +
U + L group exhibited pronouncedly reduced expression of both
tyrosine hydroxylase (TH) (p < 0.001) and neurofilament (NF) (p
< 0.001) compared to the NM + L + U group, whereas no
significant difference was observed between the NM + L + U and
normal control groups. These findings suggest that NM + L + U
treatment successfully preserved neuronal structural integrity
(as indicated by NF maintenance) and sustained dopaminergic
functionality (as evidenced by the conserved TH level), which is
essential for dopamine biosynthesis. In contrast, the NM + U + L
group showed clear treatment failure, characterized by
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progressive degeneration of dopaminergic neurons, cytoskeletal
disintegration (reduced NF), and impaired axonal transport
mechanisms. Furthermore, neuroinflammatory profiling
revealed striking differences between treatment modalities. The
NM + U + L group displayed markedly elevated glial fibrillary
acidicprotein (GFAP) expression (p < 0.0001 vs. NM + L + U;
Fig. 5F), confirming robust astrocyte activation accompanied by
the release of pro-inflammatory cytokines (IL-1f and TNF-a),
which exacerbated neuronal damage. However, the NM + L + U
group showed a substantial decrease in IL-1B, TNF-a, and IL-6
positive staining areas (p < 0.001; Fig. 5G-J), suggesting that
laser pretreatment enhanced the BBB penetration of
ZnO@PDA, thereby facilitating both free radical scavenging and
cytokine modulation. This differential response explains the
sustained pro-inflammatory state and poorer therapeutic
outcomes in the NM + U + L group than in the neuroprotective
effects achieved with NM + L + U group. Therefore, ZnO@PDA
has established a precision-targeted paradigm for PD inter-
vention that simultaneously addresses multiple pathological
mechanisms.

3. Discussion

As the second most prevalent neurodegenerative disorder
globally, PD is characterized by a progressive onset of motor
symptoms, including postural instability, bradykinesia, and
resting tremor, as well as non-motor complications such as
cognitive decline, autonomic dysfunction and neuropsychiatric
disturbances.**** Pharmacological therapy remains the first-line
intervention during the early stages of the disease. However, as
the condition advances, a multidisciplinary approach involving
neurosurgical and rehabilitative strategies becomes essential.
DBS, a neuromodulatory technique with over three decades of
clinical application, is currently the gold-standard surgical
treatment for PD.* Despite its efficacy, the irreversible and
invasive nature of DBS, along with the risk of complications, has
spurred a growing interest in noninvasive alternatives.

Among these, NP-based therapeutics have emerged as
a promising class of neuromodulatory agents, offering
enhanced accessibility to neural tissues and potential for
multifunctional integration.***” Herein, we present a nano-
technological strategy that combines photothermally assisted
BBB permeabilization with ultrasound-activated piezoelectric
neuromodulation. To this end, we engineered a core-shell
nanoplatform, ZnO@PDA, endowed with NIR-triggered photo-
thermal conversion, US responsiveness, and ROS-scavenging
capabilities. This multifunctional construct enabled spatio-
temporally controlled neural stimulation while simultaneously
mitigating oxidative stress, thereby addressing key challenges
in the development of noninvasive neuromodulatory therapies
for PD.

Successful construction of ZnO@PDA is imperative for
therapeutic applications. Surface modification of ZnO NPs with
PDA (Fig. 1A) induced a significant charge reversal from
+32.52 mV (pristine ZnO) to —15.26 mV (ZnO@PDA). This
surface electronegativity substantially improved the colloidal
stability and extended in vivo circulation half-life (Fig. 1C) while
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also enhancing the material affinity. Comprehensive material
characterization, including TEM (Fig. 1E), elemental mapping,
and XPS (Fig. 1G and H), confirmed the structural properties of
ZnO®@PDA with uniform PDA coating. XRD analysis (Fig. 1F)
further verified the preservation of the ZnO crystal structure
after the coating. This rationally engineered nanostructure
demonstrated exceptional photothermal conversion efficiency,
achieving a rapid temperature increase to 44 °C under 808 nm
NIR irradiation (Fig. 1J). This precisely controlled mild hyper-
thermia contributes to reversible BBB permeabilization, facili-
tating targeted NPs accumulation in the cerebral parenchyma
and creating optimal conditions for subsequent piezoelectric
activation. Notably, stable current output (>0.12 pA) during 30 s
US pulses (Fig. 1K) demonstrated robust piezoelectric proper-
ties. The above data confirmed that ZnO@PDA possesses
optimal physicochemical properties for noninvasive DBS
therapy. The spatiotemporal coordination of photothermal and
piezoelectric effects enabled targeted “penetration-accumula-
tion-activation” cascades with precise external energy guid-
ance. Importantly, extended serum stability (72 h spectral
integrity, SI Fig. 1) coupled with excellent biocompatibility (no
observed toxicity at 31.25 mg kg, SI Fig. 3) established a safety
profile for translational applications. Furthermore, ZnO@PDA
exhibited robust multi-targeted antioxidant activity, as evi-
denced by DPPH radical scavenging (Fig. 1L), TMB chromogenic
assay (Fig. 1M) and O,"~ neutralization (Fig. 1N). Its excellent
chemo-functional properties enabled NPs to dynamically
modulate IME after crossing the BBB, a capability further vali-
dated by subsequent in vitro cellular experiments.

In 6-OHDA-induced PC12 cell models, ZnO@PDA (200 pg
mL ") under NIR radiation markedly downregulated the pro-
inflammatory cytokine IL-6 and upregulated the anti-
inflammatory cytokine IL-10 (p < 0.05, Fig. 3F and G). The
effective reversal of the IL-6/IL-10 imbalance confirmed its anti-
inflammatory regulatory function. Importantly, NIR-enhanced
ZnO@PDA not only improved cellular uptake (p < 0.01,
Fig. 2C) but also maintained cell viability with negligible cyto-
toxicity (p > 0.05, Fig. 2D), indicating high biocompatibility and
efficient intracellular delivery. In addition, western blot analysis
revealed the underlying neuroprotective mechanisms. Under
NIR irradiation, ZnO@PDA substantially inhibited neuronal
apoptosis by decreasing the pro-apoptotic Bax expression (p <
0.05, Fig. 3D) and increasing the anti-apoptotic Bcl-2 expression
(p < 0.05, Fig. 3E). Concurrently, it markedly reduced o-syn
aggregation (p < 0.01, Fig. 3H), suggesting that ZnO@PDA can
intervene in the upstream pathological mechanisms of PD by
mitigating protein misfolding.

In vivo experimental data have systematically demonstrated
that BBB opening (laser-prioritized therapeutic sequence) is
a critical prerequisite for achieving therapeutic efficacy in
noninvasive DBS. Behavioral analyses revealed that the laser-
first (NM + L + U) group exhibited near-normal motor func-
tion across multiple behavioral paradigms, including the pole-
climbing test (p < 0.05 for total time vs. steering time, Fig. 4B
and C), balance beam test (p < 0.01, Fig. 4D), and open-field
assays (Fig. 4E and F). By contrast, the US-first (NM + U + L)
group consistently displayed PD-like behavioral deficits. This
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sequence-dependent effect arose from laser preconditioning,
wherein 808 nm laser irradiation induced localized hyper-
thermia (Fig. 1J), leading to transient and reversible BBB
opening. This facilitated targeted enrichment of ZnO@PDA in
the striatum, establishing a material foundation for subsequent
UsS-triggered piezoelectric neuromodulation. Notably, reversing
the treatment sequence caused peripheral NPs entrapment,
which not only abolished therapeutic efficacy but also intro-
duced potential systemic toxicity risks. Histopathological
examination further corroborates the spatiotemporal precision
of this approach. Brain sections from the NM + L + U group
maintained neuronal density comparable to that of normal
controls, with preserved Nissl body integrity and normal levels
of TH and NF (Fig. 5D and E). Conversely, the NM + U + L group
displayed a characteristic neurodegenerative pathology,
including neuronal nuclear pyknosis, Nissl body dissolution,
and significantly elevated GFAP expression (p < 0.0001, Fig. 5F),
indicating a neuroinflammatory microenvironment driven by
aberrant astrocyte activation. Additionally, this inflammatory
cascade, driven by IL-1B/TNF-a. release (Fig. 5G-J), exacerbated
dopaminergic degeneration. Remarkably, the antioxidant
properties of ZnO@PDA enabled selective ROS scavenging
within the lesion area, following laser-mediated BBB penetra-
tion. Meanwhile, the US-triggered piezoelectric effect generates
localized microcurrents that directly modulate the neuronal
electrophysiological activity. This dual-modal “chemo-elec-
trical” intervention targeted pivotal pathological nodes in PD,
synergistically mitigating neuroinflammation and restoring
neural circuit function, thus significantly enhancing the efficacy
of noninvasive DBS.

4. Conclusion

In summary, the rational design and synthesis of the ZnO@PDA
nanoplatform represent an innovative integration of photo-
thermal transduction, piezoelectricity, and antioxidative
capacity within a unified nanosystem, achieving multidimen-
sional modulation of PD pathological microenvironments. In
contrast to conventional DBS, this strategy employs a noninva-
sive approach for targeted NPs aggregation in the brain, fol-
lowed by spatiotemporally precise therapy mediated by the
intrinsic stimulus-responsive properties of the material. This
sequential “penetration-accumulation-stimulation” frame-
work not only offers a non-invasive alternative for PD manage-
ment but also establishes a paradigm for nanomaterial-based
interventions in other neurological disorders.

5. Materials and methods

5.1. Synthesis of ZnO@PDA and PDA

To prepare ZnO@PDA, 20 mg of ZnO NPs were evenly dissolved
in water, 5 mg of dopamine hydrochloride was added, and the
mixture was continuously stirred at room temperature. The pH
was adjusted to 12-13 using aqueous ammonia, and the reac-
tion proceeded for 3 h under continuous stirring. The product
was centrifuged, washed, and dried to obtain black ZnO@PDA.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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PDA was prepared by dissolving 20 mg dopamine hydro-
chloride in 20 mL of ethanol, and the pH was adjusted to 13-14
using ammonia. After 2 h, a dark-black solution was formed.
The product was dialyzed to neutrality and freeze-dried to yield
PDA powder.

5.2. Physicochemical characterization

The synthesized materials (ZnO, PDA, and ZnO@PDA) were
characterized for their size, surface charge, optical properties,
chemical structure, crystallinity, and morphology. Techniques
included dynamic light scattering (DLS), UV-Vis spectroscopy,
Fourier-transform infrared spectroscopy (FTIR), X-ray diffrac-
tion (XRD), X-ray photoelectron spectroscopy (XPS), and trans-
mission electron microscopy (TEM). Detailed characterization
methods and instrument parameters are described in the SI (SI,
Section S1.1).

5.3. Stability and photothermal conversion property

The stability of ZnO@PDA was assessed by monitoring the
absorption peak intensity over 72 h using UV-Vis spectroscopy.
PBS solutions of ZnO@PDA with concentrations ranging from
50 to 400 pg mL " were prepared for this study. Each solution
was exposed to an 808 nm laser (power density: 1.5 W ecm™2) for
20 min. Temperature changes were recorded both during irra-
diation and during the subsequent cooling phase to room
temperature to evaluate photothermal conversion efficiency.

5.4. ROS scavenging activity of ZnO@PDA

The reactive oxygen species (ROS) scavenging capacity of
ZnO®@PDA was assessed using three distinct assays targeting
DPPH radicals, hydroxyl radicals (‘OH), and superoxide anions
(0,'7). Absorbance measurements were used to quantify the
scavenging activity. Full experimental details for each assay are
provided in the SI (Section S1.2).

5.5. US piezoelectric property

ZnO@PDA (10 mg) was dispersed in anhydrous ethanol (1 mL)
and mixed with 10 pL Nafion. The resulting suspension was
drop-cast onto a glassy carbon electrode and dried in a forced
air oven at 55 °C. Electrochemical tests were performed using an
electrochemical workstation (ChI660E) with a standard three-
electrode configuration: the sample served as the working
electrode, a saturated calomel electrode was the reference
electrode, and a platinum electrode was the counter electrode,
with 0.1 M Na,SO, as the electrolyte. During electrochemical
testing, the system was subjected to US irradiation (frequency:
40 kHz, power: 180 W, intensity: 1.8 W cm’z) while monitoring
the current response.

5.6. Assessing cell viability

PC12 cells were seeded in 96-well plates. To establish a model,
cells were treated with 6-OHDA (0-500 umol L") for 24 h. Cell
viability was assessed using the CCK-8 assay, with absorbance
measured at 450 nm. The 6-OHDA concentration inducing
~50% cell death was selected for subsequent experiments. To
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evaluate protection, cells were pretreated with ZnO@PDA (10-
300 pg mL~") for 6 h prior to 24 h 6-OHDA exposure, followed by
the CCK-8 assay. The ZnO@PDA concentration yielding
maximal cytoprotection was selected for further studies.
Detailed procedures are provided in SI (Section S1.3).

5.7. Cellular uptake assay

PC12 cells were seeded in 12-well plates. Cells were treated with
Cy5-ZnO@PDA (150 pug mL ") with or without concurrent NIR
irradiation (808 nm, 0.3 W em™>, 5 min) for 1 h. After treat-
ments, cells were fixed, stained with phalloidin and DAPI, and
visualized using confocal fluorescence microscopy. Detailed
procedures are provided in SI (Section S1.4). Fluorescence
stability was evaluated (Fig. S4-6).

5.8. Flow cytometry assays

PC12 cells were seeded in 6-well plates and divided into four
groups: control, 6-OHDA, 6-OHDA + ZnO@PDA, and 6-OHDA +
ZnO@PDA + NIR (808 nm, 0.3 W cm ™2, 5 min). After 12 h of
treatment, cells were harvested, stained with CM-H2DCFDA (10
pumol L', 30 min), and analyzed by flow cytometry. Mean
fluorescence intensity was quantified for each group (n = 3).
Detailed procedures are provided in SI (Section S1.5).

5.9. Cell apoptosis detection

PC12 cells were allocated to four treatment groups as previously
described. Cells were harvested, stained with Annexin V-FITC
and propidium iodide (PI) using an apoptosis detection Kkit,
and analyzed by flow cytometry within 30 min. Detailed proce-
dures are provided in SI (Section S1.6).

5.10. Western blotting

For in vitro experiments, the cells were divided into four groups.
Following cell harvesting, proteins were extracted and subjected
to western blot analysis as previously described.*®* Membranes
were probed with the following primary antibodies: anti-Bcl-2
(1:2000), anti-BAX (1:2000), anti-IL-10 (1:2000), anti-IL-6
(1:500), and anti-a-syn (1:1000). Protein expression levels were
quantified using the Image]J software, and three independent
experiments were performed for each experimental group.

5.11. Animal experiments

All animal experiments were approved by the Ethics Committee
of the Guangdong Provincial People's Hospital (protocol no.
KY2024-207-02), and performed in accordance with the guide
for the care and use of laboratory animals (National Research
Council) and ARRIVE guidelines.

C57BL/6] mice were used in this study; details of animal
procurement, housing, and care are provided in SI. To establish
the PD model, mice were intraperitoneally injected with 1-
methyl- 4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP) (18 mg
kg™ ") four times daily at 2-hour intervals for seven consecutive
days, and the experimental procedures were performed as
previous literature.*
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5.12. Acute toxicity test

Healthy mice were randomly allocated into 12 groups: a PBS
control group (n = 3) and 11 groups treated with different
concentrations of ZnO@PDA (n = 3 per group, received 0.183-
200.00 mg mL ' concentrations via tail vein injection). After
24 h of drug administration, all mice were anesthetized with
0.25 mL tribromoethanol via intraperitoneal injection and
euthanized by cervical dislocation. Survival status, gross organ
morphology, and histopathological results were recorded.

5.13. In vivo therapy

Fifteen PD model mice were randomly divided into five groups
(n = 3 per group) and treated with intravenous ZnO@PDA (0.1
mL, 1 mg mL ") every three days for 30 days. The experimental
groups were ZnO@PDA + NIR + US (NM + L + U), ZnO@PDA + US
+NIR (NM + U + L), ZnO@PDA + NIR (NM + L), ZnO@PDA + US
(NM + U), and ZnO@PDA only (NM). Following administration,
the experimental groups received laser and/or ultrasound
treatment (808 nm NIR, 1.0 W cm ™, 5 min; ultrasound, 10 min)
30 minutes post-injection, according to the previously defined
protocols. This treatment regimen was repeated for all groups 4
hours post-administration. Three healthy mice were randomly
selected as the controls. Detailed procedures are provided in SI
(Section $1.7).

5.14. Behavioral assessment of mice after treatment

Open-field test: prior to testing, mice were acclimated to the
experimental room for 30 min to minimize stress. Each subject
was then placed in a 45 x 45 x 45 cm square area and allowed
to explore freely for 10 min. Their movement trajectories, total
distance, immobile time, and center zone duration/entries were
recorded using an ANY-maze tracking system.

Rotarod test: the mice were positioned on the rotarod. Two
evaluation methods were tested: rotation at a fixed speed of
15 rpm and acceleration from 4 to 40 rpm for 100 s. The time
during which each mouse remained on the rod was recorded by
using a rotarod apparatus.

Pole test: mice were placed head-up on a vertical pole with
a rough surface (70 cm tall, 1 cm diameter). The time required
for mice to turn around (t-turn) and climb to the bottom of the
pole (t-total) was recorded.

5.15. IF staining

Brain sections were dewaxed and subjected to heat-induced
antigen retrieval using EDTA (pH 9.0). After blocking, the
sections were incubated with primary antibodies against TH
(dilution 1:1000), NF (dilution 1:500), and GFAP (dilution
1:800). Following PBS washes to remove unbound antibodies,
fluorescently labeled secondary antibodies were applied. After
additional washes, DAPI was used for nuclear staining. Quan-
tification was performed using threshold-based analysis.

5.16. Immunohistochemistry (IHC)

Dewaxed brain sections were subjected to heat-mediated
antigen retrieval and blocked with 5% normal goat serum.
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The slides were incubated overnight at 4 °C with primary anti-
bodies against IL-6 (dilution, 1:200), IL-1p (dilution, 1:100), and
TNF-o (dilution, 1:300). After washing with PBS to remove the
unbound primary antibodies, secondary antibodies (dilution,
1:1000) were added and incubated for 1 h. Subsequently,
a chromogenic substrate was applied. Images were acquired
using a light microscope (or slide scanner), and positive stain-
ing was quantified by Image].

5.17. H&E staining

After treatment, the major organs (heart, liver, spleen, lung,
kidney, and brain) were collected from the six groups (including
normal control) of mice, fixed in 4% paraformaldehyde, and
sectioned. H&E staining was performed according to standard
procedures. Images were captured using the 3D HISTECH
Pannoramic 250 (3DHISTECH, Hungary).

5.18. Statistical analysis

The experimental data are presented as the mean =+ standard
deviation (SD) with biological replicates (n = 3). Intergroup
comparisons were performed using student's ¢test for two
experimental groups or one-way ANOVA followed by appropriate
post hoc tests for multiple group comparisons. All statistical
analyses and data visualization were conducted using GraphPad
Prism 9.0 software (GraphPad Software, Inc).

Ethics approval and consent to
participate

All animal procedures were approved by the Research Ethics
Committee of Guangdong Provincial People's Hospital (KY2024-
207-02) and performed in accordance with the Guide for the
Care and Use of Laboratory Animals (National Research
Council) and ARRIVE guidelines.
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