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a  b  s  t  r  a  c  t

Braak’s  prion-like  theory  fundamentally  subverts  the  understanding  of  Parkinson’s  disease  (PD).  Emerg-
ing evidence  shows  that  pathologic  �-synuclein  (�-syn)  is a prion-like  protein  that  spreads  from  one
region  to another  in  PD  brain,  which  is  an  essential  driver  to  the pathogenesis  of  PD.  Thus  far,  there  is
a  big  knowledge  gap  that  limited  nanomaterial  that  can  block  prion-like  spreading.  Here,  �-syn  pre-
formed  fibrils  (PFF)  are  used  to model  prion-like  spreading  and  biocompatible  antioxidant  nanozyme,
PtCu  nanoalloys  (NAs),  is applied  to  fight  against  �-syn  spreading.  The  results  show  that  PtCu  NAs  signif-
icantly  inhibit  �-syn  pathology,  cell death,  and  neuron-to-neuron  transmission  by scavenging  reactive
oxygen  species  (ROS)  in primary  neuron  cultures.  Moreover,  the PtCu  NAs  significantly  inhibit  �-syn
Parkinson’s disease
Nanozyme

spreading  induced  by  intrastriatal  injection  of PFF.  It is the  first time  to  observe  nanozyme  can  block
prion-like  spreading,  which  provides  a proof  of concept  for nanozyme  therapy.  It is also  anticipated  that
the  biomedical  application  of  nanozyme  against  prion-like  spreading  could  be  optimized  and  considered
to be  developed  as  a  therapeutic  strategy  against  Parkinson’s  disease,  Alzheimer’s  disease,  and  other
prion-like  proteinopathies.

© 2020  Elsevier  Ltd. All rights  reserved.
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Introduction

Parkinson’s disease (PD) is the second most common neu-

rodegenerative disorder characterized with misfolded �-synuclein
(�-syn) accumulation in Lewy bodies (LB) [1,2]. Although some �-
syn mutations have been linked to familial PD [3,4], the majority
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ases are sporadic with unknown etiology [5]. Recently, Braak’s
heory fundamentally subverts the understanding of PD [5,6] that
athologic �-syn is a prion-like protein spreading in PD brain,
hich drivers the pathogenesis [7,8]. Substantial postmortem evi-

ence further supports the game-changing discovery [9–11] and
rion-like spreading is widely found in other neurodegeneration,

ncluding Alzheimer’s disease (AD) and amyotrophic lateral sclero-
is (ALS) [12–17].

Emerging evidence shows that oxidative stress is an unavoid-

ble pathogenesis factor contributing to prion-like spreading
18–20]. For example, paraquat can induce oxidative stress in vivo
nd in vitro, which remarkably leads to increased �-syn spreading
20–22]. We  have determined that pathologic �-syn can activate
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nitric oxide synthase (NOS), resulting in increased NO level and
DNA damage in vitro, and facilitating �-syn spreading and severe
neurodegeneration and behavioral deficits in vivo [23]. Of note, the
inhibitors of NOS-related pathway can significantly prevent the
pathologic �-syn-induced pathogenesis and pathology spreading
[23], which indicates that reducing the level of oxidative stress may
be an effective way against pathologic �-syn spreading in PD.

Tremendous efforts have been made to develop a sporadic PD
model with �-syn spreading model for mechanism study and ther-
apeutic development [23–29]. The �-syn preformed fibrils (PFF)
model is groundbreaking that a single injection of recombinant �-
syn PFF can replicate LB-like pathology spreading, neurotoxicity
and motor/non-motor dysfunction in wildtype mice [7,30,31]. The
PFF model can perfectly mimic  the sporadic PD; however, limited
nanomaterial was reported that can prevent prion-like spreading
[32]. Another critical issue is the biological effect of nanomaterial.
Metal oxides nanoparticles are prone to cause uncertain biologi-
cal effects because of unstable multivalent metals on the surface.
Noble metal (alloy) nanostructures with stable zero-valent metal
surfaces and adjustable catalytic activity can overcome this prob-
lem. Since there is a big knowledge gap to identify nanomaterials
can block spreading and we have reported that metallic nanoparti-
cles exhibit multiple enzyme-like and efficient antioxidant activity
to reduce reactive oxygen species (ROS) production [33,34]. We
sought to explore the potential of metal alloy nanozymes in pre-
venting prion-like spreading induced by oxidative stress in the
sporadic PD model.

To address the question that nanozyme can prevent prion-like
spreading, we proposed a series of in vitro and in vivo experi-
ments. We  generated the PtCu bimetallic nanoalloys (NAs) with
strong antioxidant ability, and applied the biocompatible agents
in PFF-induced cellular and animal models. The PtCu NAs have a
remarkable ability of scavenging ROS in primary neuron cultures
induced by the administration of PFF, and subsequently inhibited
�-syn pathology, neurotoxicity, and neuron-to-neuron transmis-
sion in vitro. The PtCu NAs further exhibited significant inhibition
on pathologic �-syn spreading in the mouse brain induced by
an intrastriatal injection of PFF. To our best knowledge, it is the
first time to determine that nanozyme can block pathologic �-
syn cell-to-cell transmission, which provides a proof of concept
for the efficacy of nanozymes against prion-like spreading in neu-
rodegeneration. It is also anticipated that biomedical application
of nanozyme against prion-like spreading could be optimized and
considered to be developed as a novel therapeutic strategy against
PD, AD, and other prion-like proteinopathies.

Results

Formation and the antioxidant activity of PtCu NAs

The PtCu NAs were prepared by hydrothermal reduction of
PtCl4

2− and Cu2+ in the presence of polyvinyl pyrrolidone (PVP)
and glycine. The PtCu NAs are well dispersed and uniform spherical
shaped, also shows the detail with scraggy surfaces (Fig. 1

a). The zeta-potential of PVP coated PtCu NAs was  determined to
be -15.3 ± 1.5 mV.  The PtCu NAs suspension shows a good stability
against aggregation during long-term storage. The high-resolution
TEM (HRTEM) further indicates the well-defined lattice planes
in part of single particles (Fig. S1a). The calculated lattice spac-
ing is 0.218 nm,  which corresponds to the distance of (111) facet
and falls between the values for Pt (0.228 nm)  and Cu (0.208 nm).

The X-ray photoelectron spectroscopy (XPS) survey spectra and
energy-dispersive X-ray spectroscopy (EDS) analysis confirmed the
co-existence of element Pt and Cu (Figs. 1b, S2), and the measured
Pt/Cu molar ratio of 1.2 is consistent with the seeded Pt2+/Cu2+
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atio. The average diameter of the PtCu NAs was  calculated to be
2.1 ± 4.5 nm (Fig. S1c). The diffraction peaks of X-ray diffraction
XRD) indexed to the planes (111) and (200) and was, as expected,
ocated between the corresponding peaks of pure Pt and Cu (Fig. 1c).
hese confirmed the formation of bimetallic alloy and the lattice
arameter varying along with the alloy composition.

The antioxidant capability of the PtCu NAs was reflected in their
atalytic activity toward hydrogen peroxide reduction (peroxidase-
ike and catalase-like), superoxide disproportionation reaction
superoxide dismutase (SOD)-like) and clearance of free radicals.
he PtCu NAs can accelerate the consumption of H2O2 in two ways:
I) catalyzing the H2O2 reduction via peroxidase-like activity and
II) catalyzing the H2O2 decomposition via catalase-like activity
Fig. 1d). Firstly, the peroxidase-like activity of PtCu NAs was com-
ared with horseradish peroxidase (HRP). We  find that PtCu NAs,
ehaving like HRP, can quickly catalyze the redox reaction between
2O2 and 3,3′,5,5′-tetramethylbenzidine (TMB) and lead to a reduc-

ion of H2O2 and oxidation of TMB, which generates characteristic
bsorption peaks at 450 nm and 650 nm (Figs. S3a, 1 e). The PtCu
As and HRP show the same trend on the dosage-dependent activ-

ty, 4.12 �g/mL PtCu NAs is equivalent to 1 U/mL HRP to accelerate
he oxidation of TMB  by H2O2 (Figs. S3b, 1 f).

Catalase is an intracellular enzyme present in most aerobic cells.
ts function to catalyze the decomposition of H2O2, makes it poten-
ially useful in protection against oxidative stress. To investigate
he catalase-like activity of PtCu NAs, we  employed both UV–vis
pectra and electron spin resonance (ESR) oximetry to monitor
he reduction of H2O2 and production of O2, respectively. Com-
ared to control, the addition of PtCu NAs resulted in a significant
ecrease of H2O2 absorbance as a function of time, suggestive of
hat the PtCu NAs behave like catalase in the decomposition of
2O2 (Fig. S4a). To further determine if molecular oxygen was
enerated, we conducted ESR oximetry in conjunction with spin-
abel 4-oxo-2,2,6,6-tetramethyl piperidine-d16-1-15N-oxyl (PDT).
SR oximetry is based on the physical collision between molecules
xygen (O2) and spin labels (PDT was used here). Because O2 is
aramagnetic, the collision between the PDT molecules and O2 pro-
uces spin exchange, which leads to a shorter relaxation time and
onsequently causing the ESR spectrum of PDT a broader line width
nd lower peak intensity. The degree of spin exchange is dependent
n the concentration of O2, a subtle change of O2 results in a cor-
esponding response in the line width of ESR spectrum [35]. When

ixed the PtCu NAs and H2O2, a time-dependent increase in line
idth and a decrease in peak intensity of the ESR signal indicates

he dioxygen production (Fig. 1g). Furthermore, it was found that
he decomposition rate of H2O2 was strongly dependent on the con-
entration of PtCu NAs. With increasing the concentration of PtCu
As from 2.16–21.58 �g/mL, we  observed a gradual acceleration of

he decomposition of H2O2 (Fig. S4b).
As a specific enzyme for degrading superoxide, SOD plays a criti-

al role in ROS balance and acts as an antioxidant to protect cellular
omponents against oxidative damage by superoxide. To verify
OD-like activity, superoxide was  generated in situ by the classic
O2 system in the presence of crown ether in an aprotic solvent. The
apability of PtCu NAs to scavenge superoxide was firstly verified
y a nitroblue tetrazolium (NBT) assay (Figs. S5a, S5b). The SOD-like
ctivity was  further verified by ESR technique, in which 5-tert-
utoxycarbonyl 5-methyl-1-pyrroline N-oxide (BMPO) is used as a
ypical spin trap for superoxide. Adding KO2 to the solution contain-
ng BMPO produced a strong ESR signal attributable to BMPO/•OOH
Fig. 1h). As expected, the ESR signal intensity decreased greatly
hen SOD or PtCu NAs was  added, suggesting again their catalytic
bility to scavenge O2
−•. The scavenging efficiency of 10 �g/mL

tCu NAs was comparable with that of 5 U/mL natural SOD, sugges-
ive of the excellent SOD-like activity of PtCu NAs. In addition, the
ntioxidant capability of PtCu NAs was  also reflected in their abil-
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Fig. 1. Formation of PtCu NAs and antioxidant capability via peroxidase, catalase, SOD-like activities and scavenging free radicals. a Transmission electron microscopy (TEM),
b  XPS survey and c X-ray diffraction (XRD) pattern of PtCu NAs with Pt/Cu molar ratio of 1/1. d the scheme for PtCu NAs to mimic  3 redox enzymes (POD: peroxidase, SOD:
superoxide dismutase, CAT: catalase). e The UV–vis spectra of TMB  in the presence of H2O2 catalyzed by POD-like PtCu NAs. f the absorbance in the function of time under
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different dosage of PtCu NPs. g The CAT-like activity of PtCu NPs to reduce H2O2 dem
over  time in the presence of 2 mM H2O2 before and after addition of PtCu NPs in a 

by  ESR spectroscopy. i DPPH radicals scavenging activity of PtCu NPs in time depen

ity to reduce free radicals. 2,2-diphenyl-1-picrylhydrazyl (DPPH),
a well-known stable radical that widely used for the quantitative
determination of antioxidant capacity, was selected for evaluat-
ing the antioxidant activity of PtCu NAs. DPPH itself is stable to be
reduced without the help of catalysts over the testing time (Fig.
S6). We found that each PtCu NAs and antioxidant can efficiently
scavenge the DPPH radical in a time- and concentration-dependent
manner, demonstrating their antioxidant capability (Figs. 1i, S7).
Ascorbic acid (AA) shows the fast antioxidant effect and its antiox-
idant capability is dependent on the concentration (Fig. S7). We
find that the antioxidant mechanism between PtCu NAs and AA
is quite different. AA playing an antioxidant effect is through its
own chemical oxidation as sacrificing, while the antioxidant effect
of PtCu NAs was from its catalytic nature to facilitate electrons’
transfer. Therefore, PtCu NAs can be recycled to reduce DPPH until
DPPH is consumed, but AA needs to be added by a considerable

concentration to consume DPPH.

To study the effect of alloy composition on enzyme-like activ-
ities, we have prepared PtCu nanoalloys with Pt/Cu atomic ratio
of 1/3 and 3/1, respectively. By simply changing the molar ratio
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ated by electron spin resonance (ESR) oximetry, the evolution of ESR spectra of PDT
 chamber. h the SOD-like activity of PtCu NAs to reduce superoxide demonstrated
anner.

f added Pt2+/Cu2+, the PtCu NAs with tunable chemical composi-
ion were prepared. TEM images displayed that PtCu NAs prepared
nder each of Pt2+/Cu2+ ratio showed the well dispersed and uni-

orm shape (Fig. S8). The particle size decreased gradually when
hanging the PtCu ratio from 3/1 (41.5 ± 5.7) to 1/3 (22.2 ± 2.4 nm)
Fig. S8d). Fig. S9 summarizes the dependence of measured Pt con-
ent, particle size and D value of (111) plane on the calculated
t content. The measured Pt content linearly increased with the

ncreasing addition of Pt2+. The linear relationship has a slope near
.0 which indicates a complete reduction of Cu2+ and Pt2+ to form
he PtCu alloy NPs. All these characterizations demonstrated that,
y changing the added amount of Pt2+/Cu2+, fine tuning of parti-
le size, alloy composition and crystal structure of PtCu NAs are
chieved. For better comparison, the monometallic Pt and Cu NPs
ere also prepared using the same procedure to PtCu NAs. The
ultiple enzyme-like (peroxidase-like, catalase-like and SOD-like)
ctivities of different PtCu NAs, Pt and Cu NPs were investigated
Fig. S10). It was found that the enzyme-like activity of PtCu NAs
as  strongly dependent on their chemical compositions, and alloy-

ng with Cu at the percentage of ∼25 % can evidently increase the
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Fig. 2. PtCu NAs reduce the reactive oxygen species (ROS), �-syn pathology and neurotoxicity induced by PFF in vitro. a PtCu NAs reduce the ROS induced by PFF. PFF
(10  �g/mL) and PtCu NAs (1 �M)  were added into mouse primary neurons seven days in vitro. To assess the ROS level, the neurons were incubated with CM-H2DCFDA
(2  �M)  for 30 min, two  days after PFF treatment. Scale bar, 100 �m.  b Quantification of the ROS level. Data are the means ± SD, n = 3 independent experiments, one-way
ANOVA  followed by Tukey’s correction. c PtCu NAs reduce the pS129 immunoreactivity induced by PFF. Neurons seven days in vitro were treated with PFF and PtCu/Vehicle,
the  level of pS129 immunoreactivity was assessed with anti-pS129 at seven days after treatment. Scale bar, 50 �m. d Quantification of the pS129 immunoreactivity. Data are
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enzyme-like activity of Pt NPs. The same trends were observed for
peroxidase-like, catalase-like and SOD-like activity, with increas-
ing the Pt content in PtCu bimetallic alloy, the activity gradually
increased.

PtCu NAs decrease the level of ROS in primary cortical neurons
induced by ˛-syn PFF

To determine the clearance effect of PtCu NAs on cellular ROS
induced by PFF, purified �-syn monomer were agitated for mature
fibrils (∼7 days) and then sonicated into PFF following the estab-
lished protocol [29]. The TEM images indicate that PFF is short fibrils
(∼ 45 nm)  and �-syn monomer has no regular structures (Figs. S11a,
S11b), which is consistent with the previous publication [29]. The
immunoblot of PFF further validates the �-syn aggregation, com-
pared to the �-syn monomer (Fig. S11c). We  used a thioflavin T
assay and determined that PFF exhibits increased ThT fluorescent
intensity compared to the �-syn monomer (Fig. S11d). To deter-
mine if PtCu NAs can directly modulate �-syn aggregation, we  have
performed the fibrillization experiments. The results show that no
appreciable modulation on �-syn aggregation can be observed in
the presence of PtCu NAs in the Thioflavin T (ThT) assay (Fig. S12a)
and the immunoblot (Fig. S12b). These results indicate that PtCu
NAs do not directly affect the aggregation of �-syn.

Exogenous PFF was administered into mouse primary neurons
seven days in vitro (10 �g/mL) and incubated for two  days. We
assessed the level of ROS by CM-H2DCFDA kit (Thermo Fisher Sci-
entific, Waltham, MA,  USA), and determined that the level of ROS
significantly increased in neurons two days after PFF administra-
tion, compared to PBS-treated neurons (Fig. 2a,b). In contrast, PtCu
NAs significantly decreased the level of ROS in neurons treated
with PFF (Fig. 2a,b). In brief, the results show that PFF significantly
induced the increased level of ROS in primary neurons, and PtCu
NAs significantly decreased the ROS production induced by PFF,
which is consistent with that in the cell-free system.

PtCu NAs decrease the ˛-syn pathology in primary cortical
neurons induced by ˛-syn PFF

We  then asked whether PtCu NAs can decrease the �-syn pathol-
ogy in neurons induced by PFF. Exogenous PFF was treated into
primary neurons seven days in vitro (10 �g/mL) and the �-syn
pathology was assessed seven days post administration, including
the phosphorylated serine129 �-syn (pS129) and insoluble �-syn
aggregates. pS129 is a typical pathological marker in PD, which has
been widely applied for assessing the levels of �-syn pathology
and transmission [7,23,29,36]. As published previously [29], PFF
induced a substantial amount of pS129 immunoreactivity in neu-
rons, compared to PBS-treated neurons (Fig. 2c,d). Treatment with
PtCu significantly decreased the amount of pS129 immunoreactiv-
ity in PFF-treated neurons (∼50 % less) (Fig. 2c,d).

PFF and PtCu NAs were administered to primary neurons, we
examined �-syn level from lysates sequentially extracted in 1%

Triton X-100 (soluble fraction) and 2% SDS (insoluble fraction)
seven days after administration. Substantial insoluble �-syn was
observed (Fig. 2e,g) in PFF-treated neurons, whereas PtCu NAs sig-
nificantly decreased the amount of insoluble �-syn induced by PFF

N
(
o
b

the means ± SD, n = 3 independent experiments, one-way ANOVA followed by Tukey’s co
at  seven days in vitro were treated with PFF and PtCu/Vehicle. Seven days after treatment,
2%  SDS for TX-insoluble fraction. �-Syn level was assessed by anti-�-syn antibody. g, h Q
the  means ± SD, n = 5-6 independent experiments, one-way ANOVA followed by Tukey’s co
performed 15 days after PFF treatment, which was assessed by anti-NeuN immunostainin
n  = 3-5 independent experiments, one-way ANOVA followed by Tukey’s correction. *P < 0

5
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Fig. 2e,g). There is no significant difference in the amount of solu-
le �-syn between PFF and PFF + PtCu group (Fig. 2f,h). These data
how that the administration of PFF significantly induced the �-syn
athology in vitro, and treatment with PtCu significantly reduced
he �-syn pathology, including the pS129 and insoluble �-syn.

tCu NAs inhibit the ˛-syn PFF-induced neurotoxicity in primary
ortical neurons

Not only the �-syn pathology, PFF can further induce substan-
ial neurotoxicity. To determine the inhibitory efficacy of PtCu
As in PFF-induced neurotoxicity, we administered PFF (10 �g/mL)

nto primary neurons seven days in vitro and assessed neuro-
oxicity with anti-NeuN (neuronal nuclei) immunoreactivity 15
ays afterward. PFF induced substantial neurotoxicity as previ-
usly described [29], compared to PBS-treated neurons (Fig. 2i,j).

n contrast, PtCu NAs significantly inhibited neurotoxicity in PFF-
reated neurons (∼ 50 % less) (Fig. 2i,j). It is noted that there is
o significant difference in the neurotoxicity between vehicle- and
tCu-treated neurons (Fig. 2i,j). The brightfield images showed the
imilar results (Figs. S13a, S13b). These data show that PtCu NAs
ignificantly inhibited the neurotoxicity induced by PFF, and PtCu
As alone did not exhibit any appreciable neurotoxicity.

tCu NAs block the ˛-syn cell-to-cell transmission induced by PFF
n vitro.

A microfluidic neuronal culture device with two chambers con-
ected in tandem by a series of microgrooves (eNUVIO, Quebec,
anada) was  used to determine the efficacy of PtCu NAs in block-

ng �-syn transmission in vitro (Fig. 3a) [23,29]. As indicated, both
hamber 1 and chamber 2 were planted with primary neurons, and
he medium volume in chamber 1 is 40 �L lower than the one
n chamber 2 in order to prevent diffusion of PFF (from chamber
) to chamber 2 (Fig. 3a). PFF was administered into the neu-
ons seven days in vitro in chamber 1, and PtCu NAs or vehicle
ontrol were simultaneously treated into the neurons in cham-
er 2 (Fig. 3a). Transmission of pathologic �-syn was monitored
y pS129 immunoreactivity seven days after PFF was adminis-
ered, as previously described [29]. Administration of PFF led to

 substantial amount of pS129 immunoreactivity in chamber 1
Fig. 3b), and there is no significant difference in the pS129 inten-
ity in chamber 1 between the PFF-vehicle group and the PFF-PtCu
roup (Fig. 3c), which indicates the original pathologic �-syn source
s at the same level for spreading. To assess the transmission of
athologic �-syn along dendrites and axons, we further examined
he levels of pS129 in chamber 2. Substantial pS129 immunore-
ctivity was  observed in vehicle-treated neurons in chamber 2
Fig. 3b), whereas a significant reduction of the amount of pS129
mmunoreactivity was  assessed in PtCu-treated neurons in cham-
er 2 (Fig. 3c). Of note, �-syn aggregation is one step of pathologic
-syn cell-to-cell transmission and we have determined that PtCu

As cannot mediate �-syn aggregation in the fibrillization assay

Fig. S12). Taken together, these data indicate the inhibitory efficacy
f PtCu NAs in pathologic �-syn cell-to-cell transmission induced
y PFF.

rrection. e, f Immunoblots of �-syn in the soluble and insoluble fractions. Neurons
 neuron lysates were extracted with 1% TX-100 for TX-soluble fraction followed by
uantification of the insoluble (left panel) and soluble (right panel) �-syn. Data are
rrection. i PtCu NAs block the neurotoxicity induced by PFF. The toxicity assay was

g. Scale bar, 100 �m.  j Quantification of the neurotoxicity. Data are the means ± SD,
.05, **P  < 0.01, ***P < 0.001, ****P < 0.0001, ns, non-significant.
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Fig. 3. PtCu NAs inhibit �-syn transmission in vitro. a Timeline of �-syn transmission in vitro experiment (top) and the experimental design with PtCu NAs treatment in
microfluidic chamber (bottom). Neurons were cultured in chamber 1 and chamber 2. PFF were added to neuron cultures at 7 days in vitro in chamber 1. PtCu NAs (1 �M)  was

h 4% 

 bar, 1

i
i
v
t
m
e
t
s

treated  simultaneously into neuron cultures in chamber 2. Neurons were fixed wit
�-syn  transmission. Neurons were immunostained with anti-pS129 antibody. Scale
independent experiments, unpaired Student’s t-test. **P < 0.01, ns, non-significant.

The inhibitory effect of PtCu in ˛-syn spreading induced by ˛-syn
PFF in vivo

To determine the effect of PtCu in inhibiting �-syn spreading
in vivo, we stereotactically injected PFF into the dorsal striatum of
wild-type mice at two-months old, and treated PtCu into the sub-
stantia nigra (SN) simultaneously (Fig. 4a). Intrastriatal injection of
PFF can spread from the striatum to the substantia nigra in months

[29], and it is expected that the treatment with PtCu in the SN can
prevent �-syn transmission. The mice were sacrificed two months
after PFF injection (Fig. 4a). By assessing the pS129 immunoreactiv-

s
m

6

PFA seven days after treatment for immunostaining. b pS129 Immunostaining for
00 �m.  c Quantification of pS129 immunostaining. Data are the means ± SD, n = 4

ty, we found that a substantial amount of pS129 immunoreactivity
n the SN of PFF-injected mice treated with vehicle (Fig. 4b,c) as pre-
iously published [29]. In contrast, PtCu NAs significantly reduced
he amount of pS129 immunoreactivity in the SN of PFF-injected

ice (Fig. 4b,c). There is no significant difference in the pS129 lev-
ls in the striatum of PFF-injected mice between PtCu and vehicle
reatment (Fig. 4b,d), indicating the successful stereotaxic injection
urgery of PFF.
To assess the pathologic �-syn spreading in vivo, the SN and
triatum regions were collected from PFF-injected mice with treat-
ent with PtCu or vehicle. We  obtained the insoluble and soluble
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Fig. 4. PtCu NAs inhibit �-syn transmission in vivo. a Timeline of PFF animal experiments with PtCu NAs treatment (top) and the stereotaxic injection sites of PFF and
PtCu/Vehicle (bottom). Mice were stereotaxically injected with PFF and PtCu/Vehicle at 2-months old, and were sacrificed at two months after PFF injection. b pS129
immunostaining in the substantia nigra (SN) and striatum (ST). Brain sections were stained with anti-pS129 antibody and anti-TH (Tyrosine Hydroxylase) antibody. Scale bar,
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50  �m.  c, d Quantification of pS129 immunostaining. Data are the means ± SD, n = 6 

of  brain lysates of the SN. Brain lysates were extracted with 1% TX-100 for TX-soluble
anti-�-syn  antibody. g, h Quantification of immunoblots of brain lysates. Data are the

fractions from the brain lysates and assessed the expression levels
of insoluble and soluble �-syn by immunoblots. Substantial insol-
uble �-syn was observed in the SN region of PFF-injected mice
with vehicle treatment (Fig. 4e,g), whereas PtCu NAs significantly
reduced the amount of insoluble �-syn (Fig. 4e,g). There is no signif-
icant difference in the amount of insoluble �-syn in the striatum of
PFF-injected mice between PtCu and vehicle treatment (Fig. S14a,
S14c), further indicating the accurate injection location of PFF. The
amount of soluble �-syn in the SN and striatum was  also exam-
ined, exhibiting no significant difference (Figs. 4f,h, S14b, S14d).
These data taken together show that treatment with PtCu NAs sig-
nificantly reduced �-syn transmission induced by PFF in vivo.

Discussion

The major discovery of our present paper is that the noble
bimetallic nanozyme is capable of blocking pathologic �-syn cell-
to-cell transmission by scavenging the ROS induced by PFF. We

synthesized the PtCu NAs, and determined that PtCu has the
remarkable antioxidant ability in cell-free systems, reduced cel-
lular ROS, �-syn pathology, neurotoxicity, and transmission in a
sporadic PD cellular model by using PFF. Moreover, treatment with

o
T
t
c

7

er group, unpaired Student’s t-test. *P < 0.05, ns, non-significant. e, f Immunoblots
on followed by 2% SDS for TX-insoluble fraction. Total �-syn level was evaluated by
s ± SD, n = 4 mice per group, unpaired Student’s t test. *P < 0.05, ns, non-significant.

tCu significantly blocked �-syn spreading from the striatum to the
ubstantia nigra in vivo (Fig. 5).

It is the first time to determine nanozyme can block �-syn
preading. Prior studies have reported that nanozymes CeO2,
n3O4, and CuxO mimicking antioxidant enzymes reducing

eactive oxygen species (ROS) production can prevent neurodegen-
ration in neurotoxin (MPTP)-induced PD model [37–40]. However,
PTP model lacks �-syn pathology that is not a sporadic PD model

41,42]. Thus, the present study fills up the disconnection with
linical observation for �-syn pathology significantly impedes the
valuation of the efficacy of nanomaterials in PD. It is also noted
hat our work focused on the prevention on pathologic �-syn trans-

ission 2-month after PFF injection. Since intrastriatal injection of
-syn PFF can induce motor dysfunction 6-months after injection

23,29]. We will determine if PtCu NAs can mediate the neurode-
eneration (e.g. behavioral deficits) induced by �-syn PFF in the
uture studies.

Considering the diverse biological microenvironments may
ffect the performance of the PtCu NAs, we have assessed the anti-

xidant ability of the PtCu NAs at pH = 4.5, 5.5, 6.5 and 7.5 [43].
he results verify that pH could affect the antioxidant activity of
he PtCu NAs, and relatively high pH facilitates the antioxidant
apability (Figs. S15–S17). Furthermore, we determined that the
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Fig. 5. Schematic summary for the PtCu nanozyme scavenging ROS and preventing pathologic �-Synuclein-induced pathology, neurotoxicity and cell-to-cell trans-
mission in vitro and in vivo. Synthetic PtCu NAs functionally mimic three redox enzymes, including peroxidase (POD), catalase (CAT) and superoxide dismutase (SOD),
scavenge free radicals (DPPH), and show superior antioxidant capability in a cell-free system. In sporadic PD models, administration of PFF in neuron culture induces
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increased ROS, �-syn aggregation, pathology and neurotoxicity. Furthermore, PFF-
The  PtCu NAs act as nanozyme that scavenges ROS, and significantly reduce PFF-ind

formation of protein-corona could reduce the antioxidant activity
of the PtCu NAs (Fig. S18). Consistent with the published reports
[44,45], biological microenvironment may  affect the enzyme-like
activity of the PtCu NAs. Importantly, our in vitro and in vivo results
have shown that the PtCu NAs can significantly reduce the ROS pro-
duction induced by PFF and subsequent �-syn pathology spreading.

Compared to metal oxides, metal and metal-based nanozymes
have advantages such as defined and controllable structures, easy
surface modification, good biocompatibility, and tunable enzyme-
like activity to scavenge ROS. Metal-based nanozymes may  also
be applied to neural regeneration application, treatment of brain
injury and cerebral malaria due to resent publications [46–49].
Especially, when downsizing the particle to sub-nanometer or even
single state atoms, the metal-based nanozymes will exhibit sig-
nificantly increased catalytic activity [50,51]. Benefitting from the
advances in catalytic chemistry, therefore, metal-based (especially
single atom) nanozymes are expected to show a great promise in PD
treatment. However, there are many unknowns about metal NPs in
the central nervous system that may  hinder the efficacy including
the biosafety, the blood-brain barrier (BBB) permeability, the acute
and long-term effect, etc,  which inspired us to explore in the future.

PtCu NAs exhibit peroxidase, catalase, and SOD-like activity as
well as the ability to scavenge free radicals (DPPH), which make
PtCu NAs an excellent antioxidant that reduces ROS production.
Graphene quantum dots have been applied to prevent �-syn-
induced cell-to-cell transmission, by directly interacting with
mature fibrils and triggering their disaggregation [32], whereas
our present work provides a novel therapeutic strategy to prevent
cell-to-cell transmission of �-syn pathology by using nanozyme
for clearance of ROS. The therapeutic strategy can also be applied
to other neurodegenerative disorders.
We have determined that poly(adenosine 5′-
diphosphate–ribose) (PAR) polymerase-1 (PARP-1) was  activated
in PFF-treated neurons, which results in accumulation of PAR
polymer [23]. Importantly, PAR polymer further induced �-syn

o
S
s
s

8

ed aggregates can further cause cell-to-cell transmission and neurodegeneration.
pathology, neurotoxicity, and cell-to-cell transmission.

o form a misfolded compact strain, exhibiting enhanced neu-
otoxicity [23]. Further studies should be directed to determine
he role of PtCu in alleviating the pathogenic generation of NO in
eurodegenerative diseases such as PD.

onclusions

In summary, the PtCu nanozyme exhibits significant efficacy
n preventing �-syn prion-like spreading in sporadic PD models.
hese data taken together provide a concept of proof that the
edox nanozyme can be considered to be developed as a therapeu-
ic strategy against pathologic �-syn spreading in PD and related
-synucleinopathies.
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