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imination of senescent microglia
cells in vivo by chiral gold nanoparticles†

Zhuojia Xu, Aihua Qu, Hongyu Zhang, Weiwei Wang, Changlong Hao, Meiru Lu,
Baimei Shi, Liguang Xu, Maozhong Sun,* Chuanlai Xu * and Hua Kuang

Parkinson's disease (PD) is an age-related neurodegenerative disease, and the removal of senescent cells

has been proved to be beneficial for improving age-associated pathologies in neurodegeneration

disease. In this study, chiral gold nanoparticles (NPs) with different helical directions were synthesized

to selectively induce the apoptosis of senescent cells under light illumination. By modifying anti-B2MG

and anti-DCR2 antibodies, senescent microglia cells could be cleared by chiral NPs without damaging

the activities of normal cells under illumination. Notably, L-P+ NPs exhibited about a 2-fold higher

elimination efficiency than D-P� NPs for senescent microglia cells. Mechanistic studies revealed that

the clearance of senescent cells was mediated by the activation of the Fas signaling pathway. The in

vivo injection of chiral NPs successfully confirmed that the elimination of senescent microglia cells in

the brain could further alleviate the symptoms of PD mice in which the alpha-synuclein (a-syn) in

cerebrospinal fluid (CFS) decreased from 83.83 � 4.76 ng mL�1 to 8.66 � 1.79 ng mL�1 after two

months of treatment. Our findings suggest a potential strategy to selectively eliminate senescent cells

using chiral nanomaterials and offer a promising strategy for alleviating PD.
Introduction

Parkinson's disease (PD) is an age-related brain disease that is
associated with motivation and cognitive disorders and the
assembly of alpha-synuclein (a-syn); there is no effective ther-
apeutic treatments for this condition.1 Pathological changes
associated with PD are related to an increase in reactive oxygen
species,2 the inappropriate folding of a-syn,3–6 homeostasis
disorders and inammation in the main neuropathological
area of the brain.7–11 Along with tissue dysfunction, the typical
senescence-associated secretory phenotype is signicantly
characterized by the generation of interleukin-6 (IL-6) and
interleukin-1b (IL-1b).12,13 Indeed, the accumulation of sen-
escent cells is associated with a range of age-related diseases as
well as neurodegenerative diseases.12,14–19 However, it is still
unclear how senescence in the brain contributes to PD and what
role it might play in therapeutic strategies of PD. It had been
reported that senescent cells could give rise to local and
systemic inammation and contribute to neurodegeneration in
neurodegeneration diseases like PD.20–22 In addition, direct
exposure to Ab was shown to cause senescence in oligoden-
drocyte precursor cells (OPCs), and the clearance of OPCs by
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senolytic therapy alleviated Ab-associated inammation and
restored cognitive decits in AD mice, thus illustrating the
potential for senescence clearance to be used in clinical prac-
tice.23 Moreover, senescent cells play a role in the initiation and
progression of tau-mediated disease, and targeting of senescent
cells may provide a therapeutic avenue for the treatment of such
pathologies.24 Therefore, eliminating senescent cells may hold
therapeutic promise for alleviating the symptoms of PD.25

Inorganic nanomaterials that exhibit chirality exist
commonly in nature and have attracted signicant attention
due to their promising properties and potential for multi-
biological applications related to the adjustment of life
progression.26–28 The different interactions of chiral nano-
particles (NPs) with bio-interfaces can induce a range of bio-
logical reactions.27,29,30 Our group has made several key
breakthroughs in this eld. For example, we found that the
maturation of immune cells can be regulated by nanoscale
chirality via differential affinities for biological receptors.31

Moreover, due to their biocompatibility and easily controllable
optical activity, chiral NPs have already been applied for the
elimination of senescent cells and the restoration of homeo-
stasis.13,32 Light provides a non-invasive method for controlling
these light-responsive nanomaterials due to its precise spatial
resolution, appropriate controllability and the lack of negative
effects in these light-responded biomimetic systems consisting
of nanomaterials.26,33–35 Alternatively, a recent study has
demonstrated that one biomimetic NP could effectively target
and modulate microglia cells and thus be expected to be
© 2022 The Author(s). Published by the Royal Society of Chemistry
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a potential medicine against PD.36 Collectively, the evidence
provides the possibility of alleviating neurodegenerative disease
by the application of chiral NPs to clear senescent microglia
cells.37–39

In the present study, we prepared chiral NPs with high
anisotropy factors to eliminate senescent microglia cells from
the brain under NIR irradiation at 808 nm. We found that L-P+

NPs exhibited the maximum clearance efficiency of senescent
cells without damaging normal cells. Senescent microglia cells
were eliminated by the activation of an apoptotic pathway by
mechanical force under light; this was demonstrated by the
increased expression of apoptotic genes in the treatment
groups. We also used a mouse model of PD to evaluate this
potential therapeutic strategy in vivo. Following two months of
treatment, the pathological symptoms of the PD mice were
greatly improved with the decreased concentration of a-syn and
the repair in motor ability.

Results and discussion
Surface modication of chiral NPs and construction of the
model of senescence

Chiral NPs (denoted as L-P+ NP, D-P� NP, and DL-NP) of
different handedness were synthesized in accordance with
a previous study using L-, D-, and DL-Cys-Phe (CF) as the chiral
ligands.31 As shown in Fig. S1a and b,† the scanning electron
microscopy images showed an obvious chiral helical direc-
tion of nanomaterials. The DL-NPs with no chiral morphology
are shown in Fig. S1c.† The absorption and circular
dichroism (CD) spectra were used to illustrate the strong
optical signals of the three types of chiral NPs in the visible
and NIR range (Fig. 1a and b). In addition, the anisotropy
factor (g-factor) of L-P+ NPs reached 0.44 at 711 nm, while that
of D-P� NP reached 0.42 at 722 nm, and that of DL-NP was
0 (Fig. S2†). To selectively recognize senescent cells, the
chiral NPs were modied with anti-B2MG and anti-DCR2
antibodies, two established markers of senescent
cells.32,33,40 The successful conjugation of antibodies with
chiral NPs was demonstrated by the absorbance and CD
spectrum being in the 200–280 nm range, in which a new
peak created by the conjunction of the NPs and the anti-
bodies appeared at 210–240 nm (Fig. 1c and d). Moreover, the
CD spectrum illustrated that there was no inuence on the
chirality of nanomaterials with antibodies coated (Scheme 1
and Fig. S3†).

A previous study had illustrated that microglia cells are
associated with the loss of dopamine neurons, which was
considered as one of the main reasons for PD.2,22 Therefore,
BV-2 cells were incubated with 10 nM doxorubicin (DOX) for 7
days to induce senescent models (DOX-Sen) to monitor the
pathological symptoms in the brains affected by PD.33 Aer
incubation with DOX, the increased expression of b-galacto-
sidase (b-Gal) and up-regulated expression of p16INK4a (a
known marker of senescence)13 conrmed the successful
construction of the senescence models in vitro (Fig. 2a and b).
In addition, as shown in Fig. 2c and d, the concentrations of
IL-1b and IL-6 were measured by enzyme-linked
© 2022 The Author(s). Published by the Royal Society of Chemistry
immunosorbent assay (ELISA) to indicate the state of inam-
mation in the senescent cells. When incubated with DOX, the
BV-2 cells showed signs of senescence with increased expres-
sion levels of inammation markers.

Then, the appropriate concentrations of anti-DCR2 and anti-
B2MG binding to the NPs were optimized under two-photon
luminescence (TPL) aer incubating the chiral NPs with sen-
escent BV-2 cells. As shown in Fig. S4 and S5,† the maximum
TPL intensity was obtained when 1 nM anti-B2MG and 0.8 nM
anti-DCR2 were attached to the L-P+ NPs. Therefore, we used
0.8 nM of anti-DCR2 and 1 nM of anti-B2MG for the subsequent
experiments as we had optimized in experimental cells. In
addition, to evaluate the difference of nanomaterials with
different chiral morphologies in binding antibodies, the CD
spectrum in 200–280 nm was collected. As shown in Fig. S6,† it
could be concluded from the CD spectrum that there was no
obvious disparity in L-P+ NP, D-P� NP, and DL-NP aer removing
the dissociative antibodies.

We used cell counting kit-8 (CCK-8) experiments to monitor
the cytotoxicity of chiral NPs in senescent cells (Fig. S7†). We
found that the concentration of 800 mg mL�1 exerted no
obvious cytotoxic effects on the three types of senescent cells.
Furthermore, to illustrate the chiral effect of NPs on senescent
cells, we investigated the uptake ability of senescent BV-2 cells
for chiral NPs. The relationship between the incubation time
and the amount of intracellular chiral NPs was determined
from the TPL intensity (Fig. 2e and S8†). As shown in Fig. 2f, L-
P+ NPs reached maximal values aer 3, 6, and 6 h in senescent
BV-2 cells. By contrast, D-P� NP reached maximum values aer
9, 12, and 12 h in senescent BV-2 cells. These data indicated
the higher uptake efficiency of L-P+ NP for senescent BV-2 cells
which was 3.07-fold higher than that of D-P� NPs. The TPL
intensity showed limited endocytosis in normal cells and
further demonstrated the specic recognition of senescent
cells (Fig. 2g and S9†). Moreover, to make out how antibodies
and the chiral morphology affect the endocytosis of nano-
materials, we considered several groups (senescent cells: L-P+

NP, D-P� NP, DL-NP; normal cell: L-P+ NP, D-P� NP, DL-NP;
senescent cells: L-P+ NP@anti-DCR2@anti-B2MG, D-P�

NP@anti-DCR2@anti-B2MG, DL-NP@anti-DCR2@anti-B2MG;
normal cells: L-P+ NP@anti-DCR2@anti-B2MG, D-P�

NP@anti-DCR2@anti-B2MG, DL-NP@anti-DCR2@anti-B2MG;
normal cells) to clarify it (Fig. S10 to S14†). It is showed that
the nanomaterials coated with antibodies had higher effi-
ciency in senescent cells than in normal cells, which was about
3-fold. Notably, we found that in both normal cells and sen-
escent cells, L-P+ NPs exhibited a higher uptake efficiency at
about 3-fold higher than that of D-P� NPs whether coated with
or without antibodies.

To further explore the endocytosis pathway by which L-P+

NPs with or without antibodies coated were taken in different
cells, normal and senescent BV-2 cells were incubated with
different inhibitors of endocytosis pathways.31 As shown in
Fig. S15 and S16,† the uptake of L-P+ NP@anti-DCR2@anti-
B2MG in both normal and senescent BV-2 cells was inhibited
when the pathways of clathrin and dynamin were blocked
respectively. Simultaneously, the uptake of L-P+ NP in normal
Chem. Sci., 2022, 13, 6642–6654 | 6643
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Fig. 1 The (a) UV-Vis absorption and (b) CD spectra of chiral NPs. The (c) UV-Vis absorption and (d) CD spectra of anti-DCR2, anti-B2MG, L-P+

NP@anti-DCR2, L-P+ NP@anti-B2MG, L-P+ NP@anti-DCR2@anti-B2MG and L-P+ NP in the 200–280 nm range.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 3

/5
/2

02
6 

4:
43

:3
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
and senescent cells was studied (Fig. S17 and S18†). When the
pathways of clathrin and dynamin were blocked, few L-P+ NPs
were taken up by both senescent and normal cells. It showed
that there was no difference in the endocytosis pathway by
which L-P+ NPs with or without antibodies coated were taken in
both normal and senescent cells (Fig. S19 and S20†). These
results further prove the orienting function of antibodies and
highlight the role of chirality in endocytosis.
Light-induced apoptosis of senescent cells caused by chiral
NPs

The light-responsive ability of chiral NPs was studied using
illumination provided by an 808 nm laser according to
absorption. The illumination power and time were optimized
to minimize the photothermal effects that may damage living
cells. All chiral nanomaterials used in the following experi-
ments were modied with antibodies unless otherwise spec-
ied. As shown in Fig. S21,† aer 5 minutes of illumination at
400 mW cm�2, the temperature of the L-P+ NPs showed only
a minimal increase in living cells with incubating with NPs for
3 h; these conditions were therefore selected for further
experiments. To investigate the ability of the chiral NPs to
clear senescent cells, the representative apoptotic protein
caspase-3 was monitored. We used confocal imaging to
identify cellular apoptosis; the uorescence intensity of
6644 | Chem. Sci., 2022, 13, 6642–6654
caspase-3 in apoptotic cells increased. Under irradiation with
a laser at 808 nm, the expression of the apoptosis-related
protein caspases-3 reached maximum levels aer incubation
with L-P+ NPs for 6 h when compared with groups treated with
D-P� and DL-NPs (Fig. 3a). As shown in Fig. S22,† it was clear
that the senescent microglia cells were eliminated via the
apoptotic pathway and L-P+ NPs exhibited higher efficiency
than the other types. In addition, we used western blot anal-
ysis to investigate the expression of cleaved caspases-3 in cells
under different treatments (Fig. 3b and S23†). We also used
ow cytometry to further demonstrate the levels of apoptosis
in senescent cells induced by chiral NPs under light. As shown
in Fig. 3c, the proportion of apoptotic cells in senescent
microglia cells treated with L-P+ NPs under light reached
61.89% � 5.85%; this was almost 2.28-fold higher than that of
the groups treated with D-P� NPs. Typical ow cytometry
scatter plots representing apoptosis of cells are shown in
Fig. S24.†

As a control, only minimal levels of caspases-3 were detec-
ted in senescent cells aer incubation with chiral NPs coated
with antibodies but without illumination, which had no
signicant difference with the control (Fig. S25†). This result
indicated that there was no signicant apoptosis in the sen-
escent cells if irradiation was not provided (Fig. S26†).
Furthermore, when chiral NPs (without anti-DCR2 and anti-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Illustration of the apoptosis pathways of senescent microglia cells induced by chiral NPs under the irradiation of 808 nm laser in the
brain of PD mice.
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B2MG modication) were incubated with senescent cells for
6 h, only minimal levels of the caspase-3 expression were
present under illumination (Fig. S27 and S28†). Moreover, we
investigated the clearance efficiency of chiral NPs coated
with or without anti-B2MG and anti-DCR2 when exposed to
normal cells under irradiation. As shown in Fig. S29 and S30,†
aer incubation with L-P+ NPs under illumination for 10 min,
the experimental groups showed the same expression
levels around 10% with untreated normal cells, thus indi-
cating that the chiral NPs did not induce side effects in normal
cells.

These results suggest that the targeting clearance ability
towards senescent cells was mediated through the apoptotic
pathway aer incubation with chiral NPs modied by anti-
DCR2 and anti-B2MG under illumination. Moreover, L-P+ NPs
exhibited a higher clearance efficiency of senescent cells than
the other types.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The mechanism underlying the induction of apoptosis in
senescent microglia cells by chiral NPs under light

Next, we investigated the global expression proles of microglia
cells to determine the mechanisms responsible for the induc-
tion of apoptosis in senescent cells by chiral NPs under light
(Fig. 4a). There were clear differences between the experimental
(senescent BV-2 cells treated with: light, L-P+ NP; D-P�NP + light;
L-P+ NP + light) and control groups (senescent BV-2 cells without
any treatment), as summarized in Fig. 4b; our results indicated
that the expression of senescence-related genes (Plaur, Mmp12,
Il1b, Ccl5)7,15,16 was signicantly reduced in senescent BV-2 cells
aer treatment with L-P+ NP under light. Moreover, as compared
with the control group, the expression levels of anti-apoptotic
genes (Aifm1, Xiap, Ccl5, Nol3 and Naip2)13 were decreased
while the levels of proapoptotic genes (Aifm2, Aen, Bbc3, PIDD1
and Bcl2l11) were increased in senescent BV-2 cells by L-P+ NPs
under light.41 Importantly, we found that in the senescent
Chem. Sci., 2022, 13, 6642–6654 | 6645
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Fig. 2 (a) The b-Gal staining assay and (b) confocal images of BV-2 cells before (up) and after (down) treatment with 10 nM DOX for 7 days. Scale
bars, 50 mm. Blue, 40,6-diamidino-2-phenylindole (DAPI) for nuclei; green, p16INK4a, the marker of senescent cells. Scale bars, 30 mm. (c) The IL-
1b and (d) IL-6 expression in normal cells and DOX-induced senescent BV-2 cells were quantified by ELISA. (e) TPL images of senescent BV-2
cells incubated with chiral NPs for different times respectively. Scale bars, 30 mm. (f) The statistic intensity from the TPL images in (e) and Fig. S8.†
(g) The statistic TPL intensity of normal cells and senescent cells incubated with L-P+ NP@anti-B2MG@anti-DCR2 in Fig. S9.† Data are presented
as mean � s.d. (n ¼ 5). ***p < 0.001.
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microglia cells treated with L-P+ NPs under light, the expression
levels of Fas signaling pathway-associated genes (Casp8, Fadd,
Bid and Fas),42,43 an outcome mediated by the activation of the
6646 | Chem. Sci., 2022, 13, 6642–6654
apoptosis pathway, were higher than in any of the other groups.
These data indicated that the apoptosis of senescent cells
induced by L-P+ NPs was through the Fas signaling pathway.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Confocal images of senescent BV-2 cells incubated with NPs coated with antibodies under light. Senescent BV-2 cells without any
treatment were set as the control. Red, b-actin; green, caspase-3; blue, DAPI for nuclei. Scale bars, 40 mm. (b) Western blot analysis for pro
caspase-3 and cleaved caspase-3 in senescent BV-2 cells, GAPDHwas set as the control. (c) The apoptosis of senescent BV-2 cells with different
treatments measured by flow cytometry. Data are presented as mean � s.d. (n ¼ 5). ***p < 0.001.
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To conrm the activation of the Fas signaling pathway,44–46

the expression of cleaved caspase-8, the key protein in this
pathway, was measured. As shown in Fig. 4c, the expression of
cleaved caspase-8 in D-/L-NP and light treated cells was higher
than that in the control, of which the expression in L-P+ NPs was
22.09-fold higher than that in the control and that of D-P� NPs
was 12.21-fold higher. This result clearly conrmed that
apoptosis in chiral material treated groups was mediated by the
Fas signaling pathway. Notably, the expression of caspase-8 in
the group treated with L-P+ NPs and light was 1.81-fold higher
© 2022 The Author(s). Published by the Royal Society of Chemistry
than that with D-P� NPs and light (Fig. S31†). Moreover, small
interfering RNA (siRNA) that specically targeted Fas was
designed to knockout the expression of Fas.47 During incuba-
tion with siRNA, the expression of Fas was successfully inhibi-
ted by western blot analysis (Fig. 4d). In the siRNA-treated
groups, the expression of cleaved caspase-8 was dramatically
inhibited in the group treated with L-P+ NPs, similar to the cells
with no treatments (Fig. S32†). In addition, confocal images
also showed the decreased expression of caspase-3 from 51.18
to 11.29 in L-P+ NPs under light group aer siRNA treatment
Chem. Sci., 2022, 13, 6642–6654 | 6647
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Fig. 4 (a) Heatmap of the senescence-related, anti-apoptotic, Fas pathway-related and pro-apoptotic gene expressions in BV-2 cells with
different treatments. Senescent BV-2 cells with no treatment was set as the control. (b) The differentially expressed genes from the heatmap
results are expressed as fold changes compared with levels in the control. (c) Western blot analysis for cleaved caspase-8 in senescent BV-2 cells
with different treatments; GAPDH was set as the control. (d) Results of western blot analysis for Fas in senescent BV-2 cells with different
treatments in Fig. S32.† (e) Confocal images of senescent BV-2 cells with different treatments: siRNA for Fas; L-P+ NP and L-P+ NP + light + siRNA.
Red, b-actin; green, caspase-3; blue, DAPI for nuclei. Scale bars, 60 mm. Data are presented as mean � s.d. (n ¼ 5). ***p < 0.001.

6648 | Chem. Sci., 2022, 13, 6642–6654 © 2022 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 4e and S33†). Taken together, these data indicated that the
apoptosis induced by L-P+ NPs under light was mediated by the
Fas signaling pathway.
Chiral NPs ameliorated the symptom of senescence in PD
mice in vivo

The high elimination efficiency of the chiral NPs upon sen-
escent cells and their perfect biocompatibility inspired us to
apply these engineered particles for the therapeutic treatment
of a mouse model of PD and explored their potential to
ameliorate the symptoms of PD by clearing senescent cells.

Female PD model mice (A53T) were used for the in vivo
experiment. Chiral NPs, combined with anti-B2MG and anti-
DCR2 (20 mg kg�1), were injected into the striatum of each
mouse (anteroposterior +0.4 mm, mediolateral �1.5 mm and
dorsoventral �2.88 mm)4 (Fig. 5a).

To make out the distribution of chiral materials aer injecting
into the brain of PD mice (senescent neurons: p16INK4a+ and
MAP2+; senescent astrocytes: p16INK4a+ and GFAP+; senescent
microglia p16INK4a+ and IBA-1+), L-P+ NPs labeled with Cy3 in
different brain cells weremeasured by ow cytometry. As shown in
Fig. S34,† the chiral materials were saturated in the brain of PD
mice aer injection for 12 h and around 97.7% of L-P+ NPs were in
senescent cells. In addition, 78.2% of the Cy3 uorescence was
detected in senescentmicroglia cells, which indicated that the L-P+

NPs were almost taken up by senescent microglia cells (Fig. S35†).
The mice were then exposed to irradiation at 808 nm under

NIR conditions at 600 mW all day for a 2 month period. More-
over, PD mice were injected with PBS and illuminated under the
same conditions as controls. H&E staining assays were used to
investigate the striatum and nigra from mice undergoing
different treatments. These data illustrated that the injection of
NPs caused no obvious damage in the brain (Fig. S36†).
Furthermore, H&E staining assays of the heart, liver, kidneys,
spleen, and lungs of mice under different treatments indicated
the excellent biocompatibility and low biotoxicity of the chiral
NPs (Fig. S37†). Furthermore, we evaluated the impacts of L-P+

NPs on blood chemistry and the accumulation of L-P+ NPs in the
major organs aer intravenous injection to reveal their in vivo
biocompatibility. As shown in Fig. S38,† the concentration of
liver function indicators (aspartate transaminase (AST) and
alanine transaminase (ALT)) and kidney function indicators
(BUN and CRE) indicated that there was no difference in the NP-
treated group and control, revealing good biocompatibility in the
liver and kidneys. Moreover, the liver and kidneys exhibited
higher accumulation of NPs and the concentration decreased
soon in blood in 48 h, while those in the heart, spleen and lungs
were lower, indicating the rapid clearance of L-P+ NPs from the
body to guarantee excellent biocompatibility (Fig. S39†).

Next, we investigated the motor function of PD mice before
and aer treatment. Notably, light-exposed PDmice injected with
L-P+ NPs exhibited a remarkable restoration in the rotarod test
and wheeling running test but with an increased latency to fall
and a longer calculative distance. The latency ofmice treated with
L-P+ NPs was almost 1.84-fold higher than that for mice treated
with D-P� NPs, and the cumulative distance was almost 1.67-fold
© 2022 The Author(s). Published by the Royal Society of Chemistry
higher than that of mice treated with D-P� NPs (Fig. S40†). The
speed of mice in the wheel running test was also determined.
Mice treated with L-P+ NPs and light exhibited the same
maximum speed as normal mice, thus indicating that the PD
mice have recovered their motor ability (Fig. S41†). In addition,
the spatial cognition and memory of mice undergoing different
treatments were investigated using the Morris water maze. Light-
exposed PD mice injected with L-P+ NP exhibited a signicantly
reduced latency for nding the hidden platform; L-P+ NPs caused
the latency to reduce 84.43%� 5.13% as compared with the D-P�

NP treatment group, thus indicating that a remarkable recovery
in the spatial memory disorder of PDmice was obtained aer L-P+

NP and light treatment (Fig. S42†). Track sheets of the alterations
in the locomotion of different mice are shown in Fig. S43.†

Next, we performed the co-localization studies of a neuronal
cell marker (Map2), a microglia marker (IBA-1), an astrocyte
markers (GFAP), and a senescence marker (p16INK4a) in the
brain of PDmice. We found that the expression of microglia and
p16INK4a overlapped obviously while the expression of markers
for neurons and astrocytes did not overlap with senescence
markers (Fig. S44 and S45†). In addition, immunouorescence
staining results from brain sections showed that the main
senescent cells were microglia cells in the PD model mice and
the proportion of senescent microglia decreased to 81.18% �
6.54% when compared with that of groups treated with D-P�

NPs with light (Fig. 5b, e and S46†).
IBA-1, which also reects the levels of neuroinammation,

decreased to 70.37%� 3.52% in PDmice aer treatment with L-
NPs and light when compared with those treated with D-P� NPs
under light (Fig. 5f). In addition, there was an increase to 77.908
in the MFI of tyrosine hydroxylase (TH), an enzyme that plays
a key role in the synthesis of dopamine (Fig. 5c, g and S47†).
These data indicated that treatment with L-P+ NPs and light
caused a remission of the symptoms of PD.

We also stained brain sections to detect a-syn, the biomarker
for PD that reects the progression of this neurodegeneration
disease, and observed a signicant reduction to 4.378 in the
MFI of a-syn in the group treated with L-P+ NPs under light
(Fig. 5d, h and S48†). Additionally, to make out the distribution
of NPs in brain, IHF images of L-P+ NP-Cy3 were obtained. As
shown in Fig. S49,† the uorescence of NPs was mainly detected
in the section of nigra, which could be attributed to the senes-
cence of microglia in nigra in PD mice.

Furthermore, the aggregation of a-syn was detected using
ELISA kits (Jiangsu Jingmei Biological Technology Co., Ltd). The
reduced amount of a-syn in the treated group was indicative of
potential remission of PD aer treatment with chiral NPs under
irradiation for 60 days. Fig. 6a shows that there was a signicant
attenuation in the levels of a-syn in PDmice when treated with L-P+

NPs and light, which decreased from 83.83� 4.76 ngmL�1 to 8.66
� 1.79 ng mL�1. Moreover, the levels of a-syn in the group treated
with L-P+ NPs decreased to 71.69% � 9.85% when compared with
those in the group treated with the D-P� NPs due to the chiral
effect of the NPs. In addition, the DL-NP and light treated group
has no obvious difference compared to the PD group in all test
indices, indicating that NPs with no chirality had no therapy
potential of PD, which corresponded with the results in vitro.
Chem. Sci., 2022, 13, 6642–6654 | 6649
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Fig. 5 (a) Schematic illustration of L-P+ NPs injected into PD mice. (b) Immunofluorescence staining images of GFAP, IBA-1 and p16INK4a in the
nigra of differentmice. Green, GFAP; yellow, IBA-1; blue, DAPI for nuclei. Scale bars, 60 mm. (c) Immunofluorescence staining images of TH in the
nigra of different mices. Scale bars, 50 mm. (d) Immunofluorescence staining images of a-syn in the nigra of different groups. MFI of (e) p16INK4a

and (f) IBA-1 in the nigra for the result in (b) and Fig. S46,†MFI of (g) TH in the nigra for the result in (c) and Fig. S47.†MFI of (h) a-syn in the nigra for
the result in (d) and Fig. S48.† Scale bars, 100 mm. Data are presented as mean � s.d. (n ¼ 5). ***p < 0.001.
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Fig. 6 (a) The concentration of a-syn in CSF of mice with different treatments. IHC images of (b) TH and (c) a-syn in the brains (substantia nigra)
of different mice. Scale bars, 100 mm. The results of quantitative analysis of (d) TH in (b) and Fig. S50a,† and (e) a-syn loads in (c) and Fig. S51b† in
the brains. Data are presented as mean � s.d. (n ¼ 5). ***p < 0.001.
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To further conrm these results, we performed immuno-
histochemical staining (IHC) to detect TH and a-syn (Fig. 6b, c
and S50†). As shown in Fig. 6d and e, the distribution of TH in
the brain increased inmice treated with L-P+ NPs and light while
that of a-syn decreased. Corresponding b-Gal staining images of
the nigra also indicated the clearance of senescence in PD mice
treated with L-P+ NPs under light (Fig. S51†). Collectively, these
data indicate that L-P+ NPs with light illumination could effi-
ciently clear senescence in the brains of PD mice and thus
alleviate the pathological symptoms of PD in vivo.
Conclusion

In conclusion, we successfully fabricated light-responsive
chiral gold NPs for the clearance of senescent microglia
© 2022 The Author(s). Published by the Royal Society of Chemistry
cells selectively. In vivo mice experiments demonstrated that
L-P+ NPs accumulated in senescent microglia cells in the
brain of PD mice and effectively cleared senescent microglia
cells under light, which decreased the amount of a-syn in CSF
and recovered the dyskinesia of PD mice. This discovery
paved the way for the use of chiral nanomaterials for funda-
mental research in clinical neurodegeneration disease
therapy.
Data availability
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within the article and in the ESI.†
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