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Abstract

Intracerebral hemorrhage is a lethal cerebrovascular disease, and the inevitable secondary brain injury (SBI) is
responsible for serious disability and death. Perfect therapeutic goal is to minimize SBI and restore neurobehavioral
functions. Recently, neuroprotection is highlighted to reduce SBI, but it still faces “Neuronal survival but

impaired functions” dilemma. Herein, this work further proposes a novel combinational therapeutic strategy of
neuroprotection and neurogenesis toward this goal. However, appropriate therapeutic agents are rarely reported,
and their discovery and development are urgently needed. Selenium participates in various physiological/
pathological processes, which is hypothesized as a potential targeting molecule. To explore this effect, this work
formulates an ultra-small selenium nanodot with a seleno-amino acid derived carbon dot domain and a hydrophilic
PEG layer, surprisingly finding that it increases various selenoproteins levels at perihematomal region, to not only
exert multiple neuroprotective roles at acute phase but promote neurogenesis and inhibit glial scar formation at
recovery phase. At a safe dose, this combinational strategy effectively prevents SBI and recovers neurobehavioral
functions to a normal level. Furthermore, its molecular mechanisms are revealed to broaden application scopes in
other complex diseases.
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Introduction

Intracerebral hemorrhage (ICH), accounting for >28%
of all stroke incidents, represents a lethal form of stroke
with a high one-year mortality rate of 50% [1, 2]. Addi-
tionally, the survivors are commonly suffered from life-
long poor neurofunctional outcomes, such as cognitive

and behavioral dysfunctions, having brought heavy eco-
nomic and health burdens to families and society [3, 4].
For inferior prognosis, the occurrence and development
of secondary brain injury (abbreviated as SBI) are pri-
marily responsible [5, 6]. Nevertheless, surgical treat-
ment is not suitable for SBI, and also faces the serious
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complications and risks, including infection, iatrogenic
injury, secondary surgery [7]. Consequently, effective
pharmacotherapy is imperative to achieve primary thera-
peutic goal of minimizing SBI and restoring neurobehav-
ioral functions.

The past decades have witnessed an explosion of devel-
oping pharmacotherapies toward this therapeutic goal,
mostly represented by either neuroprotection (i.e. certain
anti-inflammatory/anti-oxidative drugs and their deliv-
ery nanosystems to alleviate inflammatory response and
oxidative stress [8—12], small-molecule inhibitors/func-
tional nanoenzymes to inhibit programmed cell death of
neuron [13, 14]) or neurogenesis (i.e. gene/growth fac-
tor therapies to promote proliferation and differentiation
of neural stem/precursor cells [15, 16]). Unfortunately,
they have failed to acquire the convincing benefits in
clinical trials [17, 18]. Furthermore, bioactive stem cells/
exosomes are recently considered as hopeful therapeu-
tic strategies benefiting from their potential to promote
neural repair, but they are suffered from inadequate neu-
roprotective effect, low stability, low yield, and expensive
price. Therefore, the new therapeutic strategy is urgently
needed.

It is generally acknowledged that pathogenesis of
SBI exhibits a cascading process over the first few days
to weeks after ICH, and the essential pathological fea-
tures primarily include resident immune system activa-
tion, uncontrolled inflammatory response and oxidative
damage, programmed cell death of neuron represented
as apoptosis/ferroptosis at acute phase [19], then adult
neurogenesis dysfunction of neural stem/precursor cells
as well as glial scar formation at recovery phase [11, 20].
These evidences definitely suggest that the pathogen-
esis of SBI is highly complex, involving multiple cellular/
molecular/programmed cell death events. Even worse,
these events dynamically change with pathological pro-
cess, having exhibited spatiotemporal heterogeneity.
However, the current drugs only modulate single one
specific cellular/molecular/death target or pathologi-
cal process, which are considered as the most important
reason for the undesirable efficacy in reducing SBI and
recovering neurobehavioral functions [21]. And thereby,
it is hypothesize that the combinational therapy enabled
by a multi-therapeutic-activity drug that is capable of
both modulating neuroprotection and enhancing neuro-
genesis via intervening multiple pathologically relevant
cells/molecules/programmed cell deaths from acute to
recovery phases, is a potential strategy. Nevertheless, to
date, there are still scant data regarding multi-therapeu-
tic-activity drug design, combinational therapy evalua-
tion and in-depth molecular mechanisms.

Selenium, an essential trace element widely found in
living organisms, is recently found to serve selenopro-
teins as primary carriers, seleno-amino acids as redox
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catalytic sites to exert various physiological functions
[22-26]. Although its modulatory effect on neuroprotec-
tion and neurogenesis via multiple pathways is unclear,
we try to speculate it as a potential targeting molecule to
develop new combinational therapeutic strategy. Unfor-
tunately, natural selenoproteins have several disadvan-
tages, which result in the loss of druggability. Firstly,
blood-brain barrier (BBB) strictly restricts the biodis-
tribution of selenoprotein as a biomacromolecule in the
injuried brain [19, 27, 28]. Secondly, further endosomatic
selenium transport into specific cell heavily relies on
selenoprotein P-receptor interactions [26]. However, the
limited receptor number causes the low selenium bio-
availability inside injuried cells and insufficient pharma-
cological activity. Thirdly, natural selenoprotein exhibits
poor formulation stability, making it difficult to maintain
long-term bioactivity. Therefore, the new alternative to
overcome selenium transport barrier and formulation
stability is highly desirable to explore combinational ther-
apeutic strategy.

As a proof of concept, we formulated an ultra-small
selenium nanodot (denoted as SeNano) to explore combi-
national therapeutic effects. Endogenous selenomethio-
nine provided selenium source and widely participated in
selenium metabolism, herein the L-type or D-type sele-
nomethionine was used as starting materials to prepare
an ultra-small carbon dot framework by hydrothermal
treatment, which could not only concentrate selenium
to rationally simulate redox catalytic site for the support
of exerting physiological functions, but be easier to over-
come transport barrier due to ultra-small size advantage.
Then, hydrophilic PEG segment was conjugated to the
as-prepared carbon dot to improve formulation solubility
and stability. Intranasal administration enabled SeNano
to avoid BBB and quickly arrive in the injuried brain area
following ICH. It was found that SeNano inhibited glia
overactivation, converted M1-like pro-inflammatory to
M2-like anti-inflammatory microglia, downregulated
inflammatory factor and oxidative stress, finally blocked
neuronal apoptosis and ferroptosis, exerting multiple
neuroprotective roles and significantly increasing neu-
ronal survivals at acute phase. More importantly, it also
promoted the proliferation of neural precursor cells and
neurogenesis, inhibited glial scar formation, and further
improved neuronal repair and neurofunctional recon-
struction during recovery. Consequently, this multi-ther-
apeutic-activity selenium nanodot achieved therapeutic
goal of preventing SBI and restoring neurobehavioral
functions to a normal level following hemorrhagic stroke,
where L-selenomethionine derived nanodot had a supe-
rior therapeutic effect than D-selenomethionine derived
nanodot. In addition, it had satisfactory biosafety results.
Our work not only offered a new combinational phar-
macotherapy for hemorrhagic stroke management, but
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further shed light on molecular mechanisms to broaden
its application scopes in other complex diseases.

Materials and methods

Materials

Selenomethionine, D-Selenomethionine were supplied by
Macklin Biochemical Technology Co., Ltd. Succinimidyl
succinate-PEG-methoxy (NHS-PEG, 1000 Da) was pur-
chased from JenKem Technology. Amiloride hydrochlo-
ride was purchased from Abcam. Chlorpromazine was
provided by Sigma-Aldrich. Filipin III was purchased
from Cayman Chemical. Dichlorodihydrofluorescein
diacetate (DCFH-DA), TUNEL apoptosis assay kit and
4’, 6-diamidino-2-phenylindole dihydrochloride (DAPI)
were obtained from Meilun Biotechnology Co., Ltd. Dul-
becco’s modified eagle medium (DMEM), fetal bovine
serum (FBS), cell counting kit-8 (CCK-8), were ordered
from Invitrogen Biotechnology Co., Ltd. The GSH assay
kit and Iron assay kit were obtained from Solarbio Sci-
ence & Technology Co., Ltd. Primary antibodies for
immunofluorescence and immunohistochemistry experi-
ments including GFAP (ab7260), Iba-1 (ab178847),
CD206 (ab64693), CD86 (ab119857), TNF-a (ab183218),
IL-6 (ab290735), IL-4 (ab225638), IL-10 (ab9969),
8-OHG (ab48508), NeuN (ab177487), 4-HNE (ab48506),
MDA (ab27642), GPX4 (ab125066), BrdU (ab6326), DCX
(ab18723), NOX2 (ab310337) were purchased as indi-
cated. Other chemicals were analytical grade without fur-
ther purification.

Preparation of SeNano

SeNano were prepared according to the synthetic method
reported previously [29]. Firstly, L-selenomethionine
(200 mg) was added into deionized water (10 mL), and
then the pH of solution was adjusted to be ~9 to facilitate
the dissolution of L-selenomethionine. Afterwards, this
was heated at 60 C for 24 h to form brown solution, and
then it was centrifuged at 8000 rpm for 15 min to collect
supernatant, dialyzed (500 Da) for 24 h against deionized
water and finally lyophilized to acquire L-selenomethio-
nine derived carbon dot. Secondly, as-prepared L-seleno-
methionine derived carbon dot (100 mg) was dissolved
in PBS (10 mL, pH=7.4), and then NHS-PEG (30 mg)
was added to stir for 6 h at room temperature. Then, this
solution was dialyzed (1000 Da) for 24 h against deion-
ized water and lyophilized to acquire L-SeNano agent.
Similarly, D-SeNano agent was prepared according to
this above process using the D-selenomethionine as sele-
nium source.

Physicochemical characterizations of SeNano

X-Ray Photoelectron Spectroscopy (XPS) was performed
to study chemical composition and structure. Inductively
Coupled Plasma -Mass Spectrometry (ICP-MS) was
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conducted to confirm selenium content. High-Resolution
Transmission Electron Microscopy (HRTEM) was used
to observe the morphology, size and lattice structure. Flu-
orescence spectrophotometer was tested to investigate
luminescent property. Zetasizer Nano ZS was performed
to examine the Z-average diameter and zeta potential.
Electron Paramagnetic Resonance (EPR) was performed
to study the redox-regulating property (1. Hydroxyl radi-
cals were generated by Fenton reaction with 1 mM H,0,
and 1 mM FeSO, system. Samples were added into the
obtained hydroxyl radicals solution. Then, the DMPO
scavenger was added into the mixed solution to support
test on the apparatus; 2. Singlet oxygen was generated by
1 mM peroxymonosulfate (PMS) system. Samples were
added into the obtained singlet oxygen solution. Then,
the TEMP scavenger was added into the mixed solution
to support test on the apparatus; 3. Superoxide anions
were generated by 1 mM H,0, and light irradiation sys-
tem. Samples were added into the obtained superoxide
anions solution. Then, the DMPO scavenger was added
into the mixed solution to support test on the apparatus.)

Cell culture and cell model of ICH

SH-SY5Y, Bend.3, BV2 and HT22 cell lines were obtained
from the Cell Bank of Typical Culture Collection of Chi-
nese Academy of Sciences for the cell culture in a 5% CO,
incubator at 37 °C. To establish the cell model of ICH,
hemin was used to stimulate cells. In detail, cells were
seeded in 96-well plate and cultured for 24 h with com-
plete DMEM, and then different concentrations of hemin
solutions were added for 6 h of culture. Afterwards, cul-
ture medium was replaced with fresh medium containing
CCK-8 agent, and continued to incubate for 2 h. Finally,
the absorbance value was measured at 450 nm via a
microplate reader to reflect cell viability for cell survival
evaluation.

Cellular uptake pathway of SeNano

Flow cytometry was used to study the cellular uptake
pathway of SeNano in SH-SY5Y cells. SH-SY5Y cells
were plated in 6-well plate (2.5x10° cells/well) and cul-
tured for 24 h. Then, different endocytosis inhibitors,
chlorpromazine (30 pM), amiloride hydrochloride (30
uM) or filipin III (5 pg/mL), were added for 1 h of treat-
ment. Next, the cells were washed three times with PBS,
and Cyb5.5-labeled SeNano were added for 4 h of treat-
ment. Finally, cells were washed three times with PBS
and resuspended in PBS following the trypsinization and
centrifugation, for flow cytometry analysis.

In vitro evaluation of ROS regulation

DCFH-DA assay kit was used to examine intracellu-
lar ROS level for in vitro evaluation of ROS regulation.
HT?22 cells were treated with hemin (60 uM) to establish
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cell model of ICH. Next, these cells were incubated with
different concentrations of SeNano for 24 h, and then
DCFH-DA was added for 30 min. Subsequently, cells
were washed with PBS three times. The resulting cells
were trypsinized and collected in PBS for fluorescence
microscope observation (green channel) and analysis of
mean fluorescence intensity by Image J.

In vitro evaluation of neuroprotective role

HT22 cells were pre-treated with hemin (60 pM) to
establish cell model of ICH. The cells were incubated
with different concentrations of SeNano for 24 h, and
then culture medium was replaced with fresh medium
containing CCK-8 agent and continued to incubate
for 2 h. Finally, the absorbance value was measured at
450 nm via a microplate reader to reflect cell viability for
in vitro evaluation of neuroprotective role.

Animal model of ICH and therapy strategy

To better mimic clinical ICH, we applied autologous
blood method to establish ICH model in mice as previ-
ously reported work [30]. Herein, C57BL/6 mice at age
of 10-12 weeks were used and they were purchased from
Silake Experimental Animal Limitied Liability Company
(Shanghai, China). Mice were randomly divided into five
groups (sham, saline, L-SeNano, D-SeNano, Edaravone/
Dexborneol), where ICH model was performed for the
later four groups. Before ICH surgery, mice were sup-
plied with natural circadian rhythm and access to suffi-
cient food and water. Animal experiment was conducted
according to Animal Protection Guidelines of Fujian
Medical University (IACUC FJMU 2024-Y-0857), which
was also conformed to the “Guide for the Protection and
Use of Experimental Animals” of American National
Institutes of Health.

In detail, mice were firstly fully anesthetized with gas
anesthesia and then maintained the state of anesthetiza-
tion by injecting 1.5% isoflurane. The mice were immo-
bilized at a brain stereotaxic instrument, and a burr hole
was drilled on the right side of the skull, located 2.3 mm
lateral to the midline and 0.5 mm anterior to bregma.
Then, the pre-obtained autologous blood (30 pL) from
angular vein was slowly injected for 5 min at a depth of
3 mm and at a rate of 1 pL/min. Subsequently, the nee-
dle was advanced to 3.7 mm depth for another 5 min of
in situ retention to prevent blood efflux. The remaining
blood (25 pL) was again injected at a rate of 1 uL/min.
Finally, the suture was sealed by bone wax. As contrast,
the mice of sham group were injected with saline to the
basal ganglia. During ICH surgery, environmental tem-
perature was maintained at ~25 C, and after surgery
mice were placed at a temperature-controllable blanket
and then housed a standard condition, including 12 h of
light-dark cycle, access to food and water. For therapy,
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the mice of each group (saline, L-SeNano, D-SeNano,
Edaravone/Dexborneol) were intranasally administrated
with different drugs at 4 mg/kg dose once every three
days. The mice in sham group were performed with the
same procedure but without drug administration.

In vivo and ex vivo evaluations of biodistribution
Cy7-labeled SeNano (4 mg/kg) were intranasally admin-
istered into the mice suffered from ICH. After the dif-
feremt time points (30 min, 1 h, 12 h, 24 h), the mice
were visualized for in vivo fluorescence imgaing. Then,
mice were sacrificed to collect brains and major organs
(heart, liver, spleen, lung, kidney) for ex vivo fluorescence
imgaing. These imgaging results were used to monitor
the biodistribution of SeNano.

In vivo evaluations of intervention effects at acute and
recovery phases

To evaluate intervention activities, immunofluorescence
staining, immunohistochemistry staining and ELISA
assays were performed. For immunofluorescence stain-
ing, the mice were transcardially perfused with saline and
4% paraformaldehyde (PFA), and brain sections were col-
lected and fixed by 4% PFA. After the sections of brain
tissue with ~25 pm thickness were prepared, the Triton
X-100 permeation and serum treatment were performed
for further primary antibodies incubation at 4 °C over-
night, incluidng anti-GFAP antibody, anti-Iba-1 antibody,
anti-CD206 antibody, anti-CD86 antibody, anti-8-OHG
antibody, anti-NeuN antibody, anti-4-HNE antibody,
anti-MDA antibody, anti-GPX4 antibody, anti-BrdU anti-
body (Prior to staining, BrdU was continuously adminis-
tered through intraperitoneal injection at 50 mg/kg for
14 days), anti-DCX antibody, anti-NOX2 antibody. Next,
the sections were washed with PBS three times, and then
incubated with Alexa Fluor-conjugated secondary anti-
body. And DAPI was used as a nuclear stain. For immu-
nohistochemistry staining, the sections of brain were
stained with TNF-«, IL-6, IL-4 and IL-10. For ELISA
assay, the brain tissues at perihematomal region were col-
lected to support GSH assay kit and Iron assay kit tests
according to their instruments for examining GSH and
iron contents. For the TEM observations of ferroptosis,
mice were perfused with pre-cooled PBS and their brains
were promptly removed and fixed in 2.5% glutaralde-
hyde. The ipsilateral parietal cortex was removed, and
then fixed in 2.5% glutaraldehyde overnight at 4 °C. It was
subsequently postfixed in 1% OsO, for 2 h, washed three
times in cacodylate buffer, stained in 1% uranylacetate
for 1 h, then dehydrated in the grading concentrations of
ethanol, and finally embedded in Epon. Thin tissue sec-
tions were sliced using an ultramicrotome from Leica,
then mounted on EM grids, stained with uranium acetate
and lead citrate, and finally observed under TEM.
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In vivo evaluation of combinational therapeutic strategy
Nissl staining was performed to detect nissl bodies in
the cytoplasm of neurons, which was an indicator of
neuronal integrity and number. Mice were sacrificed
under anesthetized, and their brains were perfused in
situ with 10% formalin. Then, brains were soaked in 4%
paraformaldehyde solution at 4 °C for 72 h. Brain tissues
adjacent to hematoma were embedded in 30% paraffin,
and cut into 20 pum thick sections. These sections were
deparaffinized with xylene and graded alcohol. Toluidine
blue was used according to a standard protocol. Sec-
tions were observed and photographed under an optical
microscope.

Modified neurologic severity score (mNSS) was used
to assess motor dysfunction using a blinded scoring
method. The mNSS was a composite score in a range of
0 to 18, including the impaired motor function, sensory
acuity, reflex, and balance function. A lower score rep-
resented better neurological recovery. Each animal was
tested at the same time daily by the same experimenter
blinded to experimental condition.

Locomotor behaviors were assessed using open field
test. Mice were placed in an opaque, square (length
50.0 cm, width 50.0 cm), white acrylic arena with 40 cm
of high wall, and allowed to freely explore for 10 min. The
center of arena was defined as a square 20.0x20.0 cm in
the middle of the arena. Mice were placed in the corner
of open-field arena. The overhead camera recorded hori-
zontal movements over a 10 min of period by the ANY-
maze software. After conducting each experiment, make
sure thoroughly clean the box with 75% of ethanol in
order to eliminate any mouse excrement and odor pres-
ent. Once ethanol was evaporated, the following experi-
ments will be conducted. To evaluate locomotor activity,
we measured total distance traveled in the arena and the
average velocity in m/s by ANY-maze software.

Spatial working memory was assessed using sponta-
neous alternation Y maze. The Y maze was made of the
white opaque acrylic with three symmetrical arms (arm
length 30.0 cm, width 5.0 cm, height 15.0 cm) at an angle
of 120°. The mice with no previous exposure or habitua-
tion to maze, were placed at the center of the maze and
allowed to explore freely apparatus for 5 min. Mice, natu-
rally prone to explore novel environment, had a strong
tendency to choose an unexplored arm over the recently
explored one and therefore alternated arm choices on
successive trials. Alternations or triads were defined as
a successive entry into three consecutive arms (e.g. ABC
and CAB), and percent alternation was calculated as the
ratio of the number of triads to the possible alternations
(i.e. total number of entries minus two) multiplied by
100. Mice were video-tracked and their centerpoint had
to pass the entry zone to count for a triad. Apparatus was
randomly rotated between tests to avoid arm preference.
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Spontaneous alternation rates were assessed by ANY-
maze software.

Study of molecular mechanism

Brain tissue samples at perihematomal region (Day 3)
and at subventricular zone (Day 28) were sent to Novo-
gene Co., Ltd. (Beijing, China) for RNA-seq library prep-
aration. After clustering, we performed transcriptome
sequencing on DNBSEQ-T7 platform that generated raw
reads. Data quality was assessed by the FastQC tool after
removal of adaptor sequences, ambiguous “N” nucleo-
tides (proportion of “N” > 5%), and low-quality sequences
(quality score<10). The ggplotR package was used to
identify StringTie genes. Differences were statistically
significant threshold for |log2 fold change| > 1 or P<0.05.
GO enrichment, KEGG pathway, heatmap and volcanic
figure were carried out at https://www.bioinformatics.
com.cn (China).

Biosafety assessment

Biosafety was evaluated at cell, blood and organ levels,
respectively. Firstly, CCK-8 assay of common cell type
in brain was performed to evaluate the cytotoxicity of
SeNano, including mouse brain microvascular endo-
thelial cells (Bend.3), mouse microglial cells (BV2) and
mouse hippocampal neuronal cells (HT22). Cells were
seeded in 96-well plate and cultured for 24 h with com-
plete DMEM. Then, cells were treated with different
concentrations of SeNano for 24 h. In contrast, these
cells treated with PBS were used as negative control.
Afterwards, culture medium was replaced with fresh
medium containing CCK-8 agent and continued to incu-
bate for 2 h. Finally, the absorbance value was measured
at 450 nm via a microplate reader to reflect cell viability
for biosafety evaluation at the cell level. Secondly, blood
was extracted from inner canthus at day 28 for blood
routine and blood biochemical tests to study the physio-
logical index and liver and kidney functions, which could
evaluate biosafety at the blood level. Finally, the primary
organs, including heart, liver, spleen, lung and kidney,
were collected for H&E staining at day 28 to study the
organ injury situation, which was used to evaluate bio-
safety at the organ level.

Ethical issues on animal experiments

The animal experiments were conducted according to
Animal Protection Guidelines of Fujian Medical Uni-
versity (IACUC FJMU 2024-Y-0857), which were also
conformed to the “Guide for the Protection and Use of
Experimental Animals” of American National Institutes
of Health.
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Statistical analysis

Statistical results were analyzed through Unpaired
Student’s t test (two-tailed) for comparison between
unpaired two-groups, and one-way analysis of variance
(ANOVA) test for multigroup data comparison. The
form of mean+SEM was used to show data, with sta-
tistical significance at *P<0.05, **P<0.01, ***P<0.001,
##**D<0.0001.

Results and discussion

Formulation and characterizations of SeNano

Given that the endogenous selenomethionine could pro-
vide selenium source and widely participated in selenium
metabolism, this work selected selenomethionine as
starting materials to formulate SeNano agent. Herein, as
shown in Fig. 1A, a facile preparation method of ultra-
small carbon dot was developed through the hydrother-
mal treatment of selenomethionine under mild condition.
On one hand, this method concentrated seleno-amino
acid to enrichment domain to rationally simulate the
redox catalytic site of selenoprotein. On the other hand,
this could also generate ultra-small sized particle, which
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O1s Cls

L-Selenomethionine D-Selenomethionine

Counts (s)
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was beneficial to overcome transport barrier and increase
bioavailability [31]. Afterwards, to increase formulation
solubility and stability, PEG segment was conjugated
to as-prepared carbon dot, which was used to simulate
hydrophilic domain and assist to increase pharmaco-
therapy performance. In this work, the PEG conjugated
carbon dot was denoted as SeNano to inhert physiologi-
cal functions and solubility of nature selenoprotein, and
further to enhance its formulation stability and transport
capability, where the L-type or D-type selenomethionine
generated L-SeNano or D-SeNano to explore the influ-
ence of starting material chirality on therapeutic effect.
To verify the formulation of SeNano, the chemical
composition was studied using X-Ray Photoelectron
Spectroscopy (XPS). SeNano were mainly composed of
carbon, nitrogen, oxygen and selenium elements accord-
ing to the typical peaks of Cls, N1s, Ols and Se3d
(Fig. 1B). Further, the C1s was fitted into four peaks: C-Se
(~283.3 eV), C-C (~284.8 eV), C-O/C-N (~286.4 eV)
and O=C-N (~287.7 eV) from Fig. 1C-D, and the
N1s was fitted into two peaks: pyridine N and NH,
(~398.0 eV) and O=C-N (~400.1 eV) from Fig. 1E-F.
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These indicated that hydrothermal treatment induced
carbonization and amidation reactions to prepare carbon
dot due to the appearance of pyridine N and O=C—-N
peaks, and also illustrated that PEG segment was conju-
gated to the surface of carbon dot to successfully prepare
SeNano resulting from the appearance of C-O peak. For-
tunately, the two-step preparation didn’t have an obvious
influence on the original selenium structure of C-Se, and
SeNano had ~31% selenium content detected by Induc-
tively Coupled Plasma -Mass Spectrometry (ICP-MS)
(Fig. 1G), which were in favour of exerting physiological
functions. In addition, we examined SeNano morphology
using High-Resolution Transmission Electron Micros-
copy (TEM), observing that SeNano had the spherical
morphology and ultra-small size (uniform diameter of
<10 nm) in Fig. 1H-I. After amplification, lattice struc-
ture with a typical lattice spacing of 0.32 nm was found,
which was in accordance with spacing between graphene
layers (002 facet) [32], also reflecting that carbonization
reaction was successfully performed to support the for-
mation of selenium-concentrated domain. Besides, it was
tested that SeNano had excitation wavelength -depen-
dent fluorescence property, and this also confirmed suc-
cessful carbonization process (Fig. S1 and S2). Above
results could show that starting material chirality didn’t
affect preparation process of SeNano becasue L-SeNano
and D-SeNano had similar chemical composition and
structure. Next, the surface-charged property and par-
ticle size were tested by Zetasizer Nano ZS after SeNano
were dissloved in PBS (10 mM, pH="7.4), showing that
L-SeNano had~6.7 nm of Z-average diameter and ~
-12.3 mV of zeta potential, while D-SeNano had ~8.2 nm
of Z-average diameter and ~ -13.6 mV of zeta potential
(Fig. 1J-K). The ultra-small size and weak negative zeta
potential were applicable for the endosomatic selenium
transport into the injuried brain and cell. Then, we inves-
tigated influence of storage time and temperature on
formulation stability. As shown in Fig. 1L-M, Z-average
diameter and zeta potential of SeNano didn't change
obviously within 7 days, and the storage temperature at
-20 C, RT, 40 C also had no significant influence. Fur-
thermore, when SeNano were incubated in medium
containing 10% FBS, their Z-average diameter still main-
tained stable within 72 h (Fig. S3). These results implied
that SeNano exhibited good formulation stability.

Functionality evaluations of SeNano

We then performed functionality evaluations of SeNano.
Firstly, redox-regulating property was evaluated by
Electron Paramagnetic Resonance (EPR), showing that
SeNano effectively scavenged multiple reactive oxy-
gen species (ROS) components, and its scavenging effi-
ciency was ~40% for singlet oxygen, ~ 74% for hydroxyl
radical, ~ 45% for superoxide anion, where L-SeNano
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and D-SeNano almost showed the same performance
(Fig. 2A-D). Beyond redox-regulating property, we won-
dered whether SeNano could increase selenoproteins
levels in vivo. We established ICH model of mice and
performed intranasal administration of SeNano, enabling
various selenoproteins levels to increase at perihemato-
mal region by the bulk RNA sequencing, where L-SeNano
exhibited the largely stronger capability than D-SeNano
(Fig. 2E). To further confirm this result, immunofluo-
rescence staining of typical selenoprotein GPX4 was
performed, observing that L-SeNano had great ability
to increase GPX4 level, which was ~7.3 times of saline,
and ~2.7 times of D-SeNano (Fig. 2F-G). This reflected
that L-SeNano could not only exert redox-regulating
property, but increase selenoproteins levels probably
because it derived from the L-type natural selenomethio-
nine and offered selenium source to promote selenopro-
tein biosynthesis. However, D-type selenomethionine of
D-SeNano couldn’t be used as selenium source.

Endosomatic selenium uptake into cells relied on sele-
noprotein P-receptor interactions [26], and the limited
receptor number caused low selenium bioavailability
inside injuried cells and insufficient pharmacological
activity. It was hoped that SeNano could overcome this
limitation. Next, we investigated the cellular uptake
property of SeNano in SH-SY5Y cell and results were
shown in Fig. 2H-J. By quantitative analysis of flow
cytometry, we found that L- SeNano and D-SeNano
entered almost 100% of cells, but their uptake capability
reflected by mean fluorescence intensity (MFI) was dif-
ferent, showing the stronger uptake of L-SeNano. Theo-
retically, PEG modification enabled nanomedicine to
enter cells by endocytosis pathway. Therefore, we further
explored influence of endocytosis inhibitors on cellular
uptake, where chlorpromazine, amiloride hydrochloride,
flipin IIT were used to inhibit the endocytosis pathway
associated with clathrin, macropinocytosis, and caveo-
lae, respectively. It was evidenced that L-SeNano and
D-SeNano were primarily via caveolae-mediated endocy-
tosis, which were beneficial to overcome the limitation of
endosomatic selenium uptake.

Finally, we established cell model of ICH to prelimi-
narily study the effect of SeNano on intracellular ROS
level and cell survival. Hemin pre-treatment was used
to establish cell model, and we studied the relationship
of the hemin concentration gradient and cell survival,
showing that the survival rate gradually decreased from
~100% to ~27% with hemin concentration increasing
from 0 to 100 puM, in which hemin (60 uM) pre-treatment
was screened to generate cell model with ~55% survival
rate (Fig. S4). A large amount of intracellular ROS was
generated in the cell model, and then the ROS level was
decreased by SeNano treatment (Fig. 2K-L). L-SeNano
exhibited a markedly stronger ROS-eliminating effect
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Fig. 2 Functionality evaluations of SeNano. (A-C) Redox-regulating property of SeNano analyzed by EPR, including (A) singlet oxygen, (B) hydroxy! radi-
cal, (C) superoxide anion. (D) Quantitative integral result of EPR spectra reflecting the ROS scavenging level of SeNano. (E) Various selenoproteins levels at
perihematomal region tested by RNA sequencing at day 3. (F, G) Representative immunofluorescence staining of GPX4 (red)/NeuN (green)/DAPI (blue)
and quantitative analysis of mean fluorescence intensity of GPX4 at perihematomal region at day 3. Scale bars: 50 um. (H-J) Flow cytometric analysis of
cellular uptake of SeNano by SH-SY5Y cell pre-treated with various endocytosis inhibitors, and quantitative analysis of mean fluorescence intensity and
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as mean+ SEM, and analyzed by a one-way ANOVA with Tukey’s multiple comparisons

than D-SeNano, benefiting from its improved ability to
increase anti-oxidative selenoprotein levels and cellu-
lar uptake. Further, SeNano could also save cell survival.
L-SeNano achieved the highest survival rate of ~92.3%

at 5 uM low concentration, while D- SeNano achieved
the highest~79.5% even at 20 uM high concentration
(Fig. 2M). Therefore, the L-SeNano exhibited potent
effect on inhibiting neuronal death.
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Above all, our designed SeNano, particularly L-SeNano,
exhibited some key advantageous properties, i.e. (1) good
formulation stability with less susceptibility on stor-
age time and temperature, (2) ultra-small size and weak
negative zeta potential with support of endosomatic sele-
nium transport into injuried brain, (3) combined redox-
regulating property assigned to anti-oxidative nature of
selenium element and intracellualr selenium source for
selenoprotein biosynthesis, (4) enter cells via the caveo-
lae-mediated endocytosis without selenium uptake limi-
tation based on selenoprotein P-receptor interactions.
(5) significantly inhibiting cell death. These were highly
conducive to increase druggability of SeNano, which was
hoped to exert its therapeutic effect and safety in subse-
quent animal experiments.

Intranasal administration of SeNano to brain following ICH
The BBB was an essential obstacle for the drug develop-
ment of central nervous system diseases owing to the
existence of tight junctions between brain microvas-
cular endothelial cells. Though the ICH could destroy
BBB to improve drug permeability, this only had a nar-
row time window. And long-term drug administration
still needed to overcome the BBB obstacle [19, 27, 28].
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Recently, the emerging intranasal administration was
found to be BBB-independent and could directly deliver
drugs into brain via olfactory and trigeminal pathways,
which was considered as a promising intracerebral drug
delivery technology [33-35]. Moreover, benefiting from
the decreased systemic circulation, this strategy was in
favour of the optimized therapeutic effect at a low dose,
and exhibited high clinical translation value. There-
fore, intranasal administration of SeNano was used for
combinational therapy after ICH. Cy7-labeled SeNano
were intranasally administered into mice for the analy-
sis of IVIS fluorescence imaging system, where the dis-
tinct fluorescence signal was observed in brain within
1 h (Fig. 3A-B). Besides, we collected brain tissues at 1 h
after intranasal administration, finding that selenium
content significantly increased (Fig. S5). These could
confirm quick transport of SeNano into brain and sup-
ported short onset time. And there were no obvious
fluorescence differences and selenium contents between
L-SeNano and D-SeNano, indicating their similar biodis-
tribution in brain. Further, primary organs were isolated
for ex vivo fluorescence imaging, observing that SeNano
also distributed in liver and kidney (Fig. 3C) probably
because a portion of SeNano were actually uptaken by

B

-
>
1

w
<
1

Control
30min
mm 1h

== 12h

=
1

mm 24h

Total radiant efficiency at brain
(*x10%|p/s|/[pW/em?])
153
S
1

o0

D L-SeNano D-SeNano

L-SeNano

m Control

40+ e 1h

" l == 12h
== 24h
.ﬁlll 2a | L EPYYPS g;ze'lj | | . l

Heart Kidney

Total radiant efficiency
(x10%[p/s]/[uW/em?|)

Brain Liver  Spleen  lLung

Control 1h 12h 24h 1h 12h 24h

Kidney Lung Spleen Liver Heart Brain

D-SeNano

m= Control

= 1h
= 12h
. 24h

Total radiant efficiency
(<108 [p/s)/[uW/em?])

Brain  Heart  Liver Spleen  Lung

Kidney

Fig. 3 Intranasal administration of SeNano to the brain. (A, B) In vivo fluorescence images of mice intranasally administrated with Cy7-labeled SeNano at
different time points, and the quantitative analysis of total radiant efficiency in brain. (C-E) Ex vivo fluorescence images of isolated brains and major organs
at different time points, and quantitative analysis of total radiant efficiency. The data were exhibited as mean + SEM
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the capillary networks at nasal mucosa and entered into
systemic circulation. Fortunately, fluorescence signals in
liver and kidney were largely reduced after 24 h (Fig. 3D-
E), indicating that the SeNano were either cleared by liver
or metabolized by urinary system.

Intervention effect of SeNano on neuroprotection at acute
phase

At acute phase, the resident immune systems, mainly
including microglia and astrocyte, initially responsed to
pathological changes, and were overactivated to release
excessive cytotoxic inflammatory factors and ROS,
which triggered uncontrolled inflammatory response
and oxidative damage, and eventually contributing to
programmed cell death of neuron. Immunofluores-
cence staining results revealed the significant infiltra-
tion and activation of microglia and astrocyte at day
3 following ICH, as Iba-1 and GFAP positive cells were
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upregulated (Fig. 4A-D). The activated microglia exhib-
ited an enlarged cell body, while the reactive astrocyte
showed an increase of processes and a hypertrophic
change in cell body. This also induced a shift of microg-
lia towards M1-type polarization assigned to the down-
regulation of CD206/CD86 ratio (Fig. 4E-F), which could
create a pro-inflammatory microenvironment to increase
pro-inflammatory cytokines TNF-a and IL-6 levels, and
decrease anti-inflammatory cytokines IL-4 and IL-10
levels (Fig. 5A-E). Moreover, this also exacerbated oxida-
tive damage to neuronal DNA/RNA because the upregu-
lated 8-OHG was mainly localized in neuron (Fig. 5F-G).
Upon various treatments, L-SeNano was found to simul-
taneously intervene the above multiple pathogenesis,
reflected by effectively reducing the glial cells activa-
tion, converting microglia polarization towards the M2
anti-inflammatory type, decreasing pro-inflammatory
cytokines while increasing anti-inflammatory cytokines
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Fig. 4 Intervention effect of SeNano on glial cells activation and microglia polarization following ICH. (A, B) Representative immunofluorescence stain-
ing of GFAP (red)/DAPI (blue) reflecting astrocyte activation, and quantitative analysis of GFAP positive cells at perihematomal region at day 3. Scale bars:

50 um. (C, D) Representative immunofluorescence staining of Iba-1

(red)/DAPI (blue) reflecting microglia activation, and quantitative analysis of Iba-1

positive cells at perihematomal region at day 3. Scale bars: 50 um. (E, F) Representative immunofluorescence staining of CD86 (red)/DAPI (blue) and
CD206 (green)/DAPI (blue) reflecting microglia polarization, and quantitative analysis of CD206/CD86 ratio at perihematomal region at day 3. Scale bars:
50 um. The data were exhibited as mean +SEM, and analyzed by a one-way ANOVA with Tukey's multiple comparisons
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Fig. 5 Intervention effect of SeNano on inflammatory response and oxidative damage following ICH. (A) Representative immunohistochemical staining
of pro-inflammatory cytokines (TNF-q, IL-6) and anti-inflammatory cytokines (IL-4, IL-10) at perihematomal region at day 3, indicating the inflammatory
response. Scale bars: 50 um. (B) Quantitative analysis of TNF-a level. (C) Quantitative analysis of IL-6 level. (D) Quantitative analysis of IL-4 level. (E) Quanti-
tative analysis of IL-10 level. (F, G) Representative immunofluorescence staining of 8-OHG (red)/NeuN (green)/DAPI (blue) showing oxidative damage to
neuronal DNA/RNA, and the quantitative analysis of mean fluorescence intensity of 8-OHG at perihematomal region at day 3. Scale bars: 50 um. The data
were exhibited as mean +SEM, and analyzed by a one-way ANOVA with Tukey’s multiple comparisons
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Fig. 6 Intervention effect of SeNano on neuronal apoptosis and ferroptosis following ICH. (A, B) Representative immunofluorescence staining of TUNEL
(red)/NeuN (green)/DAPI (blue) at perihematomal region at day 3 reflecting neuronal apoptosis, and quantitative analysis of TUNEL positive cells in neu-
rons. Scale bars: 50 um. (C) Iron content tested by an iron assay kit at perihematomal region at day 3. (D) GSH content measured by a GSH assay kit at
perihematomal region at day 3. (E, F) Representative immunofluorescence staining of 4-HNE (red)/NeuN (green)/DAPI (blue) at perihematomal region
at day 3 reflecting lipid peroxide degree, and quantitative analysis of mean fluorescence intensity of 4-HNE. Scale bars: 50 um. (G, H) Representative im-
munofluorescence staining of MDA (red)/NeuN (green)/DAPI (blue) at perihematomal region at day 3 reflecting lipid peroxide degree, and quantitative
analysis of mean fluorescence intensity of MDA. Scale bars: 50 um. The data were exhibited as mean+SEM, and analyzed by a one-way ANOVA with

Tukey's multiple comparisons

levels, and also alleviating oxidative damage to neuron,
whose therapeutic effect was greater than D-SeNano
group and Edaravone/Dexborneol group (clinically
approved anti-oxidative/anti-inflammatory agent).

Next, we further investigated the effect of SeNano on
programmed cell death of neuron. NeuN/TUNEL stain-
ing was performed at day 3 following ICH, showing that
neuronal apoptosis was largely increased and it could
be effectively inhibited by L-SeNano to restore neuro-
nal signaling (Fig. 6A-B). Besides, excessive oxidative
stress might trigger neuronal ferroptosis. Therefore, we
continued to examine the typical ferroptosis features,
where elevated iron content, downregulated GPX4 and
GSH levels, were detected (Figs. 2F-G and 6C-D), imply-
ing that cellular antioxidant defense was impaired [36].
This contributed to the lipid peroxide accumulation in
neurons as the relevant biomarkers 4-HNE and MDA
were dramatically upregulated and distributed in neu-
rons (Fig. 6E-H). Additionally, mitochondrial morphol-
ogy changes, a key indicator of ferroptosis, were also
observed by TEM, showing that mitochondrial morphol-
ogy changed after ICH, such as mitochondrial membrane
rupture and cristae reduction (Fig. 6I). This illustrated
that neuronal ferroptosis was indeed induced. Upon
treatment, it was demonstrated that the L-SeNano had a
strong capability of normalizing these abnormal changes
and inhibiting neuronal ferroptosis. Its performance in
inhibiting programmed cell death of neurons, including
apoptosis and ferroptosis, was superior to D-SeNano and
Edaravone/Dexborneol treatments.

Underlying molecular mechanisms of multiple
neuroprotective roles at acute phase

To reveal underlying molecular mechanisms of SeNano
on neuroprotection at acute phase, brain tissues at peri-
hematomal region were collected at day 3 upon vari-
ous treatments to support bulk RNA sequencing. The
unguided heatmaps of transcriptomic data showed
markedly different mRNA profiles between SeNano
and saline groups (Fig. S6A), where the genes with a
log, (fold change)>1.0 were considered to be statis-
tically upregulated and <-1.0 were downregulated
(SeNano vs. saline groups). In detail, it was detected
that L-SeNano treatment group exhibited 64 upregu-
lated genes and 29 downregulated genes in comparison
with saline group (Fig. 7A), while the D-SeNano group

exhibited 37 upregulated genes and 27 downregulated
genes (Fig. S6B). Given that the findings about multiple
neuroprotective roles of L-SeNano, we employed bioin-
formatics techniques to provide an in-depth understand-
ing from the viewpoint of regulatory genes. Enrichment
analysis indicated that the differentially expressed genes
(DEGs) were associated with multiple Gene Ontology
(GO) terms, which were grouped into biological process
(BP), cellular component (CC), molecular function (MF),
mainly including the oxoacid metabolic process, regu-
lation of reactive oxygen species biosynthetic process,
NF-kappa B signaling, regulation of apoptotic process,
lipid metabolic process, microglial cell activation, astro-
cyte differentiation, and learning or memory (Fig. 7B).
Further, Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis suggested that L-SeNano
regulated genes were enriched in various signaling path-
ways, such as inflammation-related pathways (TNF
signaling pathway, IL-17 signaling pathway, NF-kappa
B signaling), oxidative stress-related pathways (arachi-
donic metabolism, linoleic acid metabolism, glycerolipid
metabolism, glyoxylate and dicarboxylate metabolism),
microglia polarization-related pathways (arginine and
proline metabolism), apoptosis-related pathways (TGF-p
signaling pathway, Apelin pathway), and ferroptosis-
related pathways (Hippo and Wnt signaling pathway [37,
38]) (Fig. 7C). Moreover, representative genes from rel-
evant pathways were also detected in heatmap (Fig. 7D),
where the upregulated genes included Dcn (TGE-f sig-
naling pathway), Cdhl (Apelin pathway) and downregu-
lated genes included Glyctk (oxidative stress-related
pathways), Rspol (Wnt signaling pathway), Ccl21b
(inflammation-related pathways) [39]. By comparison,
we observed that D-SeNano possessed similar regulatory
pathways in terms of its moderate neuroprotective func-
tions (Fig. S6C-E).

The RNA sequencing results preliminary revealed the
molecular mechanism that underlay multiple neuro-
protective effects of L-SeNano at acute phase, including
inhibiting glial cells overactivation, producing the anti-
inflammatory niche of microglia, suppressing inflam-
matory response and oxidative damage, then alleviating
neuronal apoptosis and ferroptosis. This was in line with
the immunofluorescence staining results observed in
vivo.
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Fig. 7 Bulk RNA sequencing analysis to reveal neuroprotection mechanism of L-SeNano at acute phase. (A) Volcano plots for all differentially expressed
genes (DEGs) between L-SeNano and saline group (n=3 independent samples). Dots represented DEGs (P < 0.05, at least 2-fold difference). Red and blue
indicated upregulation and downregulation, respectively. (B) Enrichment analysis of GO term between L-SeNano and saline group. (C) Enrichment analy-
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Intervention effect of SeNano on neurogenesis and glial
scar at recovery phase

At recovery phase, the key pathological processes, mainly
including the adult neurogenesis dysfunction and glial
scar formation, heavily impeded the repair of injuried
brain. At day 28 following ICH, immunofluorescence
staining results exhibited that number of newly divided
neural precursor cells (DCX/BrdU double positive cells)
at subventricular zone (SVZ), and number of newly
divided neurons at perihematomal region (NeuN/BrdU
double positive cells) were extremely low (Fig. 8A-D),
which illustrated that neurogenesis event was weak and
against brain repair. In addition, considering that the
astrocyte constantly proliferated during recovery phase
and formed a long-term structural alteration of glial scar,
we found that the numerous astrocytes accumulated at
perihematomal region and obviously formed the glial

scar (Fig. 8E-F), which would hamper the remodeling of
injuried brain and lead to an irreversible SBI.

L-SeNano treatment enabled pathological process at
recovery phase to be obviously altered. It was observed
that proliferating neural precursor cells at SVZ and
neurons at perihematomal region were significantly
increased, oxidative state of neural precursor cells was
relieved due to the downregulation of NADPH oxidase
2 (NOX2) and oxidative damage marker 8-OHG (Fig. S7
and S8), and meanwhile the glial scar was inhibited and
even achieved a similar level as sham group. This demon-
strated that L-SeNano largely promoted neurogenesis and
inhibited glial scar, which were beneficial for the repair of
injured brain and neurofunctional reconstruction.
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Underlying molecular mechanism of enhancing
neurogenesis and inhibiting glial scar at recovery phase

To elucidate underlying molecular mechanisms of
SeNano on enhancing neurogenesis and inhibiting glial
scar formation at recovery phase, the brain tissues at
perihematomal region and SVZ were collected again
28 days post of ICH for bulk RNA sequencing analy-
sis. Upon SeNano treatment, mRNA profiles of brain
tissues were significantly changed from the unguided
heatmaps results (Fig. S9A). Among them, L-SeNano
treatment group contained 94 DEGs with 61 upregulated
and 33 downregulated genes (Fig. 9A), while D-SeNano
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treatment resulted in 137 DEGs with 124 upregulated and
13 downregulated genes (Fig. S9B). Further, the bioinfor-
matics techniques were performed to reveal the molecu-
lar mechanisms of SeNano in modulating neurogenesis
and glial scar. GO term analysis showed that L-SeNano
treatment involved neural precursor cell proliferation,
regulation of stem cell proliferation, cell activation, and
learning or memory (Fig. 9B). Nevertheless, biological
functions of D-SeNano primarily focused on cell acti-
vation, cell killing, astrocyte differentiation (Fig. S9C).
Besides, enrichment analysis of KEGG indicated that the
L-SeNano modulated multiple pathways closely related
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to neurogenesis and glial scar, such as cytokine-cytokine
receptor interaction, neuroactive ligand-receptor inter-
action, GABAergic synapse, PI3K-Akt signaling pathway
(Fig. 9C). Then, the heatmap of representative genes par-
ticipating in relevant pathways was depicted in Fig. 9D.
Neural precursor cells synthesized and released GABA to
regulate migration and proliferation of neuroblasts, act-
ing as a negative regulator of neurogenesis [40]. And, the
downregulation of genes involved in the GABAergic syn-
apse, such as Gpr50, Gabrr2, Gabrq, might have implica-
tions for neurogenesis. Also, the downregulated genes,
Colla2 and Thbsl, could inhibit the activation of PI3K/
Akt pathway to prevent glial scar formation. Additionally,
Itgal and H4c12 were upregulated to enhance the neuro-
active ligand-receptor interactions that were associated
with neurogenesis and learning memory function [41,
42]. For D-SeNano treatment, KEGG analysis showed
that the regulatory pathways were mainly focused on
cellular senescence as well as chemokine signaling path-
way, with the fewer pathways and representative genes
involved in promoting neural regeneration and inhibiting
glial scar formation (Fig. S9D-E). These results prelimi-
nary elucidated the molecular mechanism of L- SeNano
that promoted neurogenesis and inhibited glial scar at
recovery phase.

Combinational therapeutic effect of SeNano on SBl and
neurobehavioral functions

All above results confirmed that L-SeNano could effec-
tively exert multiple neuroprotective roles at acute phase,
and enhance neurogenesis as well as inhibit glial scar for-
mation at recovery phase, providing an evident predic-
tion for the combinational therapy. Next, therapy effect
was evaluated by the changes of neuroanatomical struc-
tures and neurobehavioral functions upon treaments.
Nissl staining was firstly performed to observe nissl bod-
ies in the cytoplasm of neurons, which was an indicator
of neuronal integrity and number. In comparison with
sham group, the saline-treated ICH mice was observed
with a remarkable decrease of nissl positive neurons at
perihematomal region at day 3, and maintained a low
positive cell number (<30) until day 28, which confirmed
that ICH resulted in a severe secondary damage to func-
tional neurons (Fig. 10A-B). Fortunately, upon L-SeNano
treatment, the nissl positive neurons were increased to
~60 at day 3 due to multiple neuroprotective roles, and
sustainably increased to ~82 at day 14 and ~106 at day
28 owing to the driven neurogenesis process, which con-
tributed to the recovery to a normal level (Fig. 10A-B),
implying excellent therapy effect on the integrity and
number of neurons at perihematomal region, and thereby
well preventing SBI. Nevertheless, it was also found that
D-SeNano and Edaravone/Dexborneol treatments exhib-
ited the fewer nissl positive neurons until day 28 due
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to their weaker modulations on neuroprotection and
neurogenesis.

Furthermore, for the purpose of exploring therapy
effect on neurobehavioral functions, we performed neu-
rological score and behavior tests to investigate short
and long-term recovery of neurological deficits follow-
ing ICH (Fig. 10C). Herein, modified neurologic severity
score (mNSS) was used to assess sensorimotor dysfunc-
tion. We observed that saline- treated mice exhibited
a high mNSS score, demonstrating a severe damage to
the sensorimotor function. Upon L-SeNano treatment,
mNSS score was gradually decreased and close to a nor-
mal level at day 14, well reversing neurological deficit of
ICH mice (Fig. 10D). Besides, to further evaluate motor
behavior and physical activity level, open field test was
also performed where the total distance traveled and
velocity were carefully traced to reflect the locomotion.
It was obviously monitored that L-SeNano treatment
remarkably increased the total travelled distance and
mean speed in comparison with saline group, and even
increased to a normal level at day 28, indicating that their
physical activity level could be recovered by L-SeNano
treatment within one month (Fig. 10E-G).

Spatial working memory dysfunction was also a com-
mon sequela of ICH, and thus it was tested through
spontaneous alternation task in Y maze (Fig. 10H), show-
ing that the L-SeNano treatment enabled alternation rate
to be persistently increased, and there were no significant
differences in alternation rate compared with sham group
at day 28 (Fig. 101 and S10), implying that their spatial
working memory was fully recovered.

Taken together, we found that the ICH mice treated
with L-SeNano achieved better neurofunctional perfor-
mances in above mNSS, open field and Y maze experi-
ments than D-SeNano and Edaravone/Dexborneol
groups, which recovered neuroanatomical structures and
neurobehavioral functions. This could demonstrate the
superiority of combinational therapy based on the dual-
modulating neuroprotection and neurogenesis, over tra-
ditional monotherapy based on neuroprotection.

Biosafety assessment

Biosafety was also an important evaluation criterion for
clinical applications, and thus we systematically assessed
the biosafety of SeNano at cell, organ and blood lev-
els, respectively. Firstly, the cytotoxicity of SeNano was
evaluated by a standard Cell Counting Kit-8 (CCK-8)
assay. Different concentrations of SeNano were incubated
with various types of relevant cells, including mouse
brain microvascular endothelial cells (Bend.3), mouse
microglial cells (BV2) and mouse hippocampal neuro-
nal cells (HT22). After 24 h of incubation, all these cells
achieved>80% viability when the SeNano were even at
high concentration of 200 pg/mL (Fig. 11A-B), indicating
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Fig. 11 Biosafety assessment of SeNano at cell, blood and organ levels following ICH. (A, B) Cytotoxicity of L-SeNano and D-SeNano to Bend.3, BV2 and
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H&E staining of primary organs, including heart, liver, spleen, lung, kidney, reflecting their injury situation. Scale bars: 50 pm. The data were exhibited as
mean + SEM, and analyzed by a one-way ANOVA with Tukey’s multiple comparisons

that there was almost no obvious toxicity to brain micro-
vascular endothelial cells, microglial cells and neurons.
Secondly, upon 28 days of drug administration, blood
routine and biochemical tests were performed using
the blood from tail vein, and results showed that there

were no significant differences for routine hematology
markers and alanine aminotransferase (ALT), aspartate
transaminase (AST), blood urea nitrogen (BUN), and cre-
atinine levels between SeNano groups and sham group
(Fig. 11C-P), indicating SeNano administration had an
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ignorable influence on the blood cells and liver, kidney
functions. To further study the potential side effect on
organ injury, mice was sacrificed to harvest the primary
organs (including heart, liver, spleen, lung and kidney)
for H&E staining. Results revealed that SeNano treat-
ment didn’t induce obvious damages or morphological
changes to these organs (Fig. 11Q), accompanied with the
therapeutic administration dose, which was equative to
the sham group and clinically approved drug Edaravone/
Dexborneol group. By the above safety examinations, we
confirmed that SeNano were biologically safe, which was
beneficial for the subsequent clinical applications.

Conclusions

To achieve the primary therapeutic goal of minimizing
SBI and restoring neurobehavioral functions following
hemorrhagic stroke, this work proposed a new combina-
tional therapeutic strategy of neuroprotection and neu-
rogenesis. To this end, we rationally designed L-SeNano
and found that it had the multi-therapeutic-activity to
modulate neuroprotection and enhance neurogenesis.
In summary, L-SeNano exhibited superiorities of facile
preparation, high stability and low cost. More impor-
tantly, intranasal administration of L-SeNano could not
only exert multiple neuroprotective roles at acute phase
by inhibiting the glial cells overactivation, producing
anti-inflammatory niche, suppressing inflammatory
response and oxidative damage, then alleviating neuro-
nal apoptosis/ ferroptosis, but further promote neuro-
nal repair at recovery phase by driving neurogenesis and
inhibiting glial scar formation, which prevented SBI and
recovered neurobehavioral functions, and even reached
a similar level as healthy mice. The combinational ther-
apeutic effect was significantly better than the clinically
applicable neuroprotective agent Edaravone/Dexbor-
neol. In addition, it also acquired satisfactory safety. This
study offered a new avenue to develop the next-genera-
tion pharmacotherapy for effective hemorrhagic stroke
management.

Abbreviations

SBI Secondary Brain Injury

SeNano Selenium Nanodot

ICH Intracerebral Hemorrhage

BBB Blood-Brain Barrier

DCFH-DA  Dichlorodihydrofluorescein Diacetate
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