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oxidant and neural regenerative nanoplatform

Heng Zhou'", Ziwei Li'", Shuili Jing'", Ben Wang?, Zhifei Ye?, Wei Xiong', Yonghao Liu', Ye Liu', Chun Xu?,
Tushar Kumeria*, Yan He>® and Qingsong Ye'*'

Abstract

Spinal cord injury (SCI) often results in motor and sensory deficits, or even paralysis. Due to the role of the cascade
reaction, the effect of excessive reactive oxygen species (ROS) in the early and middle stages of SCI severely
damage neurons, and most antioxidants cannot consistently eliminate ROS at non-toxic doses, which leads to a
huge compromise in antioxidant treatment of SCI. Selenium nanoparticles (SeNPs) have excellent ROS scavenging
bioactivity, but the toxicity control problem limits the therapeutic window. Here, we propose a synergistic
therapeutic strategy of SeNPs encapsulated by ZIF-8 (SeNPs@ZIF-8) to obtain synergistic ROS scavenging activity.
Three different spatial structures of SeNPs@ZIF-8 were synthesized and coated with ferrostatin-1, a ferroptosis
inhibitor (FSZ NPs), to achieve enhanced anti-oxidant and anti-ferroptosis activity without toxicity. FSZ NPs
promoted the maintenance of mitochondrial homeostasis, thereby regulating the expression of inflammatory
factors and promoting the polarization of macrophages into M2 phenotype. In addition, the FSZ NPs presented
strong abilities to promote neuronal maturation and axon growth through activating the WNT4-dependent
pathways, while prevented glial scar formation. The current study demonstrates the powerful and versatile

bioactive functions of FSZ NPs for SCI treatment and offers inspiration for other neural injury diseases.
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Introduction
Traumatic spinal cord injury (SCI) can result in tempo-
rary or permanent changes in motor and sensory func-
tion [1]. In traumatic SCI, the primary insult damages
cells and triggers a complex secondary injury cascade
that periodically leads to neuronal and glial cell death,
ischemia, and inflammation [2]. This cascade is followed
by changes in the tissue and structure of the spinal cord,
including the formation of glial scars and cystic cavities,
combined with poor regeneration of endogenous myelin
and axon, meaning that the spinal cord has limited intrin-
sic recovery potential, so that SCI always leads to perma-
nent neurological deficits [3].

Traumatic SCI is pathologically divided into primary
and secondary injuries, and can be divided into acute
(within 48 h), subacute (48 h to 14 days), intermediate
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(14 days to 6 months), and chronic (over 6 months) stages
according to the period of progress [1]. The treatment
of SCI faces different important challenges at different
stages. During the acute to subacute phase, a large num-
ber of inflammatory cells congregate in the injured area,
spread the inflammatory response and promote continu-
ous apoptosis of neurons and oligodendrocytes [4]. Dur-
ing the progression of myelopathy from the dynamic
metaphase to the chronic phase, the overwhelming cell
death and degeneration in the acute phase of injury pro-
mote the formation of vesicles into cystic cavities, which
combine to become a powerful barrier to axonal directed
regeneration and a poor substrate for cell migration.
There is a peri-pathological area around the sac lumen in
which reactive astrocytes proliferate and become tightly
intertwined to form an inhibitory mesh array. This glial
scar strongly limits axonal regeneration (i.e. repair or
regeneration of existing neural pathways, or development
of new neural pathways) and anatomical plasticity by
inhibiting neurite growth [5, 6].

Reactive oxygen species (ROS) is one of the main mol-
ecules that trigger changes in pathological processes [7].
ROS is a general term for a group of oxygen molecules
derived from reductive oxidation reactions or elec-
tron excitation that have a close relationship with mito-
chondria, where the accumulation of ROS is associated
with the loss of mitochondrial homeostasis, resulting in
energy damage. Early after spinal cord injury, an increase
in mitochondrial ROS cascade was observed in cells at
the lesion site [8]. Inhibiting ROS production may pro-
tect damaged spinal cord tissue from mitochondrial
oxidative stress, neuronal apoptosis, and axon death, as
high levels of ROS impair the function of blood vessels to
regulate inflammation, cell proliferation, and mitochon-
drial autophagy. Therefore, it is necessary to maintain
mitochondrial homeostasis to control ROS production
in cells after spinal cord injury [9]. The increase of ROS
level interacts with inflammation level. Peri-vascular
macrophages have been implicated in playing a key role
in pathogenic neurovascular injury by increasing ROS
levels [10]. After spinal cord injury, macrophage infil-
tration modulates neuroinflammation in the focal area.
Compared to anti-inflammatory M2 macrophages, pro-
inflammatory cytotoxic M1 phenotype situation cells
play a leading role in the entire injury process, increas-
ing blood-spinal cord barrier (BSCB) destruction and
promoting endothelial cell apoptosis through neuroin-
flammation early in the injury [11]. In addition, mito-
chondrial DNA (mtDNA), which can exit mitochondria
via BCL-2 antagonist/ killer 1 and BCL-2-associated X,
apoptosis regulator pores or via the permeability transi-
tion pore complex, is a potent activator of cyclic GMP-
AMP synthase, resulting in stimulator of interferon
response cCGAMP interactor 1 signaling and consequent
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synthesis of cytokines such as interferon-1, interleukin 6
(IL-6) and tumor necrosis factor (TNF), which is account
for the macrophage polarization [12].

Hence, ROS scavenging and inhibition of local apopto-
sis in SCI are the first challenge in the orderly treatment
of SCI [13]. Rizwana et al. have synthesized a nanofi-
ber scaffold based on polycaprolactone (PCL) loaded
with the antioxidant graphene Oxide (GO) or Cerium
Oxide nanase to remove excess ROS [14, 15]. Selenium
nanoparticles (SeNPs) have attracted much attention
because of their excellent ROS scavenging ability and
anti-inflammatory effects [16, 17], and they can be used
to remove excessive ROS deposition in animal models
such as SCI, hepatic ischemia-reperfusion injury, and
malignancies et al. [18—20]. Due to decreased selenium
levels at the site of SCI injury, selenium supplementation
is important for maintaining local homeostasis. However,
SeNPs is a double-edged sword, because it has a narrow
threshold between beneficial and toxic doses, leading to
increasing concerns to their clinical application. In addi-
tion, excessive selenium can induce neuronal apoptosis
[21, 22]. Therefore, there is an urgent need for a con-
trolled selenium supplementation strategy that can com-
bat ROS accumulation within a safe dose range.

For the first time, we developed an innovative inten-
sified antioxidant strategy to treat SCI through zeo-
litic imidazolate framework-8 (ZIF-8) capped selenium
nanoparticles (SeNPs@ZIF-8) for enhanced ROS scav-
enging effect. Interestingly, we found that SeNPs based
on different sizes, including small (2-10 nm), medium
(15-30 nm) and large sizes (100-200 nm), formed differ-
ent spatial structures from ZIF-8: alloy-like structures,
core-shell structures and core-satellite structures. The
2-methylimidazole (2-MIM) of ZIF-8 nanoparticles can
effectively enhance the antioxidant effect of the nanase,
which may relatively reduce the toxicity of SeNPs [23].
Compared with SeNPs, the ROS scavenging capability
of SeNP@ZIF-8 was enhanced. Recent evidences sug-
gested that ferroptosis is one of the important targets for
SCI treatment [24]. The sustainable inhibition of ferrop-
tosis was performed by adding ferroptosis inhibitor fer-
rostatin 1 (Fer-1) to SeNPs@ZIF-8 (FSZ), which further
increased the ability of the nanoplatform to resist lipid
perioxidation [25]. This synergistic anti-oxidant nano-
therapeutic strategy presented excellent ROS scavenging
ability within a safe dose range to maintain mitochondrial
homeostasis and prevent apoptosis of nerve cells. Mito-
chondrial maintenance further down-regulates the levels
of inflammatory cytokines, which promotes the differen-
tiation of macrophages into M2 phenotypes. In addition,
our previous work indicated that ZIF-8 nanomaterials
can promote the neural differentiation and pro-angio-
genic abilities of mesenchymal stem cells (MSCs) and
increase their axon length by releasing Zn** [26]. This
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suggests that FSZ may provide additional nerve regenera-
tion and angiogenesis capacity to response the cascade of
SCI (Scheme 1). The present work has presented a novel
antioxidant treatment strategy to avoid toxicity of SeNPs,
which provides not only a promising treatment for SCI
but also an inspiration for other acute neural injury dis-
eases, such as stroke, traumatic brain injury and periph-

eral nerve injury.

Materials and methods
Chemicals and materials

All chemicals were obtained from commercial sup-
pliers and used as received without further purifi-
Zinc nitrate hexahydrate (Zn(NO;),-6H,0),
selenocystine, methanol, 30% H,0,, and tert-Butyl
hydroperoxide (TBHP) were purchased from Macklin
(Shanghai, China). 2-MIM, polyvinylpyrrolidone (PVP,
Mw=40,000), dopamine hydrochloride, Sodium selenite
pentahydrate (Na,SeO45H,0), NaOH were purchased
from Aladdin (Shanghai, China). 3,3}5,5-tetramethyl
2,2'-Azinobis-(3-ethylbenzthiazo-
line-6-sulphonate) (ABTS), Cell Cycle and Apoptosis
Analysis Kit, Annexin V-FITC Apoptosis Detection
2',7'-Dichlorofluorescein diacetate (DCFH-DA),
Calcein AM, BCA Protein Assay Kit and crystal vio-
let dye were purchased from Beyotime Biotechnology
(Shanghai, China). Cell staining buffer, Human VEGEF-a,
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TNF-a, IL-6 and IL-4 ELISA Kit were purchased from
Elabscience (Wuhan, China). Chlorpromazine (CPZ),
Methyl-B-cyclodextrin (MBCD), chloroquine
LY294002, MitoSOX Red, Cell Counting Kit-8 (CCK-8),
radioimmunoprecipitation assay (RIPA) lysis and cocktail
are purchased from MedChemExpress (USA). PC12 cell
line (Undifferentiated) and Human Umbilical Vein Endo-

(CHL),

thelial Cells (HUVECs) were supplied by Procell Life
Science&Technology (wuhan, China). Sodium dodecyl
sulfate-polyacrylamide gels (SDS-PAGE) are purchased
from Epizyme Biotech (Shanghai, China). Cell culture
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plate, Matrigel and transwell chambers (8.0 um pore size,
24-well) were purchased from Corning (USA). Hema-
toxylin and Eosin (H&E), Nissl Stain Kit, and TUNEL
Apoptosis Assay Kit were purchased from Solarbio Sci-
ence & Technology (Beijing, China). N- (6-Methoxy-
8-quinolyl)-p-toluenesulfonamide) (TSQ) was purchased
from enzo life science (USA). Roswell Park Memorial
Institute 1640 medium (RPMI-1640), dulbecco’s modi-
fied eagle medium (DMEM), fetal bovine serum (FBS),
Horse Serum (HS), Phosphate-buffered saline (PBS),
and polyvinylidene fluoride (PVDF) membrane were
purchased from Thermo Fisher Scientific (USA). The
GelMA hydrogel is purchased from QiYue Biology (Xian,
Shanxi, China). Endothelial cell medium (ECM) was pur-
chased from Sigma-Aldrich. PE-Cy7 Rat Anti-Mouse
CD86, Alexa Fluor 647 Rat Anti-Mouse CD206, Fixation/
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Scheme 1 Schematic illustration of the FSZ nanoparticles loaded within GelMA hydrogel for the repair of acute spinal cord injury (SCI). SSe@ZIF-8
nanoparticles are coated with Ferrostatin 1 to obtained FSZ nanoparticles (FSZ NPs). FSZ NPs are suspended with in GeIMA hydrogel and then injected

locally into SCl rats
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Permeablization Kit were purchased from BD Pharmin-
gen (USA).

Synthesis of nanomaterials

Synthesis of ZIF-8

5 mL of 62.3 mM 2-MIM (25.6 mg) methanol solution
AND 5 mL of 16.9 mM Zn(NO,),-6H,0 (25.2 mg) meth-
anol solution were mixed and stirred for 30 min at 37 C.
The products were centrifuged at 12,000 rpm for 5 min
and washed with methanol three times.

Synthesis of SeNPs

Small, medium and large size nano-selenium was pre-
pared by mixing 1 ml 25 mM sodium selenite with 4 ml
25 mM glutathione (containing 200, 20 and 2 mg BSA),
respectively. The pH of the solution was adjusted to 7.2
with 1.0 M sodium hydroxide to form red element Se
and glutathione oxide (GSSG). The red solution was dia-
lyzed on double distilled water for 96 h, and the water
was changed every 24 h to separate GSSG and Nano-Se.
The final solution containing nano-selenium and bovine
serum albumin was freeze-dried and stored at room
temperature. Transmission electron microscopy (TEM)
revealed that the size of red element Se is 5—15 nm (small
size, designed as SSSe), 20—-60 nm(medium size, designed
as SSe) and 80-200 nm(large size, designed as Se).

Synthesis of Se@ZIF-8

10 mg SeNPs and 500 mg PVP were added to 10 mL
methanol and stirred for 2 h at room temperature. The
PVP-SSe was collected by centrifugation at 100,000 g for
60 min. The obtained PVP-SSSe was added to 5 mL of
62.3 mM 2-MIM (25.6 mg) methanol solution and stirred
for 15 min at 37 C. Subsequently, 5 mL of 16.9 mM
Zn(NO,),-6H,0 (25.2 mg) methanol solution was added
to this mixed solution and stirred for another 30 min at
37 ‘C. The products were centrifuged at 12,000 rpm for
5 min and washed with methanol three times.

Synthesis of Fer-1@SSe@ZIF-8 (FSZ)

40 mg SSe@ZIF-8 and 26.2 mg Fer-1 were added to 1
mL DMSO and the mixture stirred continuously at room
temperature and dark for 24 h. The products were centri-
fuged at 12,000 rpm for 5 min and washed with DMSO
three times. The resultants were dried at ambient tem-
perature in a vacuum oven overnight.

Nanomaterials characterization

TEM and energy spectra analysis was observed with
JEM-2100 and JEM-F200 TEM (JEOL, Japan). X-ray dif-
fraction (XRD) data was obtained with a XPert Pro dif-
fractometer (Panalytical, Holland).
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Cell culture

PC12 cells were incubated in RPMI-1640 medium with
15% HS and 5% FBS at 37 °C in a 5% CO, environment.
The culture medium was changed every 3 days. HUVECs
were incubated with ECM at 37 °C in a 5% CO, environ-
ment. The culture medium was changed every 1 days.
RAW264.7 cells were incubated with DMEM containing
10% FBS at 37 °C in a 5% CO, environment. The culture
medium was changed every 1 days. MSCs were extracted
and identified as before [27]. MSCs were incubated with
a-MEM containing 10% FBS at 37 °C in a 5% CO, envi-
ronment. The culture medium was changed every 3 days.

Intracellular uptake of nanoparticles

To visualize SSe@ZIF-8, coumarin 6 (C6) is mixed
with 2-MIM solution along with PVP-Se before adding
Zn(NO;),-6H,0. After similar steps, 20 pg/ml C6-labeled
Se@ZIF-8 (C6-SSe@ZIF-8) is obtained. PC12 cells
(5% 10* cells per well) were seeded in a 12-well plate and
attached overnight. The cells were stained with Hoechst
33,342 (blue) for nucleus and LysoTracker (red) for lyso-
some, and C6-SSe@ZIF-8 (green) was added. At 0, 1, 2,
and 4 h, the medium was removed and cleaned 3 times
with pre-cooled PBS. real-time living cell imaging were
captured by an inverted fluorescence microscope (IX71,
OLYMPUS). To further explore the intracellular uptake
of SSe@ZIF-8, endocytotic inhibitor CPZ (10 pg/mL),
MBCD(5 mM), CHL(20 pM), and LY294002 (100 pM)
was used to pretreat cells for 1 h.

TEM analysis for cellular localization of nanoparticles

PC12 cells (5x10* cells per well) were seeded in a 12-well
plate and incubated with 20 pug/mL SSe@ZIF-8 for after
adhesion. After 6 h, the cells were collected and washed.
After fixation and gradient dehydration, the samples were
coated with epoxy resin and kept overnight in an oven at
60 °C. Ultrathin sections were prepared and stained with
uranyl acetate and lead citrate for 15 min, and observed
under TEM.

PH-release drug release

Fer-1 was labeled with Cy5.5 and Cy5.5-Fer-1@SSe@
ZIF-8 was prepared for detection of drug release proper-
ties. SSe@ZIF-8 (20 pg/mL) was dispersed in 10mL solu-
tion of different pH (pH=5.5, 6.5, and 7.4, respectively) at
37 °C. At each time point, ImL of solution was taken and
centrifuged at 12,000 rpm for 5 min, and the absorbance
of supernatant was measured at 450 nm by a microplate
reader (PerkinElmer, EnSight).

TMB and ABTS free radical scavenging assay

To assess antioxidant activity of nanoparticles, the TMB
and ABTS scavenging assays were used. According to
the instruments, TMB (80 mM) was added into 1 mL
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of solution with 100 uM H,O,. The absorbance changes
of TMB at 654 nm were monitored. The ABTS«+ was
mixed with different concentrations of nanoparticles. The
absorbance of ABTS at 734 nm was examined using a a
microplate reader (PerkinElmer, EnSight),

Mitochondrial ROS detection

Mito-Tracker Red probes are used to detect mitochon-
drial superoxide production. PC12 cells (5x10* cells per
well) were seeded in a 35 mm confocal dish and attached.
After 24 h stimulation with 200 uM H,0,, the cells were
incubated with Mito-Tracker Red for 10 min at 37 °C and
stained with Hoechst 33,342. Intracellular fluorescence
was observed by a confocal laser scanning microscopy
(CLSM, FV1200, OLYMPUS).

Mitochondrial membrane potential detection

PC12 cells were treated with TBHP and FSZ NPs for
24 h. After the culture-medium was removed, the cells
were gently washed with PBS, and 1 ml JC-1 staining
solution (Beyotime, Shanghai, China) was added to each
well and incubated ina cell incubator at 37 °C for 15 min.
Wash gently with washing buffer 2 times and add fresh
medium. Fluorescence microscopy (Leica DM3000 LED)
measures fluorescence intensity.

Cell viability assay

The cytotoxicity of SSe, ZIF-8 and SSe@ZIF-8 was mea-
sured using CCK-8. PC12 cells (5x10° cells per well)
were seeded in a 96-well plate and adhered overnight.
Different concentrations of SSe, ZIF-8 and SSe@ZIF-8
were added to the medium and the cells were cultured
for 24 h. After incubation with freshly prepared CCK-8
solution at 37 C for 2 h, the absorbance was measured
at 450 nm by a microplate reader (PerkinElmer, EnSight).

Cell cycle analysis

The effect and recovery ability of SSe@ZIF-8 on PC12
cell cycle were tested by flow cytometry. With or with-
out TBHP (100 uM) treatment, cells were incubated with
different concentrations of SSe@ZIF-8 for 24 h. The cells
were fixed overnight with 75% ethanol solution at 4 °C,
incubated with propidiumiodide (PI) and ribonuclease
(RNase) at 37°C for 30 min, and then analyzed by flow
cytometry (CytoFlex, Beckman Coulter).

Intracellular ROS detection

Intracellular ROS levels were evaluated using DCFH-
DA probes. MSCs with multiple differentiation poten-
tial (5% 10* cells per well) were seeded in a 12-well plate
and attached. SSe (20 pg/mL), ZIF-8 (20 pg/mL), Fer-1
(0.1 uM), SSe@ZIF-8 (40 pg/mL) and FSZ (40 pg/mL)
were added according to the groups, and the cells were
incubated with TBHP (100 uM) for 24 h. Then cells were
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incubated DCFH-DA (10 uM) at 37 °C for 30 min and
observed by a CLSM (FV1200, OLYMPUS). The ratio of
average fluorescence intensity of ROS-stained cells was
measured in each field by Image].

Cell apoptosis analysis

Apoptosis was evaluated by Annexin V/PI staining of
flow cytometry. Under the stimulation of TBHP (100
uM), PC-12 cells were incubated with SSe (20 pg/mL),
ZIF-8 (20 pg/mL), Fer-1 (0.1 uM), SSe@ZIF-8 (40 pg/
mL), and FSZ (40 pg/mL) according to the groups. After
24 h, cells were stained with Annexin V FITC and (PI),
and analyzed using a flow cytometer (CytoFlex, Beckman
Coulter). In post-analysis, cell apoptosis was determined
by the following rules (active cells: annexin V- and PI-;
early apoptotic cells: annexin V+and PI-; late apoptotic
cells: annexin V+and PI+; dead cells: annexin V- and
PI+).

Measurement of neurite growth

The direct effects of nanomaterials on synaptic growth
in PC12 cells, a classic model for neuron growth, differ-
entiation, neurotransmitter release, and neurodegenera-
tive diseases, and the correlation with dose or time were
explored. PC12 cells were treated with different concen-
trations (0, 5, 10, 20, 40, and 80 pug/mL) of SSe@ZIF-8 and
cultured in ordinary medium. After 6 days, the cells were
observed under a optical microscope. Next, PC12 cells
with the same treatment were cultured in DMEM with 10
ng/mL NGF. At 2, 4, and 6 d, the PC12 cells were stained
with Calcein AM (1 uM) for 30 min at 37 °C in the dark
and then replaced with fresh medium for another 30 min.
The morphology of PC12 cells was observed and the
number and length of neurites were analyzed under a
fluorescence microscope (BX53, OLYMPUS). In growth
ratio analysis, differentiated PC12 cells are divided into
LO-L6 according to the ratio of their longest neurite
length to the diameter of the cell body. For example, LO
is defined as cells whose longest neurite length is shorter
than the diameter of the cell body; L1 is defined as cells
whose longest neurite length is between the original and
twice the diameter of the cell body.

Transcriptome analysis

The detailed steps were shown in our previous study. In
short, 1x10” MSCs were incubated in B-27 Plus Neuro-
nal Culture System (20 ng/ml EGF and 20 ng/ml bFGF),
treated with 40 pg/mL FSZ for 6 days. Total RNA was
extracted and qualified. Strand RNA sequencing librar-
ies were prepared. PCR products corresponding to
200-500 bps were enriched, quantified and sequenced.
RNA-Seq data analysis Raw sequencing data were first
filtered by Trimmomatic (version 0.36). Limma pack-
ets were used to identify genes that were differentially
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expressed between groups. A p-value cutoff of 0.05 and
a fold-change cutoff of 1.5 were used to judge the statisti-
cal significance of differenced gene expressions (DEGs).
Gene ontology (GO) analysis and Kyoto encyclopedia
of genes and genomes (KEGG) enrichment analysis for
DEGs were both implemented by DAVID (https://david.
ncifcrf.gov) with a p-value cutoff of 0.05 to judge statisti-
cally significant enrichment.

Western blot analysis

After transfection with WNT4-siRNA or control siRNA
(the sequences was shown in Table S1), PC12 cells were
treated with a series of concentrations of FSZ and dif-
ferentiated for 6 days. Raw264.7 cells are stimulated by
LPS (1 mg/mL) and incubated with Fer-1 (0.1 uM), SSe@
ZIF-8 (40 pg/mL), and FSZ (40 pg/mL) for 24 h. Proteins
were extracted with RIPA lysis containing cocktail and
their concentrations were detected by BCA. These pro-
tein samples were separated by SDS-PAGE electrophore-
sis and transferred to PVDF membranes. After blocking,
the membranes were incubated overnight at 4°C with
primary antibody including anti-Nestin (Santa Cruz,
sc-23,927 trail size, 1:200), anti-TUJ1 (abcam, ab105389,
1:5000), anti-VEGF-a (abcam, ab46154, 1:5000), anti-
GAPDH (Servicebio, GB15002, 1:10,000), anti-iNOS
(CST, 10,320, 1:2000), anti-Argl (abcam, ab239731,
1:5000), anti-TNFa (CST, 11,948, 1:10,000), anti-IL10
(Cell Signaling Technology, 12,163, 1:5000), Axin2 (Pro-
teintech, 20540-1-AP, 1:2000), Active p-catenin (Cell
Signaling Technology, 8814 S, 1:2000), -catenin (Ser-
vicebio, GB11015, 1:1000), GSK3p (abcam, ab32391,
1:2500), p-GSK3pB (Abcam, ab75814, 1:2500), anti-JNK1
(Cell Signaling Technology, 9252P, 1:500), anti-p-JNK1
(Cell Signaling Technology, 9255 S, 1:500), anti-p38 (Cell
Signaling Technology, 8690P, 1:500), and anti-p-p38 (Cell
Signaling Technology, 4511 S, 1:500), primary antibody.
The next day, the bands were incubated with the corre-
sponding secondary antibody and scanned with gel imag-
ing system (ChemiDoc, BIO-RAD).

Enzyme-linked immunosorbent assay (ELISA)

PC12 cells were incubated with a series of concentrations
of FSZ NPs, respectively. The supernatants were collected
and subjected to VEGF-a/IL-4/IL-6/TNF-a ELISA assay
according to the specification.

Transwell migration assay

PC12 cells were cultured with ECM medium with dif-
ferent concentrations of SSe@ZIF-8 for 24 h. HUVECs
(1x10* cells per well) were resuspended in 100 uL. ECM
from PC12 cells (with different concentrations of SSe@
ZIF-8) and then seed in the upper chambers of the
24-well transwell nest. Meanwhile, medium containing
FBS was added into the lower chamber. After incubation

Page 6 of 24

at 37 °C for 24 h, the cells on the surface of the membrane
were washed with PBS, fixed with 4% paraformalde-
hyde for 15 min and stained with 0.1% crystal violet for
30 min at room temperature. Cells on the upper surface
of the transwell membrane were scraped out. After that,
cells were photographed and five fields were randomly
selected to count the number of migrated cells on the
back surface.

Cell homing detection

PC12 cells (2x10* cells per well) were seeded in the
upper chambers of the transwell nest, while different
concentration of FSZ-GelMA hydorgel were fixed in bot-
tom of the upper chambers with visible light source. The
cell viability test was performed by CCK-8 assay.

Tube formation assay

The matrigel-coated plate was obtained by adding 60
pL matrigel (1:1) to each hole of the 96-well plate and
leaving it at room temperature for 15 min and 37 °C for
60 min. HUVECs (1x10* cells per well) were seeded
in each matrigel-coated well and incubated with ECM
containing different concentrations (0, 5, 10, 20, 40, and
80 pg/mL) of SSe@ZIF-8 for 6 h. The tubular structures
were observed under inverted fluorescence microscope
(IX71, OLYMPUS). The tube length and the number of
nodes and meshes were determined by the Image] soft-
ware (Media Cybernetics).

Flow cytometry

Except the control group, RAW264.7 cells were stimulated
with LPS (1 mg/mL) and the cells in experimental group
were treated with Fer-1 (0.1 uM), SSe@ZIF-8 (40 pg/mL),
and Fer-1@SSe@ZZIF-8 (40 pg/mL), respectively. After
incubation for 24 h, single-cell suspension was blocked with
Fc Block and stained with CD86 at 4 °C for 30 min. Then
samples were stained with CD206 at 4 °C for 30 min after
fixation and permeabilization. A flow cytometer (CytoFlex,
Beckman Coulter) is used to analyze the ratio of M1/M2 cell
polarization.

Animals and ethics statement

36 female Sprague-Dawley rats (4 weeks old) were pur-
chased from the Experimental Animal Center of Three
Gorges University (Yichang, Hubei, China) and adap-
tively fed at room temperature and adequate diet for
a week. All surgical procedures were approved by the
Experimental Animal Ethics Committee of Renmin Hos-
pital of Wuhan University (20220704B).

Surgical procedure and treatment

To establish the SCI model, rats were anesthetized
by intraperitoneal injection of 3% phenobarbital
(0.1 mL/100 g) and the skin was disinfected. Then a
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longitudinal incision is made, and the T10 laminectomy
was conducted to expose the spinal cord. Except the
sham operation group, the spinal cord was compressed
by a vascular clamp with a closing force of 50 g for 15 s,
and the tail of rats swung from side to side and then
suddenly drooped, indicating the model is successful.
The muscle, fascia and skin were sutured layer by layer.
After the establishment of the model, the sensory and
motor functions of the hind limbs of rats were lost with
a Basso, Beattie, and Bresnahan (BBB) score of <2. For 3
days after surgery, penicillin was injected intramuscularly
once a day. The bladder was manually emptied twice daily
until the urinary function was restored.

All rats were randomly divided into 6 groups (n=6): (1)
sham operation group, (2) SCI model group, (3) GelMA
(the pure GeMA hydrogel), (4) Fer-1 (GelMA with 1 pM
Fer-1), (5) SSe@ZIF-8 (GelMA with 40 pg/mL SSe@ZIE-
8), (6) Fer-1@ZIF-8(GelMA with 40 pg/mL FSZ). Rats
in the sham operation group only received laminectomy
without spinal cord compression. At 24 h post injury, 10
pL of corresponding GelMA hydrogel was injected into
the spinal cord injury site by stereotaxic instrument and
microinjection pump, and solidified with a light curing
lamp for 10 s. The SCI model group was treated with an
equal volume of saline as the control.

Behavioral tests

The spinal cord function in rats was evaluated by video
recordings, Basso, Beattie & Bresnahan (BBB) Locomotor
Rating Scale, oblique plate test, and footprint analysis on
1,7, 14, 21 and 28 d post-SCI. The rats were asked to walk
along the wall, and videos were taken. height from the
ground, less foot error, spasm duration and forward dis-
tance were analyzed. BBB scores were performed by three
trained observers who were blinded to the experimental
design. For footprint analysis, the rats were asked to run
in a narrow dark track (10 cm X 100 cm) lined with paper.
The red ink on the sole of the foot could record the posi-
tion of footprints when rats touched. For the slope test,
the rats were placed on an angle-adjustable inclined plate
and the angle between the inclined plate and the desktop
was slowly increased. When the rat could only stay in the
original position for 5 s, the angle was recorded.

Blood routine and biochemical tests

On Day 28 after SCI, Anticoagulant blood for rat tail
was taken for routine blood test provided by Servicebio
company.

H&E staining

On Day 28 after SCI, the rats were given saline and 4%
PFA for cardiac perfusion. The spinal cord from T9-T11
was carefully separated and fixed with 4% paraformal-
dehyde. The tissues were embedded in paraffin after

Page 7 of 24

dehydration and made into paraffin sections (5 pM thick-
ness). The sections were baked at 60 °C for 1 h and then
dewaxed with xylene and gradient ethanol. The sections
were stained with H & E Stain Kit and photographed
under an optical microscope.

The heart, liver, spleen, lung and kidney of the rats were
also extracted and stained.

Nissl staining

Slices were incubated with Nissl staining solution at 37
°C for 3 min, and then washed with distilled water and
95% ethanol. After dehydration, transparency and seal-
ing, images were obtained under an optical microscope.

Immunofluorescence staining
The tissue sections were incubated with 1% BSA for
30 min after antigen repair. Subsequently, the samples
were incubated with anti-iNOS (CST, 10,320, 1:1000),
anti-Argl (abcam, ab239731, 1:2000), anti-Tujl (CST,
5568, 1:2000), anti-GFAP (CAT, 3670, 1:1000), anti-
Nrf2 (CST, 12,721, 1:1000), and anti-c-cap3 (santa cruz,
sc-56,053, 1:100) primary antibody, and then incubated
with corresponding FITC-labeled goat anti-mouse and
Cy3-labeled goat anti-rabbit secondary antibody for 1 h
at RT in the dark. Finally, they were stained with DAPI,
followed by sealing with anti-fluorescence quenching
sealing tablets. The fluorescence distribution of these
cells was observed by a fluorescence microscope (BX53,
OLYMPUS) and analyzed by the Image]J software.
Raw264.7 cell samples were obtained by the same treat-
ment as those for FCM. Cells were fixed with 4% para-
formaldehyde and permeabilized with 0.2% Triton X-100.
The next protocol was similar to the above.

Immunohistochemical staining

The sections were blocked with 1% bovine serum albu-
min (BSA) at RT for 60 min, and incubated with anti-
CD31 (abcam, ab28364) primary antibody overnight at
4 °C . Afterwards, the samples were incubated with the
secondary antibody at RT for 1 h and stained with DAPL.
Images were collected with a fluorescence microscope
(BX53, OLYMPUS) and analyzed using Image].

TUNEL staining

The sections were incubated with the TUNEL reac-
tion mixture for 60 min at 37 °C in the dark, followed by
stained with DAPI for 5 min at RT. Images were obtained
with a fluorescence microscope (BX53, OLYMPUS) and
analyzed using Image]. The apoptotic cell proportion was
calculated as the number of TUNEL-positive cells / total
number of cells.
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TSQ staining

TSQ is a fluorophore that binds intracellular Zn ion [28].
The sections were immersed with 4.5 pM TSQ in 140
mM sodium barbital and 140 mM sodium acetate buffer
(pH 10) for 90 s. Images were obtained with a fluores-
cence microscope (BX53, OLYMPUS) and analyzed using
Image] (Version 1.53a for Mac).

Statistical analysis

All experiments in this paper were repeated three times.
Data were analyzed using GraphPad Prism (Version
9.0 for Mac) were expressed as meanzstandard devia-
tion (Mean*SD). Statistical analysis of experimental data
was performed using one-way ANOVA followed with
Bonferroni’s post-hoc test or paired t-test (*P<0.05, **,
##P<0.01, and ***P<0.001).

Results
Size-dependent synthesis strategy of ZIF-8 encapsulated
SeNPs
SeNPs could be controlled in size ranging from 2 to
200 nm by reducing selenite in an environment con-
taining PVP, which attaches to Se atoms and stops their
aggregation [29]. In this study, three different sizes of
SeNPs were synthesized. On this basis, ZIF-8 was rea-
sonably modified into a series of novel nanomaterials
using three encapsulation strategies (Fig. 1A) in pursuit
for enhancing antioxidant activity and pro-neural dif-
ferentiation function in non-toxic dose. Different from
conventional metal-core bimetallic MOF materials, this
synthesis strategy was based on nonmetallic SeNPs. As
shown in Fig. 1B, the ZIF-8 nanoparticles exhibit a typi-
cal hexagonal structure (70.2+6.7 nm). Interestingly,
based on the size of the SeNPs, these MOF composites
with non-metallic core exhibit structural characteristics
similar to those of bimetallic nanocrystals.1) The small-
est-sized selenium nanoparticles (2.3+0.3 nm, Fig. S1A)
were called Small-small Selenium (SSSe), which com-
bined with ZIF-8 to form the alloy-structured SSSe@
ZIF-8 (97.41£7.0 nm; Fig. 1C). 2) The medium-sized
selenium nanoparticles (21.6+2.1 nm, Fig. S1B) were
called Small Selenium (SSe), which were encapsulated
by ZIF-8 to form SSe@ZIF-8 (186.8+23.4 nm; Fig. 1D)
with core-shell structure. 3) The largest-sized selenium
nanoparticles (191.3+13.6 nm, Fig. S1C) were short-
ened to Selenium, which and ZIF-8 form Se@ZIF-8
(308.3+58.3 nm; Fig. 1E) with core-satellite like structure.
The structures of SeNPs@ZIF-8 nanoparticles were
identified by energy-dispersive X-ray (EDX) elemen-
tal mapping. Compared with ZIF-8, the Se element has
a stronger contrast at the high-angle annular dark-field
scanning transmission electron microscopy (HAADEF-
STEM) image. The SSSe@ZIF-8 nanoparticles pre-
sented a rhombic dodecahedral shape as ZIF-8, and the
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EDX elemental mapping image indicates the homo-
geneous distribution of SSSe in ZIF-8 (Fig. 1F). SSe@
ZIF-8 exhibited typical core-shell structure which was
further confirmed by EDX elemental mapping. C, O, and
Zn were uniformly distributed throughout the nano-
structure while Se was only located in the core, indicat-
ing that the structure of SSe@ZIF-8 was a single SSe
core encapsulated by a ZIF-8 shell (Fig. 1G). The struc-
ture of Se@ZIF-8 was revealed by EDX elemental map-
ping that four ZIF-8 nanoparticles surround a Se core
to form core-satellite like structure (Fig. 1H). For crystal
structure analysis based on X-ray diffraction (XRD) pat-
tern, SSSe@ZIF-8, SSe@ZIF-8, and Se@ZIF-8 had many
overlapping peaks with pure ZIF-8, indicating that the
doping of Se does not change the crystalline structure
of ZIF-8. Meanwhile, their spectra had obvious peaks at
20 angles of 23.5°, the main diffraction peaks of Se, sug-
gesting the successful loading of selenium nanoparticles
(Fig. 11). Fourier transform infrared spectroscopy (FTIR)
of selenium nanoparticles showed a characteristic vibra-
tion band. The spectra of SSSe@ZIF-8, SSe@ZIF-8, and
Se@ZIF-8 was roughly consistent with that of ZIF-8,
and the peak of COO™ at 1401 and 1602 cm™, and O-H
at 3400 cm™ could be identified (Fig. 1J). As shown in
Fig. 1K and Fig. S1D, the presence of SeLb and ZnLb
peaks in the energy spectrum analysis of three types of
SeNP@ZIF-8 further confirmed the successful synthe-
sized composite nanomaterial with Se and ZIF-8. These
results suggest the successful synthesis of three different
construction of SeNP@ZIF-8 nanoparticles.

Evaluation of ROS scavenging efficiency of different
structural SeNPs@ZIF-8

To evaluate the toxicity of SeNPs, ZIF-8, and SeNPs@
ZIF-8, PC12 cells were treated with different concentra-
tions of nanomaterials for 48 h. As shown in Fig. 2A, with
the increase of doses, all SeNPs of different sizes showed
significant cytotoxicity. However, ZIF-8 significantly pro-
moted the proliferation of PC12 cells. Interestingly, three
kinds of SeNPs@ZIF-8 promoted the proliferation of
PC12 cells in the range of 0—40 ug/ml. As the concentra-
tion increased (80—160 ug/ml), the cell viabilities of PC12
cells were significantly inhibited, which may be caused by
higher selenium levels in the medium.

To evaluate the antioxidant action of these nanocom-
posites, free radical scavenging assays in vitro were con-
ducted. 3,3,5,5-tetramethylbenzidine (TMB) was used to
detect the ability to eliminate hydroxyl radicals («OH).
Since the ROS scavenging ability of SeNPs was enhanced
with decreasing size, SSSe nanoparticles were selected
as the control [30]. As expected, SSSe, ZIF-8 and three
different structures of SeNPs@ZIF-8 showed +OH scav-
enging activity (Fig. 2B-C and S2A-C). The characteris-
tic absorption peak of TMB at 654 nm was significantly
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Fig. 1 Structural characterization of SeNPs@ZIF-8 nanomaterials. A) Schematic illustration of the assembly procedure of FSZ NPs. Selenium nanoparticles
with different sizes were synthesized and assembled with ZIF-8 to generate three novel composite nanomaterials. After the anti-ROS activity detection,
SSe@ZIF-8 were selected to combine with Fer-1 to form FSZ NPs. B-E) TEM images and size distribution of ZIF-8, SSSe@ZIF-8, SSe@ZIF-8, and Se@ZIF-8.
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J) FT-IR spectra, K) energy spectrum analysis of SSSe@ZIF-8, SSe@ZIF-8, and Se@ZIF-8



Zhou et al. Journal of Nanobiotechnology

(2024) 22:351

Page 10 of 24

o
=]
I

A sl - $SSe B | . TMH c, TME
~ e ‘[eessee g,
T 201 Se o = §
g2 ZIF-8 g, S £s
£ 15 —— 55Se@ZIF-8 | T 2.,
%; -o- $Se@ZIF-8 2 5 || —meom =
&8 104 O- Se@2IF-8 g w?
=5 o 2| &2
] 1] ®
© g 0.5 @, ol g o)
= » . A D 1 | 7 N\
£ - W AT (72 N PN ; M
o * 2% S I i i aadin e
0.0 . 1 ! £ i X } %406 500 600 700 800 %400 500 600 700
0 5 10 20 40 80 160 Wavenumber (nm) Wavenumber (nm)
Concentration (ug/ml)
D - ssse E ABTS F
< 1.2 = ZIF-8 e RR 2
b HRB® @
s g Se@2IF-8 g | & g
- g SSe@ZIF-8 g5 | e £1s
g et
=5 -+ SSSe@2ZIF-8 2 2
I=.c el o
5 5 < 4 g 1
8 i z L
g€ w
® S - o) N
25 i Ros ©hs
23 A 2 &
L b "
g T T T T T T 400 500 600 700 800 400 500 600 700 800
0 5 119_ 2 40 100 Wavenumber (nm) Wavenumber (nm)
G ime(min) H | —_—
1.29 sSSe ROS scavenging 80 -
selection PH®&.5
23 10- - ZIF-8 FSZ £ Sl
R .2 Se@ZIF-8 nanoparticles & go. —3—%
®E_ 08 3 S SSe@ZIF-8 o % =
QSE -+ $SSe@ZIF-8 © =
I =506+ @z D 49 3 e
o5 =X NI [) - & - e 4
o 80 Wie x v g
£ Ep04 : % 20 ¥ e*
ge E i @ & = ==
5 2 0.2+ = wex w
» © T ek 0 Vi
2% o0 T T 1T T T T T 1
; 6 ; 1'0 2'0 4'0 160 01 2 3 5 6 12 24 36 48
3 Time(min) Time (h)
J 5% H,0, K TBHP (100 uM) L
PBS 8SSe ZIF-8
TBHP (100 uM)
P 1.5
3
<2
o 1.0-.
200 pm )
- 8e
Fer-1 SSe@ZIF-8 Fsz 3
3 5 0.5
BE
£2
=

Fig. 2 ROS scavenging effect of FSZ nanomaterials. (A) PC12 cells were treated with different dose (0, 5, 10, 20, 40, 80, and 160 ug/ml) of SSSe, SSe, Se,
ZIF-8, SSSe@ZIF-8, SSe@ZIF-8 and Se@ZIF-8 for 48 h. CCK-8 assay was used to determine cell viabilities. (B-C) The concentration-dependent analysis (0,
5,10, 20,40 and 100 pg/ml) of SSSe, ZIF-8, SSSe@ZIF-8, SSe@ZIF-8 and Se@ZIF-8 was co-cultured with 100 pM H,0,, the TMB assay was performed to
detect -OH elimination. (D) The time-dependent analysis of the absorbance of TMB at 645 nm due to -OH elimination. (E-F) The concentration-dependent
investigation of ABTS++ in the presence of SSSe, ZIF-8, SSSe@ZIF-8, SSe@ZIF-8 and Se@ZIF-8 (0, 5, 10, 20, 40 and 100 pg/ml). (G) The time-dependent
investigation of the absorbance of ABTS++ at 734 nm. (H) SSe@ZIF-8 was coated with Ferrostatin 1 to obtained FSZ nanoparticles. (I) Ferrostatin 1 release
rate detection. (J) FSZ nanoparticles were co-cultured with 5%H,0, and detected by TEM every 2 h. (K) PC12 cells were co-cultured using 100 uM TBHP
and PBS, SSSe, ZIF-8, Fer-1, SSe@ZIF-8, and FSZ nanoparticles. Intracellular ROS level was detected by DCFH-DA probes (green) and quantitated analysis
(L). Data are presented as means+SD (n=3). Statistical analysis was performed using one-way ANOVA. *P<0.05, **P<0.01, and ***P<0.001, compared

with the control group. # P<0.05 compared with the SSSe group;

reduced in a time- and dose-dependent manner, espe-
cially SSe@ZIF-8 (Fig. 2D), which showed significant
effect than other nanoparticles. 2,2'-Azinobis-(3-ethyl-
benzthiazoline-6-sulphonate) (ABTS) was used to test
total antioxidant capacity. Similarly, SSSe@ZIF-8, SSe@
ZIF-8 and Se@ZIF-8 significantly inhibited the formation

of ABTS free radicals in a time-dependent manner, dem-
onstrating a higher antioxidant capacity than SSSe and
ZIF-8 (Fig. 2E-G and S2D-F). These results suggested
that the capping of ZIF-8 significantly promoted the ROS
scavenging ability of SeNPs, and SSe@ZIF-8 showed the
better effects than other nanoparticles [23].
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Synthesis and antioxidant ability detection of FSZ NPs
ROS caused an imbalance in iron metabolism to induce
neuron ferroptosis by damaging mitochondria. Fer-1 is a
recognized inhibitor of ferroptosis and has been shown
to maintain iron level in central nervous injury, protect
the apoptosis of damaged neurons, and improve motor
function impairment caused by SCI [31-33]. Therefore,
the SSe@ZIF-8 nanoparticles were loaded with Fer-1
(FSZ) to achieve the inhibiting function of ferroptosis
(Fig. 2H). Since the local microenvironment of SCI is
near PH 6.5, the drug release rate of FSZ NPs were tested
at acidic (5.5), weakly acidic (6.5) and neutral (7.4) PH
values [34]. FSZ exhibited stable and controllable drug
release capabilities at 6.5 and 7.4 PH values (Fig. 2I). The
morphological changes of FSZ NPs after reaction with
H,0, were observed by transmission electron micros-
copy. As shown in Fig. 2], FSZ NPs gradually broke down
after incubation with 5% H,O, for 2 h. In the following
4 h, FSZ was cleaved to form SeNPs monomer, indicat-
ing that FSZ NPs could degrade in 5% H,O, environ-
ment. These results indicate that FSZ NPs have excellent
recyclable antioxidant properties due to the presence of
SeNPs and can react repeatedly with H,O,, while releas-
ing Fer-1.

The ROS scavenging effect of FSZ nanoparticles in cells
was further investigated. 100 pM tert-Butyl hydroperox-
ide (TBHP) treatment was used to induced ROS accumu-
lation in PC12 cells, while SSSe nanoparticles were set as
a positive control for more ROS scavenging ability and
lower toxicity than other SeNPs [35]. Intracellular ROS
levels were evaluated by DCFH-DA probe. Compared
with SSSe, SSe@ZIF-8 and FSZ NPs significantly reduced
ROS production in TBHP-treated PC12 cells, indicating
their more excellent ROS scavenging activity (Fig. 2K and
L). The effect of FSZ NPs on the cell cycle was examined
as SSe@ZIF-8 showed an effect of promoting cell prolif-
eration at low doses. As shown in Fig. S3, FSZ increased
the proportion of G2/M-phase cells in PC12 cells, indi-
cating that it promoted the proliferation potential of cells
at low doses (0-20 pg/ml). Above all, FSZ NPs showed
excellent ROS elimination ability and good biocompat-
ibility in vitro.

FSZ NPs prevent apoptosis and maintain mitochondrial
homeostasis

To further explore whether FSZ NPs can prevent nerve
cell apoptosis, exceed ROS was generated in PC12 by
TBHP treatment. As shown in Fig. 3A, SSSe, ZIF-8, Fer-
1, SSe@ZIF-8 and FSZ NPs were all able to rescue the
inhibition of cell viabilities induced by TBHP. Compared
with SSSe nanoparticles, SSe@ZIF-8 and FSZ have better
antagonistic effects of TBHP. Given the important role of
ROS in nerve apoptosis, the neuron-protective effect of
FSZ NP-mediated apoptosis reduction was investigated.
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TUNEL staining was used to detect the total apoptotic
levels in PC12 cells treated with TBHP (Fig. 3B and C).
As expected, FSZ and SSe@ZIF-8 significantly inhibited
the apoptosis level of PC12 cells, and their effects were
significantly better than SSSe. Then, cell apoptotic distri-
bution was performed by flow cytometry (FACS). Simi-
lar with results of cell viability and TUNEL staining, FSZ
NPs showed more apoptotic inhibition induced by TBHP
than SSSe or other nanomaterials (Fig. S4A and S4B). Cell
cycle analysis indicated that FSZ NPs inhibited the por-
tion of subG1 cell sets from 21.03 to 1.9% with increased
concentration (0—40 pg/ml, Fig. S5). These results sug-
gested that FSZ and SSe@ZIF-8 NPs significantly inhib-
ited the apoptosis induced by exceed ROS.

Excessive accumulation of oxidative stress can damage
the structure of the mitochondria inside the cell. ROS is
produced as a by-product during aerobic respiration by
mitochondria, which is closely related to the apoptosis
and ferroptosis of neuron [36]. Here, we used biological
TEM to detect the distribution of FSZ NPs in the cell.
Although SeNPs are not exclusively present in mitochon-
dria after degradation of FSZ, they are still enriched by
mitochondria (Fig. S6). The reason maybe that mito-
chondrial membrane depolarization reduces its negative
potential, thereby reducing the repulsion between SeNPs
and mitochondria, thereby increasing the intrinsic tar-
geting of mitochondria.

The protective effect of FSZ NPs on mitochondria of
neural cells was further determined. By interfering with
the mitochondrial respiratory chain, the SCI cascade
increases H,0, and -O,~ concentrations in mitochondria.
The high level of mitochondrial ROS causes depolariza-
tion of mitochondrial membrane and mitochondrial
dysfunction. As shown in Fig. 3D and E, FSZ and SSe@
ZIF-8 NPs significantly decreased the JC1 monomer lev-
els, while increased the aggregates, which suggested that
the nano therapy restored normal mitochondrial mem-
brane potential. Mitochondrial morphology was tracked
by Mito-tracker Red to determine the protective effect
of FSZ NPs on mitochondria. As shown in Fig. 3F, the
cytoplasmic red fluorescence intensity increased and
mitochondria became fragmented with the treatment of
TBHP, and FSZ NPs rescued the mitochondrial morphol-
ogy, which suggested the decreased mitochondrial ROS
levels of PC12 cells. FSZ NPs significantly scavenged
excess mitochondrial ROS, which indicated the injured
mitochondria was rescued (Fig. 3G). Mitochondrial mor-
phology was also further observed in PC12 cells treated
with TBHP. Compared with that in the control groups,
mitochondria in PBS groups had swollen, ruptured, and
lost the cristae in the inner mitochondrial membrane,
which suggested that the mitochondrial homeostasis has
been destroyed (Fig. 3H). In FSZ groups, the nano-ther-
apy maintained the mitochondrial shapes. Together, FSZ
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NPs with a non-toxic dose protects neuronal mitochon-
drial and prevents cells from apoptosis and ferroptosis
induced by exceed ROS due to its free radical scavenging
efficiency.

FSZ NPs inhibit neural inflammation

SeNPs has the ability to inhibit the expression and release
of inflammatory factors by regulating mitochondrial
homeostasis. Therefore, we examined the ability of FSZ to
promote cell polarization in macrophages. LPS (1 pg/mL)
was used to induce RAW264.7 cells in the inflammatory
state that the expression of iNOS was increased, while
the expression of Argl was decreased (Fig. S7A). West-
ern blotting showed that the changes in expression of
these proteins were reversed by SSe@ZIF-8 and FSZ NPs
(Fig. S7B), which indicated that the ratio of M2 cells was
promoted. To further detect changes in the expression
of inflammatory factors, TNF-a and IL-10 was investi-
gated. SSe@ZIF-8 and FSZ NPs significantly inhibited the
TNEF-a expression, and increased IL-10 levels, suggesting
the inflammatory inhibitory effects (Fig. S7C). To further
identify the phenotypic change of RAW264.7 cells under
the treatment of FSZ NPs, Flow CytoMetry (FCM) was
used to show the proportion of M1 (CD86+and CD206-)
and M2 (CD86- and CD206+) macrophages. As shown
in Fig. S8A and S8B, FSZ NPs exhibited inhibition of M1
polarization and promotion of M2 polarization. The sim-
ilar results were further identified with IFS (Fig. S9A and
S9B). These results suggest that FSZ NPs can regulate the
transformation of macrophages from M1 phenotype to
M2 phenotype, providing a low-inflammation microenvi-
ronment for neural repair through protecting mitochon-
drial homeostasis.

FSZ NPs promotes neurite outgrowth and neuronal
maturation

Our previous work indicated that ZIF-8 promoted the
neurodifferentiation ability of MSCs by releasing zinc ion
[26]. In order to detect the effects of this composite nano-
material on neural differentiation function, a co-culture
system was designed to compare the effects of different
concentrations (0, 5, 10, 20, 40, and 80 pg/ml) of FSZ on
the promotion of PC12 neural differentiation. Due to the
acidic microenvironment of the SCI, after FSZ entered
the cells, the medium was replaced with a slightly acidic
environmental (PH=6.5) with neuro-induction condition
(Fig. 4A), which facilitated the breakdown of ZIF-8 NPs to
release Zn**. The neurite length of the newborn neurites
and each-stage differentiated cell was monitored every 2
days. Figure 4B shows a representation image executed at
the end point for all groups. With the increased concen-
tration of FSZ, the average number of new neurites per
differentiated cell increased significantly at the range of
0-40 pg/ml (Fig. 4C). Similarly, the differentiation rates
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were upregulated from with 20-80% with the increased
concentration of FSZ (0-40 ug/ml) (Fig. 4D). Neurite
length also increased significantly, especially at concen-
trations of 40 pg/ml, and their average length was 4 times
than that of the control group (Fig. 4E). We divided dif-
ferentiated PC12 cells into seven groups (from LO to L6)
based on the ratio of neurite length to the corresponding
cell body length from previous work [37]. Neurite elon-
gation increased slowly within 2 days after treatment of
FSZ NPs, while there was no significant increase in the
control group (Fig. 4F). After day 4, this increase acceler-
ated abruptly (Fig. 4G). At the end of day 6, the L0% in
the control group was 60%, while the L0% in the 40 pg/ml
SSe@ZIF-8 decreased to nearly 30%, and the percentage
of highly differentiated cells (L3 to L6) increased with the
increase of FSZ NP concentration (Fig. 4H). As shown in
Fig. 41 and ], the expression of NeuN (neuron marker),
BIII-tubulin (mature axon markers), MAP-2 (mature
axon markers) and brain-derived neurotrophic factor
(BDNF) was significantly up-regulated with the increase
of FSZ concentration, as well as the down-regulated
expression of GFAP (astrocyte marker) or no impact of
S$100b (astrocyte and Schwann cell markers). Above all,
FSZ NPs directly promoted neuronal differentiation and
inhibited glial cell formation.

An interesting phenomenon is that FSZ particles can
promote the differentiation of undifferentiated PC12
cells even in normal medium (non-neural induction).
As shown in Fig. S10A, normal undifferentiated PC12
cells should be in a suspended clump state. After 6 days
of treatment, these undifferentiated PC12 cells showed a
number of low differentiated state with significant mor-
phologic change and axon extension, while with the man-
ifestation of cell dispersion adhesion. The proportion of
poorly differentiated PC12 cells gradually increased with
the increase of FSZ concentration, reaching the highest
level of 22% at 40 pg/ml (Fig. S10B), which suggested FSZ
NPs may promotes neuronal maturation. However, the
lack of further induction conditions prevents the pro-
gression of this differentiation phenomenon [38].

The local delivery of the nanomaterial and drug strat-
egy has fewer side effects and higher concentration than
intravenous administration [39]. Therefore, we plan to
apply FSZ NPs in the local treatment of acute SCI with
surgery to simulate the real clinical application scenario.
However, a problem to be faced is that as SCI destroys
the blood-spinal barrier, large amounts of cerebrospinal
fluid and blood escape may lead to dilution and escape
of nanomaterials, reducing therapeutic effectiveness [40].
Therefore, we selected GelMA hydrogel, a biological
scaffold material with high biocompatibility, to immobi-
lize FSZ NPs locally in SCI injury to overcome the above
problems [41]. To evaluate the cell recruitment effect of
FSZ-GelMA, we constructed an in vitro model of local



Zhou et al. Journal of Nanobiotechnology (2024) 22:351 Page 14 of 24

C 15+ D -
‘6 . OugimL . 20 pg/mL 1007 opgmL - 20 gL E 1009 - Oug/mL . 20 pgiml
o 5 ugimL —- 40 pgimL. 1 o 807 5 ugimL —- 40 pgimL ok . 150H9/;“'L: 40 pg/mL. ihk
S 0] - 10ugmL-o- 80 pgimL /E“ =1 10 ug/mL -0~ 80 pgimL € Hg#ml. -e- 80 pgfmlL. .
= D £ 60+ = g0
2 £ * @ £
o @ * 9 40 o
2Z 5 2 & 407
) T =
c 204 L .
L & 5 2 2
= =) 3
0 2 D 4 D 4 =
0 L T T T z 0 Z U A T T T
0 Day 2 Day 4Day 6Day 0Day 2Day 4Day 6Day
120 120 _—
=100 i | =L5
100 ,\?1 00 @100 el
=< _ =< L3
@ 80 = > 80+ = > 80~ =
(g g 8 % 8 3 22 —
— & 60 S E’ 60 3 %60- =L
S8 L5 a0 LG4 o
o 40 @ 40 @ 40
o 20 2 20+ D 20+
v T T T T T T 0 T T T T T T v T T T T T T
FSZ(ug/ml) 0 5 10 20 40 80 FSZ(ugml) o 5 10 20 40 80 FSZ(ugml) o0 5 10 20 40 80
2 Day 4 Day 6 Day
FSZ (ug/ml) 0 5 10 20 40 80
"k =1 0 ugiml
—_ *kk *k Sk = 5 pg/ml
g 3+ =1 10 pg/mi
(&) =120 pg/mi
ke] B 40 pgimi
8 == 80 pg/ml
N o
©
£
o}
=
©
3 1
©
>
>
S
(G]

1 1 1 1
NeuN Tuj1 MAP2 GFAP  S$100b BDNF

PC12

Fig. 4 Property of axonal growth promotion by FSZ nanoparticles. (A) Schematic illustration of the co-culture of PC12 cells and FSZ nanoparticles. (B)
Fluorescence images of Calcein AM-labeled PC12 cells co-cultured with with FSZ (0, 5, 10, 20, 40 and 80 pg/ml) for 6 d. Scale bar: 100 um. (C-E) The neurite
number, neurite ratio, and neurite length of PC12 cells co-cultured with FSZ (0, 5, 10, 20, 40 and 80 pg/ml) for 2, 4, and 6 days. (F-H) The growth radio of
PC12 cells incubated with FSZ (0, 5, 10, 20, 40 and 80 ug/ml) for 2, 4, and 6 days. The level of growth was quantitatively divided into LO to L6 according
to the length of the neurites. Ln means that the longest neurite length is n to n+1 times the diameter of the cell body. (I) Protein levels of NeuN, Tuj1,
MAP-2, GFAP, S100-b, BDNF and GAPDH in PC12 cells incubated with FSZ (0, 5, 10, 20, 40 and 80 ug/ml) for 6 days determined by Western blot. Protein

levels were quantified using ImageJ (1.53a for Mac). Data are presented as means+SD (n=3). Statistical analysis was performed using one-way ANOVA.
*P<0.05,**P<0.01, **P<0.001



Zhou et al. Journal of Nanobiotechnology (2024) 22:351

application (Fig. S11A). PC12 cells were cultured in the
upper compartment, while medium in the lower com-
partment was serum-free to expel the attraction and pro-
liferation effect of serum on PC12 cells. After 3 days of
culture, the GeIMA hydrogel was degraded and the num-
ber of PC12 cells in the medium of the lower chamber
was quantified. As shown in Fig. S11B, with the increase
of FSZ concentration, the number of PC12 cells cross-
ing the barrier increased, reaching three times that of the
control group at 20 pg/ml.
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screen for changes in gene expression affected by FSZ. As
shown in Fig. 5A, a total of 2054 genes were up-regulated,
accompanied by 1699 genes down-regulated (Log2FC>2,
P<0.05). Heat maps show significant clusters of the top
40 gene groups (Fig. 5B). These upregulated genes are
mainly concentrated in cell adhesion, DNA replication,
nervous system development, neurofilament, axon, posi-
tive regulation of cell migration and other cell functions
(Fig. 5C). KEGG enrichment analysis showed that these
genes were mainly related to WNT signaling pathway,

cell cycle, NK-kB signaling pathway, etc. (Fig. 5D). Sev-
eral members of the WNT family were found in upreg-
ulated gene clusters, including WNT2, WNT4, and
WNT16 (Fig. 5E).

FSZ promotes neural differentiation by activating the
WNT4/B-catenin pathway

To explore how FSZ NPs promote the effect of neural
differentiation, RNA-seq technology was used to widely
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As shown in Fig. 5F, with the increase of FSZ nanoma-
terial concentration, the expressions of WNT4, Axin2,
p-GSK3p and active-p-catenin were significantly up-
regulated, while the expressions of GSK3p and B-catenin
remained unchanged. This suggests that FSZ activates
both typical and WNT4 signaling pathways in MSCs. In
addition, the expression of p-JNK1/2 and p-p38 was also
significantly increased, suggesting that the non-classical
WNT4 signaling pathway was also activated. In order to
explore whether the activation of WNT4 signaling path-
way is related to axon growth, small interfering RNA of
WNT4 combined with FSZ was co-cultured with MSCs
cells. As shown in Fig. 5G, si-WNT4 (si-1 and si-2) sig-
nificantly inhibited WNT4 expression, while p-GSK3f
and active-P-catenin expression were also inhibited. As
expected, Tujl and MAP2 expression decreased with
si-WNT4 transfection. These results suggest that FSZ
NPs promote cellular neural differentiation by activating
WNT4-dependent (canonical and non-canonical) signal-
ing pathways (Fig. 5H).

FSZ promotes angiogenesis by activating VEGF expression
ZIF-8 enhances its angiogenesis ability by promot-
ing VEGFa expression in MSCs [42]. The influence of
FSZ NPs on blood vessel formation was explored with
human umbilical vein endothelial cells (HUVECs) and
PC12 cells. We first examined whether VEGFa expres-
sion in PC12 cells was affected by FNZ NPs treatment. As
shown in Fig. S12A and S12B, FSZ significantly promoted
VEGFa expression. Meanwhile, ELISA assay indicated
that FSZ NPs increased the concentration of VEGF-a
in supernatant suggesting the secretion of VEGF-a was
enhanced (Fig. S12C). Subsequently, the supernatant
of PC12 cells was used to co-culture with HUVEC to
accomplish the tube formation experiment. HUVECs
were stained with Calcein AM and their morphology
was observed (Fig. S13A). It was found that FSZ NPs sig-
nificantly promoted the formation of capillary-like struc-
tures in a dose-dependent manner. The number of notes,
meshes and capillary length were significantly increased
in the 40 pg/mL FSZ NPs group compared with the con-
trol group, suggesting strong pro-angiogenic activity (Fig.
S13B-S13D). In addition, a trans-well experiment sug-
gested that the conditional medium of PC12 cells with
FSZ NPs significantly promoted the number of HUVECs
across the barrier by a dose-dependent manner (Fig.
S14A and S14B), which suggested the enhanced vascular
endothelial cell migration ability from damaged BSCB.
These results suggest FSZ NPs has the bioactivity of pro-
moting angiogenesis, which is benefit to the post-injury
microenvironment to regulating inflammation and ROS
scavenging.
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Dual invasion mechanisms of FSZ NPs

The ability of nanoparticles to trigger biological responses
is closely related to the way they internalize in cells [43].
Pinocytosis is an important mechanism for nanoma-
terials to enter cells, which is commonly classified into
phagocytosis, endocytosis (clathrin-dependent, caveo-
lae-dependent, or clathrin/caveolae-independent endo-
cytosis) and macropinocytosis [44, 45]. To investigate
cellular uptake of SSe@ZIF-8 NPs complexes (Fig. 6A),
we tracked the intracellular distribution and pathway
of the nanocomplexes by transmission electron micros-
copy (TEM) after PC12 cells treated with nanoparticles
for 6 h. As shown in Fig. 6B, SSe@ZIF-8 NPs were coated
with vesicles. Interestingly, images of typical endocyto-
sis (Fig. S15A) and macropinocytosis cups (Fig. S15B)
are captured as the nanoparticles enter the cell. Both in
endocytosis and macropinocytosis pathways, allogeneic
materials are delivered from the plasma membrane to the
early endosomes [46, 47]. Subsequently, some of them
are recycled to the cell surface as circulating endosomes,
while others gradually mature into late endosomes and
are eventually transported to lysosomes, so there is a
massive accumulation of cargo in the lysosomes [48].
SeNPs were found in the lysosome of the cell instead of
FSZ nano-polyhedras (Fig. 6B). To further confirm the
cellular uptake process and mechanism of SSe@ZIF-8
NPs, SSe@ZIF-8 was labeled with Coumarin 6 (C6) and
the lysosomes were stained with the fluorescent tracker,
LysoTracker (Fig. 6C). Immunofluorescence showed
that the green fluorescence of Cé6-labeled SSe@ZIF-8
nanoparticles were gradually entering the cells in 1 h,
and well co-localized with the red fluorescence of lyso-
somes in 2 h. At 4 h, these nanopolyhedra and lysosomes
underwent strong colocalization. Figure 6D showed the
efficiency of cellular uptakes.

To further confirm the internalization pathway of SSe@
ZIF-8, we used different endocytosis inhibitors, including
Chlorpromazine (CPZ, an inhibitor of CDE), Methyl-p-
cyclodextrin (MPBCD, an inhibitor of CIE), chloroquine
(CHL, an inhibitor of CDE), and LY294002 (an inhibi-
tor of macropinocytosis). The cellular uptake efficiency
of SSe@ZIF-8 was significantly reduced by CPZ, MBCD,
CHL and LY294002. (Fig. 6E). Especially for CPZ, the
internalization efficiency was inhibited with a reduction
at 70%, which suggested that clathrin-dependent endo-
cytosis played the major role in internalized process of
SSe@ZIF-8 NPs. Above all, both lysosome-mediated
macropinocytosis and endocytosis pathways participate
internalization of SSe@ZIF-8 nanoparticles.

Motor-functional rescuing of SCl rats by local
administration of FSZ NPs

In order to clarify the role of FSZ NPs in protecting tissue
damage caused by acute SCI in vivo, we constructed a
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rat model of acute SCIL. The combination strategy of FSZ
loaded with GeIMA hydrogel was used to treat SCI. The
motor function of the hind limbs of rats was evaluated
by video recordings, Basso, Beattie & Bresnahan (BBB)
Locomotor Rating Scale, oblique plate test, and footprint
analysis on Day 7, 14, 21 and 28 post-injuries. In the slope
experiment, there was no significant difference between
groups in the angles at which rats could be stay for 5 s in
the early stage. On Day 28, The hind leg bearing capacity
of the SSe@ZIF-8 and FSZ NPs group was significantly
stronger than that of the other groups (Fig. 7A). The
BBB score of FSZ NPs group was significantly improved
compared with the control group, followed by that of
the SSe@ZIF-8 and Fer-1 group (Fig. 7B). In footprint
analysis (Fig. 7C), the foot pads of the SCI and GelMA
groups showed obvious dragging marks, those of the
Fer-1 group showed occasional supporting marks, and
those of the SSe@ZIF-8 group was observed some foot-
prints. FSZ NPs exhibited two orderly rows of footprints,
albeit with much shorter steps than the Sham group.
As shown in the video, on Day 28 after surgery, the rats
in the SCI group had no obvious hind limb movement,
the rats in the GelMA and Fer-1 groups could reclaim
their hind limbs, and the rats in the SSe@ZIF-8 and FSZ
groups could step forward (Fig. 7D). Compared with the
SCI group and other treatment groups, rats in FSZ NPs
group had higher height from the ground (Fig. S16A),
less foot error (Fig. S16B), shorter spasm duration (Fig.
S16C) and longer forward distance (Fig. S16D). Together,
these results suggest that FSZ and SSe@ZIF-8 nanopar-
ticles significantly promote the recovery of motor func-
tion in SCI rats.

FSZ NPs promotes neural regeneration and prevents glial
scar formation in vivo
Although local application of nanomaterials leads to
fewer side effects, we tested major organs throughout
the body of rats to determine their biocompatibility.
As shown in Fig. S17A, the sections of major organs of
rats, including heart, liver, spleen, lung, and kidney, were
stained with H&E. The results presented no obvious
inflammation infiltration or any other pathological injury
after treatment in FSZ and other groups. In addition, the
blood routine and biochemical tests also indicated that
the liver and kidney function of the rats were normal, and
there were no other inflammatory reactions (Fig. S17B).
Together, these results suggest that local application of
FSZ at this concentration provides good biocompatibility.
Next, we explored the repair effect of FSZ NPs on
spinal cord tissue after injury. H&E staining of injured
nerves demonstrated that the spinal cord in the FSZ
NPs group had less cavities and scar and better density
and continuity (Fig. 7E and H). Interestingly, pathologi-
cal results showed that small tissue cavities were still

Page 18 of 24

preserved in SSe@ZIF-8 and FSZ groups. Nissl staining
showed that the spinal cord in the FSZ NPs group had
more Nissl’s bodies, indicating the neurons were meta-
bolically active (Fig. 7F and I). TUNEL staining showed
that apoptosis in the Fer-1, SSe@ZIF-8 and FSZ groups
were reversed compared with the SCI group (Fig. S7G
and 7 J). However, FSZ NPs has a better anti-apoptotic
effect than SSe@ZIF-8 NPs, which was consistent with
the results in vitro. A double staining with Tuj-1 (BIII-
tubulin, marker of neurons) and GFAP (marker of glial
cells) were performed to detect neural regeneration and
glial scar in lesion sites. As shown in Fig. 8A, significant
glial scars and less axons could be found in injury cen-
ter of SCI, GeIMA and Fer-1 groups. Interestingly, astro-
cytes uniformly surrounded the injured center in SSe@
ZIF-8 and FSZ groups, suggesting the glial scar forma-
tion was significantly prevented (Fig. 8D). In addition, a
large number of axons were induced gathering toward or
cross the injury center (Fig. 8A and D), which indicated
potential regeneration of neural circuits. This explains
that in the SCI, gelMA, and Fer-1 groups, the tissue
recovery center was still dominated by glial scars, while
SSe@ZIF-8 and FSZ NPs preserved the space for neu-
ronal regeneration. SCI is associated with a large loss of
Zn ions, which indirectly prevents axon growth and NSC
differentiation [49]. By TSQ staining, we can observe that
the level of Zn?" in the injured sites of SCI, GelMA and
Fer-1 groups was lower. The treatment of SSe@ZIF-8 and
FSZ restored Zn ion levels in the nerve cells (Fig. SI8A
and S18B). Interestingly, some strong Zn ion aggregation
signals were detected, suggesting that some undecom-
posed nanoparticles remain in the damaged tissue, pro-
viding evidence for sustained SCI treatment (Fig. S18A,
white arrow). By releasing Zn**, SSe@ZIF-8 and FSZ NPs
could promote the growth of neurons and axons toward
the injury center. Importantly, these results suggest that
SSe@ZIF-8 and FSZ NPs can exist in SCI injured tissue in
response to prolonged neural regeneration and recovery.

FSZ NPs regulates macrophage polarization and promotes

angiogenesis

By clearing mitochondrial ROS accumulation and regu-
lating inflammatory factor expression, FSZ effectively
promoted macrophage differentiation to M2 pheno-
type in vitro. Neuroinflammation in spinal cord injury
was also evaluated. Compared with SCI group, Argl
was expressed aggregately in lesion center of SCI in FSZ
groups, with reduced level of iNOS, which suggested that
FSZ contribute the transformation of MO macrophages
to M2 macrophages (Fig. 8B and D). Through the balance
of mitochondrial homeostasis, macrophage polarization
and the expression of inflammatory factors affect each
other. FSZ and SSe@ZIF-8 inhibited TNF-a and IL-6 lev-
els, while increased IL-4 expression in serum of SCI rats
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(Fig. S19A-S19C), which indicated the anti-inflammatory
effect. This combined strategy of FSZ NPs inhibited neu-
roinflammation and created a suitable microenvironment
for spinal cord regeneration.

Excessive ROS accumulation leads to mitochondrial
respiratory disorder, promotes the release of cytochrome
C, activates caspase3 and leads to cell apoptosis. On the
other hand, ROS also caused iron metabolism abnor-
malities and induced liposomal peroxidation leading to
ferroptosis [50]. Compared with SCI group, IFS results
suggested that FSZ NPs increased the expression of
Nrf2 and decreased the expression of cleaved-Caspase3
(c-CAS3) which suggested the inhibition of ferroptosis
and apoptosis, respectively (Fig. 8C and D). The angioge-
netic effect of FSZ NPs is revealed by CD31 staining. In
FSZ and SSe@ZIF-8 groups, the number of CD31+cells
increased significantly (Fig. S20A and S20B). These
results suggest that FSZ NPs regulates local neuroinflam-
mation and promotes angiogenesis in SCI rats.

Discussion

In this study, a series of composite materials based on
SeNPs and zeolite ZIF-8 were developed to enhance
antioxidant activity and promote neural precursor cell
differentiation. By controlling the size of the SeNPs, we
synthesized three different structures SeNPs@ZIF-8 and
confirmed their structural characteristics. These compos-
ites showed significant ROS clearance and neurodiffer-
entiation at non-toxic doses. The medium-size SeNPs@
ZIF-8 was found to be the best at clearing ROS. By load-
ing Fer-1, an iron death inhibitor, into SSe@ZIF-8, FSZ
nanoparticles showed stable drug release ability under
acidic environment, and could be decompressed under
oxidative stress to release SeNPs and Fer-1 with antioxi-
dant properties. This indicated that FSZ NPs have cyclic
antioxidant properties. In cell experiments, FSZ NPs
effectively reduced ROS accumulation in PC12 cells,
inhibited cell apoptosis, and maintained mitochondrial
homeostasis. Importantly, FSZ NPs could promote the
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neural maturation and axonal extension of PC12 cells
by activating WNT4-dependent signaling pathway. In
addition, FSZ NPs could also regulate the polarization
of macrophages from the pro-inflammatory M1 type to
the anti-inflammatory M2 type, thus providing a favor-
able microenvironment for nerve repair. In a rat model
of acute SCI model, the combination strategy of topical
application of FSZ NPs with GelMA hydrogel signifi-
cantly improved motor function, reduced glial scarring,
and promoted angiogenesis.

As a kind of MOF materials with high porosity and
large surface area, ZIF-8 not only has good biocompat-
ibility, but also can promote nerve repair [26]. Selenium
is an antioxidant that plays vital roles in regulating redox
and maintaining cell metabolism [51]. SeNPs could be
controlled in size ranging from 2 to 200 nm by reducing
selenite in an environment containing polyvinylpyrrol-
idone (PVP), which attaches to Se atoms and stops their
aggregation [29]. According to the spatial arrangement of
atoms, bimetallic nanocrystals can be divided into four
categories: alloy or intermetallic compound, core-shell,
core-satellite (or core-frame) and Janus nanocrystals [52—
54]. In this study, three different sizes of SeNPs were suc-
cessfully synthesized. These results suggest that different
encapsulation strategies may be formed based on differ-
ent sizes of nanocores.

It is well known that ROS overproduction during the
acute to subacute phase of SCI leads to severe vascu-
lar system and neural network damage, and antioxidant
therapy plays important roles in improving SCI progno-
sis [55, 56]. SeNPs are reported to be effective free radi-
cal scavengers that prevent ROS damage to neurons at
lesion of SCI [57, 58]. Although SeNPs has less toxic and
more biocompatible than organic or inorganic selenium
compounds, it is still a cause for concern. Our results
are similar to those previously reported, as the concen-
tration of SeNPs of different sizes increases, PC12 cells
immediately exhibit significant cytotoxicity. Compared
with SeNPs, ZIF-8 can promote PC12 cell proliferation
in a certain concentration range. This allows SeNPs to
promote cell proliferation even after encapsulation, thus
avoiding its inherent cytotoxicity. Because MIM-2 in
ZIF-8 has certain ROS scavenging ability, SeNPs@ZIF-8
has better antioxidant function [23].

Nano-scale ZIF-8 and bimetallic complex materials has
potential loading function, making it suitable for encap-
sulation of various cargos to develop nanocomposites
with multiple biological functions [59]. Excessive ROS
in central nervous system tissues can damage a variety of
important biological components, such as nucleic acids,
proteins, lipid acids, etc., further destroy the mitochon-
drial respiratory chain, release cytochrome C, induce
caspase-3 activation and cause apoptosis of nerve cells
[60, 61]. We selected Fer-1, a recognized iron death
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inhibitor, to further enhance the anti-neuronal death
effect of SeNPs@ZIF-8. As expected, FSZ NPs dem-
onstrated strong ROS clearance and completed mito-
chondrial protection both in vivo and in vitro, thereby
alleviating neuronal apoptosis and ferroptosis. Macro-
phages play an important role in neuroinflammation. In
the early stage, the classically activated type 1 (M1) mac-
rophages phagocytose pathogens and damage cells and
secrete pro-inflammatory factors; in the late stage, the
alternatively activated type 2 (M2) macrophages secrete
anti-inflammatory factors and devote to tissue repair
and reconstruction [62]. However, excess ROS induces
inflammatory cell infiltration and macrophage polar-
ization through mitochondrial homeostasis disruption
and production of pro-inflammatory factors, forming
a vicious cycle of central nerve inflammation and ROS
production, further aggravating inflammation and the
formation of glial cell scar. In non-malignant conditions,
selenium supplementation of macrophages attenuates the
proinflammatory function of macrophages by switching
macrophage activation from the pro-inflammatory phe-
notype M1 to the anti-inflammatory phenotype M2 [63,
64]. Our results suggest that FSZ NPs exhibit the ability
to regulate macrophage polarization towards the pro-
tective phenotype M2. This may be due to the ability of
FSZ NPs to inhibit the expression and release of inflam-
matory factors by regulating mitochondrial homeosta-
sis. Mitochondria can influence the polarization state of
macrophages by regulating metabolic pathways such as
oxidative phosphorylation (OXPHOS) and aerobic gly-
colysis. In addition, hypoxia and free fatty acids affect
mtROS production and mitochondrial dynamics, lead-
ing to mitochondrial dysfunction and mtDNA release,
and promoting the M1 phenotype [65]. Mitochondrial
disorders can directly or indirectly regulate the activation
of various inflammatory bodies. Inhibition of OXPHOS
and promotion of mtROS production increase NLRP3-
dependent caspase-1 activity and promote the secretion
of IL-1p and IL-18 [66]. Glial cells provide nutrients and
protect neurons in the central nervous system while in an
inflammatory state, they tend to form glial scars and act
as a physical barrier to neuronal regeneration [67]. When
spinal cord injury occurs, endogenous neural stem cells
(NSCs) are affected by inflammatory factors secreted by
abnormal macrophage polarization, and astrocyte dif-
ferentiation occurs instead of neurons [68]. FSZ NPs
inhibited the occurrence of glial scar by successfully con-
trolling the polarization of macrophages and regulating
the expression of inflammatory factors.

Sustained zinc ion release significantly promotes
neural differentiation of stem cells, but the molecular
mechanism is not fully understood [26, 69]. Similar to
our findings, FSZ NPs significantly promoted the neural
differentiation and maturation of PC12 cells. Previous
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studies indicated that WNT4 significantly promotes axon
growth and neuronal maturation of neural stem cells by
activating both canonical (B-catenin dependent) and
non-canonical WNT (JNK/P38 dependent) signaling
pathways [70]. Both canonical and non-canonical activa-
tion of WNT signaling can induce axon regeneration and
neurite growth, suggesting that exogenous stimulation
pathways can reassert the role of WNT after adult SCI
injury [71, 72]. Our results showed that with the increase
of FSZ NPs concentration, various neural differentiation
indexes increased gradually. In addition, FSZ NPs activa-
tion of B-catenin signaling pathway depends on WNT4
expression. This suggests that WNT4 is very important
for the neuro-promoting function of FSZ NPs.

The early construction of blood vessels at SCI injury
is very important for regulating the local hypoxia and
nutrient deprivation microenvironment, thus inhibiting
the apoptosis of neurons [73]. There is a direct relation-
ship between the breakdown of the blood-spinal barrier
(BSCB) after spinal cord injury and damage to the cell
types that form the spinal cord [74]. After SCI, mitochon-
drial ROS levels in vascular endothelial cells are elevated
due to increased oxygen consumption, which affects the
integrity of BSCB. Therefore, promoting angiogenesis
and maintaining BSCB stability is essential for maintain-
ing mitochondrial homeostasis to control high levels of
ROS after spinal cord injury. FSZ NPs also has a signifi-
cant function of promoting angiogenesis in vivo and in
vitro, which can be attributed to its significant promotion
of VEGF expression.

Conclusion

Here, multiple synthetic strategies based on SeNPs have
been developed that significantly improves the therapeu-
tic window of nano-selenium, which allows non-toxic
doses of FSZ NPs to obtain excellent ROS scavenging
effect to blocks the death of neurons from ferroptosis
and apoptosis. Through ROS scavenging of mitochon-
dria, FSZ NPs maintain mitochondrial homeostasis, thus
regulates the release of inflammatory cytokines and the
polarization of macrophages. In addition, FSZ NPs can
promote axon growth and angiogenesis by releasing Zn**
to active the WN'T/B-catenin signaling pathway. In sum-
mary, this study developed a series of novel SeNPs-based
nanocomposites, which provides an effective and promis-
ing anti-oxidant therapeutic strategy for the treatment of
SCI (Scheme 1).

Abbreviations

2-MIM 2-methylimidazole

TSQ N- (6-Methoxy-8-quinolyl)-p-toluenesulfonamide
ABTS 2,2'-Azinobis-(3-ethylbenzthiazoline-6-sulphonate)
BAX BCL-2-associated X, apoptosis regulator

BSCB Blood-spinal cord barrier

CHL Chloroquine

CPz Chlorpromazine

Page 22 of 24

DMEM Dulbecco’s modified eagle medium
ECM Endothelial cell medium

FBS Fetal bovine serum

Fer-1 Ferrostatin 1

FSZ Fer-1@SeNPs@ZIF-8

GSSG Glutathione oxide

H&E Hematoxylin and Eosin

HS Horse Serum

HUVECs Human Umbilical Vein Endothelial Cells
IL-6 Interleukin 6

MBCD Methyl-3-cyclodextrin

MSCs Mesenchymal stem cells

mtDNA Mitochondrial DNA

PBS Phosphate-buffered saline

PVDF Polyvinylidene fluoride

PVP Polyvinylpyrrolidone

RIPA Radioimmunoprecipitation assay
ROS Reactive oxygen species
RPMI-1640  Roswell Park Memorial Institute 1640 medium
Scl Spinal cord injury

SeNPs Selenium nanoparticles

SSe Small Selenium

SSSe Small-small Selenium

TBHP Tert-Butyl hydroperoxide

TEM Transmission electron microscopy
TMB 3,3,5,5-tetramethylbenzidine

TNF Tumor necrosis factor

XRD X-ray diffraction

ZIF-8 Zeolitic imidazolate framework-8

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512951-024-02610-5.

[ Supplementary Material 1 J

Acknowledgements
NA.

Author contributions

QY,YH.and H.Z. designed the nano-materials. H.Z. and S.J. performed animal-
associated experiments. Z.L and XW. performed the cell experiments. Z.L., Y.L.
and S.J. performed data curation. Y.L, TK. and C.X. performed the analysis. H.Z.
did the Figure preperation. H.Z. and S.J. wrote this manuscript. QY. and Y.H.
revised the manuscript. QY. and Y.H. conceived this concept and provided
financial support.

Funding

This work was supported by the State Key Project Ministry of Science and
Technology of China (2022YFC2504200), Key Research and development
project of Hubei Province (2022BCA029), the Fundamental Research Funds
for the Central Universities (2042023kf0198), and Chutian Researcher Project
(X22020024).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
The animal studies were reviewed and supported by the Ethics Research
Committee of the Renmin Hospital of Wuhan University (20220704B).

Consent for publication
All authors have agreed to publish this manuscript.

Competing interests
The authors declare no competing interests.


https://doi.org/10.1186/s12951-024-02610-5
https://doi.org/10.1186/s12951-024-02610-5

Zhou et al. Journal of Nanobiotechnology

(2024) 22:351

Received: 15 April 2024 / Accepted: 31 May 2024
Published online: 20 June 2024

References

1.

2.

20.

22.

Ahuja CS, Wilson JR, Nori S, Kotter MRN, Druschel C, Curt A, Fehlings MG.
Traumatic spinal cord injury. Nat Rev Dis Primers. 2017;3:17018.

Crispo JAG, Kuramoto LK, Cragg JJ. Global burden of spinal cord injury: future
directions. Lancet Neurol. 2023;22:976-8.

Hutson TH, Di Giovanni S. The translational landscape in spinal cord injury:
focus on neuroplasticity and regeneration. Nat Rev Neurol. 2019;15:732-45.
Kwon BK, Tetzlaff W, Grauer JN, Beiner J, Vaccaro AR. Pathophysiology and
pharmacologic treatment of acute spinal cord injury. Spine J. 2004;4:451-64.
Perez-Gianmarco L, Kukley M. Understanding the role of the glial scar
through the depletion of glial cells after spinal cord injury. Cells. 2023;12.
Zheng B, Tuszynski MH. Regulation of axonal regeneration after mammalian
spinal cord injury. Nat Rev Mol Cell Biol. 2023;24:396-413.

Schmidt J, Quinta HR. Mitochondrial dysfunction as a target in spinal cord
injury: intimate correlation between pathological processes and therapeutic
approaches. Neural Regen Res. 2023;18:2161-6.

Slater PG, Dominguez-Romero ME, Villarreal M, Eisner V, Larrain J. Mito-
chondrial function in spinal cord injury and regeneration. Cell Mol Life Sci.
2022;79:239.

Rizwana N, Agarwal V, Nune M. Antioxidant for neurological diseases and
neurotrauma and bioengineering approaches. Antioxid (Basel). 2021;11.
Faraco G, Sugiyama Y, Lane D, Garcia-Bonilla L, Chang H, Santisteban MM,
Racchumi G, Murphy M, Van Rooijen N, Anrather J, ladecola C. Perivascular
macrophages mediate the neurovascular and cognitive dysfunction associ-
ated with hypertension. J Clin Invest. 2016;126:4674-89.

Milich LM, Ryan CB, Lee JK. The origin, fate, and contribution of macrophages
to spinal cord injury pathology. Acta Neuropathol. 2019;137:785-97.

Marchi S, Guilbaud E, Tait SWG, Yamazaki T, Galluzzi L. Mitochondrial control
of inflammation. Nat Rev Immunol. 2023;23:159-73.

Ahuja CS, Badhiwala JH, Fehlings MG. Time is spine: the importance of early
intervention for traumatic spinal cord injury. Spinal Cord. 2020;58:1037-9.
Rizwana N, Maslekar N, Chatterjee K, Yao Y, Agarwal V, Nune M. Dual cross-
linked antioxidant mixture of poly(vinyl alcohol) and cerium oxide nanopar-
ticles as a bioink for 3D bioprinting. Acs Appl Nano Mater. 2023.

Nagarajan A, Rizwana N, Abraham M, Bhat M, Vetekar A, Thakur G,
Chakraborty U, Agarwal V, Nune M. Polycaprolactone/graphene oxide/acellu-
lar matrix nanofibrous scaffolds with antioxidant and promyelinating features
for the treatment of peripheral demyelinating diseases. J Mater Sci Mater
Med. 2023;34:49.

Wang S, LiuY, Sun Q Zeng B, Liu C, Gong L, Wu H, Chen L, Jin M, Guo J, et

al. Triple cross-linked dynamic responsive hydrogel loaded with selenium
nanoparticles for modulating the inflammatory microenvironment via
PI3K/Akt/NF-kappaB and MAPK signaling pathways. Adv Sci (Weinh).
2023;10:22303167.

SunY, Zhang P, LiY, Hou Y, Yin C,Wang Z, Liao Z, Fu X, Li M, Fan C, et al.
Light-activated gold-selenium core-shell nanocomposites with NIR-II
photoacoustic imaging performances for heart-targeted repair. ACS Nano.
2022;16:18667-81.

He F,HouW, LanY, Gao W, Zhou M, LiJ, Liu S, Yang B, Zhang J. High contrast
detection of carotid neothrombus with strong near-infrared absorption
selenium nanosphere enhanced photoacoustic imaging. Int J Nanomed.
2023;18:4043-54.

Tang X, Wang Z, Xie Y, LiuY, Yang K, Li T, Shen H, Zhao M, Jin J, Xiao H, et

al. Radiation-triggered selenium-engineered mesoporous silica nanocap-
sules for RNAI therapy in radiotherapy-resistant glioblastoma. ACS Nano.
2023;17:4062-76.

Bai B, Qi S, Yang K, Yu X, Jian R, Zhang T, Wang D, Meng H, Zhao Y, Xia Y, et al.
Self-assembly of selenium-doped carbon quantum dots as antioxidants for
hepatic ischemia-reperfusion injury management. Small. 2023;19:22300217.
Xu K, Huang PWuY, LiuT, Shao N, Zhao L, Hu X, Chang J, Peng Y, Qu S.
Engineered selenium/human serum albumin nanoparticles for efficient
targeted treatment of Parkinson’s disease via oral gavage. ACS Nano.
2023;17:19961-80.

Ferro C, Florindo HF, Santos HA. Selenium nanoparticles for biomedical appli-
cations: from development and characterization to therapeutics. Adv Healthc
Mater. 2021;10:22100598.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

Page 23 of 24

He L, Huang G, Liu H, Sang C, Liu X, Chen T. Highly bioactive zeolitic
imidazolate framework-8-capped nanotherapeutics for efficient reversal of
reperfusion-induced injury in ischemic stroke. Sci Adv. 2020;6:eaay9751.

Yao S, Pang M, Wang Y, Wang X, Lin Y, LvY, Xie Z, Hou J, Du C, Qiu Y, et al. Mes-
enchymal stem cell attenuates spinal cord injury by inhibiting mitochondrial
quality control-associated neuronal ferroptosis. Redox Biol. 2023,67:102871.
Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE,
Patel DN, Bauer AJ, Cantley AM, Yang WS, et al. Ferroptosis: an iron-depen-
dent form of nonapoptotic cell death. Cell. 2012;149:1060-72.

Zhou H, Jing S, Xiong W, Zhu Y, Duan X, Li R, Peng Y, Kumeria T, He Y, Ye Q.
Metal-organic framework materials promote neural differentiation of dental
pulp stem cells in spinal cord injury. J Nanobiotechnol. 2023;21:316.

Zhou H, Jing S, Liu Y, Wang X, Duan X, Xiong W, Li R, Peng Y, Ai Y, Fu D, et al.
Identifying the key genes of Epstein-Barr virus-regulated tumour immune
microenvironment of gastric carcinomas. Cell Prolif. 2023;56:€13373.
Kiyohara ACP, Torres DJ, Hagiwara A, Pak J, Rueli R, Shuttleworth CWR,
Bellinger FP. Selenoprotein P regulates synaptic zinc and reduces tau phos-
phorylation. Front Nutr. 2021;8:683154.

Zhang JS, Gao XY, Zhang LD, Bao YP. Biological effects of a nano red elemen-
tal selenium. BioFactors. 2001;15:27-38.

Huang B, Zhang J, Hou J, Chen C. Free radical scavenging efficiency of Nano-
Se in vitro. Free Radic Biol Med. 2003;35:805-13.

Xie BS, Wang YQ, Lin Y, Mao Q, Feng JF, Gao GY, Jiang JY. Inhibition of fer-
roptosis attenuates tissue damage and improves long-term outcomes after
traumatic brain injury in mice. CNS Neurosci Ther. 2019,25:465-75.

Ge H, Xue X, Xian J, Yuan L, Wang L, Zou Y, Zhong J, Jiang Z, Shi J, Chen T, et al.
Ferrostatin-1 alleviates white matter injury via decreasing ferroptosis follow-
ing spinal cord injury. Mol Neurobiol. 2022,59:161-76.

Jing S, LiuY, Ye Z, Ghaleb Al-bashari AA, Zhou H, He Y. Ferrostatin-1 loaded
gelatin methacrylate scaffold promotes recovery from spinal cord injury via
inhibiting apoptosis and ferroptosis. Nano TransMed. 2023;2.

Li Y, Ritzel RM, He J, Cao T, Sabirzhanov B, Li H, Liu S, Wu LJ, Wu J. The voltage-
gated proton channel Hv1 plays a detrimental role in contusion spinal cord
injury via extracellular acidosis-mediated neuroinflammation. Brain Behav
Immun. 2021,91:267-83.

Sun Q MaH, Zhang J, You B, Gong X, Zhou X, Chen J, Zhang G, Huang J,
Huang Q, et al. A self-sustaining antioxidant strategy for effective treatment
of myocardial infarction. Adv Sci (Weinh). 2023;10:22204999.

Bouchez C, Devin A. Mitochondrial biogenesis and mitochondrial reactive
oxygen species (ROS): a complex relationship regulated by the cAMP/PKA
signaling pathway. Cells. 2019:8.

Jiang Y, Fu P, Liu Y, Wang C, Zhao P, Chu X, Jiang X, Yang W, Wu Y, Wang Y et al.
Near-infrared light-triggered NO release for spinal cord injury repair. Sci Adv.
2020;6.

Zipp F, Bittner S, Schafer DP. Cytokines as emerging regulators of central
nervous system synapses. Immunity. 2023;56:914-25.

JiT, Kohane DS. Nanoscale systems for local drug delivery. Nano Today.
2019;28.

Zhou R, Li J,Wang R, Chen Z, Zhou F. The neurovascular unit in healthy and
injured spinal cord. J Cereb Blood Flow Metab. 2023;43:1437-55.

QianY, Gong J, Lu K, Hong Y, Zhu Z, Zhang J, Zou Y, Zhou F, Zhang C, Zhou' S,
et al. DLP printed hDPSC-loaded GelMA microsphere regenerates dental pulp
and repairs spinal cord. Biomaterials. 2023;299:122137.

LiuY, Zhu Z, Pei X, Zhang X, Cheng X, Hu S, Gao X, Wang J, Chen J, Wan Q.
ZIF-8-modified multifunctional bone-adhesive hydrogels promoting angio-
genesis and osteogenesis for bone regeneration. ACS Appl Mater Interfaces.
2020;12:36978-95.

Costa Verdera H, Gitz-Francois JJ, Schiffelers RM, Vader P. Cellular uptake of
extracellular vesicles is mediated by clathrin-independent endocytosis and
macropinocytosis. J Control Release. 2017;266:100-8.

Conner SD, Schmid SL. Regulated portals of entry into the cell. Nature.
2003;422:37-44.

Stern ST, Adiseshaiah PP, Crist RM. Autophagy and lysosomal dysfunction as
emerging mechanisms of nanomaterial toxicity. Part Fibre Toxicol. 2012;9:20.
Cong VT, Houng JL, Kavallaris M, Chen X, Tilley RD, Gooding JJ. How can we
use the endocytosis pathways to design nanoparticle drug-delivery vehicles
to target cancer cells over healthy cells? Chem Soc Rev. 2022;51:7531-59.
Means N, Elechalawar CK, Chen WR, Bhattacharya R, Mukherjee P. Revealing
macropinocytosis using nanoparticles. Mol Aspects Med. 2022;83:100993.
Rennick JJ, Johnston APR, Parton RG. Key principles and methods for
studying the endocytosis of biological and nanoparticle therapeutics. Nat
Nanotechnol. 2021;16:266-76.



Zhou et al. Journal of Nanobiotechnology

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

(2024) 22:351

Kijima K, Kubota K, Hara M, Kobayakawa K, Yokota K, Saito T, Yoshizaki S,
Maeda T, Konno D, Matsumoto Y, et al. The acute phase serum zinc concen-
tration is a reliable biomarker for predicting the functional outcome after
spinal cord injury. EBioMedicine. 2019;41:659-69.

Zheng J, Conrad M. The metabolic underpinnings of ferroptosis. Cell Metab.
2020;32:920-37.

Huang J, Xie L, Song A, Zhang C. Selenium status and its antioxidant role in
metabolic diseases. Oxid Med Cell Longev. 2022;2022:7009863.

Qiu J,Nguyen QN, Lyu Z, Wang Q, Xia Y. Bimetallic Janus nanocrystals: synthe-
ses and applications. Adv Mater. 2022;34:22102591.

Liu L, Corma A. Bimetallic sites for catalysis: from binuclear metal sites to
bimetallic nanoclusters and nanoparticles. Chem Rev. 2023;123:4855-933.
Liu M, Shang C, Zhao T, Yu H, Kou Y, Lv Z, Hou M, Zhang F, Li Q, Zhao D, Li X.
Site-specific anisotropic assembly of amorphous mesoporous subunits on
crystalline metal-organic framework. Nat Commun. 2023;14:1211.
Coyoy-Salgado A, Segura-Uribe JJ, Guerra-Araiza C, Orozco-Suarez S, Salgado-
Ceballos H, Feria-Romero IA, Gallardo JM, Orozco-Barrios CE. The importance
of natural antioxidants in the treatment of spinal cord injury in animal
models: an overview. Oxid Med Cell Longev. 2019;2019:3642491.

Ying Y, Huang Z, TuY,Wu Q, Li Z, Zhang Y, Yu H, Zeng A, Huang H, Ye J, et

al. A shear-thinning, ROS-scavenging hydrogel combined with dental pulp
stem cells promotes spinal cord repair by inhibiting ferroptosis. Bioact Mater.
2023,22:274-90.

JiZ, Zheng J,MaY, Lei H, Lin W, Huang J, Yang H, Zhang G, Li B, Shu B, et al.
Emergency treatment and photoacoustic assessment of spinal cord injury
using reversible dual-signal transform-based selenium antioxidant. Small.
2023;19:22207888.

Liu X, Mao Y, Huang S, LiW, Zhang W, An J, Jin Y, Guan J, Wu L, Zhou P. Sele-
nium nanoparticles derived from proteus mirabilis YC801 alleviate oxidative
stress and inflammatory response to promote nerve repair in rats with spinal
cord injury. Regen Biomater. 2022,9:rbac042.

Manni L, Conti G, Chiaretti A, Soligo M. Intranasal nerve growth factor for
prevention and recovery of the outcomes of traumatic brain injury. Neural
Regen Res. 2023;18:773-8.

Jiang X, Jiang H, Shen Z, Wang X. Activation of mitochondrial protease OMA1
by Bax and Bak promotes cytochrome c release during apoptosis. Proc Nat!
Acad Sci U S A.2014;111:14782-7.

Sribar J, Kovacic L, Oberckal J, Ivanusec A, Petan T, Fox JW, Krizaj I. The neu-
rotoxic secreted phospholipase A(2) from the Vipera a. ammodytes venom
targets cytochrome c oxidase in neuronal mitochondria. Sci Rep. 2019,9:283.
Razaghi A, Poorebrahim M, Sarhan D, Bjornstedt M. Selenium stimu-

lates the antitumour immunity: insights to future research. Eur J Cancer.
2021;155:256-67.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

Page 24 of 24

Vunta H, Belda BJ, Arner RJ, Channa Reddy C, Vanden Heuvel JP, Sandeep
Prabhu K. Selenium attenuates pro-inflammatory gene expression in macro-
phages. Mol Nutr Food Res. 2008;52:1316-23.

Chen D, Liang Z, Su Z, Huang J, PiY, Ouyang Y, Luo T, Guo L. Selenium-doped
mesoporous bioactive glass regulates macrophage metabolism and polariza-
tion by scavenging ROS and promotes bone regeneration in vivo. ACS Appl
Mater Interfaces. 2023;15:34378-96.

Xu'L,Yan X, ZhaoY,Wang J, Liu B, Yu S, Fu J, Liu Y, Su J. Macrophage polariza-
tion mediated by mitochondrial dysfunction induces adipose tissue inflam-
mation in obesity. Int J Mol Sci. 2022;23.

Heid ME, Keyel PA, Kamga C, Shiva S, Watkins SC, Salter RD. Mitochondrial
reactive oxygen species induces NLRP3-dependent lysosomal damage and
inflammasome activation. J Immunol. 2013;191:5230-8.

Gao X, Han Z, Huang C, Lei H, Li G, Chen L, Feng D, Zhou Z, Shi Q, Cheng L,
Zhou X. An anti-inflammatory and neuroprotective biomimetic nanoplatform
for repairing spinal cord injury. Bioact Mater. 2022;18:569-82.

Domingues AV, Pereira IM, Vilaca-Faria H, Salgado AJ, Rodrigues AJ, Teixeira
FG. Glial cells in Parkinson s disease: protective or deleterious? Cell Mol Life
Sci. 2020;77:5171-88.

Pfaender S, Fohr K, Lutz AK, Putz S, Achberger K, Linta L, Liebau S, Boeck-

ers TM, Grabrucker AM. Cellular zinc homeostasis contributes to neuronal
differentiation in human induced pluripotent stem cells. Neural Plast.
2016;2016:3760702.

Li X, Peng Z, Long L, Tuo Y, Wang L, Zhao X, Le W, Wan Y. Wnt4-modified NSC
transplantation promotes functional recovery after spinal cord injury. FASEB J.
2020;34:82-94.

Chen C,Yang Y, Yao Y. HBO promotes the differentiation of neural stem cells
via interactions between the Wnt3/beta-Catenin and BMP2 signaling path-
ways. Cell Transpl. 2019;28:1686-99.

Stoeckli ET. Longitudinal axon guidance. Curr Opin Neurobiol. 2006;16:35-9.
Li S, Dinh HTP, Matsuyama Y, Sato K, Yamagishi S. Molecular mechanisms in
the vascular and nervous systems following traumatic spinal cord injury. Life
(Basel). 2022;13.

Milich LM, Choi JS, Ryan C, Cerqueira SR, Benavides S, Yahn SL, Tsoulfas P, Lee
JK. Single-cell analysis of the cellular heterogeneity and interactions in the
injured mouse spinal cord. J Exp Med. 2021;218.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Repair spinal cord injury with a versatile anti-oxidant and neural regenerative nanoplatform
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Chemicals and materials
	﻿Synthesis of nanomaterials
	﻿Synthesis of ZIF-8
	﻿Synthesis of SeNPs
	﻿Synthesis of Se@ZIF-8
	﻿Synthesis of Fer-1@SSe@ZIF-8 (FSZ)


	﻿Nanomaterials characterization
	﻿Cell culture
	﻿Intracellular uptake of nanoparticles
	﻿TEM analysis for cellular localization of nanoparticles
	﻿PH-release drug release
	﻿TMB and ABTS free radical scavenging assay
	﻿Mitochondrial ROS detection
	﻿Mitochondrial membrane potential detection
	﻿Cell viability assay
	﻿Cell cycle analysis
	﻿Intracellular ROS detection
	﻿Cell apoptosis analysis
	﻿Measurement of neurite growth
	﻿Transcriptome analysis
	﻿Western blot analysis
	﻿Enzyme-linked immunosorbent assay (ELISA)
	﻿Transwell migration assay
	﻿Cell homing detection
	﻿Tube formation assay
	﻿Flow cytometry
	﻿Animals and ethics statement
	﻿Surgical procedure and treatment
	﻿Behavioral tests
	﻿Blood routine and biochemical tests
	﻿H&E staining
	﻿Nissl staining
	﻿Immunofluorescence staining
	﻿Immunohistochemical staining
	﻿TUNEL staining
	﻿TSQ staining
	﻿Statistical analysis
	﻿Results
	﻿Size-dependent synthesis strategy of ZIF-8 encapsulated SeNPs
	﻿Evaluation of ROS scavenging efficiency of different structural SeNPs@ZIF-8
	﻿Synthesis and antioxidant ability detection of FSZ NPs
	﻿FSZ NPs prevent apoptosis and maintain mitochondrial homeostasis
	﻿FSZ NPs inhibit neural inflammation
	﻿FSZ NPs promotes neurite outgrowth and neuronal maturation
	﻿FSZ promotes neural differentiation by activating the WNT4/β-catenin pathway
	﻿FSZ promotes angiogenesis by activating VEGF expression
	﻿Dual invasion mechanisms of FSZ NPs
	﻿Motor-functional rescuing of SCI rats by local administration of FSZ NPs
	﻿FSZ NPs promotes neural regeneration and prevents glial scar formation in vivo
	﻿FSZ NPs regulates macrophage polarization and promotes angiogenesis

	﻿Discussion
	﻿Conclusion
	﻿References


