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Stem cell transplantation holds great potential as a treatment option for nerve damage diseases. However, the
therapeutic effects are significantly impeded by low survival rate and uncontrolled differentiation of stem cells.
In this study, black phosphorus nanosheets (BPNs), which are biodegradable inorganic nanomaterials, are first
revealed with remarkable abilities to regulate cellular redox homeostasis, enhance transplant survival rate of
stem cells, and facilitate neural differentiation of neural progenitor cells (NPCs). These effects of BPNs are proved

to be associated with the activation of nuclear factor erythroid 2-like 2 (Nrf2) pathways in NPCs. In vivo, BPNs-
treated NPCs could effectively inhibit inflammatory response and neuronal apoptosis in the mice with spinal cord
injury (SCI). In addition, BPNs-treated NPCs more effectively reduce glial scar formation and promote axon
regeneration compared with natural NPCs in SCI site. These findings collectively support the therapeutic po-
tentials of BPNs for advanced stem cell transplantation and neural tissue engineering in the future.

1. Introduction

Nerve damage diseases, such as stroke and spinal cord injury (SCI),
pose a serious threat to human health [1,2]. Due to the limited regen-
erative capacity of the central nervous system in the natural state, the
fatality and disability rate of patients suffering from nerve injuries are
extremely high [3]. In recent years, significant achievements have been
made to promote nerve repair and functional recovery by using stem
cells [4,5]. Stem cells demonstrate excellent self-renewal and differen-
tiation ability and can repair damaged tissues through multiple path-
ways including cell replacement, secretion of soluble factors, and
extracellular vesicles [6,7]. Despite these promising benefits, stem cell
therapy still faces several limitations, with the most crucial problems
being the poor survival rate and uncontrolled differentiation of stem
cells in vivo [8]. To solve these problems, some strategies have been
developed to improve the survival rate of transplanted cells and promote
directional differentiation, including cytokines [9], small-molecule
drugs [10], genetic modification [11], natural and synthetic nano-
materials [12-14], etc. Notably, nanomaterials serve as excellent car-
riers for functional groups, small-molecule drugs, and cytokines, which
have been developed as a superior strategy for stem cell therapy [7,15].
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Despite the advancements of these strategies, many problems, such as
poor biological safety, complex preparation process, and technical cost,
remain unsettled. To date, achieving a simple and feasible method to
simultaneously improve the survival rate of stem cells and regulate their
differentiation behavior has still been an ongoing challenge.

In recent years, black phosphorus nanosheets (BPNs), categorized as
novel two-dimensional inorganic nanomaterials, have been widely used
in the biomedical field [16,17]. Owing to excellent photothermal con-
version efficiency and biodegradability, BPNs have been extensively
applied in cancer therapies [18-21]. Interestingly, BPNs were also re-
ported with remarkable effects on the treatment of neurological diseases
[22-24]. Based on the inherent antioxidant capacity, electrical con-
ductivity, and biodegradability of BPNs, three-dimensional black phos-
phorus nanoscaffolds were recently found with the ability to promote
neural differentiation of stem cells and neural repair [22]. Despite these
findings, the mechanism, therapeutics effects, and potential applications
of BPNs on stem cell fate regulation, especially in neural stem cells
(NSCs) are still unknown. Considering the great potential of nano-
materials for enhanced stem cell therapy and the potential therapeutic
effects of BPNs on stem cells and neural repair, it is of great value and
urgency to study the biological effects of BPNs on stem cells.
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In our previous study, BPNs were revealed with excellent abilities to
enhance the antioxidant capacity of stem cells by upregulating the nu-
clear factor E2-like 2 (Nrf2) -dependent antioxidant pathway, thus
improving the survival rate of NPCs in vivo [25]. This provides great
opportunities for the application of BPNs in stem cell therapy. Whereas,
whether the pretreatment with BPNs affects the differentiation fate of
stem cells is still unknown, considering that Nrf2 demonstrates an
important impact on the stemness maintenance, self-renewal, and dif-
ferentiation fate of stem cells [26,27]. Besides, Nrf2 activation was re-
ported to promote osteogenic differentiation of mesenchymal stem cells
[28-30]. Nrf2 overexpression could prevent the toxicity of amyloid  on
NSCs and improve the survival, proliferation and differentiation of NSCs
in mice [31]. In addition, transplantation of NSCs overexpressing Nrf2
also promoted stem cell regeneration of aging rats [32]. Based on these
facts, it is probable that BPNs can regulate the differentiation of NPCs via
the activation of the Nrf2 pathway.

Herein, we report that the direct treatment of BPNs can improve the
survival rate of NPCs and enhance the neural differentiation of NPCs.
These biological effects of BPNs on NPCs are comprehensively demon-
strated and can be primarily attribute to the up-regulation of Nrf2 in
NPCs induced by BPNs. To further explore the antioxidative effects on
stem cells, passivated BPNs and phosphate solutions (mimicking BPNs
degradation products) are utilized to reveal the effect of BPNs on neural
differentiation of NPCs by regulating intracellular redox homeostasis. In
SCI mice, BPNs are demonstrated with enhanced neuroprotection to
NPCs. BPNs-treated NPCs effectively reduce glial scar formation and
promote axon regeneration, demonstrating a better nerve repair effect.
Our proposed biodegradable BPNs-based stem cell therapy provides
more informative support for improving the efficacy of stem cell trans-
plantation for nerve damage diseases (Fig. 1).

2. Materials and methods
2.1. Preparation and characterization of black phosphorus nanosheets

Black phosphorus crystal powder was purchased from Nanjing
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MKNANO Tec Co., LTD. (Nanjing, China). The powder was dispersed in
N-Methylpyrrolidone (NMP) solution, and then stripped off with an ul-
trasonic probe in ice water for 24 h. BNPs precipitates were obtained by
centrifugation at 1000 rpm-4000 rpm and then dispersed in ultrapure
water. Concentration of BPNs was determined at 460 nm using a
UV-visible spectrophotometer (PerkinElmer). The morphology of BPNs
was characterized by transmission electron microscopy (TEM, JEOL).
The particle size distribution and zeta potential of BPNs were measured
by dynamic light scattering (DLS, Brookhaven). Raman spectroscopy
(Renishaw) was used to determine the characteristic absorption peak of
BPNs. The characteristic peaks of azobenzoic acid-modified BPNs were
measured by infrared spectroscopy.

2.2. Cell culture

NPCs were differentiated from human induced pluripotent stem cells
(iPSCs), as previously reported [33], with the following components:
50% DMEM/F12 (GIBCO), 50% Neurobasal (GIBCO), 1x B27 (GIBCO),
1x N2 (STEMCELL Technologies), 1x GlutaMAX (GIBCO) and 10 ng/mL
hLIF (Peprotech), 4 uM CHIR99021 (MCE, HY-10182), 3 uM SB431542
(MCE, HY-10431), 2 uM Dorsomorphin (MCE, HY-13418A), and 0.1 uM
Compound E (MCE, HY-14176). At day 8, single cell passage was per-
formed with ACCUTASE (Sigma-Aldrich), and the medium was switched
to neural stem cell maintenance medium (NSMM: 1x B27, 1x N2, 1x
GlutaMAX, 10 ng/mL hLIF, 3 yM CHIR99021 and 2 pM SB431542). In
addition, it is necessary to add Y-27632 (MCE, HY-10071) at a final
concentration of 10 pM during each cell passage [25]. Neuronal differ-
entiation was performed in DMEM/F12, 1x N2, 1x B27, 300 ng/mL
cAMP (Sigma-Aldrich), 200 pM vitamin C (Sigma-Aldrich), 10 ng/mL
brain derived neurotrophic factor (BDNF) and 10 ng/mL glial cell
derived neurotrophic factor (GDNF) (Peprotech).

2.3. Cell viability test

Cell viability was assessed by using the CCK-8 assay (APExBIO). In
brief, Matrigel solutions containing gradient concentrations of BPNs
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Fig. 1. Schematic illustration shows that BPNs enhance the neural differentiation of NPCs and improve axonal regeneration in SCI mice. BPNs promote neural
differentiation of NPCs through the upregulation of Nrf2 expression and intracellular redox homeostasis. BPNs-treated NPCs have higher survival rate and neuro-

protective effects in vivo.
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were prepared and added to 96-well plates at a volume of 100 pL per
well. The plates were incubated in a cell incubator for 1 h. NPCs were
then seeded onto Matrigel-coated plates at a density of 10,000 cells per
well and cultured for 5 days under normal conditions. Subsequently, the
CCKS8 test was performed: the culture medium was removed, and CCK8
working solution (10 pL of detection solution added to 100 pL of me-
dium) was added. The cell plates were incubated in the dark for 2 h. The
absorbance was measured at 450 nm to calculate the corresponding cell
survival rate.

2.4. Intracellular distribution of BPNs

BPNs and excess of Coumarin 6 were put into a brown glass bottle,
and NMP solution was added. The mixture was sealed and protected
from light to stir for 48 h at room temperature (RT). At the end of the
reaction, the free Coumarin 6 was removed by washing 3-5 times with
NMP solution, and then washed 3 times by centrifugation with sterile
water before dispersing in sterile water. NPCs were seeded in a confocal
dish, and when the cell density reached about 56%-60%, the medium
containing Coumarin 6-modified BPNs was added. After incubation in
the dark for a period (3 h, 6 h, 12 h, 24 h), the medium was discarded.
LysoTracker™ Red DND-99 (Thermofisher L7528) at a final concen-
tration of 100 nM was added and incubated in the dark for 30 min. 4%
paraformaldehyde solution was added and fixed at RT for 15 min. The
cell nuclei were stained with DAPI for 10 min. An appropriate amount of
anti-fluorescence quench agent was added, and the stained were stored
in the dark at 4°C. The intracellular distribution of BPNs was observed
by confocal microscopy.

2.5. Aszobenzoic acid passivated BPNs

BPNs and excess p-Azidobenzoic Acid were put into the reaction
flask, and an appropriate amount of N, N-dimethylformamide solution
(DMF) was added. The reaction was carried out at 140°C for 12 h in the
absence of oxygen and water. After the reaction, the precipitate was
washed 3-5 times with DMF solution, once with ethanol, and then 3
times with sterile water. The precipitate was dispersed in sterile water
and lyophilized for storage.

2.6. Measurement of intracellular phosphate ion concentration

When the density of NPCs reached about 70%, different concentra-
tions of BPNs, BPNs-ABA, and different concentrations of phosphate
solution were added. After 6 h, the cells were collected in 1.5 mL
centrifuge tubes. The cells were washed 3 times with ultrapure water to
adequately remove the phosphate from the medium, followed by
resuspension of the cells with ultrapure water and the cells were placed
in liquid nitrogen immediately. After 15 min, the cells were melted in a
37°C-water bath and immediately placed in a —80°C refrigerator. After
60 min, the cells were thawed in a 37°C water bath and freeze-thaw
were repeated twice. Repeated freeze-thaw was performed to suffi-
ciently lyse the cells to release intracellular phosphate ions. The super-
natant was obtained by centrifugation at 12,000g for 10 min, and the
phosphate ion concentration in the supernatant was detected by the
phosphate detection kit (Beyotime, S0169S).

2.7. RNA isolation and gPCR

Total RNA was extracted from the cells using RNA extraction kit
(EZBioscience, BO004D), and the concentration of RNA was determined
using Nanodrop (Thermo Scientific), followed by cDNA obtained using a
reverse transcription kit (TransGen Biotech, EasyScript® All-in-One
First-Strand cDNA Synthesis SuperMix for qPCR (One-step gDNAR-
emoval)). The cDNA obtained was used for subsequent qPCR (TransGen
Biotech, PerfectStart ® Green qPCR SuperMix). The real-time PCR ma-
chine (Roche, LightCycler) was preheated at 95°C for 5 min. There were

Chemical Engineering Journal 472 (2023) 144977

45 cycles of three-step amplification (denaturation at 95°C for 10 s,
renaturation at 60°C for 10 s, and elongation at 72°C for 10 s). Melting
(95°C denaturation for 10 s, 65°C denaturation for 60 s, 97°C denatur-
ation for 1 s); the cells were cooled for 30 s at 37°C. The primers used for
qPCR are shown in Table S1.

2.8. Western blotting (WB)

The protein was collected by centrifugation after the cells were fully
lysed with RIPA lysate containing 1 mM PMSF (Beyotime). Protein
concentration was determined using a BCA kit (Thermo Scientific).
Equal amounts of proteins were separated by 10% sodium dodecy! sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) (FUDE BioTech) at
200 V for 45 min after denaturation. The proteins on the gel were then
transferred to a PVDF membrane in transfer buffer (0.3 mA for 90 min).
After blocking with 5% fresh milk for 2 h, soaked in primary antibody at
4°C overnight. The next day, the samples were incubated with the cor-
responding HRP secondary antibody for 1 h. Band images were obtained
by imaging system (baygene BG-gdsAUTO 730). Finally, Image J was
used to calculate the gray value of the band. Primary antibodies: Rabbit
anti-NOTCH1 antibody (1:1000, CST, D1E11), Rabbit anti-HES1 anti-
body (1:1000, CST, D6P2U), Mouse anti-GAPDH Monoclonal Antibody
(1:1000, Proteintech, 60004-1-Ig). Second antibodies: Goat anti-Mouse
IgG/HRP (1:2000, Bioss, bs-0296G-HRP), Goat anti-Rabbit IgG (H&L)-
HRP (1:5000, Bioworld, BS13278).

2.9. Cell immunofluorescence

Adherent cells were fixed with paraformaldehyde for 15 min at RT,
followed by membrane disruption with 0.2% TritonX100 for 15 min at
RT. The cells were blocked with 1% BSA solution for 1 h at RT, and the
appropriate primary antibody solution was added overnight at 4°C. The
next day, the primary antibody was recycled, the corresponding sec-
ondary antibody was added, and the cells were incubated in the dark for
1 h. Nuclei were stained with DAPI (Solarbio). Finally, anti-fluorescence
quencher (Solarbio) was added and photographed under fluorescence
microscope (Nikon). Cellular fluorescence intensity and the proportion
of positive cells were quantified using ImageJ software. Primary anti-
body includes: Mouse anti-NESTIN (1:500, Cell Signaling Technology
(CST), 33475 s), Rabbit anti-PAX6 (1:200, CST, 60433 s), Rabbit anti-
SOX2 (1:400, CST, 3579 s), Rabbit anti-p3-Tubulin (1:200, CST, 5568
s), Rabbit anti-MAP2 (1:200, CST, 4542 s), Rabbit anti-GAP43 (1:200,
CST, 8945 s), Rabbit anti-Synapsin-1 (1:200, CST, 5297 s), Rabbit anti-
NEUN (1:50, CST, D4G40), Rabbit anti-NF200 (1:200, Sigma-Aldrich,
N4142), Mouse anti GFAP (1:400, Sigma-Aldrich, G6171), Mouse anti-
STEM121 (1:500, TaKaRa, Y40410). Secondary antibody includes:
Donkey anti-mouse IgG Secondary antibody, Alexa Fluor Plus 488
(1:500, Thermo Scientific, A32766) and Donkey anti-Rabbit IgG Sec-
ondary antibody, Alexa Fluor Plus 594 (1:500, Thermo scientific,
A32754).

2.10. Spinal cord injury model and cell transplantation

All research protocols related to animal experiments were approved
by the experimental Animal welfare ethical approval of the Experi-
mental Animal Management and Use Committee of Wuhan Sevier
Biotechnology Co., LTD. Briefly, Adult female C57BL/6 mice were
anesthetized by intraperitoneal injection of pentobarbital (10 mg/kg),
the surgical site was sterilized after shaving, and the mice were fixed in
the prone position. Locating thoracic vertebrae 10 (T10) and a straight
incision was made on the back corresponding to thoracic vertebrae
9-11, and the muscles were stripped to fully expose the vertebral plate.
The T10 vertebral plate was removed, and the T10 spinal cord was
exposed and lifted upward. The left half of the T10 segment of the spinal
cord was cut from the midline of the spinal cord, and the left foot of the
mouse immediately went limp. The cells were thawed and dispersed in
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DMEM/F12 medium. Each mouse was injected with 5 x 1075 cells
(volume: 10 pL), and the model group was injected with the same vol-
ume of DMEM/F12 medium. Intramuscular injection of penicillin (1 x
10"4 units/mouse) was performed within one week after operation.
Prevention of urinary tract infections requires urination twice a day. All
mice were injected with cyclosporin A (10 mg/kg) from the day before
surgery until the end of the experiment.

2.11. Immunofluorescence and immunohistochemical staining of paraffin
sections

The paraffin sections of the spinal cord were deparaffinized and
antigen retrieved before immunofluorescence staining and immunohis-
tochemical staining. Immunohistochemistry requires blocking endoge-
nous peroxidase with 3% HyO3 solution. This was followed by blocking
with 3% BSA solution for 30 min at 37°C. After that, the appropriate
primary antibody was added at 4°C overnight. The next day, the primary
antibody was recycled, the corresponding secondary antibody was
added, and the cells were incubated in the dark for 1 h. After that, the
tissue autofluorescence was eliminated with a kit (Vectorlabs), and then
the nuclei were stained with DAPI. Finally, anti-fluorescence quenching
agent was added for sealing. Inmunohistochemical staining was per-
formed with HRP horseradish peroxidase labeled secondary antibody
followed by DAB kit (Solarbio). The nuclei were stained with hema-
toxylin and the film were sealed with neutral gum after dehydration. The
primary antibody used for immunohistochemistry: Rabbit anti-ibal
(1:250, WAKO, 019-19741). Secondary antibody: Goat Anti-Rabbit
IgG (H + L) HRP (1:2000, Bioworld, BS13278).
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2.12. Statistical analysis

All tests are repeated three times or more and the results are shown
as mean + sem. All statistical analyses were performed using GraphPad
Prism 5.0 software. For comparison of two groups, the two-tailed in-
dependent Student’s t-test was used. For multiple groups, one-way
analysis of variance (ANOVA) was used, *P < 0.05, **P < 0.01, ***P
< 0.001.

3. Results and discussion
3.1. Characterization and intracellular distribution of BPNs

BPNs were prepared by the liquid phase stripping method [34] and
gradient centrifugation in different size ranges. Our previous study
demonstrated that BPNs with an average size of about 500 nm could
significantly up-regulate Nrf2 expression in NPCs [25]. Hence, the
average size of BPNs used in this study is around 500 nm, as shown in the
Fig. 2A-B. BPNs demonstrated negligible toxicity to NPCs in low con-
centrations (Fig. 2C), suggesting the excellent biosafety of the BPNs
concentration used in this study (normally 2.5 pg/mL, 80 pM). Before
exploring the biological effects of BPNs on NPCs, the intracellular dis-
tribution of BPNs was characterized. To study the intracellular distri-
bution of BPNs, a fluorescent dye, Coumarin 6, was loaded on BPNs by
electrostatic adsorption. Cells were incubated with BPNs for 3h, 6 h, 12
h, and 24 h, respectively. Next, lysosomes were labeled with lysosome
tracker, and nuclei were stained with DAPI before cells were observed by
a confocal microscope. As shown in Fig. 2D, for cells treated with BPNs
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for 3 h, a small amount of BPNs were absorbed by the cells and
distributed in the cytoplasm, and almost no overlapping fluorescence
signal was observed in lysosomes. After 6 h of incubation, the uptake of
BPNs by the cells increased significantly, and the phagocytosis of BPNs
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by lysosomes could be observed (as indicated in the white arrow). The
longer uptake images indicated that the BPNs could escape from lyso-
somes and distribute in the cytoplasm [20]. TEM images of the cells
treated with BPNs for 6 days showed that BPNs were remained in the
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Fig. 3. BPNs promoted stemness loss and spontaneous differentiation of NPCs. A) qPCR validation of gene expression in NPCs treated with BPNs for 5 days (n = 3). B-
D) Immunofluorescence staining and quantification of protein expression in NPCs treated with BPNs for 5 days. (n = 4-5). Scale bar: 100 pm. E) RNA-seq heatmap
showing the expression of genes of different signaling pathways in NPCs and BPNs-treated NPCs. F) qPCR validation of gene expression in NPCs treated with BPNs for
5 days (n = 3). G-H) WB validation of protein expression (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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cells (Fig. 2E). Moreover, the edges of the BPNs became smooth
compared with the original form, likely due to the degradation process.

3.2. BPNs enhance neural differentiation of NPCs

3.2.1. BPNs promote the loss of stemness of NPCs

Our previous study demonstrated that BPNs could enhance the sur-
vival of stem cells under oxidative stress by up-regulating Nrf2 signaling
pathway [25]. Nevertheless, it is still unclear whether the regulation of
redox homeostasis of stem cells by BPNs affects the differentiation
behavior of cells. To investigate the effect of BPNs on the differentiation
of NPCs, first, we seeded NPCs on Matrigel containing BPNs and cultured
NPCs in maintenance medium for 5 days. Then the marker genes of NPCs
were detected by qPCR and immunofluorescence staining. As shown in
the Fig. 3A-D, Surprisingly, BPNs significantly downregulated PAX6
expression. Considering PAX6 is a multifunctional transcription factor
that regulates NSCs proliferation and differentiation [35], the down-
regulation of PAX6 is an important signal for the loss of stemness in
NPCs. Meanwhile, we detected the early neuronal marker (B-III Tubulin,
TUJ1), and the percentage of TUJ1-positive cells in NPCs was increased
by BPNs. In addition, RNA-seq data showed that BPNs downregulated
the expression of genes involved in NOTCH1 signaling pathway in NPCs
(Fig. 3E). We further validated this result by qPCR and WB experiment
(Fig. 3F-H). Both NOTCH1 and HES1 play important roles in main-
taining the undifferentiated state of neural stem cells [36], and the
decrease of NOTCH1 and HES1 expression further indicated the loss of
stemness of NPCs. These results indicated that BPNs could induce
spontaneous neural differentiation of NPCs under maintenance culture
medium.

3.2.2. BPNs enhance neural differentiation of NPCs

We have demonstrated that BPNs were able to promote loss of
stemness and neural differentiation of NPCs in maintenance medium. On
this basis, we further investigated whether BPNs-treated NPCs have
more efficient neural differentiation in the induced differentiation me-
dium. Medium containing BDNF, GDNF, vitamin C and cAMP was used
to induce neural differentiation of NPCs (Fig. S1A) [10]. First, NPCs
were cultured on Matrigel containing BPNs for 5 days and then har-
vested and reseeded without the addition of BPNs. After 2 days of
maintenance culture, NPCs were changed to induction medium to
observe the effect of BPNs pretreatment on neural differentiation. gPCR
results at days 4 and 7 of differentiation showed that the expression of
growth-associated protein 43 (GAP43) was significantly higher in the
BPNs-treated group (Fig. S1B). As an axonal membrane protein, an
important function of GAP43 is to promote neuronal axonal growth and
synaptic plasticity [37]. At 10 days of differentiation, BPNs-treated
NPCs-derived neurons were more likely to aggregate into spheres and
express higher levels of GAP43 (Fig. 4A, B). As indicated by the arrow,
BPNs-treated NPCs formed neural synapses earlier. After counter-
staining with MAP2 (neuronal marker protein) and GFAP (astrocyte
marker protein), we found that the BPNs-treated cells expressed more
MAP2, indicating that BPNs-treated NPCs could differentiate into neu-
rons more quickly (Fig. 4C-D). At day 14, neurons derived from BPNs-
treated NPCs formed more complex branching structures (Fig. 4E).
Calcium imaging also demonstrated that neurons derived from BPNs-
treated NPCs had higher intracellular calcium concentration, espe-
cially in the axon of neurons (Fig. 4F), suggesting a higher degree of
differentiation in BPNs-treated NPCs, since there are almost no calcium
positive cells in undifferentiated iPSCs and NPCs. These findings
collectively supported that pretreatment with BPNs indeed promoted
the neural differentiation of NPCs.

3.3. BPNs promote neural differentiation of NPCs via the activation of
Nrf2 pathway

RNA-seq results showed that BPNs selectively increased the
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expression of antioxidant genes related to Nrf2 (Fig. 5A). The role of
Nrf2 in regulating neural differentiation of NPCs with BPNs was further
investigated using a specific inhibitor of Nrf2, ML385. As shown in
Fig. 5B, the expression of NFE2L2, the gene encoding Nrf2 protein, was
significantly inhibited by ML385 at a concentration of 2 pM. BPNs were
able to counteract the inhibitory effect of ML385 to some extent, but
ultimately could not rescue the down-regulation of NFE2L2. Meanwhile,
ML385 significantly inhibited the neural differentiation of NPCs. Simi-
larly, the promoting effect of BPNs on neural differentiation of NPCs was
blocked when NFE2L2 was inhibited. In addition, pretreatment with
H»0; increased the expression of NFE2L2 in NPCs and also promoted the
neural differentiation of NPCs (Fig. 5C). However, unlike BPNs, Ho0,
rapidly induced intracellular ROS production [25], but BPNs did not
increase ROS production in NPCs either within 6 h or for up to 5 days
(Fig. S2). This indicated that the increased expression of NFE2L2 in
BPNs-treated NPCs was not due to a rapid oxidative stress response, but
rather a slow regulatory process. Together, these results suggested that
the activation of Nrf2 pathways in NPCs by BPNs was responsible for the
neural differentiation of NPCs.

3.4. BPNs promote NPCs neural differentiation by regulating cellular
redox homeostasis

BPNs were absorbed by NPCs and distributed in the cytoplasm
(Fig. 2D-E). As biodegradable BPNs have high reducibility, its intracel-
lular oxidation and degradation process may play an important role in
the regulation of stem cell fate. To investigate the antioxidative mech-
anism of BPNs that leads to the promotion of neural differentiation of
NPCs, a redox stable BPNs, BPNs-ABA, was prepared and tested. Based
on previous methods [38], BPNs was covalently modification with
azobenzoic acid (ABA) to offer the BPNs-ABA (Fig. S3A). The
morphology and Zeta potential of BPNs-ABA were characterized by TEM
and DLS respectively (Fig. S3B-D). BPNs-ABA shown an uneven surface
compared to BPNs, and ABA further reduced the Zeta potential of BPNs.
Next, the degradation rate of the two types of BPNs were then measured
at 37°C. As shown in Fig. S3E-F, the degradation of BPNs-ABA was
significantly slower than that of the BPNs. BPNs-ABA was more
biocompatible than BPNs (Fig. S3G). This was consistent with the report
that the rapid intracellular degradation of BPNs was one of the reasons
for the cell cytotoxicity [18], which further proved that ABA passivation
enhanced the stability of the BPNs.

Next, we compared the effects of BPNs and BPNs-ABA on the stem-
ness of NPCs after 5 days under maintenance culture. As shown in the
Fig. S3H, the two types of BPNs enhanced the expression of Nrf2, NES-
TIN and TUJ1 of NPCs, but the expressions in BPNs-ABA group was
significantly lower than that of BPNs group. Furthermore, the expres-
sions of TUJ1 and MAP2 in BPNs group were higher than those in BPNs-
ABA group after 5 days of neural differentiation induction (Fig. S3I).
Immunofluorescence staining results at 10 days after neural differenti-
ation showed that neurons derived from BPNs-treated NPCs had the
most and longest neurofilaments (Fig. 5D-E). In addition, GAP43
expression was higher in BPNs-treated NPC group (Fig. 5D, F). To sum
up, the enhanced stability and reduced redox capacity of BPNs after
passivation led to the reduced promotion of neural differentiation of
NPCs by BPNs. These results suggested that BPNs played an important
role in the regulation of neural differentiation of NPCs by regulating the
intracellular redox of stem cells.

Theoretically, the degradation of BPNs after cellular uptake will in-
crease the local phosphate ion concentration (C-Pi). The cellular effects
of the degradation products of BPNs on NPCs differentiation were then
investigated by treating different types of phosphate mimics (H3POj,
H3POs3, H3PO,, NagHPO4, NasHPO3, NaH,PO5) [20]. The intracellular
C-Pi was measured after NPCs were treated with different concentra-
tions of BPNs and phosphate solution for 6 h (Fig. 5G). The results
showed that low concentrations of BPNs and phosphate solution did not
increase the intracellular C-Pi, but high concentrations of phosphate
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increased the intracellular C-Pi significantly. Interestingly, the results of
neural differentiation of NPCs treated with different phosphate for 5
days showed that neither 50 pM nor 500 pM phosphate could effectively
increase the expression of NFE2L2 and MAP2 (Fig. S4 and Fig. 5H-I).
These results indicated that exogenous phosphate did not promote
neural differentiation of NPCs. The promotion of neural differentiation
of NPCs is not depended on the degradation products of BPNs in vitro,
but depended on the slow oxidative degradation process of BPNs in the
cells.

3.5. BPNs enhance the neural repair effect of NPCs in SCI mice

In vitro experiments demonstrated that BPNs promoted the neural
differentiation of NPCs by activating Nrf2 pathway and regulating the
intracellular redox homeostasis. In addition, BPNs-treated NPCs
expressed more GAP43 protein when differentiating into neurons.
Considering that GAP43 protein is essential for axon growth and nerve
regeneration, it is necessary to further apply BPNs to injured spinal cord
models in vivo to promote axon regeneration effectively. We first
established a mouse hemisection injury at T10 spinal cord segment
(Fig. 6A-B), which resulted in immediate left hind limb paralysis.

In order to investigate the repair effect of NPCs on the acute phase of
SCI, we transplanted cells shortly after the completion of modeling (the
model group was injected with the same volume of DMEM/F12). As
shown in the Fig. 6A, the entire experimental period was 42 days. BBB
Neurologic scores [39,40] were performed at days 1, 3, 7, 14, 28, and 42
after cell transplantation (Fig. 6A, C). NPCs transplantation significantly
improved the neurological score of mice with SCI, while the motor re-
covery of mice transplanted with BPNs-treated NPCs was significantly
better than that of the natural NPC group and the model group, espe-
cially in the early stage (Fig. 6C), indicating that the pretreatment with
BPNs could efficiently improve the therapeutic effect of NPCs on mice
with SCL

3.5.1. BPNs improve the survival rate of NPCs in vivo

Previous study suggested that BPNs-treated NPCs had a higher graft
survival rate than natural NPCs in stroke rats [25]. On day 14 after cell
transplantation, we performed immunofluorescence staining of the mice
spinal cord with the antibody STEM121 that specifically recognizes
human cytoplasm (Fig. 6E). The results showed that more STEM121
positive cells could be detected in the BPNs-treated NPC group (Fig. 6F).
Surprisingly, the transplanted cells in BPNs-treated NPC group had
stronger migration ability, not only at the injured site, but also at the
distal uninjured area. We noticed that BPNs-treated NPCs were spindle/
branched shape (as indicated by the white arrow, Fig. 6E), while the
cytoplasm of the NPC group showed round dot shape, which also indi-
cated that BPNs-treated NPCs had better cell viability and thus better
migration ability.

3.5.2. The neuroprotective effect of BPNs-treated NPCs at the SCI site
Tissue integrity and inflammatory infiltration can be preliminarily
known by H&E staining of the spinal cord of mice. As shown in Fig. 6D
and Fig. 7A, the mice in the model group had atrophy of the caudal
spinal cord after injury, resulting in incomplete and scattered sections.
However, the two groups transplanted with NPCs retained complete
spinal cord morphology. To gain further insight into neural damage at
the SCI site, immunofluorescence staining of the spinal cord was per-
formed for astrocytes (GFAP), neurons (NEUN) and synaptic protein
(SYN-1) (Fig. 6D and Fig. S5). At the center of the lesion, the nerve tissue
was so severely deficient that none of the three markers could be
detected, while the lesion area was closely surrounded by astrocytes.
The loss of a large number of neurons in the area of SCI site resulted in
synaptic disruption. In the model group, almost no neurons were
detected around the lesion area, while the NPCs transplanted groups had
neurons around the lesion area. In particular, the BPNs-treated NPC
group had the largest number of neurons around the lesion (Fig. 6H),
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indicating that BPNs-treated NPCs provided more powerful neuro-
protection for the SCI.

Inflammation plays an important role in the pathological response of
SCI. Microglia are innate immune cells in the nervous system, which are
considered to be the initiator and regulator of inflammation after injury,
which can aggravate injury [41,42]. Ionized calcium-binding adaptor
molecule-1 (Ibal: microglia marker) staining was used to detect
microglia infiltration in the spinal cord at 14 days after transplantation.
The morphology of highly activated microglia was swollen and hetero-
geneous [43]. As shown in Fig. S6A, although the tail end of the model
group was tapered and atrophied leading to the loss of tissue samples,
we could detect activated Ibal positive cells from the injury site to the
tail end (the part framed by the white line). The morphology of the
spinal cord in the NPCs transplantation groups was relatively complete,
and many activated microglia gathered in and around the injury site.
The activation range of microglia in the model group was higher than
that in the NPCs transplantation groups (Fig. S6B). Activated microglia
can release a large number of inflammatory factors [24], so we further
detected TNF-a expression. As shown in the Fig. 6G, I, in the injured
area, the expression of TNF-a was significantly higher in the model
group than in the NPCs transplantation groups. These results indicated
that NPCs could effectively alleviate inflammatory infiltration in mice
with SCIL

3.5.3. BPNs promote neural differentiation of NPCs in vivo

At 28 days after cell transplantation, we counterstained both the
neuronal protein TUJ1 and the STEM121 antibody that specifically
binds to human cytoplasm. As shown in the Fig. 7D, NPCs were mainly
localized in the injured area, in which the BP-NPC group not only had
more surviving cells, but also most of the cells expressed TUJ1 (Fig. 7E),
indicating that the cells differentiated toward neurons. We also coun-
terstained NPCs with Nrf2 and NESTIN antibody that specifically binds
to human NSCs (Fig. 7F). The majority of surviving NPCs expressed
Nrf2, and the positive rate of Nrf2 was higher in BPNs-treated NPC group
(Fig. 7G). This was consistent with the results of neural differentiation of
NPCs in vitro, indicating that the up-regulation of Nrf2 expression by
BPNs significantly promoted the survival rate of transplanted NPCs and
neural differentiation. In addition, Nrf2 was almost exclusively
expressed in transplanted NPCs, and Nrf2-positive cells were not
observed in the distal regions of the spinal cord. More importantly, the
results of GAP43 Immunofluorescence staining in the positive area of the
transplanted cells showed that BPNs-treated NPC group expressed more
GAP43 (Fig. 7H), which further indicated that BPNs-treated NPCs had a
higher degree of neural differentiation. The cells were still alive at 42
days after transplantation. In mice with severe spinal cord injury
(neurological score: 2-3), NPCs were mainly localized at the lesion site.
Most of the cells still expressed TUJ1 and Nrf2, and the BPNs-treated
NPC group still had a higher positive rate. However, in the well-
recovered mice (neurological score: 6-7), the surviving cells distrib-
uted in different regions of the spinal cord, and the positive rate of TUJ1,
Nrf2, and NESTIN was significantly reduced (Fig. S7), indicating further
differentiation of NPCs.

3.5.4. BPNs-treated NPCs reduce glial scar formation and promote axon
regeneration

According to the neurological score of the mice, the motor function
of the mice in different groups was significantly recovered at 28 days
after cell transplantation (Fig. 6C). However, the mice showed extensive
atrophy and thinning at the spinal cord injury site (Fig. 7A), especially in
the model group, where the caudal atrophy resulted in incomplete and
scattered spinal cord sections (Fig. 7B). As an axonal membrane protein,
GAP43 is expressed at high levels during neuronal development and
regeneration, and participates in neuronal synapse formation and nerve
regeneration [37]. To assess the axonal regeneration in mice, GAP43
protein expression was detected. As shown in Fig. S8, the expression of
GAP43 protein was significantly increased around the injured area in the
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NPCs transplantation groups, indicating that the regeneration ability of
axons was activated, while this phenomenon could not be seen in the
model group. The quantitative results of GAP43 fluorescence intensity in
the injured area showed that the BPNs-treated NPC group had the
highest expression of GAP43 protein (Fig. 7C). More importantly, the
transplanted cells in the BPNs-treated NPC group also expressed more
GAP43 protein than the NPC group (Fig. 7H), which favored axon
regeneration.

Axonal regeneration in the spinal cord was measured by co-staining
GFAP and SYN1 at 42 days after cell transplantation (Fig. 8A). At this
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stage, most spinal cord in the model group were still devoid of neural
tissue and even failed to produce glial scars, while in the NPCs trans-
plantation groups, the synaptic disconnection “gap” was filled by as-
trocytes (Fig. 8B). BPNs-treated NPC group had the shortest synaptic
“gap” (Fig. 8C), and GAP43 staining demonstrated that this “gap”
already expressed GAP43, implying that synaptic “bridges” were about
to be established (Fig. 8A, D). These results collectively support that
BPNs-treated NPCs indeed have a higher survival rate and neural dif-
ferentiation in vivo, effectively inhibiting the inflammatory response and
neuronal apoptosis at the site of SCIL. In addition, it can promote axonal
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repair by bridging the injury (Fig. 8E).
4. Conclusions

In summary, this study uncovered the unique biological effects of
BPNs on stem cells, including improving the graft survival of NPCs and
promoting the neural differentiation of NPCs. The stem cell uptake and
distribution of BPNs in NPCs were first monitored. BPNs were then
applied to NPCs and the results demonstrated that BPNs were able to
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promote the neural differentiation of NPCs in both maintenance and
induced differentiation media. The mechanism of these effects was
investigated and could be mainly attributed to the activation of Nrf2
signaling pathway by BPNs. Meanwhile, we verified the regulation of
cellular redox homeostasis by BPNs was another potential mechanism
for promoting the differentiation of NPCs. BPNs were applied to the mice
model with spinal cord injury, and the results suggested that BPNs could
improve the survival rate of NPCs and exhibit enhanced neuroprotection
on NPCs and strong axon regeneration ability. BPNs as blank
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nanocarriers could achieve excellent therapeutic effects in stem cell
therapy. It’s expected that the assembling of BPNs with gene vectors,
growth factors, and small molecule drugs in the future could be a
powerful tool to improve stem cell survival and induce their neuronal
differentiation, thereby providing new insights into the treatment of
neurological diseases.
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