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Background: The excess production of reactive oxygen species (ROS) after traumatic 
spinal cord injury (TSCI) has been identified as a leading cause of secondary injury, which 
can significantly exacerbate acute damage in the injured spinal cord. Thus, scavenging of 
ROS has emerged as an effective route to ameliorate secondary spinal cord injury.
Purpose: Selenium-doped carbon quantum dots (Se-CQDs) with the ability to scavenge 
reactive oxygen species were prepared and used for efficiently ameliorating secondary injury 
in TSCI.
Methods: Water-soluble Se-CQDs were easily synthesized via hydrothermal treatment of 
L-selenocystine. The chemical structure, size, and morphology of the Se-CQDs were char-
acterized in detail. The biocompatibility and protective effects of the Se-CQDs against H2O2- 
induced oxidative damage were investigated in vitro. Moreover, the behavioral test, bladder 
function, histological observation, Western blot were used to investigate the neuroprotective 
effect of Se-CQDs in a rat model of contusion TSCI.
Results: The obtained Se-CQDs exhibited good biocompatibility and remarkable protective 
effect against H2O2-induced oxidative damage in astrocytes and PC12 cells. Moreover, Se- 
CQDs displayed marked anti-inflammatory and anti-apoptotic activities, which thereby 
reduced the formation of glial scars and increased the survival of neurons with unscathed 
myelin sheaths in vivo. As a result, Se-CQDs were capable of largely improving locomotor 
function of rats with TSCI.
Conclusion: This study suggests that Se-CQDs can be used as a promising therapeutic 
platform for ameliorating secondary injury in TSCI.
Keywords: carbon quantum dots, spinal cord injury, reactive oxygen species, antioxidant, 
inflammation

Introduction
Spinal cord injury can result from both traumatic and nontraumatic damage. Traumatic 
spinal cord injury (TSCI) occurs when an external physical impact, such as, sports- 
related injury, motor vehicle injury, fall, and violence acutely, damages the spinal 
cord.1,2 TSCI usually leads to sensory, motor impairments, as well as neurogenic 
bladder and autonomic dysfunctions, throughout a patient’s lifetime.3–6 The devastat-
ing events ultimately impact a patient’s physical, psychological, and social well-being 
throughout the lifespan.7,8 The pathophysiological progression of TSCI consists of 
primary injury and secondary injury cascades.4,9,10 The primary injury occurs imme-
diately after mechanical disruption and dislocation of the vertebral column, which 
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causes compression or transection of the spinal cord.4,5,11 

Immediately after the primary injury, a sustained secondary 
injury cascade occurs, which leads to further damage to the 
spinal cord and neurological dysfunction.4,5,10–13 Thus, it is 
of great importance to mitigate secondary injury in the 
clinical treatment of acute TSCI. Currently, high-dose 
administration of methylprednisolone sodium succinate is 
the only recommended neuroprotective drug available for 
ameliorating secondary injury after acute TSCI.5,14 

However, this treatment strategy remains controversial, 
because while it usually leads to modest therapeutic out-
comes, it is accompanied by many potential complications, 
such as pneumonia, infections, sepsis, pulmonary embolism, 
corticosteroid myopathy, and gastric bleeding.4,15,16 

Therefore, exploring effective intervention methods for 
attenuating secondary injury associated with TSCI is 
urgently warranted.

Accumulating evidence suggests that the significant 
increase in reactive oxygen species (ROS) levels in the 
injured spinal cord plays a crucial role in secondary injury 
cascades. Excess ROS are found to be mainly generated 
from injured mitochondria, NADPH oxidases, inflammatory 
cells, and the Fenton reaction ascribed to the harsh micro-
environment of secondary injury.5,10,17 The over-produced 
ROS can cause severe lipid peroxidation, as well as oxida-
tive damage to proteins and DNA, resulting in the degenera-
tion and demyelination of nerve fibers and even apoptosis of 

neuronal cells in the injured site.18–22 Moreover, the easy 
distribution of ROS into the neighboring area of the injured 
site often causes the expansion of the injured site, leading to 
aggravated secondary injury with more serious locomotion 
defects.16,23 Therefore, the scavenging of ROS has been 
established to be an effective route to attenuate secondary 
injury in acute TSCI treatment.20,21,23–25

In the present study, a type of selenium-doped carbon 
quantum dots (Se-CQDs) was prepared and used for effec-
tively ameliorating secondary TSCI (Figure 1). The Se- 
CQDs were prepared via a simple approach, ie, hydrothermal 
treatment of L-selenocystine.19 The obtained Se-CQDs exhib-
ited good solubility in water, good biocompatibility, and 
outstanding ROS scavenging ability.19,26 In addition, these 
Se-CQDs exhibited remarkable protection of astrocytes and 
PC12 cells from oxidative damage induced by H2O2 in vitro. 
Furthermore, the neuroprotective capacity of Se-CQDs in 
a model of contusion-induced TSCI was investigated. The 
results demonstrated that Se-CQDs protected the injured 
spinal cord by inhibiting inflammation, the demyelination 
of nerve fibers, and the apoptosis of neuronal cells.

Materials and Methods
Materials
L-Selenocystine was purchased from Shanghai Macklin 
Biochemical Co., Ltd. (Shanghai, China). 3-(4,5-Dimethyl- 

Figure 1 Schematic illustration of the Se-CQDs preparation for the treatment of TSCI. Water-soluble Se-CQDs were prepared by hydrothermal treatment of 
L-selenocystine. After intraspinal injection, the Se-CQDs efficiently scavenged ROS, consequently reducing inflammation, preventing neuronal apoptosis and demyelination, 
thereby improving the recovery of locomotor function of rats with TSCI.
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thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) and 
4ʹ,6-diamidino-2-phenylindole dihydrochloride (DAPI) were 
purchased from Sigma (St. Louis, MO, USA). Dulbecco’s 
modified Eagle’s medium (DMEM) and fetal bovine serum 
were obtained from Gibco (Grand Island, NY, USA). 
Primary antibodies, including anti-glial fibrillary acidic pro-
tein (anti-GFAP), anti-neurofilament-200 kDa (anti-NF200), 
and anti-NeuN antibodies, were purchased from Abcam 
(Cambridge, UK); anti-caspase-9, anti-Bcl-2, anti-Bax, anti- 
cleaved caspase-3, and anti-GAPDH antibodies were pur-
chased from Cell Signaling Technology (Danvers, MA, 
USA); and anti-chondroitin sulfate (CS56) antibodies were 
purchased from Sigma. Hydrogen peroxide (H2O2, 30 wt% 
in water) was purchased from Sinopharm Chemical Reagent 
Co., Ltd (Shanghai, China). A dialysis membrane was pur-
chased from Greenbird Technology Co., Ltd (Shanghai, 
China). Deionized (DI) water was prepared using the Milli- 
Q system (Millipore Co., Billerica, MA, USA). All reagents 
were used directly without pretreatment.

Preparation and Characterization of 
Se-CQDs
Water-soluble Se-CQDs were prepared by hydrothermal 
treatment of L-selenocystine as previously reported.19 

Briefly, L-selenocystine (200 mg) was dissolved in DI 
water (10 mL). NaOH was used to adjust the solution to 
pH 9 to promote the dissolution of L-selenocystine in DI 
water. When the temperature of the reaction mixture 
reached 60°C, the bright yellow selenocystine solution 
became orange-brown. The solution was then heated at 
60°C for 24 h. The resulting brown solution was centri-
fuged at 10,000 rpm, and the supernatant was collected 
and dialyzed (MWCO = 500 Da). A brown powder was 
obtained after lyophilization of the Se-CQDs solution and 
used to further investigate its structure and physical prop-
erties. 1H and 13C nuclear magnetic resonance (NMR) 
spectra were recorded on a Bruker AV-300 NMR spectro-
meter (Billerica, MA, USA) in deuterated water. The par-
ticle size and size distribution of Se-CQDs were 
determined by dynamic light scattering (DLS) (DAWN 
EOS, Wyatt Technology Co., Santa Barbara, CA, USA). 
The zeta potential of Se-CQDs was measured on 
a Zetasizer Pro (Malvern Panalytical Ltd, Worcestershire, 
UK). The morphology of Se-CQDs was observed using 
a transmission electron microscope (TEM; JEOL JEM- 
101, Tokyo, Japan). Fourier transform infrared spectra 
were recorded on a Bio-Rad Win-IR instrument 

(Hercules, CA, USA) using the KBr method. X-ray sur-
face photoelectron spectra were recorded on X-ray surface 
photoelectron spectroscopy (XPS) (Thermo ESCALAB 
250, UK) after the samples were freeze-dried. The absorp-
tion spectra of Se-CQDs were measured by UV–vis 
Spectroscopy (Lambda 365, PerkinElmer, USA), and the 
fluorescence spectra of Se-CQDs were recorded on 
a Fluorescence spectroscopy (Hitachi, F-4600, Tokyo, 
Japan) in a standard quartz cuvette.

Cell Culture
Astrocytes and mouse neuroblastoma Neuro-2a (N2a) cells 
were obtained from the Cell Bank of the Chinese Academy 
of Sciences (Shanghai, China). Pheochromocytoma 12 
(PC12) cells were obtained from the Basic Medical College 
of Jilin University. All cells were grown in DMEM (supple-
mented with 10% fetal bovine serum, 100 U/mL penicillin, 
and 100 U/mL streptomycin) at 37°C in an incubator with 
5% CO2 conditions and a humidified atmosphere. Trypsin- 
EDTA was used to subculture the cells. The cell experiment 
protocols were performed in strict accordance with the 
Guidelines for Care and Use of Laboratory cells of China 
Japan Union Hospital of Jilin University and were approved 
by the Ethics Committee of China Japan Union Hospital of 
Jilin University.

In vitro Cytotoxicity and Protection from 
Oxidative Stress Induced by H2O2
The cytotoxicity of Se-CQDs was evaluated using an MTT 
assay against astrocytes, PC12, and N2a cells.27 Briefly, the 
cells (astrocytes, PC12 cells, or N2a) were seeded onto 96- 
well plates at a density of 7000 cells/well in 200 μL of 
DMEM, followed by incubation overnight. Next, the med-
ium was completely aspirated, and 200 μL of fresh media, 
containing different concentrations of Se-CQDs was added. 
After incubation for either 24 or 48 h, MTT solution was 
added (20 μL/well, 5 mg/mL), and the cells were incubated 
for an additional 4 h. Subsequently, the medium was 
removed and replaced with 150 μL of dimethyl sulfoxide. 
The absorbance of each well was measured at 492 nm, and 
cell viability (%) was calculated as follows (Asample/Acontrol) × 
100%, where Asample and Acontrol are the absorbances of the 
sample and control wells, respectively.

To investigate the antioxidant ability of Se-CQDs, 
astrocytes, PC12, or N2a cells were seeded into 96-well 
plates at a density of 7000 cells per well. These 
were pre-treated with PBS or different concentrations 
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(6.25–200 μg/mL) of Se-CQDs for 30 min. Next, the cells 
were exposed to 250 μM H2O2 for 24 h. Cell viability was 
determined using the MTT method. The viability of astro-
cytes, PC12, and N2a cells was also evaluated by the live/ 
dead cell staining method using commercial kits (04511; 
Sigma-Aldrich). Live/dead cells were observed by confo-
cal laser scanning microscopy (CLSM) (Carl Zeiss LSM 
780), and the live cell numbers were calculated using 
ImageJ software (NIH, Bethesda, MD, USA). ROS levels 
were quantitatively analyzed in astrocytes, PC12, and N2a 
cells by analyzing the fluorescence intensity of 2ʹ,7ʹ- 
dichlorofluorescein diacetate (DCFH-DA) (D6883, 
Sigma) using CLSM.

Animal Model of TSCI
Adult female Sprague–Dawley rats (200–250 g) were pur-
chased from the Laboratory Animal Center of Jilin 
University. The rats were housed in controlled- 
temperature rooms (23 ± 2°C), under a 12/12 h light- 
dark cycle, with access to water and food ad libitum 
until use.28 The animal experiment protocols were per-
formed in strict accordance with the Guidelines for Care 
and Use of Laboratory Animals of Jilin University and 
were approved by the Animal Ethics Committee of Jilin 
University.

The TSCI model was established using the weight- 
drop method.29 Briefly, rats were anesthetized by admin-
istering pentobarbital sodium, and a T10 laminectomy was 
conducted to expose the underlying thoracic spinal cord 
segment(s). A 40-g rod (2.5 mm in diameter) was dropped 
from a height of 40 mm to strike the exposed dorsal 
surface of the spinal cord. The muscle, fascia, and skin 
were closed in layers, followed by sterilization of the outer 
skin with iodophor. The criteria for successful modeling 
were as follows: The two lower extremities rapidly 
showed retraction-like shaking; the spinal dura mater at 
the impact site was intact, swollen, and hemorrhagic 
(Figure S1); and the two lower extremities showed com-
plete delayed paralysis after waking up.30 Following sur-
gery, the rats were returned to their cages and had free 
access to water and food. The rats were administered 
cefazolin (25 mg/kg) twice a day for 5 days to limit 
infection.31 The bladder was massaged twice daily until 
bladder function was restored.

Behavioral Analysis
The rats were randomly divided into four groups. The 
group without any surgery or treatment was set as the 

control, while the other three groups (n = 9 for each 
group) were separately treated (intraspinal injection) with 
saline, 2.5 μg Se-CQDs, and 10 μg Se-CQDs after estab-
lishment of the TSCI model. The Basso, Beattie, 
Bresnahan (BBB) locomotor rating score was used to 
evaluate the restoration of the hind limb locomotor func-
tion in an open and quiet container.32 At predetermined 
time points (1 day or 1–8 weeks post-injury), two inde-
pendent researchers conducted the tests, and the scores 
were finalized when both researchers were in agreement. 
At the same time, the body weight and the time for the 
postoperative recovery of the urinary function of the rats 
were also recorded.

Histological Analysis and 
Immunohistochemistry
The rats were anesthetized and perfused with PBS and 4% 
paraformaldehyde. A 2-cm segment of the spinal cord 
tissue was collected, fixed with 4% paraformaldehyde, 
embedded in paraffin, and sectioned in the coronal plane. 
Next, 4-μm-thick tissue sections were used for hematox-
ylin and eosin (H&E) staining. To evaluate the extent of 
myelination, 0.1% Luxol fast blue (LFB) stain was used 
for staining the sections. Then, the sections were examined 
under an optical microscope (Pannoramic DESK, P-MIDI, 
P250, P1000, 3D HISTECH, Budapest, Hungary). The 
relative LFB staining was evaluated with ImageJ software. 
To investigate the therapeutic effect of the different treat-
ments on demyelination, the ultrastructure of the spinal 
cord was observed using transmission electron microscope 
(TEM) (Hitachi, HT7700). The dissected spinal cord seg-
ments were cut into 1-mm3 slabs, fixed with 2.5% glutar-
aldehyde overnight at 4°C, osmicated (90 min), and 
dehydrated (135 min). After embedding and sectioning, 
ultrathin sections were stained with uranyl acetate and 
lead citrate, and then used for TEM observations. The 
G-ratio (the ratio of inner axonal diameter to the outer 
axonal diameter, used to assess axonal myelination) was 
evaluated with ImageJ software.

To analyze the expression of NeuN, NF200, GFAP, 
CS56, and CD68, immunofluorescence staining assays 
were conducted using corresponding monoclonal primary 
antibody and fluorescently labeled secondary antibody or 
fluorescently labeled primary antibody. Antibody dilution 
information in the immunofluorescent staining is listed in 
Table S1, and then imaged by CLSM. Paraffin sections 
were permeabilized with PBS containing 0.1% Triton 
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X-100 for 15 min, blocked with PBS containing 3% 
bovine serum albumin for 1 h, and incubated with primary 
antibodies overnight at 4°C. The primary antibodies anti- 
NF200, anti-NeuN, anti-GFAP, and anti-CS56 were used 
to identify axons, neurons, astrocytes, and chondroitin 
sulfate, respectively. The sections were then incubated 
with secondary antibodies for 2 h at room temperature 
before staining with DAPI to label the nuclei. Then, the 
sections were washed and mounted before observation by 
CLSM.

Anti-Apoptotic Effect of Se-CQDs on 
Secondary Injury in vivo
We next evaluated the apoptosis-inhibitory effects of Se- 
CQDs following secondary injury associated with TSCI. 
At 30 min post-contusion, saline and Se-CQDs (1 mg/mL, 
10 μg) were injected into the lesion site at the T10 spinal 
cord. The rats were anesthetized and perfused with cold 
PBS at 24 h post-injection. T9–T10 spinal cord tissues 
(length, 1 cm) containing the injury site were harvested 
and homogenized. The levels of cleaved caspase-3, cas-
pase-9, Bcl-2, and Bax were evaluated by Western blot-
ting. Western blotting was conducted with whole-spinal 
cord lysates, as previously described.33 Briefly, the spinal 
cord tissues were ground at a ratio of 0.1 g tissue/0.1 mL 
1X cell lysis buffer supplemented with proteinase inhibi-
tors and centrifuged at 13,300 rpm for 10 min; then, the 
supernatants were collected. To quantify the protein 
lysates, a BCA protein kit (Beyotime, Shanghai, China) 
was used. Equal amounts of proteins (10 μg) were electro-
phoresed on 10% sodium dodecyl sulfate polyacrylamide 
gels and then transferred onto polyvinylidene fluoride 
membranes (Millipore). The membranes were blocked 
using 5% bovine serum albumin for 1.5 h. Next, they 
were incubated with primary antibodies at 4°C overnight, 
and then with secondary antibodies at room temperature 
for 2 h. GAPDH was used as an internal reference. 
Antibody dilution information in the Western blotting is 
listed in Table S2. The images of the protein bands were 
scanned using an enhanced chemiluminescence Western 
blot detection system (GE AI600). The intensities of the 
bands on the blots were quantified using Multi Gauge 
software (Fuji, Tokyo, Japan).

Statistical Analysis
All experiments were performed a minimum of three times, 
and the data are shown as the mean ± standard deviations. 

The statistical significance of results was analyzed by one- 
way analysis of variance or t tests in GraphPad Prism 
Software (GraphPad, 8.0.2, Inc., San Diego, CA, USA). 
P < 0.05 was considered statistically significant.

Results and Discussion
Preparation and Characterization of 
Se-CQDs
The water-soluble Se-CQDs were facilely prepared via the 
hydrothermal treatment of L-selenocystine according to 
a previously described method.19 The hydrodynamic 
radius (Rh) of the Se-CQDs was 34.5 ± 3.3 nm (Figure 
2A). Morphological analysis by TEM demonstrated that 
the Se-CQDs had a spherical shape, with an average 
diameter of approximately 40 nm (Figure 2B). The rela-
tively smaller particle sizes compared with those measured 
by DLS might be attributed to the shrinkage of the shell 
during the drying procedure in the TEM sample 
preparation.19,26 The zeta potential of the Se-CQDs was 
−14.2 ± 0.47. The molecular structure of the Se-CQDs was 
further characterized by NMR and FT IR spectroscopy. 

Figure 2 Characterization of Se-CQDs. (A) Particle size of the Se-CQDs, as 
measured by DLS. (B) TEM image of Se-CQDs. (C) XPS spectrum of Se-CQDs.
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The 1H NMR, 13C NMR, and FTIR spectra (Figures S2, 
S3 and S4) indicated that the Se-CQDs had different 
chemical structures from those of the precursor molecule, 
L-selenocystine, which confirmed the chemical transforma-
tion of L-selenocystine into Se-CQDs. The XPS spectrum 
indicated that the Se-CQDs were mainly composed of 
carbon, nitrogen, selenium, and oxygen, which corre-
sponded to the typical peaks of C 1s, N 1s, O 1s, and Se 
3d (Figure 2C). The Se-CQDs displayed a broad absorp-
tion in the UV/Vis absorption spectra (Figure S5) and 
a strong emission at 480 nm (Figure S6), which were 
consistent with the previous reports.34–37 All the structural 
characterizations are consistent with the previous report.19

Biocompatibility and Antioxidation Effect 
of Se-CQDs
Previous reports have suggested that Se-CQDs or other car-
bon dots were low toxic and biocompatible.34,38 To assess the 
potential application of the synthesized Se-CQDs in biologi-
cal systems, cytotoxicity tests were first performed to inves-
tigate their biocompatibility. The cell viabilities of astrocytes, 
PC12, and N2a cells were assessed at 24 or 48 h after 
exposure to 0–200 mg/L of Se-CQDs by the MTT assay. 
The results showed that the Se-CQDs exhibited no observa-
ble cytotoxicity under 200 mg/L of Se-CQDs (Figure S7).

It is well documented that ROS overproduction plays 
a vital role in the secondary injury cascade after acute 
TSCI.20,23 To simulate the ROS-induced oxidative damage 
to cells, H2O2 was added into the cell culture medium,24 and 
apparent cell death was observed after 24 h of culture (Figure 
3A and Figure S8A). Then, the antioxidation effect of Se- 
CQDs was investigated in astrocytes and N2a cells upon 
treatment with 250 μM H2O2. As shown in Figure 3B and 
Figure S8B, the cell viability of astrocytes and N2a cells 
increased with the increase in Se-CQDs, indicating that Se- 
CQDs could significantly reduce H2O2-induced cell death, 
which is consistent with the previous report.39 Moreover, the 
intracellular ROS levels with or without treatment with Se- 
CQDs were investigated, and the results are shown in Figure 
3C and 3D. After treatment with Se-CQDs, the fluorescence 
intensity of DCF was significantly reduced, indicating the 
effective reduction of ROS levels by Se-CQDs. A similar 
result could be seen when using PC12 and N2a cells as the 
tested cells (Figures S9A, S9B, and Figure S8C). 
Furthermore, the protective capacity of the Se-CQDs against 
ROS-induced oxidative damage was further confirmed by 
live/dead cell staining (Figure 3E, 3F, S8D, S9C, and S9D). 

The live/dead cell staining results also demonstrated that 
there were more viable cells in groups treated with Se- 
CQDs, consistent with the results of the MTT assay (Figure 
3B). Taken together, these results suggest that the Se-CQDs 
can effectively scavenge ROS and protect cells from oxida-
tive stress-induced damage.

Therapeutic Effect of Se-CQDs in a Rat 
Model of TSCI
In view of the outstanding anti-oxidation effect of Se- 
CQDs in vitro, we further investigated the therapeutic 
effect of Se-CQDs in a rat model of contusion TSCI. 
The Se-CQDs were administrated via intraspinal injection. 
The BBB score test was used to evaluate the behavioral 
function of rats with TSCI. At 8 weeks post-operation, the 
BBB scores of rats from the 2.5 µg Se-CQDs treated group 
(9.80 ± 0.68) and 10 µg Se-CQDs treated group (12.40 ± 
0.45) were significantly higher than those of the rats from 
the saline-treated group (6.80 ±0.37) (Figure 4A). 
Moreover, the rats treated with 10 µg Se-CQDs showed 
a better therapeutic outcome compared to those treated 
with 2.5 µg Se-CQDs. Specifically, rats from the saline- 
treated group showed a sweeping hind limb without 
weight support, while rats in the Se-CQDs treated groups 
were able to take frequent weight-supported plantar steps 
and showed occasional coordination of the hind limb with 
the forelimb (Figure 4B). In addition, the lesion area in the 
spinal cord from the Se-CQDs treated rats was smaller 
than that from the saline-treated group (Figure 4C). 
Collectively, these results demonstrated that Se-CQDs 
could reduce the secondary injury and promote the recov-
ery of locomotor function in TSCI rats.

Injury of the spinal cord leads to the development of 
neurogenic bladder, a fatal complication in patients with 
TSCI.24,40 In this study, the reduction in secondary injury 
by Se-CQDs treatment was expected to be beneficial for 
the protection of bladder tissues. As shown in Figure 4D, 
the rats in the Se-CQDs treated groups regained sponta-
neous urination faster than those in the saline-treated 
group. To provide more evidence for the recovery of the 
urination function, H&E and Masson staining of the blad-
der tissues were performed. Pathological damage to the 
bladder tissue was found to be remarkably restrained after 
treatment with Se-CQDs, with reduced levels of bladder 
endometriosis, cell vacuolation, and bladder wall fibrosis 
compared with the bladder tissues from rats in the saline- 
treated group (Figure 4E and 4F). In addition, no 
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differences in body weight were observed between the rats 
from the saline, 2.5 µg Se-CQDs, and 10 µg Se-CQDs 
treated groups (Figure S10), which indicated that the Se- 
CQDs showed no obvious adverse effects.

Histomorphological Changes in Spinal 
Cords in Different Treatment Groups
To provide more evidence on the recovery of locomotor 
function, H&E staining was performed to study the histo-
morphological changes in the spinal cord at 8 weeks post- 
injury. The integrity and continuity of the spinal cord in the 

rats from the saline-treated group were the poorest, and 
severe lesion cavities were observed in this group (Figure 
5A). Following treatment with different concentrations of 
Se-CQDs, the integrity of the spinal cord was well- 
preserved, and inflammatory cell infiltration was mild. 
TSCI frequently causes severe axonal demyelination and 
myelin structural impairment.4,5,41–43 We next evaluated 
the level of axonal demyelination and the ultrastructure of 
myelin sheaths at the lesion sites by LFB staining and TEM, 
respectively (Figure 5B and 5C). The ratio of inner axonal 
diameter to the outer axonal diameter, denoted as the 

Figure 3 Se-CQDs scavenge ROS to protect astrocytes from ROS-induced oxidative damage. (A) Effect of H2O2 on the viability of astrocytes. (B) Protective effect of Se- 
CQDs against H2O2-induced oxidative damage in astrocytes. The concentration of H2O2 was 250 μM. (C) Intracellular ROS levels in astrocytes were measured by DCF 
staining. (D) Quantitative analysis of the fluorescence intensity of DCF in Figure 2C, ** P < 0.01, when + Se-CQDs group compared with H2O2 group. (E) Live/dead straining 
of astrocytes under different conditions, scale bar = 20 μm. (F) Quantitative analysis of the number of dead cells in Figure 2E, ** P < 0.01, when + Se-CQDs group compared 
with H2O2 group.
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G-ratio, was used to assess the axonal myelination.41 The 
results of relative LFB staining and G-ratio are shown in 
Figure S11. The samples from rats in the saline treatment 
group displayed notable demyelination (Figure 5B and 
Figure S11 A) and impaired myelin sheath ultrastructure 
(Figure S11 B) compared with those from rats in the control 
group, suggesting that significant demyelination occurred at 
8 weeks post-injury. In contrast, more myelin sheaths with 
better ultrastructure were preserved in the Se-CQDs-treated 
group, and the higher dose of administered Se-CQDs 
resulted in the better preservation of myelin sheaths. Taken 
together, these results revealed that Se-CQDs can reduce the 
demyelination of nerve fibers in the lesion site. Furthermore, 
the neurons and axons in the injured spinal cord were 
analyzed by staining the tissue slices with anti-NeuN and 
anti-NF200 antibodies, respectively. As shown in Figure 5D, 
5E and 5F the rats treated with saline showed marked 
neuronal loss at the lesion sites after TSCI. In contrast, the 

rats from the Se-CQDs treatment groups showed higher 
numbers of neurons, suggesting that Se-CQDs therapy 
could improve the neuronal survival.

Anti-Inflammatory Effect of Se-CQDs and 
Their Ability to Reduce Glial Scars and 
Apoptosis in vivo
It is suggested that ROS scavenging can suppress the inflam-
mation in secondary injury following TSCI.21,44 Therefore, 
we investigated the in vivo anti-inflammatory properties of 
the Se-CQDs at 5 days post operation. The immunostaining 
of the spinal cord showed an increase in the numbers of cells 
positive for CD68 (a marker of microglia) in the lesion sites 
of rats from the saline treatment group. In contrast, fewer 
CD68-positive cells were observed in the samples from the 
Se-CQDs treatment groups (Figure 6A), indicating that Se- 
CQDs could effectively reduce the inflammation in the 
injured site. Meanwhile, the overproduction of ROS results 

Figure 4 Assessment of locomotor functional recovery following traumatic spinal cord injury (TSCI). (A) BBB scores of rats with TSCI treated with saline, 2.5 μg Se-CQDs, 
or 10 μg Se-CQDs. ** P < 0.01, in comparison with the saline group. (B) Typical images of the foot in rats with TSCI after treatment with saline, 2.5 μg Se-CQDs, or 10 μg 
Se-CQDs. The asterisk * indicates the hindlimb walking patterns. (C) Typical images of spinal cords collected from rats in the saline, 2.5 μg Se-CQDs, or 10 μg Se-CQDs 
treated groups at 8 weeks post-injury. The red circles indicate the lesion sites. (D) Recovery of the urination time of rats with TSCI after treatment with saline, 2.5 μg Se- 
CQDs, or 10 μg Se-CQDs ** P < 0.01, when + Se-CQDs group was compared with saline group. (E) H&E staining of bladders shown at 2× (left) and 20× magnification 
(right), and the followed two images show the magnified views of the fields marked by the blue squares, arrows and triangles indicated the pathological characteristics. (F) 
Masson staining of bladders shown at 2× (left) and 20× magnification (right). In the Figure 4E and 4F, the two images on the right are the magnified views of the fields marked 
by the blue squares in the leftmost image; arrows and triangles indicated the hyperplasia and fibrosis characteristics of bladder, respectively. The scale bars are 500 μm and 50 
μm for the images obtained at 2× and 20× magnification, respectively.
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Figure 5 Histomorphological changes at 8 weeks post-injury in vivo. (A) Images of spinal cord tissue after staining with H&E, shown at 2X (left, scale bar = 500 μm) and 20 
X magnification (right, scale bar = 50 μm). The images on the right are the corresponding enlarged views of the areas indicated by blue squares in the left images. The red 
lines indicate the edge of the lesion sites. (B) LFB staining of myelin sheaths is shown at 2X (left, scale bar = 500 μm) and 20X magnification (right, scale bar = 50 μm). The 
images on the right are the corresponding enlarged views of the areas indicated by blue squares in the left images. The red lines indicate the edge of the lesion sites. (C) 
Representative TEM images showing the ultrastructure of myelin sheaths in different groups. Scale bar = 5 μm. (D) Double-staining of the slices with anti-NF200 and anti- 
NeuN antibodies. Scale bar = 50 μm. (E) Quantitative analysis of mean fluorescence intensity of NF200 staining in Figure 4D, * P< 0.05, in comparison with saline group. (F) 
Quantitative analysis of mean fluorescence intensity of NeuN staining in Figure 4D. * P < 0.05 and ** P < 0.01, in comparison with saline group.
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in glutamate-mediated excitotoxicity, which activates astro-
cytes via their glutamate receptors.45 Then, the activated 
astrocytes secrete chondroitin sulfate (CS56), which results 
in the formation of a dense glia scar.46–49 The formation of 
glial scars can interrupt neural pathways of the spinal cord 
and suppress the recovery of locomotor function.39,49–52 

Therefore, we evaluated the formation of glial scars by the 

co-immunostaining of CS56 and GFAP (indicating the acti-
vated astrocytes53,54) at 8 weeks after the operation. As 
compared with the saline-treated group, the Se-CQDs- 
treated groups showed a significant reduction in CS56 and 
GFAP expression (Figure 6B), indicating that the scavenging 
of ROS by Se-CQDs could effectively reduce the activation 
of astrocytes and the formation of glial scars.53,54

Figure 6 Immunofluorescence images showing the mechanism underlying the Se-CQDs-mediated promotion of behavioral functional recovery. (A) Immunofluorescence 
images highlighting the anti-inflammatory properties of Se-CQDs. Scale bar = 50 μm. (B) Immunofluorescence images showing the inhibition of glial scars. Scale bar = 50 μm.
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The long-term neurological deficits following spinal cord 
trauma partially result from the widespread activation of the 
apoptotic pathway in neurons and oligodendroglia at TSCI 
lesion sites.43 To evaluate the ability of Se-CQDs to inhibit 
apoptosis following TSCI, we measured the protein expres-
sion of cleaved caspase-3, caspase-9, Bax, and Bcl-2 at the 
lesion sites (Figure 7). At 24 h post injury, cleaved caspase- 
3, Bax, and caspase-9 expression levels were significantly 
decreased in the rats receiving Se-CQDs treatment, com-
pared to those in the saline-treated group. In contrast, Bcl-2 
expression was increased. All these results suggested that 
Se-CQDs exerted remarkable anti-apoptotic effects follow-
ing TSCI, which might be beneficial for locomotor recovery 
of TSCI rats after treatment with Se-CQDs.

Conclusions
In this study, a type of water-soluble Se-CQDs was prepared in 
a quick and easy manner through the hydrothermal treatment 
of L-selenocystine. The obtained Se-CQDs displayed good 
biocompatibility and a remarkable protective effect against 

H2O2-induced oxidative damage to astrocytes, PC12, and 
N2a cells. The protection effect should be ascribed to the 
excellent ROS-scavenging ability of Se-CQDs.39,55 As 
a result, these Se-CQDs reduced the inflammation, astrogliosis, 
and apoptosis induced by secondary injury, which ultimately 
led to effective restoration of locomotor function in TSCI rats. 
In general, our findings suggest that Se-CQDs may serve as 
a promising therapeutic strategy for TSCI treatment by attenu-
ating the exacerbation of the secondary injury cascade after 
TSCI. Moreover, due to the robust ROS-scavenging ability, 
Se-CQDs may be promising for use in the treatment of other 
diseases characterized with up-regulated ROS. However, it 
should be noted that the biosafety and detailed mechanism 
need to be carefully investigated before clinical use of Se- 
CQDs.
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